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Preface

The re-discovering of ketamine in anesthesia and other medical disciplines cannot
be understood without a timeline. In the 1980s, ketamine was reserved for vet-
erinary and experimental animal studies. During my early research years, I used
ketamine for anaesthetizing rats, cats, and monkeys. Unfortunately, some people
began using ketamine irresponsibly as a recreational drug. As such, ketamine

was considered a dangerous substance more than a medication to be used in
anesthesia.

Phencyclidine (PCP) was synthesized in 1956 and soon was used in human trials.
However, sometimes its psychotic excitatory effects made patients unmanageable in
the postoperative period, so it was removed from the anesthetic armamentarium for
humans. Other phencyclidine derivatives were synthesized, but ketamine (a ketone
plus an amine) outperformed the others, as it retained analgesic and anesthetic
action with no hypnotic effects. In the 1970s, some PCP derivatives were considered
illegal drugs, while ketamine, although approved, was only used by certain groups
(including the military during the Vietnam War) because its psychedelic effects
(e.g., hallucinations) were considered unacceptable by most of the scientific com-
munity. The introduction of diazepam, droperidol, or chlorpromazine minimized
those adverse effects. However, concomitant use of those drugs did extend the use
of ketamine as a drug of abuse, but not its use in regular Anesthesia. Hence its bad
reputation.

In the 1990s, the arrival of new intravenous hypnotics such as propofol almost rele-
gated ketamine to the drawer of oblivion in the clinical setting. But there were many
research groups dedicated to studying NMDA calcium channels, NMDA receptor
blockade drugs, and NMDA-receptor glutamatergic phenomena. Investigation of
analgesia pathways and mechanisms originated new knowledge on mu and other
opioid receptors, including evidence that opioids could open NMDA receptors and
induce opioid-induced hyperalgesia.

In the new century, management of both acute and chronic pain has attracted great
interest. Our modern society does not accept any suffering, including pain, depres-
sion, schizophrenia, or other disabling conditions, and the medical community
agrees. Thus, it is the perfect time to re-examine ketamine.

The last twenty years have witnessed a renaissance of ketamine. Deep knowledge of
pharmacokinetics and pharmacodynamics has led to a better understanding of dif-
ferent administration routes and how to manage the drug. The synthesis of isomers
and derivatives has unveiled new uses, for example, in psychiatry. The usefulness
of ketamine in war, in developing countries, and as premedication in children, has
regained interest in other populations and situations.

This book provides a comprehensive overview of ketamine. It includes a discus-
sion of NMDA receptors, the use of ketamine in anesthesia and pain disorders, the
clinical non-anesthetic uses of ketamine (especially in depression), and special situ-
ations that will benefit from ketamine, such as palliative care and the trauma suite.



The book ends with a review on the use of ketamine in low-resource countries and
examines the current illicit use of the drug.

We hope this book reaches young healthcare professionals and helps to eradicate the
fear and misgivings associated with the use of ketamine.

Dr. Nieves Saiz-Sapena, MD, Ph.D. and Dr. Manuel Granell-Gil, MD, Ph.D.
Department of Anesthesiology,

Critical Care and Pain Clinic,

Consortium General University Hospital of Valencia,

Valencia, Spain
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Chapter1

Introductory Chapter: Is Ketamine
the New Panacea of the 21*
Century?

Nieves Saiz-Sapena and Manuel Granell-Gil

1. Introduction

Ketamine is an old drug with bewildering uses. Although it was initially
introduced in anesthesia, its use has spread to many areas, primarily due to its
properties in the pain control and antidepressant domains.

It was first described as a drug with cataleptic, analgesic, and anesthetic action
without hypnosis [1]. But its adverse effects, especially in terms of hallucinations
and the availability of other anesthetics, made ketamine a controversial drug
whose use was almost limited to disasters, the military, and third world countries.
Nevertheless, it is still on the WHO Model List of Essential Medicines-22nd List.

But the last word is not said yet. On the contrary, new potential uses are being
published that broaden the horizon. Of particular interest is to realize that the two
different optical isomers of this drug can have differential actions and be used for
various other therapeutic purposes in different nosological conditions. Right now,
ketamine research is experiencing a resurgence. The better chemical and pharma-
cological knowledge, and the better control over its administration, are expected to
return ketamine to a prominent place in the pharmacopeia of anesthesia.

The synthesis of ketamine resulted from an investigation on phencyclidine
(PCP) in the 1950s, which was considered unsuitable for human anesthesia due to
severe excitatory effects. Clavin Stevens synthesized in 1962 a related compound, a
ketone plus an amine, which was called ketamine [2]. It has been in clinical use since
1970. In the next 10 years, studies revealed that it is a racemic mixture comprising
equal parts of two optical isomers of the 2-(2-chlorophenyl)-2-(methylamino)-
cyclohexanone ketamine: S(+) ketamine or esketamine and R(—) ketamine or
arketamine, with differential effects. At the same time, some drugs were proposed
to limit emergence excitement, such as chlorpromazine, diazepam, or droperidol
[3-5]. Although physicians initially introduced it in the anesthetic armamentarium
and later almost abandoned it in favor of other anesthetics with better profiles,
many more applications are returning ketamine to the present day.

2. Pharmacokinetics

Its pharmacological action is achieved through the N-methyl-d-aspartate
(NMDA), opioid, muscarinic, and several voltage-gated receptors. Its anes-
thetic and analgesic properties are due to direct ketamine-induced inhibition of
N-methyl-D-aspartate receptors.

3 IntechOpen
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Esketamine (S-Ketamine) is almost four times more potent than arketamine
(R-Ketamine) to induce anesthesia and analgesia due to the higher affinity of the
former for the NMDA receptors [6, 7], but also more prone to cause side effects [6].

Because it is both water and lipid-soluble, it can be administered to most routes
(oral, sublingual, transmucosal, intravenous, intramuscular, subcutaneous, intra-
nasal, and rectal) [8], providing an excellent distribution in the whole body [9].

It induces bronchodilatation and sympathetic nervous and cardiovascular
system stimulation [9], two characteristics that give ketamine an interesting role in
shock and anesthesia-related cardiovascular depression.

Ketamine is a well-tolerated drug in the short term, but it induces an increase
in salivation, arterial and intracranial pressure [10, 11], cardiorespiratory [10, 12],
neuropsychiatric, dissociative, and psycho-mimetic effects with delirium [7, 10, 11, 13],
and psychodysleptic, cognitive, and peripheral side effects [14, 15]. The most com-
mon are the psycho-mimetic side effects [9, 11]. Nevertheless, in the long-term, it can
induce neurocognitive and urologic toxicity [7, 16] and has the potential of abuse [13],
same as its predecessor, phencyclidine (PCP). Therefore, experts recommend not to
administer this drug to patients suffering from arterial hypertension or coronary artery
disease [17].

It is metabolized in the liver primarily to norketamine, which is an active metab-
olite [18]. This characteristic makes it a good option when considering the oral
route (although this is not approved). Other metabolites are dehydronorketamine,
hydroxyketamine, and hydroxynorketamine [19], all of which, but particularly the
last one, has antidepressant effects [20].

3. Clinical uses

Today it is relatively simple to control its side effects. Hence, its clinical uses have
escalated from only anesthesia, to its use in the pain clinic, neurology, psychiatry,
palliative care, and others.

It is well known that it induces dissociative anesthesia, which means that
although the sensory inputs reach the cortical receiving areas, these inputs are not
perceived at the association cortex. The lack of loss of consciousness together with
the preservation of ventilation and cardiovascular stability made it a drug of choice
in wars and disasters, and in third world countries.

Thus, it is useful for premedication, sedation, and induction and maintenance
of general anesthesia, particularly esketamine.

Additionally, the analgesic action is present with plasma levels 10 times lower
than those required for hypnotic purposes [18], which confers ketamine a high
interest in acute and chronic pain treatment. Also, anti-inflammatory and even
antidepressant properties have been described. Finally, at subanesthetic doses, this
form of ketamine is helpful in postoperative analgesia and sedation [21].

It has excellent potential in trauma patients [22-24], even in children [2], hypo-
volemic or septic shock, and pulmonary diseases.

Its use in ICU patients is also increasing, usually combined with midazolam or
propofol, and particularly in patients with sepsis or cardiovascular instability [25].
It also has excellent potential in short anesthetic procedures, particularly in pediat-
ric patients [26] and endoscopic diagnostic procedures [27].

Because of its anti-hyperalgesic and anti-inflammatory properties, ketamine is
currently used to treat acute and chronic pain [28]. It is gaining a role in acute pain
treatment. In the postoperative period, it not only controls the pain [29, 30] but also
improves patients’ mood and depression [31].
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Moreover, patients suffering from chronic pain, particularly of oncologic
origin [14, 32], may benefit from a treatment that includes ketamine, either used
as a single drug or combined with others, or as a substitute when other medica-
tions are not well tolerated [9]. An additional bonus is that it can be adminis-
tered orally, both in adults and children [8]. The effects of this drug on chronic
pain patients might be due, at least in part, to the modulation of the effective
aspects [33] and to the fact that it can help to fight depression in chronic pain
patients [8].

Sub-anesthetic doses of ketamine have antidepressant action [12, 34, 35],
particularly in major depressive and bipolar disorders [36, 37] and resistant depres-
sion [12, 38]. Its antidepressant action starts within 2 hours of administration, and
this effect is sustained for about 7 days on average and reduces suicidal ideation
[39, 40] and suicidal attempts [7, 8, 14]. It has also been recommended as an
anesthetic agent in electroconvulsive therapy to treat chronic depressive disorders
[12, 38, 41]. Although low doses of intranasal esketamine are very effective and
approved by the FDA (March 5, 2019) [6, 7, 42] and Europe (December 19, 2019)
[43], the intravenous route is more potent [44, 45]. The oral route, although not yet
approved, has also been used [8, 38, 46]. However, other researchers have found
that arketamine is more effective and has more lasting antidepressant effects [47],
at least in animal models [36, 48], and fewer side effects [47].

A new whole area of research is being explored in Psychiatry. It has a potential
application in treatment-resistant generalized anxiety and social anxiety disorders
[49]. Lately, some have started to use ketamine successfully to treat posttraumatic
stress disorder (PTSD) both from military and civilian origin [50].

Other uses are to treat alcohol abuse and drug addiction (like heroin and
cocaine) [42], asthma [51], and even prevent cancer growth [14].

4, Ketamine side effects

As it happened with phencyclidine, which was finally placed on the Schedule I
list of illegal drugs in the 1970s, ketamine use has also been associated with abuse,
particularly among young people using this drug for recreational purposes and
spiritual seekers seeking schizophrenia-like symptoms and mental dissociation
(i.e., out-of-body experience) [47].

The long-term consequences of chronic high ketamine dose administration are
unknown, although neuronal apoptosis has been seen in animal models, particu-
larly in the neonatal and pediatric periods [18]. What is known is that frontal white
matter changes with cognitive deterioration happen in chronic ketamine abusers
[18]. However, at this moment, there is not that much experience concerning the
chronic use in the clinical setting, as in clinical praxis it is restricted to chronic pain
of neuropathic or oncogenic origin.

5. Benefits versus harm: the panacea effect

Although ketamine has been living a real genuine revival in the last 10 years,
clear boundaries have not been established yet. The situation looks like the redis-
covery of a hidden germ. We are now on an upward learning curve, same as with
any new drug when it is used for several different clinical situation trying to explore
the whole set of benefits and the most secluded of latent cons that could overcome
those pros.
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Even if not a panacea, perhaps will ketamine in this 21st century, more than 60
years after it was synthesized, reach its full clinical potential. It seems that the last
century was not prepared for it.

6. Conclusion

Ketamine is a drug with many possible uses and abuses. Physicians need to know
all its potential to use it for the patients’ best benefit but also be careful to avoid
unwanted side effects. More research is needed to clearly establish boundaries on
indications based on its clinical benefits.
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Abstract

Ketamine has been extensively used in the medical field for more than 50 years,
but its exact mechanism of action remains unknown. It’s used to induce dissociative
anesthesia (a state of profound analgesia, amnesia with light sleep, immobility, and
a sense of disassociation from one’s own body and surroundings). Clinical studies
on ketamine as a dissociative anesthetic, a model for psychosis, and as a rapidly
acting antidepressant have sparked great interest in understanding its effects at the
molecular and cellular level. It exerts uncompetitive inhibitory effects on NMDARs
(N-Methyl-D-asperate) and may preferentially affect the function of NMDARs in
interneurons. The hypnotic effects of this drug are attributed to its blocking action
on NMDA and HCN1 receptors; however, both positive and negative modulation
of choline, amine, and opioid systems appears to occur. It is likely that ketamine's
effect on chronic pain and depression far outlasts its actual levels. This could be due
to the hyperglutamatergic state induced by ketamine causing a secondary increase
in structural synaptic connectivity. The authors of this review have attempted to
highlight the action of ketamine not only on NMDA receptors but also on a variety
of biochemical processes and functions found in intercellular environments, which
may explain its diverse role in many diseases.

Keywords: ketamine, NMDA, antidepressant, analgesia, anesthesia

1. Introduction

Ketamine is an anesthetic drug that has been used for around more than 50 years in
the medical field. In contrast to more traditional volatile-based anesthesia, it produces
abroader range of anesthetic effects, resulting in a qualitatively different type of anes-
thesia [1]. This state is known as “dissociative anesthesia” These include: (a) hypnosis
with psychotomimetic properties at low doses, accompanied by increased sedation
and unconsciousness at higher doses; (b) analgesic properties (or antinociception);
(c) sympathetic stimulation; and (d) maintenance of intrapulmonary pressure and
respiratory regulation. Research has found that ketamine inhibits the N-methyl-D-
aspartate (NMDA) receptor in a dose-dependent manner and that this blocking of
excitatory synaptic activity [2]. It is responsible for the loss of responsiveness associ-
ated with clinical ketamine anesthesia. However, later scientific research has revealed
that it has a wide array of molecular effects that have a clinically beneficial effect on
many illnesses, including acute and chronic pain, and recently as an antidepressant
with a rapid onset [3]. It is intriguing to note that many of these therapeutically
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beneficial effects appear long after the drugs are almost fully eliminated from the
body. The link between drug binding and therapeutic outcomes is more intricate than
previously understood.

Researchers and Clinicians are increasingly keen to understand the exact
mechanism of action by which ketamine and other N-methyl-D-aspartate recep-
tors (NMDAR) antagonists affect the brain [4]. Pioneering investigations by
Krystal and colleagues in the early 1990s established that a 40-minute subanes-
thetic infusion of ketamine (0.5 mg/kg) produced temporary psychotic symptoms
in otherwise healthy subjects. As a result of ketamine infusions, sensory illusions,
persecutory ideas, and altered cognition, including difficulties with attention,
word-finding, and acute learning difficulties were observed. A few hours after
cessation of the infusion, these symptoms disappeared [5]. Researchers discov-
ered that in patients with major depression, the same ketamine infusion produces
a slower but still rapid antidepressant effect. In some patients, this effect began
within a few hours of ketamine infusion and lasted for a week or more [6].
Additionally, it has shown antidepressant effects, including rapid improve-
ments in suicidal thoughts in patients with treatment-resistant depression [7].
Ketamine does not bind closed NMDAR channels; instead, it requires them to
open before it can cause antagonistic effects. In a similar manner to phencyclidine
and MK-801, ketamine also causes an open channel block that involves binding
to an electrically deep part within the channel, which stops ion flow, persisting
within the channel until the channel closes. The latter attribute is responsible for
an extended block relieved by channel opening [8]. In the membrane depolariza-
tion theory, the dissociation of drugs is accelerated, but an electrostatic model of
voltage dependence does not fully explain the mechanism by which it decreases
block. Ketamine is less effective than phencyclidine and MK-801 due to its quicker
dissociation from the open channel [9]. Despite the fact that it is not selective
for NMDARSs, and recent research has called into question the significance of
NMDAR antagonism as an antidepressant, the effects of ketamine on NMDARs
appear to contribute significantly to its analgesic, anesthetic, and psychotomi-
metic, if not antidepressant, properties [10]. The research is yielding a plethora of
innovative hypotheses about mood and psychotic illnesses, including the possible
function of NMDARs in these diseases and the application of novel therapeutic
approaches. In this review, we will provide a wide overview of the available data
on ketamine’s effects and possible repercussions [11].

2. Ketamine and its molecular effects
2.1 Immediate effects

It is now known that ketamine directly influences a wide range of cellular
processes in clinical doses. In this case, as shown in Figure 1, the effects include
blocking NMDA channels, hyperpolarization-induced cationic currents (also
known as hyperpolarization-activated cyclic nucleotide channels (HCN1)),
nicotinic acetylcholine channels, delta, opioid receptor agonists and potentiators
[12], the nitric oxide (NO)—cyclic guanosine-mono-phosphate (cGMP) system,
non-NMDA glutamate receptors (a-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA)), and metabotropic glutamate receptors (mGluR),
decreased activity of cholinergic neurons, stimulation of aminergic neurons
(dopamine and noradrenaline), L-type Ca?* channels, and neurosteroids. Each of
these systems is a component of the integrated nervous system, and they interact
at all levels [13, 14].
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Figure 1.

There ave immediate effects and actions on the left, and delayed and prolonged ones on the right. [NMDA:
N-methyl-d aspartate, HCN1: Hyperpolarization-activated cyclic nucleotide channels, ACh: Acetylcholine,
nACh: Nicotinic acetylcholine receptors, AMPA: a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid,
mGluR: Metabotropic glutamate veceptors, ERK1/2: Extracellular signal-regulated kinases, NOX: NADPH
oxidase, BDNF: Brain-derived neurotrophic factor, mTOR: Mammalian target of rapamycin, Rgsq: Regulator
of G protein signaling 4, L-type Ca**: L-type calcium channels, GFAP: Glial fibrillary acidic protein].

2.2 Disruption of NMDA channel functions by ketamine

There is a great deal of complexity in the way in which several groups of compounds
affect NMDA receptor function at the level of chemical binding, and this is explored in
great detail in this review. Many compounds have been shown to influence the action
of NMDA. Generally, they fall into the following categories: (a) open channel blockers
(ketamine is one of the least potents), (b) competitive antagonists, and (c) allosteric
modulators, (d) non-competitive antagonists [12, 15]. In all of these compounds, the
relative potency of their action on the various NMDA receptor subtypes is different
(commonly termed GluN1, GluN2A, GluN2B, GluN2C, and GluN2D - but also called
NR1, NR2A-D) [16]. The distributions of these subtypes in the brain are markedly
heterogeneous, which may explain why different NMDA blocking compounds produce
different clinical effects. GluN2A is reported to be present throughout the brain, while
GIuN2B is present mainly in limbic systems, thalamus, and spinal cord. The thalamus
and cerebellum contain GluN2C, whereas the brain stem, diencephalon, and spinal
cord contain GluN2D. The off-rate of the compound is another important reason for the
variation in effect. The phenomenon is known as “trapping block” [17]. High-trapping
antagonists with a slow off-rate include compounds such as ketamine (86% trapping)
and MK-801 (almost 100% trapping) [18]. After glutamate has dissociated from its
binding site on the NMDA receptor, ketamine remains trapped in the closed ion chan-
nel, disrupting both physiological and pathological functions. Conversely, low-trapping
(fast off-rate) antagonists escape the channel before it closes, preserving NMDA
function at some level, and having fewer side effects. As an example, the compound
memantine (50-70%) has minimal psychotomimetic or sedative effects. Thisisa
slow-off-rate, low-affinity open-channel blocker. Thus, it blocks NMDA channels only
when they are pathologically open, but not when they are temporarily open as in most
physiological states [19]. In many ways, this mechanism is similar to persistent sodium
channel blockers used in antiepileptic drugs. The end result is an NMDA blocker
without any apparent anesthetic effects.
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2.3 Ketamine possesses delayed effects

The functions of a cell go far beyond ion channels. Almost every immediate
effect of ketamine disrupts subsequent and more long-lasting cellular processes,
including gene expression and protein metabolism. It is not surprising since
NMDA is largely responsible for calcium entry into cells, and calcium ions
play a significant role in protein and mitochondrial metabolism. In subjects
with mechanical injuries, it suppresses immediate early gene expression (fosB,
c-jun, junD, zif/268, c-fos, junB,) [20]. A rat and mouse model of hyperalgesia
have shown altered NMDA receptorl phosphorylation and NMDA receptorl
mRNA expression [21], which has reduced the expression of the glial fibrillary
acidic protein (GFAP) and also reduction in astrocytic and microglial activa-
tion [22, 23], an effect that is associated with reduced neuropathic pain. These
chronic pain models represent complex patterns of nociception, but they may
also encompass acute pain. A study found that ketamine can affect the number
and function of synaptic connections in rat hippocampal regions by increasing
brain-derived neurotrophic factor (BDNF) and mammalian target of rapamycin
(mTOR) [24, 25] protein levels.

3. Psychotomimetic effects of ketamine

Aside from encouraging illegal usage, the psychotomimetic effects of ketamine
can lead to distressing psychic disturbances, particularly in children, with the risk
of experiencing nightmares, hallucinations, and delirium. Recent studies reveal that
ketamine disrupts synaptic homeostasis - either by altering the release or uptake
of neurotransmitters or by modifying neuromodulator activity. In addition, one
intriguing possibility is that ketamine might inhibit NADPH oxidase (NOX2) from
controlling glutamate release. There has been an association between psychosis
and an excess of glutamate activity [26]. Alternatively, or perhaps simultaneously,
ketamine may disrupt RGS4 (Regulator of G protein signaling 4). This particular
protein regulates the G protein-coupled receptors such as opiate and muscarinic
receptors [27]. Historically, ketamine’s effects in increasing dopamine production
[28] along with a possible decrease in acetylcholine activity [14] will be responsible
for aggravating delirium.

The oral formulation of ketamine offers an effective analgesic for patients with
chronic pain. In a study of 21 patients with chronic neuropathic pain in the central
and peripheral nerves, the starting dose of oral ketamine was 100 mg/day, which
was gradually increased by 40 mg/day every 2 days until the desired effect was
achieved. Nine of the 21 patients stopped using ketamine because of unpleasant side
effects, including psychotomimetic effects such as dissociative experiences, somatic
sensations, sleep, and taste abnormalities [26]. During a double-blind, random-
ized placebo-controlled study, 73 traumatized participants with severe acute
pain (expressed on a visual analog pain scale) were administered either ketamine
0.2 mg/kg or placebo (isotonic saltwater) along with morphine 0.1 mg/kg followed
by 3 mg every 3 minutes [29]. There was a significant reduction in consumption of
morphine with ketamine (0.20 mg/kg versus 0.15 mg/kg), even though no differ-
ences were noted in the pain scores. It showed a greater degree of adverse effects,
including increased incidences of neuropsychiatric symptoms. Patients in both
groups found their treatments satisfactory and no adverse reactions were requiring
additional treatment [30]. Due to the short study period (30 minutes), it is possible
that adverse reactions were not identified as a result of this, although a power study
was not designed to explore this.
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Again, in a randomized, double-blind, placebo-controlled study involving 120
people who underwent elective laparotomy, the effects of administering ketamine
0.1 mg/kg/hour along with tramadol 0.2 mg/kg/hour were evaluated. The ketamine
group consumed 54% less morphine compared with the placebo group, resulting
in superior analgesia. No differences were found in nausea and use of antiemetic
drugs, mental performance, sleep difficulties, or non-disturbing hallucinations.
However, there were three patients, receiving ketamine who opted out of the study
because they experienced disconcerting hallucinations [31].

A linear relationship between plasma ketamine concentrations of 50-200 ng/ml
and psychotomimetic effects was observed in a placebo-controlled experiment on
10 healthy young men. The psychedelic effects were similar to those reported in an
earlier study of dimethyltryptamine, an illegal LSD-25 type of drug. Additionally,
the effects were proportional to plasma concentrations rather than simply one of
emergence. In clinical studies, plasma levels of 100-200 ng/ml resulted in useful
analgesia. Observations of lateral nystagmus were consistent across subjects at
200 ng/ml plasma concentrations. Large doses of ketamine rapidly cause patients to
become unconscious, and therefore the effects that were observed in this study are
usually only evident afterward [32, 33].

Ketamine is a racemic mixture consisting of two enantiomers, R- and
S-ketamine. Both of the enantiomers displays similar pharmacological effect but
there is a question regarding the psychotomimetic effects of these enantiomers.
Earlier research findings reported S-ketamine to be less prone to psychotomimetic
side effects as compared to R-ketamine. While recent studies reported R-Ketamine
to cause fewer psychotomimetic side effects. In a recent study with 11 partici-
pants, the pharmacological and psychotomimetic effect of R- and S-enantiomeric
ketamine has been tested. The participants received 0.5 mg R-ketamine and then
0.15 mg S-ketamine separately for 1 week [34]. Using a nerve stimulator placed
on the right central incisor tooth, these subjects were exposed to painful stimula-
tion before and after the administration of each drug. Both drugs were equally
effective in suppressing pain. The subjects reported that S-ketamine produced
less pleasant psychotomimetic effects than R-ketamine. Of the 11 subjects, seven
preferred R-ketamine to S-ketamine [35]. Based on these results, it is considered
that ketamine may have a significant neuropsychiatric effect predominantly due
to its S-enantiomer, making R-ketamine an ideal alternative. In contrast to earlier
research suggesting that the most serious neuropsychiatric side effects are caused
by R-ketamine, this study finds no evidence of this.

4. Hypnosis

Ketamine loses its vulnerability when the concentration is about 20 times higher
(about 2000 ng/ml) than the concentration required inducing psychotropic effects.
Because it has an elimination half-life of approximately 3 hours, there is a prolonged
period during which drug levels are near the concentrations required to produce
psychomimetic effects [36]. It should also be noted that the duration of hypnosis
strictly corresponds to changes in drug concentration in the blood (and the site of
action), indicating that the slow side effects in hypnosis/anesthesia do not have a
significant causal effect. Ketamine is anomalous among commonly used anesthetics
in that it has a strange combination of tranquilizers (such as NMDA antagonism)
and stimulants (increasing amines, excess glutamate, and increasing AMPA recep-
tor administration), as well as molecular effects. As a result, achieving complete
anesthesia is difficult. Ketamine is typically used in conjunction with 2-adrenergic
agonists to achieve surgical anesthesia in many animal species and veterinary
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anesthesia. It causes central nervous system depression because the NMDA receptors
on the dendrites of inhibitory neurons are less sensitive to the effects of ketamine
than the receptors on excitatory neurons [37].

In hypnosis, other molecular effects may play significant roles in addition to
NMDA blockade. Numerous sources provide evidence on this point. As a first point,
the hypnotic effect is unrelated to NMDA blockade effectiveness. Numerous NMDA
blocker compounds, including dizocilpine maleate (MK801) and dextrorphan,
have weak hypnotic effects. This difference may be explained by ketamine having a
considerably stronger effect on GluN2C receptors which would theoretically cause
more thalamic hyperpolarization than drugs that are more effective on GluN2A or
B receptors (such as MK801) [38]. The counterexample is memantine, which has an
affinity for GluN2C receptors similar to ketamine but does not cause clinical seda-
tion. Memantine and ketamine have a markedly different trapping blocks, which
may explain this difference in results.

NMDAR knockout animals should be completely resistant to ketamine. Petrenko
and colleagues discovered that knockout mice lacking the NMDA receptor GluE
epsilonl subchain are resistant to ketamine hypnosis. Furthermore, these animals
cannot be sedated by anesthetics or pentobarbital, which do not directly block
NMDA, implying that their excitatory effects are nonspecific. Based on their find-
ings, the authors concluded that the decreased ketamine sensitivity of animals was
due to a compensatory increase in monoaminergic tone, which would help reduce
hypnotic tendencies rather than a genetic knockout of NMDA receptors [39].

Furthermore, ketamine has been shown to hypnotize by interacting with other
receptor types. Its hypnotic activity was reduced by 30% in a mouse model with condi-
tional forebrain knockout of the HCN1 channel [40, 41]. Rather, it promotes wakeful-
ness by increasing aminergic [42] and cholinergic activity in the neocortex [43].

5. Pain

In concentrations similar to that which produces psychotomimetic effects
(200 ng/ml), ketamine reduces pain scores. In addition to producing hypnotic,
analeptic, and anti-nociceptive effects, it also exhibits an unusual mix of anti- and
pro-nociceptive properties. It is still largely debated whether ketamine is a useful
analgesic in clinical practice or not. A careful examination of its analgesic effects is
required, with the analgesic effects being compared to the specific pain syndrome
[42] in question [44, 45]. Notably, norketamine has been reported to have anti-
analgesic effects [46], while ketamine can facilitate endogenous pain pathways
under certain conditions. Because the drug’s analgesic effects are often accompanied
by excessive sedation or psychotomimetic effects, its widespread use is somewhat
limited. In many cases, the mechanism of direct receptor-mediated analgesia is
dependent on drug levels for their analgesic effect. Long post-drug analgesia has
been shown to outlast the effective drug levels in chronic neuropathic pain syn-
dromes, which indicates that downstream mechanisms are involved [46-48].

Ketamine also directly stimulates opioid mu-receptors, acting as an opioid
mu-receptor agonist, and is considered to have the strongest anti-nociceptive effect
[49]. It undoubtedly alters opioid receptor responsiveness [50]. A series of studies
using G protein-coupled inwardly rectifying potassium channels (GIRK2s) knock-
out mice have provided evidence for the hypothesis that opioids and clonidine exert
a significant portion of their analgesic effects via the influence of these channels. In
contrast to opioids, ketamine’s analgesic effects have been associated with increased
dopamine activity in mice [46]. Among the patients suffering from chronic pain,
ketamine probably reduces opioid tolerance more than other opioid antagonists.
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A recent study by Gupta and colleagues showed that ketamine has anti-desensi-
tization effects in vitro, acting by reducing ERK1/2 phosphorylation and reverses
opioid receptor desensitization [51].

A potential mechanism through which ketamine augments endogenous anti-
nociceptive systems might be its stimulation of aminergic pathways (serotonin
and noradrenergic) and inhibition of its reuptake [52]. The analgesic effects of
Ketamine may also be related to its inhibition of nitric oxide synthase [53], although
the relative importance of these mechanisms has not been determined to date.

5.1 Control of chronic pain

Ketamine can have long- and short-term effects on chronic neuropathic pain.
Low-dose analgesics (250 mg/kg) can reduce ongoing pain, allodynia, and hyper-
algesia symptoms quickly (within 5 minutes) and transiently (within 2 to 3 hours)
[54]. The latter could be explained by an NMDA-mediated “wind-up” reduction
[55]. Nonetheless, these effects do not follow a consistent pattern from one person
to the next. Even within the same subject group, there is the possibility of tempo-
rary (<2 hours), long-lasting (6-24 hours), and no analgesic effects [48]. Ketamine
has even been shown to reduce chronic postsurgical pain for up to 180 days after a
single infusion around the time of surgery [56].

In clinical studies, ketamine was found to be capable of producing long-lasting
analgesic effects. According to the literature, some of these indicators may contradict
clinical observations. In this case, ketamine’s antidepressant effect may explain why
the drug has a preemptive effect on neuropathic pain that lasts long after the drug is no
longer present [57, 58]. Although the cause of the causal link between depression and
chronic pain is more often unknown, pain and depression are closely tied. Furthermore,
its ability to inhibit gradual pathophysiological changes may help to prevent the devel-
opment of chronic pain by inducing signaling cascades [59]. According to the previous
section, ketamine affects several gene expression pathways that may affect the etiology
of chronic pain, including the expression of NMDA receptors and astrocytic activity.
This drug’s effects would last much longer than its detectable presence.

6. Antidepressant effects of ketamine

Recent studies have shown that ketamine can be a powerful antidepressant that
works quickly. This time-of-onset, however, lasts for about a week, and the antide-
pressant effect lasts about 2 hours. This is indicative of ketamine-induced signaling
cascades that happen long after the substance has been eliminated [60]. By review-
ing all the putative mechanisms, Duman and colleagues suggest [4] that ketamine
at low doses increases glutamate neurotransmission by both increasing glutamate
release and increasing insertion of the AMPA receptors into synaptic vesicles. This
leads to increased BDNF release and thus activation of ERK signaling, which then
stimulates mammalian targets of rapamycin (mTOR). A protein translation kinase
stimulates synaptic protein synthesis (GluR1) and increases synaptic density and
insertion through a complex signal pathway. Furthermore, it increases structural
connectivity between neurons, slowing down the aging process.

7. Conclusion

Ketamine affects a range of neuronal processes within cells, including the
well-known NMDA receptor blockade. According to the results, blockage of NMDA

19



Ketamine Revisited - New Insights into NMDA Inhibitors

and HCN1 channels likely causes hypnotic effects to occur. On the other hand, the
antidepressant-induced long-term effects are likely a result of its post-therapeutic
effect. Ketamine’s analgesic effects appear to be mediated by both short- and long-
term changes in cellular function. Analgesic effects are probably mediated primarily
through opioid system activation and the antinociceptive effects of the amine,
whereas neuropathic pain is suppressed through receptor-mediated mechanisms
and sustained cell signaling pathways.
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Chapter 3

Cortical Plasticity under
Ketamine: From Synapse to Map

Ouelhazi Afef, Rudy Lussiez and Molotchnikoff Stephane

Abstract

Sensory systems need to process signals in a highly dynamic way to efficiently
respond to variations in the animal’s environment. For instance, several studies
showed that the visual system is subject to neuroplasticity since the neurons’ firing
changes according to stimulus properties. This dynamic information processing
might be supported by a network reorganization. Since antidepressants influence
neurotransmission, they can be used to explore synaptic plasticity sustaining corti-
cal map reorganization. To this goal, we investigated in the primary visual cortex
(V1 of mouse and cat), the impact of ketamine on neuroplasticity through changes
in neuronal orientation selectivity and the functional connectivity between V1 cells,
using cross correlation analyses. We found that ketamine affects cortical orienta-
tion selectivity and alters the functional connectivity within an assembly. These
data clearly highlight the role of the antidepressant drugs in inducing or modeling
short-term plasticity in V1 which suggests that cortical processing is optimized and
adapted to the properties of the stimulus.

Keywords: cortical plasticity, functional connectivity, ketamine, orientation
selectivity, synchrony

1. Introduction

Natural animal surroundings provide a variety of external sensory stimuli.
Consequently, the brain must dynamically integrate each presented feature with
changes in internal patterns of responses which manifests as a change in an animal’s
behavioral state [1, 2]. For instance, many studies suggest that visual processing
should be optimized and adapted to the properties of the stimulus. Thus, visual
object representation arises from the activation of functional domains in the cere-
bral cortex that encodes feature-specific information such as orientation, color, and
motion direction [3-8]. Such feature-specific units have specific parallel networks
[9] and therefore visual processing is based on the activation of multiple circuits.
Many manipulations such as visual adaptation or antidepressant applications such
as ketamine can alter the neuron’s inherent proprieties, and this might result in a
change in correlated and uncorrelated neural activity through changes in firing
rates. The effect of ketamine results in NMDAR (IN-methyl-D-aspartate receptor)
blocking, thus it can be used as a read-out informing visual NMDAR dependent
processing or activity mediated processing.

25 IntechOpen



Ketamine Revisited - New Insights into NMDA Inhibitors

2. Cortical plasticity

Plasticity phenomena in the adult cerebral cortex are known to be heavily cor-
related to the brain’s capacity for recovery after injuries [10-13], memory storage
[14, 15], and learning [16-19]. In addition, throughout an animal’s life, cortical
representations are continuously modified by experience. In experimental animals,
alterations in cortical representations appear following manipulations of inputs
and depending on the information locally and globally available to the cortical cells
[20-22]. Many investigations show that the properties of visual cortical neurons
are not fixed and can be altered in adulthood [20, 23, 24]. This neuroplasticity has
been well documented, as a modification that occurs at many levels from system to
molecular, going through the network, cellular and synaptic levels. In this chapter,
the experimental electrophysiological work was done in the primary visual cortex
of adult cat and mouse so that the responses of visual cortical cells as well as the
modification of the cell’s output under different manipulations, particularly anti-
depressant application, was measured. This has made the visual system a preferred
field for experimentation and analysis. Investigations suggest that the enormous
architecture of the visual cortex is genetically preprogrammed, however, a minor
proportion is shaped by experience and subject to the brain’s plasticity.

2.1 Organization of the visual cortex and visual processing

We do not yet know exactly the ultrastructural connectome of the primary
visual cortex and how it processes information. However, there are some general
principles of V1 architecture and processing. Visual inputs reach V1 from the
lateral geniculate nucleus (LGN). The thalamocortical connections terminate
mainly in layer 4 (L4) and less in supra-(L5/6) and infragranular layers (L2/3).
This flow of sensory information is common to all the sensory areas. In contrast
to this classic scheme, a recent investigation in mouse using an intersectional viral
tracing method for ultrastructural connectivity described labeled thalamocortical
synapses in all cortical layers with prevalence in L2/3 [25]. The principal vertical
flow of information through the cortical layers may be from the granular layer to
infragranular (L2/3) to supragranular (L5/6) [26, 27]. Considering that each layer is
alevel of cortical processing, one might have expected that a proportion of complex
cells with larger receptive fields and more complex responses are outside of L4.
Hence, at a given stage, each unit is a sampling from a broader input extent, receiv-
ing convergent information from the preceding stage, diverging out to the following
stage, and in this process, establishing larger and more complex integrated recep-
tive fields, with emerging sharper response properties [28, 29]. In parallel to this
vertical flow of information, there is a horizontal connectivity. At each layer, most
excitatory projections seem to originate from intra- and interlaminar pyramidal
cells. The horizontal connectivity arises from L2/3 and L5 and project to infra- and
supragranular levels [30, 31].

The brain processes complex visual information along with different feature
aspects, such as orientation, visual motion, color or curvature [32]. Hence, visual
inputs are parceled out to different extrastriatal cortical areas for further analysis.
The extrastriate visual cortex receives strong direct projections from primary
visual cortex which leads to a first-pass computation in the visual processing. The
main outputs of V1 are to V2, V3, V4, and V5 (MT). The assumption is that the
extrastriate areas which connect with V1 are in lower positions in the processing
hierarchy than the extrastriate areas which connect with other extrastriate areas.
This idea is superimposed on a recent concept of parallel pathways of visual areas
that are implicated in some common dimensions of visual processing, i.e., “what”
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processing (ventral pathway), or “where” processing (dorsal pathway). From these
extrastriate areas, visual inputs are then transferred back by feedback connections
to areas V1 and V2 [33]. Visual object recognition depends on developing during
processing across a hierarchy of visual areas both selectivity and invariance at

each stage. Both simple and complex cells are selective but only complex cells are
invariant to a range of object transformations. This invariance allows an object

to be recognized even when some of its features (size, orientation, position, etc.)
change [34].

In addition to this classical visual cortical hierarchy, it was shown that the stimu-
lus context modulates a cell’s response which suggests the implication of other [33]
areas in addition to the higher order of the visual cortical hierarchy [35, 36]. Since
a big number of stimuli are present in the visual field at the same time, bottom-up
and top-down mechanisms, as visual spatial attention, bias the processing toward a
particularly salient stimuli [37].

2.1.1 Primary visual cortex

A key element in the role V1 plays in visual perception is the ability of V1
neurons to integrate information over larger parts of the visual field, since most of
them are activated by stimulation of each eye. It was shown that a single oriented
bar can induce a V1 neuron to fire. This property of orientation tuning selectivity,
first described by Hubel and Wiesel (1968), is an emergent property of V1, seen in
an optimal response of a given neuron to a single preferred orientation of the line
segment or gratings. Although, orientation selectivity (OS) was shown in retinal
ganglion cells, this tuning preference has received much less attention then in the
cortex because most retinal ganglion cells are selective only to cardinal orientations:
horizontal (pigeon retina) [38], and vertical (rabbit retina) [39]. It was reported
that zebrafish retina contains cells with oblique preference in addition to the
cardinal types [40].

In addition to the orientation tuning, neurons in primary visual cortex are
highly sensitive to other visual stimulus properties such as contrast, the direction
of movement, and temporal and spatial frequency. These stimulus properties can
interact and influence neuronal responses. For example, it was revealed in ferret
visual cortex, that a cell’s orientation-tuning is not affected by contrast level and the
temporal-frequency of the visual stimulus. However, direction selectivity decreases,
and sometimes reverses, at nonpreferred temporal frequencies [41, 42]. These
investigations might support the idea that invariance of OS is a prime aspect of
visual processing. However, in the next section, we will see that manipulation and
the use of ketamine can alter this intrinsic propriety of V1.

2.1.1.1 Orientation selectivity in cat

OS is a salient propriety of V1. In anesthetized cats, electrophysiological studies
using extracellular recordings of V1 cells reveal that neurons are orientation selec-
tive (Figure 1). To study OS of neurons, stimulation can be accomplished using
blocks of 25 trials of each of eight black-white oriented sine gratings placed in the
cat receptive field and covering a span of 157.5° equally spaced at 22.5° (Figure
1a). Spike sorting method allows the separation of a cell’s spikes from multi-unit
activity. First, spike-waveforms have to be verified qualitatively by visual control,
then the spike sorting is continued by cluster-isolation using first principal com-
ponents analyses, autocorrelograms (AG) showing absence of events at 0 s on the
time-scale (refractory period), peri-stimulus time histograms, (PSTH) and raster
plots (RP), denoting for each trial the cell’s spontaneous activity (before the 0 s:
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Figure 1.

Ex%aerimenml procedures and spike sorting method. (a) Vi stimulation (shown as black and white gratings)
and V1 architecture in mouse and cat (shown as cylinders, the black star shows the convergence of different
ovientations in cat). (b) Spike sorting process on the left for mouse and on the vight for cat (from top to
bottom): Multiunit activity (MUA), spike wave forms (cyan in mouse and red in cat), principal component
analysis of the dissociated waveforms, auto-correlograms, pervi-stimulus time histograms, and raster plots for
the separated single units.

stimulus trigger time) and its response to the stimulus presentation (Figure 1b).
Based on the raw data, neurons’ responses are determined using Gaussian func-
tion that allows precise determination of the preferred orientation of each isolated
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neuron [43]. Whereas the strength of the OS can be measured by the orientation
selectivity index (OSI), whose value is between O (orientation-nonselective) and
1(strongest OS) [44, 45], the sharpness of the tuning curve around its peak is mea-
sured by the orientation bandwidth from the Gaussian fit based on the full width at
half height [46]. In cats, most V1 cells show a strong OS and sharp tuning curves. It
was reported that over 82% of V1 neurons were well-tuned to stimulus orientation
[47], and all the orientations were represented covering the full 180° [48]. In cats,
V1 neurons with similar OS preferences are assembled in orientation columns. This
columnar organization, where all cells through all six cortical layers have the same
orientation preference, is a well-known characteristic that is shared by cats with
ferrets and primates. Such cortical architecture, suggesting a vertical integration
of feature selectivity through V1 layers, could reduce cable length, economizing
the volume, and maintenance cost of V1 [49, 50]. OS is embedded in a retinotopic
map in which information from neighboring locations in the visual field is coded
in neighboring locations in the brain onto a two-dimensional surface that retains
the image’s spatial organization. In addition, the cortical organization of cats and
primates is known as a pinwheel OS map because different orientations columns
are organized radially around a central point (showed by a star in Figure 1a) in the
retinotopic map.

2.1.1.2 Orientation selectivity in mouse

Unlike cats and primates where the columnar organization is an apparent
characteristic of the neocortex, rodents and rabbits have a salt-and-pepper OS map,
that is a random distribution of orientation-selective neurons. Hence, cells with
different orientation preferences are juxtaposed horizontally across the retinotopic
map and vertically through the six cortical layers in a random fashion [51-55]
(Figure 1). Despite the lack of the columnar organization, it was shown, using
extracellular recordings, that neurones in V1 of mice are sharply tuned to orienta-
tion of drifting gratings but the percentage of orientation-nonselective cells, whose
orientation tuning curves were not unimodal, was bigger (63,33% of sorted cells)
than in cats (18%) [24, 47]. Therefore, neuronal feature selectivity might be related
to the activation of a specific cortical cell’s subtype more than the cortical architec-
ture. Indeed, it was reported that optogenetic activation of parvalbumin-positive
(PV") interneurons in the mouse primary visual cortex (V1), that is, the increase of
their firing rate, markedly sharpened OS and enhanced perceptual discrimination
of nearby neurons [46]. Even in V1, neurons’ responses are well known for their
orientation tuning, the results of a recent study in mice seemed to leave little doubt
that, in vision, the prominent role of V1 is encoding simple visual stimuli as ori-
ented bars or gratings. It seems that in addition to a simple discrimination between
light and dark oriented bars, V1 is involved in learning processes such as categoriz-
ing visual stimuli based on perceptual features, functional (semantic) relations, or
a combination of both. Hence, the formation of a neuronal category representation
in mice occurs in the first stages of visual information processing in the neocortex
together with higher cortical association areas [56]. Despite the notion that the salt-
and-pepper map is considered the most likely ancestral state, neurons can maintain
high values of OS, and they are involved in complex visual processing, such as
categorization. It seems that this organization in rodents was favored by their small
brain size, that is in this case, the reduced visual field coverage might outweigh
the potential advantage of a pinwheel OS map. However, recent studies show that
cortical orientation columns perhaps are miniaturized in mouse V1 since orienta-
tion preference maps with pinwheel arrangement comparable to the macaque
were described in mouse lemur [49, 57]. Hence, the V1 of rodents might represent
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micro-scale precursors of primate-type functional orientation columns [57]. It is
likely that the relative thickness of cortical layers was a predictor for the functional
organization. Indeed, an anatomical study showed that layers 2/3 are thicker in car-
nivores and primates than in rodents, while layers 5/6 are thicker in rodents than in
carnivores and primates. The study exhibited that out of the total cortical thickness
on average 44% in primates and 35% on average in carnivores were occupied by
layers 2/3, but only 26% on average in rodents. In contrast, 34% of the total cortical
thickness in primates and 39% in carnivores were occupied by layers 5/6, but 54%
in rodents [49] . These anatomical differences between these species might affect
intralaminar and cross-laminar networks and the visual cortex organization which
evolved to be different in rodents versus primates and carnivores. The question that
arises is whether the mechanisms of cortical plasticity, which operate at the level of
single cells and the network are similar in mice and cats’ V1, and so independent of
the presence of columnar organization. In the next section, we will try to investigate
the effect of ketamine on the OS and the synaptic weight between cells in V1 in cats
and mice.

2.2 Induction of plasticity by ketamine

Antidepressant drugs are often used to treat mental and affective disorders such
as maladaptive responses to stress. Although the drugs have different mechanisms
of action, the “monoaminergic hypothesis” is commonly accepted to underline
the antidepressant effect [58]. Ketamine is a rapidly-acting antidepressant, and
its effect is profound and sustainable [59, 60]. It is used for treatment-resistant
symptoms of mood disorders in patients who are resistant to typical antidepressants
[45, 59, 61]. Ketamine is a blocker of glutamatergic NMDAR (N-methyl-D-aspartate
receptor) activity as it acts as a non-competitive antagonist. Many findings reveal
that ketamine, in addition to its antidepressant effect, induces visual cortical plas-
ticity. It was shown, in adult mouse, that single-dose ketamine promotes functional
recovery of visual acuity from amblyopia [62]. Another investigation provided
evidence that ketamine enhanced visual sensory-evoked Long-Term Potentiation
(LTP) in depressive patients [63]. By contrast, other investigations showed that
ketamine altered or blocked some visual processing and disturbed cortical plastic-
ity. For example, it was reported that ketamine blocked the induction of LTP in
layer 2/3 of the adult rat visual cortex in vitro [64]. In addition, in kitten, it pre-
vented the ocular dominance shift toward the open eye which suggests a retrograde
effect on cortical plasticity [65]. Moreover, in humans, ketamine interfering with
top-down processes distorted object recognition [66], and it altered the neuronal
processing of facial emotion recognition due to the reduced activity in visual brain
regions involved in emotion processing [67]. The effect of ketamine on the brain
remains uncertain and sometimes contradictory according to investigations. This
might be due to several variables such as the region of interest in the brain, the dose
administrated, the administration mode (local, intraveinal, acute, or chronic, etc.)
or the animal model. The effect of ketamine on the OS of V1 cells was tested in cat
and mice and is explained in the next section.

2.2.1 Under ketamine influence cortical cells exhibit neuroplasticity by acquiring
new selectivity

To examine the impact of the antidepressant on the orientation preferences of V1
cells, the drug can be applied locally over the animal’s cortex. Ketamine application
can be executed using a strip of filter paper (1 x 1 mm) impregnated with the drug
(10 mM) and placed next to the recording sites. Test orientations can be presented,
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and recordings can be performed in the control conditions and ten minutes after
ketamine administration [68]. As a result, cortical neurons selectively responding
to the exposed orientations were altered by ketamine in that the cells acquired a new
preference and showed a shift in the peak of their tuning curve. Based on the simu-
lation results, we obtained evidence that ketamine induced orientation plasticity in
mice (Figure 2a) and cat V1. It is shown that the ketamine effect on V1 cells is local
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Figure 2.
Effect of ketamine on orientation selectivity in the mouse. (a) The control preferred orientation of cells changes
after ketamine application. (b) The effect of ketamine on post-adaptation preferred orientation depends on

the post-adaptation shifts. Shifts inferior to 24° are amplified under ketamine while shifts superior to 24° are
reduced, that is, ketamine favors cells’ recovery.
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since it does not exceed 0.7 mm, and transient since a recovery state was observed
[68]. The question is whether the observed changes of the cells’ tuning properties
were observed after visual adaptation, that is, could ketamine alter the adapta-
tion effects? To implement adaptation, an imposed orientation can be exposed
for several minutes. Results showed that restricted exposure of V1 cells to vertical
orientation (90°) for 12 minutes shifted their original preferred orientations toward
the exposed orientation (attractive shift). Contrarily, the tuning curve peaks of a
few cells shifted away from the original preferred orientation (repulsive shift). Dual
mechanisms have been proposed for repulsive and attractive shifts in cat. While the
repulsive shift results in a decrease of excitation at the adapted flank of the tuning
curve, the attractive shift is the result of the parallel facilitation of responses on the
adapted flank and a depression on the opposite flank [69]. This effect of adaptation
is known as a push—pull mechanism [69, 70]. In cats, Dragoi et al. [23] reported
larger repulsive shifts near the pinwheels of orientation maps than in an iso-
orientation domain in cats. This systematic change in V1 was attributed to a higher
degree of plasticity near pinwheels because of the convergence of a broad spectrum
of orientation inputs [23]. Comparing the cells’ orientation preferences in control,
post-adaptation, and post-ketamine, the collected data showed that ketamine abol-
ished the adaptation effects, that it changes the new preferred orientation. Apart
from this general effect, electrophysiological studies reveal a more varied scenario.
Indeed, the effect of ketamine categorizes cells into two groups according to the
amplitude of the adaptation-induced shift: for cells exhibiting large shifts (superior
to 24°), ketamine decreases the post-adaptation shift amplitude in that it alters their
new preferred orientations toward the original preference, but for cells exhibiting
small shifts (inferior to 24°), ketamine increases the post-adaptation shifts. Thus,
while ketamine facilitates the cell’s recovery for large shifts, it potentiates the small
shifts (Figure 2b). This might suggest that ketamine application leads to weakening
or amplifying the adaptation effects according to the amplitude of the adaptation-
induced shift.

Because the results are similar in mouse and cat, we assumed that the mecha-
nisms of cortical plasticity induced by ketamine, which operate at the level of single
cells, are similar, independent of the presence of columnar organization.

2.2.2 Crosscorrelation analyses

Cross-correlogram (CCG) analysis is an efficient tool to reveal the putative
functional coupling between neurons that display time relationships between
their respective spike trains [71-75]. The stimulus-dependent synchrony should be
suppressed in the shift-corrected cross-correlation histograms [76]; this allowed the
measurement of synchrony excluding latencies evoked by stimuli onset. The CCG
is performed between simultaneously recorded spike trains of two neurons where
one cell is set as reference and the second as target. In CCGs, the time axis (X axis)
is divided into bins of 1 ms and the Y-axis corresponds to the probability (p) of a
neuron firing in the small bin of the size b considering the spike train is a Poisson
process [77]; this probability p is calculated as follows:

p=Fxb 1

F=N/T )

where F is the neuronal firing rate, b is the bin size of the calculated firing
of the neuron, T is the total time interval and N is the number of spikes in that
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interval. The functional connection between neuron-pairs is illustrated by a
significant peak of at least one bin [78] within a window of 5 ms offset from zero.
The statistical threshold for the significance peak was set at 95% and presented
by the red line in Figure 3a. Cross-correlation function can also reveal neuronal
synchrony which is generated when units receive a common input from other
cells embedded in the network. In neuronal synchrony, the central peak of the
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Figure 3.

Cell assembly dynamics. (a) The functional network between a reference cell (green) and a target cell (orange
on the left and cyan on the right) revealed by CCG analysis. (b) Neuronal synchrony revealed by a significant
bin within the time window —1 to +1 ms adjoining the central zero point. In (a) and (b) the confidence limit
is shown by the red curved line. (c and d) Strength matrices of a cells (6 x 6 cells simultaneously) in mouse,

at all the tested gratings and in all conditions: Control (C), and post-ketamine (K) in c, and control (C),
post-adaptation (a), and post-ketamine (K) in d. the coloved scale (to the right) represents normalized peaks-
strengths of connections. (e and f) Functional network between neurons according to the presented ovientation
in mouse (e) and in cat (f). The number above the black line indicates the probability of the connection
between two units. For cat, cells were simultaneously recovded from two layers (L2/3) and (L5/6) separated in
the scheme by the interrupted black line.

33



Ketamine Revisited - New Insights into NMDA Inhibitors

CCG is significant within the time window —1 to +1 ms bin adjoining the central
zero point (Figure 3b).

2.2.3 Ketamine reorganizes the cortical network

In cat and mouse, CCG analysis performed before and following ketamine
application shows that this drug alters the putative synaptic links between neurons
following visual adaptation. Thus, ketamine modulates the neuronal assembly by
strengthening or weakening synaptic weight and/or adding new cells to connec-
tomes (Figure 3c). The redistribution of synaptic weights between neurons after
ketamine application suggests a reassignment of functions of each neuron pair
inside the microcircuits. Ketamine not only enables altering the original network
but also the post-adaptation microcircuits. This implies that when a single unit
changes its selectivity after experience-dependent plasticity, its wiring changes
according to its new preferred orientation (Figure 3c and d).

Ketamine might disturb cells’ activity which in turn redeploys the strength of
projections between cells to restructure the entire wiring-dynamic of the neuronal
assembly. We conclude that, despite the organizational difference between mouse
and cat, ketamine remaps the connectivity of visual cortex microcircuits, and leads
to a new configuration of the functional networks.

2.2.4 Functional connectivity within an assembly changes in vesponse to different
orientations

In this section, the network-dynamics of the assembly are related to the orienta-
tion changes in each condition (control, post-adaptation, post-ketamine). Thus, we
investigated whether the strength of connections between units in an assembly is
related to stimulus orientation. Results, in cat and mouse, show a unique network
was activated at every orientation whatever the condition. Therefore, feature-
specific connectivity was generated for each input stimulus. Thus, connections are
activated or deactivated depending on the feature stimulus. Figure 3c-e illustrates
the dynamic interactions between neurons within an assembly in response to differ-
ent orientations in cat and mouse. In short, in mouse, as shown in Figure 3d, some
connections were largely maintained despite the change in orientation, whereas,
and independently of the condition, other links emerged specifically for some
orientations (e.g., unit (e)—unit (c) at 67.5°). The connection disclosed between (f)
and (d) units at 0° disappeared at other grating orientations. Furthermore, some
connections were characterized by a change in their peak-strength (p) from one
orientation to another as depicted by the changing colors in the connectivity matri-
ces (Figure 3d) and the weights numbers over connecting lines (Figure 3e). For
instance, the connection between unit (a) and unit (b) (p = 3.5% at 45°) weakens
(p = 1.4% at 67.5°) as shown in Figure 3e.

Similarly, in cat, some links were maintained at all presented orientations,
implying the stability of distinctive connections between specific neurons (dark
and light gray units), others were activated (black cell—light gray cell at 0°) or
deactivated only at some orientations (the connectivity between dark gray cell—
white cell disappeared at 45°, 67.5° and 90° (Figure 3f). All previous examples were
drawn from the control condition. However, similar results were observed follow-
ing adaptation and ketamine, depending on the orientation applied. We conclude
that the functional links between pairs at a particular orientation (here 0°) show a
unique network activated by a particular condition. Thus, adaptation changes the
initial network and induces a new one; in addition, these cellular relationship modi-
fications occur in both supra- and infra-granular layers (separated by the dotted
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horizontal black lines). This network acquired following adaptation was modified
after ketamine application and a new pattern of connections emerges. It is worth
mentioning that the effect of ketamine on the network dynamics is reversible since
after recovery the connections between reference and targets return to the original
pattern.

The change in the probabilities of connection (p) from one grating to another
reflects a modification of synaptic weights between neurons in the assembly [78],
wherein new neurons join and others leave in relation to the presented orientation.
Accordingly, the unit output is the result of synaptic weights distributed over its
dendritic tree for each grating. It was reported that within a cell-assembly, some
connections are weak, therefore their feeble activation might confer flexibility to
the assembly as the stimulus changes [79]. Thus, in the cortex, the functional units
are neuronal ensembles rather than individual cells [80] and because of the synaptic
flexibility of these neuronal groups, a dynamic salient microcircuit is involved for
each visual stimulus. In line with a previous report [81], the encoding sensory stim-
uli might require a coordinated activity of specific groups of neurons that represent
the building block of visual processing. Conclusively, all the above findings imply
that the flexibility of the neuronal circuit keeps it permanently ready to receive
the input efficiently and that the output is related to the assembly organization. In
mouse, the proximity of neurons with different orientation preferences (salt-and-
pepper organization) may favor each orientation grating, the activation of a specific
group of synapses, and thus the emergence of a specific functional microcircuit. It
is worth noting the activation of a specific functional network between co-active
neurons as the orientation changes is a general property of stimulus processing
that would be applicable to all mammals. It must be underlined that connectivity
weights are independent of firing rates [79].

2.2.5 Ketamine affects the pair-wise synchrony

To investigate the effect of ketamine on the pair-wise synchrony, a computation
of the number of connections and the CCG magnitudes of all summed pairs was per-
formed at all presented orientations and compared between control, post-adaptation,
and post-ketamine conditions. Results show that, contrasting with adaptation, under
ketamine, the magnitude and the number of synchronous inputs was increased in
cat but not in mouse. This increase might reflect a more coordinate activity of the
recipient units with each other [82], which might lead to expand and upgrade the
cortical processing and thus more efficient information transfer. Synchrony is energy
demanding. Indeed, neuronal synchrony requires resources to time firing initiation
accurately, aligned anatomical pathways to transfer the spikes, and energy expen-
ditures for redundant action potentials [83]. Since in biological systems, the costs
should not outweigh benefits, these energy costs should be counterbalanced by an
information rate increase and more efficient information transfer. Moreover, it has
been shown previously that in addition to the firing rate, the precise timing of firing
potentially encoded visual information (the visual information is encoded in tempo-
ral patterns of firing) [84-86]. It seems that columnar, and not salt-pepper organiza-
tion where cells with different orientation preferences are locally intermixed, favors
the pair-wise synchrony. In the cat visual cortex, neurons with similar features are
clustered together, forming columns, and are likely to be interconnected [78, 87, 88].
Thus, it is more likely to encounter close neurons with similar tuning then in mouse
and this organization favors synchronization since it was shown that the latter is due
in part to specific horizontal connections between cortical domains having similar
tuning properties. Indeed, it was reported that cells exhibiting similar orientation
preference showed a significant pair-wise synchrony [89].
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2.2.6 Ketamine affects downstream signaling events and leads to plasticity

Antidepressants, in particular ketamine, influence neurotransmission since it
blocks NMDAR activity. Investigators have made many important strides toward
understanding the molecular mechanisms governing the induction of plasticity by
ketamine in stimulus processing.

It was reported that excitation (E) inhibition (I) ratios (E/I) are equalized across
visual cortical neurons [90] and that matched inhibition is mediated by PV inter-
neurons [91]. Since it was demonstrated that ketamine alters the neurochemical
phenotype of PV cells [92], and modulates cortical circuit E/I ratios [93, 94], a new
equilibrium of E/I ratios might be a putative explanation for the neuronal microcir-
cuits’ dynamics observed following ketamine administration. E/I ratio is activity-
dependent [90], and the blockage of NMDA mediated activities might rebalance it.
The effects of ketamine could also be explained by the increase in the expression of
several molecules involved in neuronal plasticity, in particular, the neurotrophin
BDNF, and its receptor TrkB. Thus, reactivation of activity-dependent and
BDNF-mediated cortical plasticity by ketamine leads to the alteration of neuronal
networks to better adapt to environmental challenges [95]. Furthermore, ketamine
increases neurogenesis [96-98] and synaptogenesis [60, 99-101].

3. Conclusion

In the primary cortical areas, cells are fed by the feedforward thalamic drive
while their intrinsic properties are further shaped through the local recurrent
network. The most striking effects of ketamine are the imposition of new intrinsic
properties of individual neurons and the abolition of adaptation effects. The core of
the representational question is whether the changes in synaptic strengths, under
ketamine, constitute an engram of a new encoding of inputs in the visual process-
ing. Experimental findings show that in parallel to tuning shifts of V1 orientation-
selective cells, ketamine reorganizes the connectomes, that is, cells modifying their
synaptic weight, and therefore a change of the synaptic links between units was
observed. These results might implicitly provide that synaptic rewiring plasticity
underlies cortical map reorganization and that the modification of a cell’s selectivity
by ketamine may be better viewed in relationship to neuronal connections. In the
cat primary visual cortex, it was reported that long-range horizontal axons prefer-
entially bind to distant columns of similar tuning preferences which favors syn-
chrony of cells’ activity under ketamine. This could suggest that ketamine through
activity-dependent synaptic plasticity can redistribute connections to preferentially
link neurons with similar response properties.
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Abstract

Ketamine was discovered in 1964 by merging a ketone with an amine. Patients
described feeling disconnected like they were floating in outer. Thus, it was char-
acterized as a dissociative anesthetic. It is a unique drug that expresses hypnotic,
analgesic, and amnesic effects. No other drug used in clinical practice produces
these three important effects at the same time. Its newly found neuroprotective,
anti-inflammatory, antitumor effects and low dose applications have helped to
widen the clinical profile of ketamine. Ketamine as an analgesic adjunct in chronic
pain patients is currently being researched. Combined use of ketamine and an
opiate analgesic has been found to provide good perioperative pain control with
reduction in symptoms such as nausea and vomiting, sedation, and respiratory
insufficiency.

Keywords: ketamine, pain, dissociative anesthesia, NMDA receptors, ketamine
physiology, ketamine side effects, ketamine as induction agent, ketamine for
maintenance of anesthesia, ketamine contraindications, perioperative analgesia,
anti-inflammation, sub anesthetic dose of ketamine

1. Introduction

The story of ketamine began in the 1950s in Park-Davis and Company’s
Laboratories as the search for a cyclohexylamine that would serve as an “ideal”
anesthetic agent. This new agent would also have analgesic properties. In March 1956,
Dr. Harold Maddox synthesized a compound [N-(1-phenyl-cyclohexyl)-piperidine]
known as phencyclidine (PCP) using a new chemical organic Grignard reaction [1].
Several experiments were performed at Parke-Davis labs and Wayne State University;
both on animals and in human trials. These experiments made it clear that phency-
clidine was capable of producing a potent analgesic and cataleptic state defined as a
“characteristic akinetic state with a loss of orthostatic reflexes, but without impair-
ment of consciousness, in which the extremities appear to be paralyzed by motor and
sensory failure” [2, 3]. After administering the drug, patients had an increase in blood
pressure, respiratory rate, and minute volume while corneal and laryngeal reflexes
were conserved. However, increased salivation and nystagmus were noted. With these
findings, PCP was deemed to be a useful agent in the setting of anesthesia. However,
with further studies, it became apparent that there was a profound and prolonged
state of emergence delirium. This discovery would hinder the widespread use of PCP
and begin the search for a new related compound [1, 3].
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Finally, in 1962, Dr. Calvin Stevens was successfully synthesized a derivative of
PCP - CI-581 or ketamine — which was selected to undergo human trials. On August
31964, the first human intravenous subanestheic dose of ketamine was successfully
administered to volunteer prisoners at Jackson prison in Michigan [1]. About one-
third of the patients had reported adverse effects of psychotic reactions which they
described as a feeling of floating in outer space and having no feelings in their limbs.
Due to this effect, Domino’s wife Toni termed it “dissociative anesthesia” originat-
ing the concept of dissociative anesthesia [1, 4]. Dissociative anesthesia would later
bed deifined as a state of electrophysiological and functional dissociation between
thalamocortical and limbic systems. It was then concluded that ketamine is a potent
analgesic and anesthetic with lower potency and shorter duration of action than
PCP. Finally, in 1969, ketamine hydrochloride became available as a prescription
drug under the name of Ketalar and a year later was approved by the US Food and
Drug Administration [2, 3].

Unfortunately, the popularity of ketamine declined as it caused hallucinations
and psychotic reactions that were an unpleasant experience for patients. However,
in the early 1990s, ketamine made a come-back due to the peak of high-dose opioid
anesthesia [3]. Ketamine is becoming widely used among anesthesiologists for both
induction and maintenance in anesthetic and subanesthetic doses. Commonly it is
used in combination with diazepam, midazolam, or propofol to help reduce halluci-
nations, psychotic reactions, and emergence delirium [1]. A recent interest has also
sparked in opioid free anesthesia using ketamine. Contrary to yesteryears practice,
today ketamine is widely used for a variety of different procedures for its valuable
anesthetic, analgesic, and even amnestic properties, as we will discuss throughout
this chapter.

2. Chemistry and pharmacology

Ketamine’s chiral carbon center allows for the existence of two different steric
configurations - S(+) and R(—) isomers. Each isomer has varying anesthetic, anal-
gesic, dysphoric, and sympathomimetic properties. Several studies have shown that
the S(+) isomer is more potent and has a higher NMDA affinity when used intraop-
eratively for anesthesia compared to the R(—) isomer. In addition, the S(+) isomer
causes lower cardiac stimulation, less spontaneous motor activity, better analgesia,
faster recovery, fewer psychotomimetic side effects, and decreased incidence of
emergence delirium [1, 2].

Ketamine primarily works by inhibition of NMDA receptors and has two
different mechanisms through which it exerts its function. NMDA receptors are
excitatory amino acid receptors that have been implicated in pain [5]. The first
mechanism of NMDA antagonism is as a channel blocker. The second mechanism
is through an allosteric mechanism that decreases the opening frequency of the
NMDA channel. It can also exert its effect through a variety of other mechanisms
such as inhibition of L-type calcium channels, BK channels, HCN channels, and
voltage-gated sodium channels. Other mechanisms of actions include monoamine
blockade and inhibition of serotonin reuptake [2].

Ketamine has a slow off-rate compared to other anesthetic agents. This means
that it continues to exert its effect even after glutamate; the substrate for NMDA
receptors, has dissociated. This allows for a better anesthetic effect.

Ketamine has a high lipid solubility allowing it be rapidly taken up by the brain
and redistributed to highly perfused tissue with a distribution half-life between 10
and 15 minutes [2]. Its metabolism is highly dependent on the liver using the cyto-
chrome P450 system. Ketamine can be converted into active or inactive metabolites,
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Intravenous

Induction 1-4.5 mg/kg (60s)

Maintenance (general) 1-6 mg/kg/hr

Maintenance (sedation) 0.4-1 mg/kg/hr

Subanesthetic 0.2-0.8 mg/kg

Intramuscular

Anesthetic 6.5-13 mg/kg

Subanesthetic 2-4 mg/kg
Table 1.

Doses of ketamine.

which are then further hydroxylated to increase water solubility through various
CYP450 enzymes. The metabolites are then renally eliminated [1, 6].

Research has shown that ketamine has a dose dependent effect. In this chapter,
we will focus on anesthesia and analgesia. Analgesic effects are seen at levels of
100-160 ng/ml. Induction of anesthesia is usually achieved at 9000-25000 ng/ml
and can be maintained with 2000-3000 ng/ml. Ketamine’s half-life at anesthetic
doses is approximately 79 minutes, and its actions decrease when the drug redis-
tributes from the brain into other tissue. The threshold between consciousness and
emergence from anesthesia is 1000 ng/ml. The psychic state is usually seen with
doses between 50 and 200 ng/ml. The onset and duration of these psychedelic
effects varies based on the route of administration [1, 6].

Because ketamine is both water and lipid soluble, it can be administered
intravenously, intramuscularly, orally, and sublingually. However, due to its sig-
nificant first pass metabolism oral administration yields very little bioavailability.
Intravenous administration is the preferred route of administration as it allows for
100% bioavailability. Recommended doses, shown in Table 1, are between 1 and
4.5 mg/kg over the course of 60 seconds for induction. For general maintenance
1-6 mg/kg/hr. and 0.4-1 mg/kg/hr. for continuous sedation is recommended [6].
Ketamine can be given intramuscularly that has a 93% bioavailability and is useful
in emergencies, uncooperative patients and burn patients. When administered
intramuscularly higher doses, between 6.5-13 mg/kg, are needed. For subanesthetic
doses the intravenous dose is between 0.2-0.8 mg/kg and 2-4 mg/kg if given
intramuscularly [2].

Table 1 summarizes the various suggested doses of ketamine administration
depending on route, phase and administration method of anesthesia.

For review, Induction is the transition from an awake state to an anesthetized
state with a sole agent such as ketamine or propofol or a combination of drugs
[2]. Maintenance involved sustaining this anesthetic [7]. The role of ketamine in
induction and maintenance in the practice of anesthesia will be discussed later in
this chapter.

3. Use of ketamine in anesthesia

In the first ever human trial done with ketamine, a 1-2 mg/kg dose was given to
patients, which resulted in analgesia and anesthesia with an onset time of one min-
ute and lasted for about five to ten minutes. Within one to two hours the patients
were back to their initial state. An increase in blood pressure and heart rate, hyper-
active reflexes, and increase in lacrimation was noticed. A transient respiratory
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depression was also seen but returned to baseline within seven minutes. Even so,
reflexes were preserved throughout. No labs were significantly affected. However,
during the recovery period, as with PCP, psychic reactions, mood and affect
alterations were observed but laster for a shorter duration and were less severe than
the reaction with PCP that subsided within 30 mins after awakening. Many of the
effects that were seen with ketamine were not seen with the anesthetics used com-
monly during that time period [4]. This led to the conclusion that ketamine results
in a short-acting and effective induction of anesthesia and analgesia.

Ketamine has been shown to be safe and effective for maintenance sedation
in several studies. It decreases airway resistance, improves dynamic compliance,
preserves functional residual capacity, tidal volume, and minute ventilation [7].
Another advantage observed was that with ketamine, pharyngeal and laryngeal
reflexes were conserved. In addition, ketamine provides an additional benefit in
patients with refractory bronchospasms as it decreases audible wheezes, broncho-
dilator requirements, and hypercarbia making it the drug of choice in patients with
bronchospasms [7]. Furthermore, in patients with refractory status asthmasticus, it
helps reduce the need for initiation of mechanical ventilation [8]. Ketamine is also a
popular induction agent [2]. For induction, ketamine is usually used in combination
with other agents such as propofol or diazepam for reduction in emergence excite-
ment, or dissociative effects that often result when ketamine is used [8].

Since ketamine is known for its ability to cause dissociative anesthesia, it
has been hypothesized to be particularly beneficial for painful or distressing
procedures. For example, endotracheal intubation using ketamine has been suc-
cessful in some cases with the added advantage of maintaining or even increasing
cardiorespiratory tone. We will discuss four methods for endotracheal intubation
that have been evaluated. In delayed sequence intubation, dissociative doses of
ketamine are given to allow the patient to enter an unconscious state so that proper
preparation and pre-oxygenation can be taken before a paralytic is given. With this
method, there were reduced adverse events and improved oxygen saturation. In
ketamine-only breathing intubation, a dissociative dose of ketamine monotherapy
is used in spontaneously breathing patients. This strategy seems to be useful in
patients with anatomically difficult airways, physiologic limitations and profound
acidosis. With traditional rapid sequence intubation, ketamine was given with the
traditional rapid sequence intubation protocol. In review, rapid sequence intuba-
tion is when an induction agent and a paralytic are administered simultaneously
during endotracheal intubation without the need for bag mask ventilation. This
method has an advantage when apnea caused by the paralytic agent is not a concern.
Finally, in ketamine for post-intubation analgesia and sedation, ketamine given
after intubation provides two benefits - stimulating heart rate and blood pressure
and analgesic and sedative properties. This allows for the reduction of conventional
sedative use which has been linked to prolonged ICU stay and delirium. Although
advantages have been noted, using ketamine for airway management using these
strategies should be done with careful planning and caution, as there still is limited
evidence [9].

4, Effects of ketamine use

A major advantage of ketamine, unlike many other anesthetic agents, is hemo-
dynamic stability. It is also generally well tolerated in both pediatric and geriatric
patients. As mentioned previously, ketamine when given in a combination with pro-
pofol for induction significantly improves hemodynamic stability within the first
ten minutes [10]. This advantage makes ketamine extremely beneficial in managing
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hemodynamically unstable patients such as those who have suffered severe trauma.
For example, in which ketamine has been useful is in the management of burn
patients especially during the acute phase of injury. During the acute phase, the
burn victims are undergoing significant fluid shifts leading to cardiovascular and
respiratory insufficiency [11].

4.1 Anti-inflammatory effect

Inflammation is a normal mechanism that the body uses to fight infection caused
by viruses and bacteria. This mechanism is initiated by pro-inflammatory cytokines
that are released by the immune cells. These pro-inflammatory cytokines (IL-1,
IL-6, IL-8, IL-12, IFN-y, IL-18, and Tumor Necrosis Factor (TNF) [12]. However,
inflammation can also be disadvantageous in that it can lead to pain and swelling
in the acute setting. Concentrations of proinflammatory cytokines during the
perioperative period may significantly impact surgical outcome. Ketamine has been
shown to modulate the perioperative cytokine response and plays a significant anti-
inflammatory role. It inhibits the systemic response without affecting the healing
process that is necessary during the postoperative state [12]. One such mechanism
is the reduction of leukocyte migration through endothelial monolayers. It is well
studied that neutrophils play a key role in defense against foreign pathogens. Upon
activation, neutrophils need to cross endothelial cell layers. Researchers investi-
gated the effects of ketamine on leukocytes and endothelial cells independently
and together. In a dose-dependent fashion, ketamine suppressed migration when
leukocytes alone were treated. Interestingly, when the endothelial cells were treated
with ketamine, there was no significant reduction in migration. However, when
both leukocytes and endothelial cells were treated, the suppression in migration was
much higher than when only leukocytes were treated [13]. One possible mechanism
that may achieve this is is the inhibition of the up-regulation of CD18 and CD26L on
neutrophils. CD18 and CD26L are stimulated during inflammation and are impor-
tant cell surface markers for adhesion of neutrophils to endothelial cells promoting
neutrophil migration [14].

It has also been suggested that this effect might be mediated by the suppression
of microglial activation in the CNS or the inhibition of large conductance calcium
activated potassium channels in the microglia. Specifically, there is a reduction
in postoperative pro-inflammatory cytokines such as serum IL-6, TNF-a, nuclear
factor kb, CRP and nitric oxidase synthase [15]. In addition, an increase in post-
operative serum IL-10 levels, an anti-inflammatory cytokine. Ketamine was also
shown to impair neutrophil chemotaxis, inhibit superoxide radical production,
inhibit differentiation of immature dendritic cells, and increase Treg cell concentra-
tion [16]. Ketamine may also alter the oxidative stress response in patients. When
ketamine was administered, patients had lower total thiol molecules and a lower
total antioxidant capacity. They also had higher lipid peroxidation, and higher
superoxide dismutase and glutathione peroxidase activity [17].

4.2 Psycho modulator effects

Ketamine has several effects on brain activity that can be monitored by EEG.
When subanesthetic doses are given, the complexity of EEG changes is elevated
relative to the baseline. At anesthetic doses the pattern alternates between a high
and low complexity. Eventually the pattern stabilizes at a high complexity that is
similar to baseline. This shows that ketamine can induce a fragmented state that
shows alternating patterns of conscious and anesthetic states. A bolus of ketamine
induces unconsciousness causing a change from slow waves to a gamma-burst
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wave pattern on the EEG, which later evolved into a stable gamma pattern most
likely due to decreasing plasma ketamine levels [18]. In addition, in hippocampal
and cortical neurons, ketamine can increase activity of extrasynaptic GABA-a
receptors which generate tonic inhibitory currents. Ketamine has been shown

to increase potency of low concentration of GABA at these receptors as well

[19]. Secondary effects on the dopamine system due to ketamine alters the fir-
ing rate of mesocortical and mesolimbic dopamine neurons causing an increase
in extracellular dopamine in the striatum and prefrontal cortex which has been
hypothesized to be a contributing factor the psychotic-like behaviors observed
with ketamine [20].

Another interesting aspect of ketamine is that its effect varies depending on
other anesthetic agents used with it or if it is used as a sole agent. For example,
in a study done with rats it was found that when ketamine was added to ongoing
sevoflurane or propofol, on EEG there was either no change or a shift to higher
frequencies. However, when ketamine was given alone there was a simultaneous
increase in both lower and higher frequencies. Also, when ketamine is used as a
sole anesthetic agent patients can experience dissociative effects. However, at the
same time ketamine is also found to be neuroprotective in preventing or mitigat-
ing postoperative delirium. This might explain why ketamine is being used both as
an experimental model of psychiatric diseases as well as a proposed treatment for
psychiatric diseases [21].

Ketamine’s unusual cataplectic properties make it a dissociative anesthetic. At
low doses, it causes alteration in visual and auditory stimuli and feelings of detach-
ment from one’s surroundings that manifest themselves as delirium, hallucinations,
delusions, and confusion [20]. This leads to a potential for abuse and explains why
ketamine is a class III-controlled substance and often referred to as “Special K.
Long term effects of repeated ketamine use may lead to flashbacks, attentional
and other cognitive dysfunctions, and decreased sociability. On the other hand,
its continued use is reinforced by the other psychotropic effects. Therefore,
some anesthesiologist may choose to avoid ketamine especially when it comes to
patients with Post Traumatic Stress Disorder (PTSD) [15]. However, a recent study
presented a trial of repeated intravenous ketamine administration for patients
with PTSD. Infusion of ketamine demonstrated a clear superiority in reduction
of symptoms compared to midazolam. More research on this aspect of ketamine
is needed to help guide its use in anesthesia in patients with PTSD [10]. Caution
should also be used when using ketamine for anesthesia in schizophrenic patients.
This is because ketamine has been found to induce hallucinations, delusions and
thought disorders, resembling an active schizophrenic episode of their illness.
These episodes are also resistant to haloperidol, the drug traditionally used to treat
active episodes [22].

Interestingly, ketamine and its metabolites modulate distinct neural circuits to
produce dissociation and analgesia. The channel blocking effect of ketamine at the
NMDA receptors may partially explain its dissociative properties. This is because
ketamine blocks excitatory NMDA receptors on fast-spiking cortical interneurons
more effectively than those on pyramidal neurons. This results in markedly dysreg-
ulated pyramidal neuronal activity. The relative inactivity of cortical interneurons
leads to glutamate-mediated pyramidal-pyramidal neuronal facilitation. Consistent
with this notion, lamotrigine, an antiepileptic medication that reduces cortical
glutamate release and pyramidal neuron facilitation, suppresses the dissociative
properties of ketamine. In the same fashion, midazolam reduces pyramidal neuron
facilitation by downstream activity resulting from binding at gamma amino-butyric
acid receptors on pyramidal neurons [23]. This could explain why ketamine causes a
feeling of dissociation when it is used as an anesthetic agent.

52



Application of Ketamine in Current Practice of Anesthesiology
DOI: http://dx.doi.org/10.5772/intechopen.100461

4.3 Neuroprotective effects

There is also evidence that ketamine has neuroprotective effects. It is thought
that this occurs due to the inhibition of calcium influx that occurs with ketamine
administration. This calcium influx inhibition helps prevent ischemia and apoptosis
providing a protective benefit to neurons. When ketamine was compared with
other anesthetic agents such as midazolam, fentanyl, and propofol there was a
reduction of spreading depolarizations with ketamine administration. Spreading
depolarizations can cause neurovascular decoupling and potentiate the secondary
phase of brain damage. Therefore, it is hypothesized that when ketamine is used,
the suppression of these spreading depolarization allows for the maintenance of
the electrochemical gradient and prevents neurovascular decoupling. This works
together to have neuroprotective effects. However, the opposite effects could occur
if repeated high doses are given as ketamine has the potential to cause neurotoxicity
particularly in the developing brain. When ketamine is given in repeated high doses,
there is an increase in a subunit of NMDA receptors, NR1. This allows the opposite
effect, increasing the influx of calcium leading to apoptosis [8].

Traditionally, it was thought that ketamine increased intracranial pressure.

In recent years, this theory has been rejected. Ketamine has successfully been

used to reduce intracranial pressure. One study examined the effects of ketamine
on intubated and sedated pediatric population at a regional trauma center with
elevated ICP >18 mmHg resistant to first tier therapies. The results of 82 ketamine
administrations in 30 patients were analyzed. Overall, following ketamine admin-
istration, ICP decreased by 30% (from 25.8 + 8.4 to 18.0 + 8.5 mm Hg) (p < 0.001)
and Cerebral Perfusion Pressure (CPP) increased from 54.4 + 11.7 to 58.3 + 13.4 mm
Hg (p < 0.005). In Group 1, ICP decreased significantly following ketamine admin-
istration and increased by >2 mm Hg during the distressing intervention in only

1 of 17 events. In Group 2, when ketamine was administered to lower persistent
intracranial hypertension, ICP decreased by 33% (from 26.0 + 9.1to 17.5 + 9.1 mm
Hg) (p < 0.0001) following ketamine administration. They concluded that in
ventilator-treated patients with intracranial hypertension, ketamine effectively
decreased ICP and prevented untoward ICP elevations during potentially distress-
ing interventions, without lowering blood pressure and CPP. In addition, these
results refute the notion that ketamine increases ICP. Ketamine is a safe and effec-
tive drug for patients with traumatic brain injury and intracranial hypertension,
and it can be used safely in trauma emergency situations [24].

4.4 Hemodynamic and respiratory effects

Ketamine’s ability to promote central sympathetic stimulation and inhibition of
neuronal catecholamine reuptake has brought upon its resurgence as an excellent
sedation maintenance drug [7]. These effects favor hemodynamic stability. A pro-
spective double-blind controlled study compared the use of ketamine vs. fentanyl
for sedation in the ICU. It was observed that patients on ketamine had an increased
MAP and a decreased incidence of shock. This characteristic is what makes it an
excellent choice for induction of anesthesia for potentially unstable cardiac patients,
especially when combined with midazolam. This benefit was observed in patients
with septic cardiomyopathy [8].

In addition, clinicians have adapted ‘ketofol, a combination of ketamine and
propofol especially for sedation cases. Propofol when used alone can cause myocar-
dial depression and systemic vasodilation that both lead to hypotension, especially
in a fasting patient. When propofol was used alone, it causesd a 20% reduction in
systolic blood pressure in the first 5 and 10 minutes compare to ‘ketofol’ [10].
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In addition, Ketamine tends to relax bronchiole smooth muscles. Thus, it can
protect asymptomatic patients with asthma from developing bronchospasm and it
can also effectively relieve bronchospasm in patients who already have respiratory
problems before anesthesia. In addition, it has been used as an analgo-sedative in
patients with status asthmaticus, not responding to the usual therapeutic options;
as this can reduce the need for mechanical ventilation [8]. A review of prospective
and observational studies showed a noticeable increase in chest wall dynamics in
patients with status asthmaticus. They noticed that patients receiving ketamine
continuous infusion also had reducible wheezing and even reduced bronchodilator
requirement [7]. It should also be noted that unlike opioids, it does not increase
histamine release; further reducing the possibility of bronchospasm [8].

These benefits extend to the pediatric population. Research has shown ketofol
use as an induction agent as an alternative to propofol led to better laryngeal mask
airway (LMA) insertion in children. In addition, during the LMA the use of ketofol
showed faster induction time, lower injection pain, better jaw relaxation, better
full mouth opening, and less incidence and duration of apnea when compared
to using propofol alone [25]. Another study showed that induction with adjunc-
tive use of ketamine and propofol, 1 mg/kg ketamine at induction and 5 mg/kg/h
propofol infusion for maintenance for MRI sedation in children resulted in better
induction quality, lower propofol infusion rate for maintenance, and faster time
to full recovery [26]. Ketofol seems to have an effect that is dependent on the ratio
of propofol to ketamine. In a clinical trial performed, it was determined thata 10:1
propofol ketamine ratio seems to have the greatest benefit during surgery due to
better hemodynamic stability maintenance and faster recovery time [27].

5. Ketamine and opioid free anesthesia

With the opioid epidemic in recent years, clinicians are exploring options to pro-
vide pain relief with reduced or no opioid administration. Although opioids provide
excellent analgesia, they can also produce unpleasant adverse effects such as nausea,
vomiting, tolerance, pruritis, hyperalgesia, urinary retention, constipation, respira-
tory depression and have an extremely high potential for abuse. Approximately
2 million Americans use opioids for recreational purposes. According to the
United State National Institute of Drug Abuse, overdose deaths involving prescrip-
tion opioids rose from 3442 in 1999 to 17029 in 2017. Studies have shown that
patients who consume high doses of opioids in the inpatient setting have a higher
probability of report of increase opioid use after discharge. This is especially true
for patients who leave the hospital with a prescription for opioids [28].

With regards to cancer pain control, the role of opioids has come into question in
recent years as new data emerges about opioids, such as Morphine having pro tumor
effects. Morphine may stimulate proliferation, facilitate metastasis, and promote
angiogenesis leading to increased tumor burden. However, generalizations about
these effects should not be extended to all opioids as research is still ongoing on this
topic [29].

In recent years, clinicians are fast adopting Early Recovery After Surgery
(ERAS) protocols that have an increased focus on a multimodal approach to pain
control to reduce the consumption or even exposure to opioids. In the preopera-
tive setting drugs such as celecoxib, acetaminophen and gabapentin are being
utilized to begin pain control even before surgical incision is made. In the operating
room Ketamine, among others such as Dexmedetomidine, Intravenous Lidocaine,
Intravenous Magnesium, are some of the drugs on the forefront to achieve opioid
free or opioid reduced pain relief.
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In 2019 a study to evaluate the effect of Opioid Free Anesthesia (OFA) on
post-operative morphine consumption and the post-operative course was initiated.
Ketamine was used in both arms of OFA and Opioid Anesthesia (OA) for induction.
A statistically significant result of reduced supplemental opioid consumption in the
OFA group was observed (0.001). It should be noted, however, that ketamine was
used in conjunction with lidocaine and dextromethorphan in the OFA group. In
addition, the reduction in opioids used may also be due to reduced opioid tolerance.
It was noted that postoperative pain scores did not differ between groups, indicat-
ing that OA and OFA provided comparable analgesia [30].

Multiple studies on the role of NMDA receptor antagonists in preventive analge-
sia have been reviewed. Preventive analgesia a concept in which the administration
of a drug at any point in the perioperative period and the presumed associated
reduction in central sensitization may reduce pain, analgesic consumption, or both
beyond the clinical activity of the target drug. Their systemic review showed that
ketamine and dextromethorphan produced significant preventive analgesic benefit
in 58% and 67% of studies, respectively. In addition, a direct analgesic benefit of
the drug occurred in the early postoperative period [5]. It can then be inferred that
if pain is controlled early in surgery, then there may be reduced need for additional
analgesic medications, including opioids.

A randomized, prospective, double blinded placebo- controlled study investi-
gating the efficacy of preemptive ketamine infusions in patients with chronic pain
undergoing elective back surgery was conducted. These patients had a history of
at least 6 weeks (about 1 and a half months) of opiate use. They demonstrated that
intraoperative preventative ketamine reduced opiate consumption in the acute
postoperative period by 37% in these patients. In addition, it seemed that these
patients who received ketamine infusions had a reduced pain sensation in the PACU
(post anesthesia care unit) and even 6 weeks in the post operative period, leading
to a reduction in morphine consumption [31]. As previously discussed, this reduc-
tion in pain sensation is due to reduction central sensitization via NMDA receptor
antagonism, reduction in opiate tolerance, and some impact on the balance of
neurotransmitters. This concept of preemptive analgesia was further explored by
studying the effects of preemptive doses of ketamine before laparoscopic cholecys-
tectomies at three doses; 1 mg.kg, 0.5 mg/kg and 0.25 mg/kg. In addition, research-
ers evaluated their effects on cardiovascular hemodynamics and hallucinations.
There was a definitive role in reducing postoperative pain and analgesic require-
ment in patients. A low dose of 0.5 mg/kg was devoid of hemodynamic changes
and hallucinations, making it the optimal dose for patients undergoing laparoscopic
cholecystectomy [32].

Ketamine is being favored in bariatric surgery as obese patients tend to have
obstructive sleep apnea and obesity hypoventilation syndrome that can be difficult
to manage during induction and emergence of anesthesia. Due to its favorable
stability on the cardiovascular system, respiratory system and gastrointestinal
systems as detailed above. While only in a single case study, an opioid free anes-
thetic delivered to an obese lady with BMI of 50.1. She received an initial bolus of
ketamine 5 mg-kg™" was followed by a continuous infusion at 5 pg-kg ™" min™" She
underwent surgery without complication, rapidly met all extubation criteria, was
never hypoxic, and was ambulating unassisted after 90 minutes in the recovery
room without pain. She received ketorolac and IV Acetaminophen as the multi-
modal regimen. No opioids were used [33]. This case study lays the foundation for
an excellent randomized double blinded study to improve outcomes in bariatric
surgery. Furthermore TIVA with propofol, ketamine and dexmedetomidine (59
patients) vs. opioids and volatile anesthetics (60 patients) and their effects on post-
operative nausea and vomiting (PONV) has been studied. Patients in both groups
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had similar clinical characteristics, surgical procedure, and PONV risk scores

and required similar amounts of postoperative opioid. 37.3% in the Opioid group
compared to only 20% group reported PONV with a statistically difference (0.02).
It was concluded that opioid-free TIVA is associated with a significant reduction in
relative risk of PONV compared with balanced anesthesia [34].

Overall, OFA has gained in popularity to enhance early recovery and so spare
opioids for the postoperative period. Pain is an extremely complex interaction of
biological, cognitive, behavioral, cultural and environmental factors. Whether it
is possible to deliver a safe and stable anesthesia without intraoperative opioids to
many patients undergoing various surgical procedures. OFA still raises questions.
Accurate monitoring to measure intraoperative nociception and guide the use of
adjuvants is not available. Also, there is a need for procedure specific strategies as
well as indications and contraindications to the technique. OFA does not seem to
reduce the amounts of opioids prescribed at discharge which needs to be addressed
and thought about by health care professionals.

6. Conclusion

Ketamine has made a strong resurgence as a versatile drug in the field of anes-
thesia. We reviewed the history of anesthesia from its discovery to its application
as an anesthetic. In addition, we aimed to demonstrate how ketamine has favorable
properties with regards to hemodynamics, its neuroprotective properties, psycho-
modulator effects, and anti-inflammatory effects. These favorable properties have
made it one of the drugs on the forefront of the opioid free anesthesia concept dis-
cussed in this chapter. We remain excited about the ongoing research on Ketamine’s
role in treatment of patient with Post Traumatic Stress Disorder and various other
applications in the field of Anesthesia.
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Abstract

There is increasing evidence of the close relationship between persistent activa-
tion of the glutaminergic pathway, central sensitization, hyperalgesia and chronic
pain. Opioids have long been the standard analgesics used in the perioperative.
However, their side effects, namely opioid-induced hyperalgesia, opioid tolerance
and post-operative dependence in patients with chronic pain that are to undergo
aggressive surgeries have motivated anesthesiologists to develop alternative
anesthetic techniques. They include analgesic and anti-inflammatory drugs that
act by modulating the nociceptive pathways with an opioid-sparing effect and
even opioid-free anesthesia (OFA). In OFA plus postoperative analgesia (OFAA)
techniques, ketamine plays a fundamental role as an analgesic with its antagonist
action on the N-Methyl-D-Aspartate-receptors (NMDAr). However, ketamine is
limited to use at sub-anesthetic doses (“low-doses”) due to its dose-dependent
side effects. Consequently, other analgesic drugs with anti-NMDAr effects like
magnesium sulfate and other non-opioid analgesics such as lidocaine and alpha-
2-adrenergic agonists are often used in OFAA techniques. The aim of this text is
to present a summary of the importance of the use of ketamine in OFA based on
nociceptive pathophysiology. Additionally, the perioperative protocol (OFAA)
with the anti-hyperalgesic approach of ketamine, lidocaine and dexmedetomidine
co-administration in our center will be described. Some of the main indications for
the OFAA protocol will be mentioned.

Keywords: Opioid-free anesthesia, OFA, Opioid-free anesthesia and analgesia,
OFAA, minimizing-opioid-use, NMDA-receptors antagonists,
ketamine-magnesium-lidocaine-dexmedetomidine-methadone, anti-hyperalgesia,
central sensitization, opioid intolerance, opioid-induced hyperalgesia,
craneocervical/thoracic fixation, complex spine surgery
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1. Introduction

Nociceptive phenomena associated with surgical trauma involve local and
systemic inflammatory processes, activation of cellular and humoral immune
mechanisms, and adrenergic and neuroendocrine activation. The activation of the
glutaminergic pathway plays a determining role in secondary sensitization at the
level of the central nervous system, which is responsible for nociceptive amplifica-
tion, persistence of postoperative pain, and hyperalgesia.

Strategies to reduce perioperative opioid consumption and its consequent side
effects have been based on the use of multimodal analgesia schemes. The develop-
ment of opioid-free anesthesia (OFA) techniques, indicated for particular patient
populations in which opioids may be harmful, requires the use of drug mixtures in
which NMDA receptors (NMDATr) antagonists are integral. The most clinically used
NMDAr inhibitors in anesthesia are ketamine and magnesium sulfate. Their co-
administration in OFA techniques has synergistic analgesic effects. The concomitant
use of intravenous lidocaine and dexmedetomidine provides additional benefits
to the use of NMDATr antagonists to reduce the central sensitization phenomenon
(SC), hyperalgesia and opioid-induced hyperalgesia (OIH).

2. NMDAr are involved in nociception even from the beginning of
tissue trauma: peripheral hyperalgesia is an event modulated by a
glutamatergic system in the dorsal root ganglia (DRG)

The nociceptive pathway undergoes important functional changes and modulation
under surgical trauma (tissue damage and inflammation). This plasticity is mediated
by many mechanisms, including peripheral and central sensitization. The paramount
element for these modificationsis the result of release of many chemical mediators
peripherally as well as neurotransmitters in the spinal cord and the brain [1].

Peripheral sensitization contributes to increased afferent stimulation of the spi-
nal cord. It is mediated by many processes in which nerve tissues and immune cells
act under a complex barrage of pain-mediating substances. The nociceptive impulse
generated by an inflammatory event in peripheral tissue is regulated in the dorsal
root ganglia (DRG) by a system that involves satellite glial cells and glutamatergic
NMDA receptors (NMDAr) [2].

Mechanical inflammatory nociceptor sensitization is dependent on glutamate
release in the DRG and subsequent NMDATr activation in satellite glial cells. That fact
supports the idea that peripheral hyperalgesia is an event modulated by a glutama-
tergic system in the DRG. Moreover, retrograde sensitization of the primary sensory
neuron has been proposed as an essential mechanism for induction and maintenance
of peripheral inflammatory hyperalgesia. It has been suggested that this phenom-
enon is due to the release of glutamate in the spinal cord, which acts retrogradely on
NMDARs present at the presynaptic terminals of the primary sensory neuron [3-5].

In summary, numerous receptors and ion channels are involved. Continued
increased input to the spinal cord results in further central sensitizing changes.

3. What is the importance of glutaminergic pathway in the nociceptive
process and secondary sensitization during surgical trauma?
The glutamate receptor NMDAr is the starting pointof secondary sensitiza-

tion and the amplification of pain. Hence, the NMDAr may be a potential target
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for analgesic therapy in the context of opioid-free anesthesia and postoperative
analgesia (OFAA).

The primary sensitization resulting from local inflammation of the tissue under
surgical trauma activates the “asleep afferent” thereby increasing the total nocicep-
tive afferent signals to the spinal cord, which is the beginning of the development
of the central sensitization. The excitatory amino acid glutamate plays a central role
both via the a-amino-3-hydroxy-5- methyl-4-isoxazolepropionate (AMPA) ion-
channel linked receptor in acute pain transmission and via the N-methyl-d-aspartate
(NMDA) receptor to mediate sensitizing effects. In the acute state, the NMDAr
are limited by a voltage-dependent magnesium ion block of the channel. Increased
afferent input from primary sensitization releases the magnesium ions and activates
theNMDA receptors. NMDATr activation increases intracellular calcium flux and
enhances the activation of the second-order neuron. The increase in intracellular
calcium also stimulates cyclooxygenase, lipoxygenase and protein-kinases [2, 6].

Surgical stimulus activates C fibers and generatesa progressive build-up in the
amplitude of response in dorsal horn neurons andbrings onthe Wind-up phenom-
enon, which is a specific initiator of central sensitization [1].

4. How does the glutaminergic pathway mediate the persistence of pain
after surgery and chronic pain?

Neuropeptides like substance P and the calcitonin gene-related peptide (CGRP),
released from primary afferent neurons, contribute to the activation of the NMDAr
in pain states. Neuropeptides such as neurokinin A and B act on NK receptors and
activate the NMDATr directly by inducing decreased potassium ion conductance
and phosphorylation-induced increases of intracellular calcium, facilitating
central sensitization and hyperalgesia. Brain-derived neurotrophic factor (BDNF)
is produced by nerve growth factor (NGF)-dependent nociceptors and increases
the glial inflammation. Moreover, BDNF augments spinal neuron excitability by
phosphorylation-mediated stimulation of the NMDAr.

Finally, longer-term changes of central sensitization may be explained by
transcriptional changes.

Hence, the significance ofthe spinal cord as a location for an anti-hyperalgesic
approach leads us consider the important role the NMDA receptors have in central
sensitization and their potential usefulness as a focus of analgesic therapeutics [7, 8].

Ketamine and magnesium sulfate are the most frequently used NMDAr antago-
nist drugs in anesthesia. Ketamine in association with lidocaine and dexmedeto-
midine infusions have led to the development of opioid-free anesthetic techniques
(OFA). Moreover, the combination of low doses of ketamine with these adjuvant
medications have shown an important opioid-sparing effect on postoperative pain
control and has an additional anti-hyperalgesic effect [8].

5. Why should opioid use be minimized during the perioperative period?

Intravenous opioids are the commonly used analgesics during general anesthesia
along with hypnotic drugs. Opioids provide potent analgesia, attenuate the neuro-
endocrine response triggered by surgery, and provide hemodynamic stability.
However, these drugs have side effects like nausea, vomiting, decreased intestinal
peristalsis, respiratory depression, histamine release and opioid-induced hyperalge-
sia mediated by NMDAr stimulation [6].
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Multimodal postoperative analgesia has been the gold standard for more than
20 years. It makes for opioid-sparing and better outcomes than with drugs like
morphine that are administered as a sole analgesic agent after surgery. OFA is based
on the association of drugs and/or techniques that makes for good quality general
anesthesia with no need for opioids. The association can combine NMDAr antago-
nists (ketamine, lidocaine, magnesium sulfate), sodium channel blockers (local
anesthetics), anti-inflammatory drugs (NSAID, dexamethasone, lidocaine) and
alpha-2 agonists (dexmedetomidine, clonidine) [9].

There is a group of patients in whom opioid use is relatively contraindicated.
It is comprised of those with gastrointestinal intolerance susceptible to develop-
ing intestinal ileus, functional bladder disorders, a history of severe nausea and
vomiting, sleep apnea syndrome, morbid obese, patients with mast cell activation
syndrome (MCAS), autonomic symptoms like postural orthostatic tachycardia syn-
drome (POTS), patients with chronic pain, chronic fatigue syndrome and myalgic
encephalomyelitis, patients with high-dose opioid use, opioid tolerance, opioid-
induced hyperalgesia (OIH) and patients who are prone to drug dependence [9-13].

The above patients benefit from OFAA techniques. When feasible, the use of
regional anesthesia is helpful. Then again, the substitution of opioids for analgesic
drugs with different mechanisms of action is desirable when general anesthesia is
indicated [14, 15].

6. Ketamine, magnesium, lidocaine and dexmedetomidine: an
anti-hyperalgesic combination

Ketamine plays a fundamental role in OFA techniques since it is a potent NMDAr
inhibitor that provides an excellent analgesic effect at sub-anesthetic doses. Since
ketamine can cause dose-dependent side effects (cardiovascular excitation, halluci-
nations, psychomimetic events, nausea and vomiting as well as hyper-salivation), it
is advisable to associate it with other NMDAr antagonists like magnesium sulfate or
dextromethorphan to enhance its analgesic effect with lower doses.

Ketamine and magnesium have been widely described as improving postopera-
pain control. The literature has consistently reported that both drugs provide
effective postoperative analgesia and a reduction in opioid consumption. A meta-
analysis that aggregated data from 2482 patients showed that intravenous ketamine
reduces postoperative opioid use by 40% [16]. Similar results have been shown with
the administration of intravenous magnesium [17-19].

Furthermore, experiments on the association of ketamine and magnesium may
give us an important clue as to the useful of the association. In fact, pretreatment
with ketamine has been demonstrated to improve the anti-nociceptive effect of
magnesium [20]. Interestingly, myocardial and endothelial cells express NMDA
receptor. Thus, a synergistic effect can be expected on the NMDA receptor in the
cardiovascular system with the resulting cardiovascular stability by the competitive
blocking actions of drugs [21, 22].

On the other hand, there are many publications that describe the use of intravenous
lidocaine as a systemic analgesic with particular attenuating effects on the intraopera-
tive inflammatory reaction at multiple levels (i.e., reduction of inflammatory bio-
markers by direct action on cell membrane of monocytes, neutrophils and mast cell,
PKC-mediated reduction of Ca** intracellular influx and K*,-channels, action over
cholinergic, adrenergic, GABAergic, NMDAr, and NK-1r pathways, etc.). Lidocaine
has a non-relevant analgesic effect mediated by Na*-channel blocks at therapeutic
plasmatic concentrations [10, 23, 24].
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Additionally, lidocaine modulates the immune response to surgical trauma with
benefits in term of cancer recurrence. So, it is advisable to associate the intravenous
infusion of lidocaine along with dexamethasone plus non-steroidal anti-inflam-
matory drugs (NSAIDs) to complement the analgesic effect of NMDA antagonists
through the reduction of inflammation due to surgical trauma. Moreover, it has been
shown that the intravenous lidocaine reduces the requirements for hypnotic drugs
(propofol or sevoflurane) and has a dose-dependent anti-NMDAr effect [25-31].

Dexmedetomidine is an alpha-2 adrenergic agonist which acts at different levels
of the nociceptive pathway like on the peripheral nerves, pre-synaptic receptors
at the dorsal horn of the spinal cord and at the supraspinal level (Locus Coeruleus).
The association of dexmedetomidine with OFA may provide additional benefits.
They encompass the attenuation of the sympathetic nervous system, a reduction in
intraoperative catecholamines release, a decrease in the requirements for hypnotics
(propofol or inhalation anesthetics) due to its sedative effects, decreases in the post-
operative psychomimetic side-effects of ketamine, the prevention of postoperative
delirium and shivering [32, 33].

Meta-analyses have shown that clonidine and dexmedetomidine provide analge-
sia with an added opioid-sparing effect and PONV reduction [34, 35].

The authors has been using the OFAA protocol on patients with a medical
history of postoperative nausea and vomiting, ERAS protocols in complex laparo-
scopic surgery that include bariatric surgery and patients with chronic pain, opioid
treatment and OIH who are to undergo extensive/complex spinal surgery. The
outcomes of our patients have undergone complex gastro-intestinal surgery have
been consistent with the published literature. An important reduction in nausea and
vomiting (20%), a faster recovery from intestinal peristalsis, adecrease in ileus and
acute gastric remnant dilatation, and a reduction in the post-operative use of opioid
rescue (30%) have been recorded in our case-series [36-38].

7.Is it feasible to provide a perioperative management focusing on
anti-hyperalgesia and central sensitization for patient with chronic
pain who are to undergo major spinal surgery?

Patients with severe spinal deformities like scoliosis, and cranio-cervical-tho-
racic instability due to connective tissue defects and Joint Hypermobility Syndrome
often suffer from widespread chronic pain and hyperalgesia. In patients with Joint
Hypermobility Syndrome (JHS) who developed cranio-cervical instability (CCI),
both severe craniocervical pain and widespread pain (i.e., somatic/neuropathic/vis-
ceral), have multi-factorial causes, that are strongly related to chronic nociceptive
neuro-inflammation, glial activation and neuronal plasticity in the spinal cordas
well as in the brainstem and brain that lead to a common final pathway, which is the
Central Sensitization phenomena (CS) [7, 10].

Furthermore, many patients with CCI, JHS, chronic fatigue and severe chronic
pain receive different types of opioids, which further complicates pain due to OIH.
Sometimes, these patients may suffer from a category of pain known as central
intractable pain. It is a painful condition that does not respond to opioids and their
use may even be detrimental to the patient [6, 7].

Therefore, considering the probable mechanisms of the chronic pain (CS and
OIH) that affect patients with JHS and CCI as well as their frequent association with
MCAS and POTS, the use of opioids in total intravenous anesthesia (TIVA) during
occipitocervical~thoracic fixation (OCF) was halted in our practice. Intra-operative
opioid-based analgesia has been replaced by infusions of lidocaine, ketamine,
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magnesium, dexmedetomidine and propofol as hypnotic [10, 39]. As stated before,
they are coadjuvants with known anti-hyperalgesic properties. This OFAA protocol

aims at improving postoperative pain control, minimizing postoperative opioid
rescues and reducing preoperative opioid doses in those patients who have been
prescribed those drugs over a long period (Figure1).

Infusions of lidocaine, ketamine and dexmedetomidine are continued at lower
doses during the post-operative period (for a maximum of one week) as part of a
multimodal analgesia plan [10, 39]. The continued perioperative use of a lidocaine,
ketamine and dexmedetomidine infusion and the gradual reduction of the doses
over one week might overcome the peak of the inflammatory surgical-response.
Therefore, its effect on pain and Central Sensitizationis to minimize opioid expo-

sure and result in a reduction of VAS [8, 39-43].

In a case-series study of 42 patients with JHS that have undergone OCF [39], the
authors found a lower VAS in the OFA group in the postoperative time (p < 0.001).
The reduction in the VAS was more significanton the 1st postoperative day in the
OFA group 5.35 (4.83-5.86) vs. the Opioid group (OP) 7.89 (7.56-8.23) (p < 0.001),
meaning up to 32% decrease in the VAS of the OFA group. TheVAS at hospital-
discharge was lower in the OFA group: 4.96 (4.54-5.37) vs. OP group: 6.39
(6.07-6.71) (p < 0.001). The methadone requirement was lower in the OFAgroup
(p < 0.001). No methadone rescue was needed with 78% (IC 95%)of patients in
OFA group. On the contrary, 95% (IC95%) in the OP group needed methadone
rescue at high doses. The OFA group showed decreased ileus, nausea and vomit-
ing (p < 0.001). Compared with preoperative values, there were decreased opioid

POSTOPERATIVE AN ESTHESIA] [ANESTHESIA}

OFAA

X

OP

)

Propofol TCI Ce 2-4 mcg/ml
Lidocaine 2-3 mg/kg/h
Dexmetomidine 0.2-0.3 meg/kg/h
Ketamine 0.2-0.3 mg/kg/h

Propofol TCI Ce 2-4 mcg/ml
Fentanil 0.5-3 meg/kg/h
Remifentanil TCI Ce 2-4 ng/ml
or Sufentanil TCI 1-0.3 mcg/kg/h

Continuous infusion adjuvants
Lidocaine 0.5 mg/kg/h
Dexmetomidine 0.05 mcg/kg/h
Ketamine 0.05 mg/kg/h

Morphine continuous infusion
at 10-20 mcg/kg/h

PCA dispenser
Morphine PCA bolus 1-3mg

Rescue for severe breakthough
pain

Methadone 5-10 mg/8h s.c.

Rescue for severe breakthough

Methadone 5-10 mg/8h s.c.

All patients received Paracetamol 1gr, Dexketoprofen 50mg, MgSQO4 50mg/kg,
Ondansetron 4mg, Dexamethasone 8mg and Tranexamic acid 2gr

pain

Figure 1.

Opioid-free anesthesia and analgesia (OFAA) vs. opioid based anesthesia and analgesia (OP) protocols for
patients with joint hypermobility syndrome undergoing craneo-cervical fixation. Adapted from Ramirez-
Paesano C., et al. [39].
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requirements for 60.9% in the OFA group at hospital-discharge. A 77% reduction of
anxiolytics requirements was also seen. In the OFA group, 17.4% (n = 4) of patients
had visual hallucinations. Haloperidol was used in two patients [39].

The doses of lidocaine, ketamine, magnesium and dexmedetomidine proposed
in the author’s protocol seems to be a combination with balanced anti-nociceptive
synergism. It coincides with recent publications that describe lidocaine, ketamine,
dexmedetomidine and MgSO4 as the best options in both obese patients and
complex spine surgery [23, 44].

According to the literature, there is more consensus on the benefits of OFA use in
bariatric surgery or complex laparoscopy surgery. In term of the reduction of postop-
erative opioid requirements and a better recovery, the controversies that surround
the benefits of OFA in major spinal surgery may be due to the diversity of surgical-
procedures, the varying degrees of complexity of the cases and the exceptionally
varied use of coadjuvants for post-operative multi-modal analgesia. However, there
is strong evidence that opioid-inclusive anesthesia does not reduce postoperative
pain but is associated with more side effects in comparison with the opioid minimiz-
ing approach. OFA management should be evaluated on a case-by-case basis.

With the current evidence, OFA management could not be confirmed as an
independent factor in reducing postoperative pain in all the surgical settings in
which it has been used. However, OFA management plus postoperative use of
lidocaine, ketamine, and dexmedetomidine infusions (OFAA) as part of robust
multimodal analgesia may explain the results seen in patients with extensive chronic
pain, hyperalgesia and Central Sensitization phenomena [10, 39, 45, 46].

8.Is it possible to use some opioid as postoperative rescue in OFAA?

Many times patients undergoing extensive surgery require postoperative opioids as
rescue for breakthrough pain control. The OFAA protocol used in our hospital includes
methadone as rescue for severe postoperative pain [10, 39]. We believe that methadone
is the most suitable opioid to use as rescue analgesic for severe pain due to its anti-
MNDAr effect. Methadone decreases OIH and attenuates the central sensitization
phenomenon. It also has a reducing effect on the reuptake of serotonin and norepi-
nephrine. All these mechanisms of action make methadone a suitable opioid for use in
OFAA protocols. In addition, the use of methadone with ketamine (both anti-NMDAr)
shows a “boosting” and synergistic effect that enhances the opioid-sparing effect [47].

Recent publications have recommended the use of methadone (0.15-0.2 mg/
kg bolus) at the start of anesthetic induction in complex spinal surgery [48].
Methadone has been shown to provide a postoperative opioid-sparing effect and
improved pain control. These benefits appear to persist for months after surgery
compared to other opioids such as morphine or hydromorphone [49].

A recent meta-analysis confirms the benefits of methadone use at the onset of
anesthesia in extensive and painful surgeries [50, 51].

9. Are there some contraindications to the use of OFAA?

We should be noted that OFAA is no applicable to all patients. OFAA is relatively
contraindicated in patients with node blocks, autonomous nervous system disfunc-
tions including orthostatic hypotension as seen in patients with multiple systemic atro-
phy disease. Furthermore, OFAA should not be administered to patients with coronary
stenosis or acute coronary isquemia as well as patients with hemodynamic instability,
increased intracranial pressure or polytrauma. The peripheral vasodilation caused by
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OFAA which could limit the perfusion of vital organs [52]. Finally, OFAA should not
be administered to patients who have known allergies to some of its components.

10. What can be found in the literature on the risks and benefits of OFAA?

There is uncertainty in the literature on the balance between OFA benefits and
risks. Some systematic reviews have shown an improvement in the incidence of
postoperative pain, nausea and vomiting [53]. However, alpha-2-receptor agonists
such as Dexmedetomidine or clonidine may be responsible of some side effects such
as hypotension, bradycardia and sedation. Therefore, the safety of OFAA has been
questioned [53-55]. The authors have not observed the aforementioned complica-
tions with the use of dexmedetomidine, probably because we did not administer
starting boluses, and the maintenance doses used were limited to 0.2-0.3 mcg/kg/h.

A Meta-Analysis of randomized controlled trials including 2209 participants
comparing OFAA to opioid based anesthesia (OBA) found no clinically significant
effect of OFA on acute pain and opioid use after surgery in a large sample of studies.
However, it found clinically important reductions in postoperative nausea, vomit-
ing, shivering and sedation incidence showing a beneficial impact on postoperative
patient comfort [56]. Definitive evidence-based conclusions related to the use of
OFAA are still lacking. For this reason, it is important to continue exploring how to
prevent its side effects as well as possible alternatives.

11. Conclusion

The activation of the glutaminergic pathway plays a determining role in second-
ary sensitization at the level of the central nervous system, which is responsible for
nociceptive amplification, persistence of postoperative pain, and hyperalgesia.

The development of opioid-free anesthesia techniques, indicated for particular
patient populations in which opioids may be harmful, requires the use of drug
mixtures in which NMDAr antagonists are essential.

The most clinically used NMDA receptor inhibitors in anesthesia are ketamine
and magnesium sulfate. They are the cornerstone to reduce or avoid the SC phe-
nomenon, hyperalgesia and OIH in the surgical setting. Their co-administration in
OFA techniques has synergistic analgesic and anti-hyperalgesic effects. The con-
comitant use of intravenous lidocaine and dexmedetomidine provides additional
benefits to the use of NMDATr antagonists.

The authors consider that OFA has precise indications. However, the use of
regional anesthetic techniques (whenever possible) or the use of intravenous mix-
tures with anti-hyperalgesic and opioid-sparing effects should be used, ifpossible,
in patients with a history of chronic pain or with central sensitization phenomena
and hyperalgesia who are to undergo extensive and very painful surgeries. Finally,
methadone is a suitable opioid for use in modified OFAA protocols because its anti-
NMDATr action and opioid-sparing effect.
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Postoperative Pain Treatment
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Abstract

Treatment of acute postoperative pain is an essential part of perioperative care
and if left untreated could complicate the healing period. Ketamine blocks nocicep-
tive pain and pain arising from inflammation. Therefore, it is potentially beneficial
in the postoperative period. After systematic review using “MEDLINE/PubMed
(NLM)” database, we analyzed 18 studies published during 2011-2020 and found
that 0.5 mg/kg/h ketamine bolus and 0.1-0.25 mg/kg/h ketamine infusion to be the
most effective dose to alleviate postoperative acute pain. Ketamine, when compared
with a placebo, did not have any impact on patients’ satisfaction with postopera-
tive pain management and overall well-being. Only three studies revealed more
frequent adverse reactions to ketamine after surgery suggesting that ketamine did
not have any impact on patients’ postoperational rehabilitation. So, it is the option
to recommend low-dose ketamine to be part of multimodal analgesia in acute severe
postoperative pain treatment. It can be used in both opioid-dependent and opioid-
tolerant patients. Ketamine bolus should be <0.35 mg/kg and infusion <1 mg/kg/h.
One should avoid the use of ketamine in pregnant women, people with cardiovas-
cular diseases, acute psychosis, impaired liver function, increased intracranial, and
intraocular pressure. Intranasal ketamine may be considered for children during
procedures outside of the operation room.

Keywords: low dose, ketamine, acute pain management

1. Introduction

Treatment of acute postoperative pain is an important part of perioperative care.
Insufficient analgesia is related to adverse outcomes such as immunosuppression,
hyperglycemia, aggravated early rehabilitation, deterioration in patients’ quality of
life, more common postoperative complications, a longer period of recovery after
surgery, and progress from acute to chronic pain [1, 2].

Ketamine, a N-methyl-D-aspartate (NMDA) receptor antagonist, is a cheap
and potentially opioid-sparing effect having drug, which in recent years attains
more recognition for multimodal pain management [1, 3, 4]. NMDA receptors are
related to nociceptive pain and pain arising from inflammation [5]. Blocking those
receptors may contribute to the effectiveness of opioids and lower the prevalence of
chronic pain syndrome [1, 4]. An adverse side effect of ketamine is dose-dependent
and could be avoided by using anxiolytics for premedication, selecting patients
more carefully before the operation, using antihypertensive drugs together with
ketamine infusion [3].
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U.S. Food and Drug Administration indications for the usage of ketamine are
adjuvant to general anesthesia, induction agent for general anesthesia, sedation for
short-time procedures [6]. This means that usage of ketamine for acute postopera-
tive pain treatment is not based on official indications, because there is a lack of
researches on this topic.

In recent years, there has been considerable interest in ketamine efficiency in
treating acute postoperative pain. Guidelines published in 2018 indicate that a regi-
men of low-dose ketamine can be described as following—ketamine bolus lower than
0.35 mg/kg, infusion—lower than 1 mg/kg/h [5]. In 2015, Jouguelet-Lacoste with col-
leagues published a literature review that included five meta-analyses studying intra-
venous ketamine impact on postoperative pain inhibition. They revealed that ketamine
lowers pain points and additional opioid consumption. Four out of five researches
revealed that pain scores in the first 24 hours after operation lowered 87.5, 59, 54.5, and
25% compared to placebo [7]. In 2018, Cochrane systematic review included 130 pieces
of research to find if low-dose ketamine effectively alleviates acute postoperative pain.
Consumption of opioids in the first 24 hours was 8 mg less and the first 48 hours 13 mg
less when compared with placebo. Pain at rest lowered 5/100 mm of visual analog scale
(VAS), during movement 6/100 mm VAS in the first 48 hours [8].

Unfortunately, there were no guidelines on what dosage, which patient group,
and in what way ketamine should be used. In 2018, the American Society of
Regional Anesthesia and Pain Medicine together with the American Academy of
Pain Medicine and the American Society of Anesthesiologists published guidelines
on intravenous usage of ketamine for managing acute pain. They indicated the most
suitable group of patients for using ketamine, its dosage, indications, contraindi-
cations, and trials supporting this evidence. The authors of these guidelines also
pointed out that more trials should be done to determine the accurate and effective
doses of ketamine for effective acute pain management [6].

2. Methods

The design of this systematic review of the literature is followed by the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement
guidelines. Data were identified from searches of MEDLINE (PubMed) database.
The combination of keywords included terms “low” and “dose” and “ketamine”
and “pain” and “postoperative” in PubMed Advanced Search Builder in all fields
accordance with the PICO criteria: “Participants” were limited to 18 years and older,
“interventions” covered were randomized controlled clinical trials on low-dose
intravenous ketamine, “comparator”—comparing ketamine with placebo and/or
a different dose of ketamine, and “outcomes” discovered after a thorough analysis
of researches and classified according to the trial type and most common find-
ings. Records were screened by the title, abstract, and full text. Inclusion criteria
were as follows: (1) full-text articles published in English; (2) not older than 2011;
(3) double- or triple-blinded randomized prospective trials of different ketamine
intravenous dosage and/or placebo; (4) American Society of Anesthesiologists
(ASA) I-III class; (5) age over 18 years; (6) VAS or Numeric Pain Scale (NPS) used
for evaluation of acute postoperative pain. However, review or meta-analysis or
systematic review articles, commentaries, abstract-only publications, guidelines,
case reports, not randomized trials, ketamine given intramuscularly/orally/subcu-
taneous, ketamine given in the emergency department were excluded. The detailed
search flowchart is presented in Figure 1.
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Figure 1.
Flowchart.
3. Results

3.1 Study selection process

The research yielded 214 results, extracted from one database. All duplicates
were removed, and 94 articles were checked manually for relevance by screening
their titles and abstracts. About 51 results met the inclusion criteria, but only
18 were included after a full-text review. Only full-text articles were selected
because the information given in the abstract was not sufficient for the thorough
analysis. The randomized trials, conducted in 2011-2020 and which compared
different doses of ketamine and placebo given for patients during various surger-
ies to investigate the effect of the drug on the management of acute postoperative
pain, were analyzed. About 33 publications were excluded for reasons explained

in Figure 1.
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3.2 Characteristics of included studies

Those 18 selected trials could be divided into several groups—those who inves-
tigate ketamine bolus dose (six trials), those who investigate different infusion
dose peri- and postoperation (two trials), those who investigate both only during
operation (six trials), and those who investigate bolus and infusion, which is
continued during and after the operation (four trials). A summary of the results of
18 analyzed studies is provided in Table 1.

3.3 Synthesis of results

All 18 trials (bolus/infusion/both) included in this systematic review were inves-
tigated and compared in three categories—pain, overall satisfaction, and adverse
reactions (AR). The summarized results can be seen in Table 2.

Subramaniam and colleagues [9] conducted a trial wanting to find out ketamine
impact on pain management after laminectomy. Pain scores remained high despite
analgesic therapy with ketamine, epidural bupivacaine, PCA with hydromorphone,
and other adjuvants. No adverse reactions in the ketamine group were observed.
Meanwhile, Kim with fellow authors [19] conducted a similar trial, but in PCA, they
used fentanyl. Their research revealed that 0.5 mg/kg ketamine bolus and 2 pg/kg/min
ketamine infusion statistically significantly lower fentanyl doses in the first 48 hours
after surgery without more frequent adverse reactions. In both trials, pain evaluation
in points did not differ.

Chumbley with colleagues’ [24] trial revealed that 0.1 mg/kg IV ketamine bolus
and 0.1 mg/kg/h infusion, started 10 min before thoracotomy, lowers consumption
of opioids and pain scores at 48 h after surgery.

Yazigi with co-authors [18] injected IV 0.1 mg/kg ketamine bolus before the
surgery and IV ketamine infusion of 0.05 mg/kg was continued for 72 hours after
lobectomy during thoracotomy, same as bupivacaine that was injected through the
intercostal catheter for 72 hours. Ketamine did not have any significant difference in
pain scores, additional morphine consumption, sedation, and other adverse psycho-
mimetic effects.

Parikh with other scientists [10] aimed to find out the efficiency of pain man-
agement by using ketamine for patients after open renal surgery. They favored the
use of ketamine, as its bolus and infusion started after anesthesia induction which
reduced pain scores in the first 12 hours, reduced or delayed the use of additional
postoperative morphine, and does not cause a more frequent adverse reaction.

Kaur and colleagues [22] discovered that ketamine bolus and infusion were
given only during surgery lowered pain scores in the first 6 hours, reduced
opioid consumption, and did not have an adverse effect on patients after
cholecystectomy.

Nielsen with co-authors [14] investigated opioid-dependent patients’ pain
management with ketamine bolus and infusion after back surgery. They did not
find any difference in pain scores during 2-24 hours after surgery, but morphine
consumption in the PCA in the first 24 hours was significantly lower in the research
group. No statistical significance was observed on patients’ overall satisfaction and
adverse reaction rate.

Haliloglu with colleagues [23] researched ketamine bolus and infusion during
C-section. Their trial revealed that ketamine reduced postoperative PCA morphine
consumption in the first 24 hours, but it did not reduce pain scores in the research
group in all hours except for the first 15 min after surgery.

Ates with others [26] injected ketamine bolus and infusion during septorhino-
plasty and discovered that it reduces pain scores at every hour and lowers additional

78



Low-Dose Ketamine for Acute Postoperative Pain Treatment

//dx.doi.org/10.5772/intechopen.100415

http:

DO

(dsT1) 4y oye
Pparen[eas uonoejsnes [[e1oaQ K1a3ms

Sy IR Y 7 TT 9 ¥ ‘T T ‘0 (d-0) Auwr03033s£031010 [£1]
a[eds ured oLowmu pue (U O[-0) SYA 0/-81 23e ‘ssep ¢—T VSV BISIY1SIUEL [LISUID) 08 srdoosorede] ®IROID) ‘TI0T WEPY-33saN
‘A1931ms 1913% Y $7-81-71-9 uoryerojrad 10 ssadsqe ou
‘urw o¢ ‘0z ‘0T ‘0 ¥e (Wo O1-0) SVA ‘09-8T 28 ‘ssep 7T YSV BIS3YISaUE [eIUSD) 9 uondass-n eLR3IN ‘210T [91] BRUSIA
*A1931ms 191J® 4 $7-81-C1-9 uonyeroyrad 10 ssadsqe ou [s1]
‘urar o€ ‘0z ‘0T ‘0 e (Wd 01-0) SVA ‘09-8T a3e ‘sse 7-T VSV RISIYISOUE [BISUSD) 06 Awoyospuaddy uel ‘110¢ pueurreuoy
sypuour 9<
103 33esn prodo ¢, w
/33 0b—8T TIN ‘ssepo €T
JusUILAOW JUE 1531 Je A193ms 1a1je VSV ‘68—8T a3e ‘sypuour ¢< uoIsny requiny
Y S ‘8T ‘T 9 ‘¢ ¥e (ww 0OT—0) SVA 105 ured yoeq druoIy) BISOYISOUE [BISUDL) Vagh S[ppIuI [9A3] 7-T yrewusJ Z10¢ [+1] uaspeIN
Gunwoa
pue easneu aaneradolsod
JUSWAOW 10§ YSLI B YUM ‘G9—0T
pue 1sa1 18 £1931nS 193JB Y 84 ‘9E 4T o8¢ ‘uswom Sunjows uoIsny requiny
T ‘9 ‘U og e (Ww 0OT-0) SYA -uou ‘ssep -1 VSV BISSYISAUE [IDUSH 0s zouaysod [a49] -1 ©3103] ‘€T0C [€1] Buog
a8xeyosip [run Aep e sowin ¢ pue Aurojooerony
A1281ms 1913e shep ¢ Juimor|o 4 9 A1045 BISAISAUR [exa1e[013350d
PUB Y 7 ‘8L TL ‘% T3 ('d 01-0) SAN ssep €1 VSV [emnpido pue [e1aus5 29 SBupreds-apsniy Area ‘zroe [z1] elopusiN
uordas-n)
A1981ms 10 UOLYEDIPUT Ue [IIM
1213e Y 8% ‘4T ‘81 ‘9 ‘T¥e ('d 01-0) SAN sexedrurid ‘ssep 7T ySY BISIYISaUE [eIUSD (0)4° uonsas-n Loy, ‘T10T [r1] uadpg
A1231ms 1215e
Y ¥ PUB ‘9T 7T 8 ‘¢ 3e usy pue amoy
35113 oY Je un GT A1943 (WO 0T-0) SYA SSeP -1 VSV ‘0481 98V BISIUISSUE [eIUSD 09 £1981ms reuar uado BIPY] “T10C [o1] wrired
(pood-d ot
‘peq 'd 1) 4 84 1e JusuraFeueur ured uo
uonoeysieg A1231ms 1018 U 84 ‘9¢ 4 sse[d Awroyoaururey [6]
‘8T TL ‘8 % T ‘T 0 ¥ (W2 01-0) SYA €-T VSV “I9p[o pue g1 28y EISIUISOUE [EI9UDD) o€ oeIoYY/TRqUINT VSN ‘TI0C urerueureIqng
syuaned Anunod
UOIIEN[EAD UOT)ORJSITeS pue ureq BLISILID UOISN[OU| ersaisoue yoadAp, Jo Jaquuny 2d£y £128.1ng “Burysipqnd yo xeag oy

79



Ketamine Revisited - New Insights into NMDA Inhibitors

Y104 40 “UOISIUL SN]Oq SIUIUDIFY PIYIAVISIL YIIYM S[DLAL Ju2A2[[1p Y1 JO $917514210040Y0 a11d14950(

“TIqeL
("d ¢-1) pareneas
st uonoeysnes [[ereAQ A1a3ms oy 101Je
Y+ T8V ‘T T 0 (Wwd01-0) SVA SSe 7T VSV BISISOUE [BISUDL) 134 Ayserdouryrordag Aang, 0z0z [9T] saawy
K1281ms a3 12152 4 47 £198ms
TTOTSTO YL TLOI 89V TST T P09 [eurds requin
‘urt o ‘0 (*d OT—0) o[eos ured orBUINN] SSE[D ¢—T VSV BIS9Y)ISaUE [BIUSN) f7z4 JO S[9A3] 2I0W 10 OM ], VSN ‘610C [sz] ABrusog
ury3dnoo
a[Iym pue 3sax e Je £1931ns oy 101yE ysiiduyg
Y4 8% “pz (:d 01-0) d[eds uted spawmN pea1 03 9[qe ‘s1eak g1 payadsioN 0L Awoooeroyy, 30 ‘6102 [¥2] £s1qumyd
K13ms oy 12158 4 7 ‘BT TT 9
‘¢ ‘utw 6T (*d OT—0) o[eos ured drreWNN SSE[D 7—T VSV BISIYISAUE [BISUID) S UuoI3d9s-N) Ay, ‘9107 [€2] niSoyiey
("d ¢—0) uonrenyeas uonepas
pue easnep (‘d G—T) Y ¢ 101j pajen[ead
uonoejsnes [[e1AQ A1231ms a1 1015
4+ TL 9 ‘v ‘T 0 (Ww 001-0) SVA SSeP -1 VSV BISOUISOUE [BIOULD) 08 Awoparshosioyd uado BIPY] ‘GT0T [cg] ey
K18ms oy e1Je Y 7T {54}
‘9 ‘7 T ("d 01-0) oreos ured orIoUIMN] Aoueuaxd uoys[durg ersayysaue [eurdg 091 UOI303s-1) uel] ‘S10z UeIURWIRY
(dsT1)
{ 8§ 191J€ Paien[eAS UOTIORJSIIES [[BI19A0)
Sury8noo spiym pue 3sax e Je £1231ms AoueuSad jo sxpam gy pue
sy} 1R Y 84 ‘v ‘9 ‘¢ (0T-0) SYA L€ U29M13q ‘SSe 7-T YSY ersaisaue [eurdg 9¢ uonoas-n 310 ‘€T0T [og] uveq
£K13931ms p1od [eurds
("d 6-T) Y 84 191J& paren[eas Uoroeysyes Tequn| Jor1a1sod
[[e19AQ uawasowW pue A131ms oty pue uorssardurodsp
YR Y 84 ‘b ‘9 ‘T (WW 0OT-0) SVA SSep -1 VSV BISOU3SOUE [BIoULD) 09 1oL193s04 ®310)] ‘€T0C [67] wny
Io0ued Suny Suraey
("d 9-T) a[eds uorIepas AesuIEY a[ym Aurojodeiory
"A1931ms a1 19138 Y 7/ ‘99 ‘09 S ‘8% Th 00[q 2AI2U [€ISODIIUL [es10p Jor1a3s0d
‘9¢ ‘0€ “v¢ ‘8T ‘C1 9 ‘T (ww 0OT—0) SVA SSE ¢ VSV Ppue eISay}saue [BI2USL) 09 Burmp Auro1oaqor] uoueqa] ‘cI0C [81] 1B1zex
syuaned Anunod
uoren[eAd Uordeysijes pue ureq BLISILIO UoIsNou] ersaisoue yoadAp, Jo aquinp ad£y £1281ng “Buryspqnd yo xeag Toyny

80



Low-Dose Ketamine for Acute Postoperative Pain Treatment

//dx.doi.org/10.5772/intechopen.100415

http:

DO

I2JJIp J0u
PIp uonepas pue ‘ysel
Gurrwoa “easnen
(coo=d

Pue100°0 = 4) DO

q gy pue
e wﬁwOMmO ww®~ UUEZWCOU

orayIsaue
[©90] B JO uOISNyuI
[exqarzasered ¥ yDJ

oqgaoerd
umowun
—ourureay

Y 96103
uoISnyul Surtre}dy| i/
/31 1'0 AI pue £1231ms

UeY) I9EIM J[3f pue paururexs Y "(€0°0 = d) DY ur1omo[ Juotsnjut femprds Jo peajsur Inq 210§9q uruI ()T snjoq
+ SUIeaIp PIAIA PEY DY 10N A123ms 10158 4 8% DAN SIBIOYI—ISRI(T QuIaYPds duresg surureay /8w 10 Al Aspqunyp
3y
/8w G snjoq pue urw
/31/81 ¢ e uorsnyur Ing
‘QuIaYds awes—eOy
“UOI}ISUBPUO ///SN[0q SuTuIeId|
Jueoyyrusis A[feonsnels 3wt /oprurerdopooow /8w gp pue y gy
Jou—s3uryl LY juedyyrudis Sw o7 A]—Sunuoa 1o %60 [DEN J10J PaNUIIUOD pue
‘sareuny3u 10 dnoi3 A[reonsiyels Jou—gyA BOSTEN] "UIW G A19AD XEW Al—oururey| UOISIOUT 910Joq PalIels
suoreuN[[EY o3 Suoure (S0°0 > d) 19Y pue DD snjoq 8r gT—jAueiuay Jo peajsur Inq UOISNJUI SUTUIE}SY]
+ pey auo oN s)[nsa1oureg uey) [Auejudy ssa] pasn 7oy yum yDd QuIaYDS sureg urur/3y/31 T AT—1oY wy]
‘8w 4 uonesuepuo Yz
uajjo AI—Suniuwoa pue easnen 105 A1981ms 19158 puE
a1ouI (SND) uraIsAs "suredeardng yim yo[q Gurmp uru/Sx/3 g e
SNOAISU [EI}USD O} remnpidy *(y/8w Gz'L UOISNJUI SNONUUOD
Pare[eI-yy pue easneu Xeur) urw G 1949 sasnjoq %6°0 [DEN pue uononpul
pooustiadxa dnoid juediyudis Gz1'0 duoydioworpAy AJ durureay 105 B/3w gT°0
[ox1u00 oy Quedyrudis A[reonsiels —(yDd) ersadeue Jo peajsur Inq SN[Oq SUIUIE}SY]
— Areonisiyels 10N 10N JuesyyruSis A[feonsmess 10N pa[[onuod-jusreq QuIayDS sureg (AI) snouaaexjuy werueweIqng
£1531ms 1933e pue JuLmp uolsnjur pue snjog
uor}oeysIes
[e1a0 UOI}OEAI ISIAPY [e1A0 ureq
JusuaSeuewr (9D) dnoid
s)msay ured aaneradoisog I9Y30/[0nU0D) (9y) dnoaS yoxeasay Joymy

81



Ketamine Revisited - New Insights into NMDA Inhibitors

[optiadorp—aanoagye jou
JI < - uonasuepuo 3ur 4,
Al Sunruioa 1o easneu

104 "uru G A19A9 XeW yo1IS 3B Y3
(10070 > d) surydzow sasnjoq surydiow Suwi g7 [[UN UOISNUT SUITIE})]
Y-0¥e DYy ut SS9 pasn DY Y y¢-¢ e M YDd 'Y Pug °y3 woiy %60 TDBN 3y/8u gz'0 Al pue
juanbaiy ssa] Sunruroa Juediyrudis (29°0 = d) 3sa1911 e pue paarels y 9 1040 AJ[e1o Al—aururejay uonONPUI ) I91Je
nq quesyrudis A[reonsmers (€90 = d) Sursowr usym ‘owrezooered S 1—y 4 Jo peajsurng snjoq aurure}dy-g Sy
+ Areonsiyels 10N 10N —3DURIJJIP [EONISIIEIS ON 1SI1J Y} UT SUOAIIAD 10 QUIdYDS dures /3w g0 AL UIS[RIN
£1281ms a1y Jo
"D 343 UL UBY3} IOMO] PuS 9y [IIUN UoISNyur
sem oY 1e uonduwmsuod (urur/3sy/3 z-y/3y
surydiout os 1t papasu /W T 0—"TW
syuaned e D ur O1sadeue /3w 1) T oG pue
[BUOLIIPPE UE Papaau %6°0 [DBEN SN[Oq SUTUIE}SY
syusned G Y Ul "y Y3 Al—ourue)ay| (8y/8w G 0-Tw
‘Sunuroa 10 easneu paururexs ur 1omoj sem GyA A1a31ns Sw 1 surydrow Jo peajsurng /3w 1) T OT AL
+ 1193 Oy ur syusnjed amoyg 10N 313 121§k 7T ISI1§ 3} U] < - 0% < SYA USYM QUIdYDS dures uonINPUI Y} 191y PlLeg
A1281ms Surmp Ajuo uotsnjur pue snjog
1/33/3ur 7°0 3sop
XBW ‘uru G 1249 Xeur
snjoq St g pajeni ayeyns
‘sareur}ydu surydiow—urur O < SYA
10 ‘uorsia paredurr 31 "4 9 £1945 usjordoloy
‘suoryeuN[[eY pey Sur g ‘Joureraoered
oy ur syuaryed omy 31 Al OS[V 1939y yesL
104 “Suntuoa 1o [easoaxaur y3noxya %6°0 [DEN 10§ UOISTJUT SUTUIEI)]
“BISNBU ‘SSAUIZZIP (S£°0 = d) 1211 BIYM aureseardnq y/Sy/Tu T°0 Al—ourureay y/3y/3w Go'0 AISn[Oq
‘UOTIEPaS 10§ JULDLJIUSIS paururexa “(£°0 = d) 3urydnoo aprym Tui/Sw T—A1981ns Jo peaisur ing sururel /3w 10
— A[reonsiels JoN 10N —30UDIAJJIP [ED1ISIIEIS ON sy Iaey g/ QUIDYDS dureg Al UOISIOUI 31} 210§2g 181zeg
uoroeysIes
[era0 UOI10eI1 ISIIAPY [e1a0 ureq
yuswadeuewr (9D) dnoid
symsay ured aaneradoisog J9Y30/[01IU0D) (oY) dnoas yoxeasay Toyny

82



Low-Dose Ketamine for Acute Postoperative Pain Treatment

//dx.doi.org/10.5772/intechopen.100415

http:

DO

"DB[01039)]

“Juediyudis Swr o¢ remosnurenyur
A[reonismyels Jou—syA —jsonbax juaryed 10 %6°0 [DEN A1331ms
"sareun)ydu "JuedLyTugIs Y 8% “¥T ‘9 1e 90UBIJJIP OU G < SVA JI "urua GT £1049 AJ—oururey] Surmp y/3y/3w g0
10 suoreudN[[EY A[reonsiers sem 2133 Inq (€£0°0 = 4) XBUI ‘papasu se—lAuejuay Jo peajsurng uoIsnyur pue snjoq
— peoustiadxa auo oN 10N [Auejuay ssof pasn HY 4 7Y Tui/3d Gz yum yDd QUIBYDS dureg surureay /3w 6’0 Al uey
‘Sunruoa
10 ‘serunlAyire
‘suonyeurdn[iey (2200 = 4) uonerado
souatradxa jou prp oY uey) soisad[eue [euonippe  ‘[opeuren 3y/3ur [ X SYA %6°0 [DEN Surmp panunuod
oY Ajreonsnels jou (€00°0 = d) arowt papasu H)) *(50°0 > 4) 31 "usjoxdorexxap AI—aururela] uorsnyut y/3y/3w 6z
ng ‘D dY3 ur asujur oY ay3 ut Y47 T8 v T T Ui gg e Sur gg—A1281ms o] 1015e Jo peajsuring Ppue snjoq surure3ay Sy
+ 2I0W SEM BIsTEN ydiy DD I Ul 121edISSEM SYA [ 7 PUR 7T 18 SU0AI2AS 10, ‘QuIaYS dureg /3w G0 AJ UOnONPUI Y sy
"(t00'0 =4) DY
“JURISJJIP J0u A[[EOTISTIEIS a1 ur 1amof sem aurydrour
INq “Te[IWIS 219M Jjoadesnay, (100°0 = 4)
Sunruwoa pue easnen orsad[eue [euonIppe ssa| UOIISUEPUO
‘13p10sip Suryyeaiq papasu syuanred oY Y ¢ 35/3w 1 Ae2SNRU %6°0 [DEN uoryerado jo
‘SSaUIZZIP ‘DUoepeay JuedLyudis puE ZT T8 JUSISJJIp 10U INq 3uons pue wNIpapy 'snjoq Al—aururel)  puo a3 [nun y/3/Su 10
‘uonyepss ‘suorjeuron[iey A[reonsmers “(S0°0 > d) DY 213 U1 IMO[ surydrowr Sxy/8uwr 00 Jo peajsuring uoIsnjut pue snjoq
+ paouatradxa auo oN 10N sem SYA Y 9 3s11j a3 Sutmg Al—WuI €< SYA ‘QuIaYdS dureg surureyay /8w 70 Al mey|
*(S0°0 < d) sduazapyrp
[eonIsTEls ou Inq “Suryo
pue ‘Suniuroa “easneu
paouatiadxo syuaryed (100°0 = 4) *DBUIJOPIIP
1SOJA] "auoAue 03 1200 DY 23 UL I9MO[ SeM [ 7—(0 3w g/ A]—IURIOLJe J0U
10U PIp UOISIA [ENP surydiour jo uondumsuoy VDd 31 "utur Of L1945 XeW
Ppue ‘suoneuron[rey *(50°0 < d) 19331p 20U sasnjoq Sux 1 3e surydrowr %6'0 [DEN  uonerado jo pua ay [nun
‘JuawraAow 343 PIP—Y 4T ‘8T CT1 9 ‘TIe  Byy/8wr g0 yDJ -durydiow Al—ourureay y/3/3w Gz uorsnyur
Areyunjoaur (100°0 = d) DY 2y u1 1MO] 3y/8w g0 < - woox Jo peajsur Ing pue snjoq surureldy] 3y
+ ‘snosuejuodg  paurUIexa JON SAN A1981ms a3 1015% UTWI GT A19A0321 913 UT < SN QuIaYPdS dureg /3w G A] UOnONPUI Y nidopreHq
uoroeysIes
[exLaQ UONOBI ISIIAPY [era0 ureq
yuswadeuewr (9D) dnoid
synsay ured aaneradoisoq I9Y10/[01U0D) (oY) dnoas yoxeasay Toymy

83



Ketamine Revisited - New Insights into NMDA Inhibitors

‘oY a3 ut eLroydsAp
pue sareunydiu
JuorjeurdN|rey
paouatradxa syuaryed
%YL, (/40°0 = d) Y 8%
1S11J SY] UI SSOUIZZIP
paoustradxa oy

(9100 =) 4 9-0

(81l 66 Pur g/

‘6e0°0 = d) £1981ms a1y 10150

Y 84 [Auejuay ssaf pasn oy

UOII3SUEPUO
3w 4 AT—syseIusned e
J1I0 (ASNEU [qRIEaqUN
pue Suoxs O] “easneu ou
—o0 ‘syutod (T jo walsAs
a3 ur) syurod 9< easneu
uay A\ "syse Juaried

93 JLI0 W Oy < SVA

%60 [DEN
AI—aururel]

C
/3w ¢ surureyoy ‘Sur g
uonjesuepuo ‘3/3 o
[Aueluay) yod + snjoq

18 D)D) ULY] UOWUIOD paururexa *3$21 913 Je 10 Jursouwr usaym uaym ‘urprradow Jo peaisurIng surureay Sy/3w ¢
+ JI0WI BISNEU [ DY 10N —3DUDIAJIP [EJ1ISTILIS ON] Sw gz pue yD4 QUIDYDS dureg A UOTIONPUL 1))y Suog
“JUSWSAOW
94s Areyunjoaur
‘snoauejuods
paoustiadxa T pue
easneU 33 [—9HD
a1 ur 9y3is enp jo
35UR1INDI0 UE PeY pue
POIWOA T JUSUIDAOW
945 Arejunjoaur
‘snoauejuods
pey $—eny ul By/8w 6000 surydrow
‘uoneurONRY AIEUOBIPPE 4 < SAN
paoustiadxa | pue J1 4 7T A19A3 deURJOPIP 'snjoq 3y
Pa1IWOA T “easneu 3[3f Bur g/ A]—papaau J /3wt T surureld—eoy
€—7OY Ul ‘easneu ‘urur O A1249 snjoq Sur | %6°0 [DEN 35/3wr G* o surUIEIRY
WF 1D Ul (L0 < - /8w 0 ApHO[YD Al—oururesy —799 B/8w S0
—¢'0 = d) 2duazayjIp paururexs (60-0=4d) surydiour < - £1231ms Jo peajsur Inq sururela—Iioy ‘Al
— [eo1IsIIE)S ON 10N 95UDIJJIp [EONISIIEIS ON 3y} 193Je 4 8% 10§ YDJ QuIaYDS dureg uoroNpur aY3 210§og uadng
snjog
uoroeysIes
[era0 UOI10eI1 ISIIAPY [e1a0 ureq
yuswadeuewr (9D) dnoid
symsay ured aaneradoisog J9Y30/[01IU0D) (oY) dnoas yoxeasay Joyny

84



Low-Dose Ketamine for Acute Postoperative Pain Treatment

//dx.doi.org/10.5772/intechopen.100415

http:

DO

(1000 > d)
A1231ms a3 1013e D153 [RUR
SS9 PAAIRD3I £y "UTW OGT

"papaau J1y g 1943
Seuajoporp Sur g/ pue

“Burquian ‘0TI ‘06 18 PaIJJIp 4 ¢ £1049 ¢ umozZEIURd %60 [DEN

‘uorsuajodAy 'd ¢ < gyA JueoTUSIS Sw og < - dppy ou AJ—aurureay ersatysaue [eurds

Arensn ‘9douazagyip pauruexs A[resusnels ‘ur o1 06 S90P 11 J] *ORUIJOIIP Jo peajsur Ing I191Je SN[Oq dUTUIR)dY

+ JuedoyIudis oN 1N ‘09 1 19331q sem SYA DD Sw g/ AL E<SVAIL ‘QuaYPds dureg T g 8y/3w Gro Al OR[USN
(500> &)
SUIWE)SY SNOSUBINOGNS
am pareduwod usym oy qr

Ul I9MO[ 210M SYA U +7 1213e yeadar ‘papasu Ji uorsIoul
‘8L 71V "(50°0 > 4) DY < - Al 2pruredopponaur 943 910j3q
ULISMO[ 219M SYA Y T S/8w 70~ urw oI < U GT U ¢
‘soreunyStu ‘81 ‘71 ‘9 ve sdnoid oy easneN ‘Y 4 ur 8y %6°0 IDBN
10 ‘suoreuIdN|EY pue 5 Surredwod usypn /3w g pa2oxa J0u O] Jo uonen|yur
‘wnuPEp pey "WYY} U22MI9(] JIDJJIp 10U By/8w g < -urw of snosuendqnNs

3UO OU ISJJIp 10U prpng (50°0 > d) sdnoid ur djoy 30u seop 11 J1 ///ouTureIay| uoIsoUl 33 910§3q

PIP YV 1OHIp poururexs SUIUIBISY] UI UIW (€ ‘0T 0T < - surpuadaw 3y/Sur () T ¢ $y/8w g uruI G SUrureldy|

+ J0U PIp UOHIEPAS 10N B TOMO[ 219M S2I00S SYA AI—UD § < SYAJI snosuenNdqNg Tu ¢ Sxy/Sw g o Al JpUBULIBUOH]
=QmHUN.«meNw
[era0 UOI}0eI1 ISIAPY [e1a0 ureq
yuswadeuewr (9D) dnoid
symsay ured aaneradoisog J9Y30/[01IU0D) (oY) dnoas yoxeasay Toyny

85



Ketamine Revisited - New Insights into NMDA Inhibitors

‘swoyduiAs [esrdojomau
‘uorsuajodAy ‘Gunruroa
‘easneu paousradxa
%SC DD SAS ‘TE

(9100°0 = d) sorsog[eue
a10uw papasu DY A13ms

surydiour (¢ ‘Gy/3ur gp
2801039 A] (7 S/t G
[oureladered AT (T—30U J]

%60 [DEN
AJ—ourureiay

4 09 10§ uotsNyur

oy uedyrudis poururexa 10138 Aep T°0 "SIN UsamIaq ‘urr 09 A19A9 Xeur Ju G Jo peajsurinq surureyay y/3y/3w 170
Aqresusnels JoN 10N Jueoyyrudis A[feonsnels J0N vod <—d¢<SVA QUIAYDS dureg ] UOISIOUT ISI1§ 210§ B[OPUSA[
A1231ms 1013e pue JuLmp uorsnyuy
"(100°0 > d) DY 23 Ul 12Mm0] uve
(z€0°0 = ) seudjoorp pue aurpnad ur sown ¢ xewr ‘ourpred
OY 21 UI TOUTUIOD Joasop 1810, *(100°0 > 4) Sur oG reosnurenuUI—G<
210U 21 SUOITRUDN[[EY 5D oy ur ueyy 123uof SN 31 Y +¢ ut sown %60
*(020°0 = d) oIsaS[eue 1s11J [UN ST} $ Xew ‘4 g AToAd XeWwl  [DEN AJ QUIUIEId)] snjoq
D7) Ul UOWUIOD paururexa 94 (100°0> D) YIL9C‘T Kronsoddns seusjoprp Jo peasuring surureay /3w Gz
s1ow st Junruop 10N 18 oYy 13 193319 SYA OD [e10a1 Sur OOT—pax[se I QUIYDS dWeg  AJ—AIOAIPP I91e UTW G weruewyey
UOISIOUT 910J2q SUIUIBI]
‘A[oanoadsar T G 3y/8w 10 Al
U 4'¢ puey9giednord Ppue eISaIsaue 910J2q
SUIWIRISNY 10 H) UrY) 1o13q Ui 07 %6°0 [OeN
SI 5BURJO[II(] "durure}dy A[uo Tur QQT Ul JBUJO[IP
UBY) 19119 S1€ JRUIJO[IP 35/3w 1 AJ///uorsIOUT
PUE SUIEIDY Y 4 3511 3 210529 %60 IDBEN Al
Burm(g "dnoid oeusjoprp UI G PUE BISAYISIUL
PUE SUTUIE]SY] Y} UBY] I9YIel 210§2q UTUI 07 %60
DD ur 1y31y 219M $21008 [DBN TW Q0T ur
ured ‘q 9 15113 o3 Suting "y g uorsur seuajopIp Sy/3ur
‘1 3 dnoi3 surureay ueyy ‘urwr gz ;d [DEN 210§9q 96°0 [DEN Al///uorsIout 210§3q
Tomo[puey 9y ‘T T3 DD %6'0 TW Q0T Ut [opeuren AI'Tw G pue aurureI] AT T G 3y
Juedyrudis ueyy 1amoy sa10s ured dnox8  Sur QT A] pue sjoziurejowr BISOYISOUE 210J2q /3w GT° 0 pue eIsayIsaue
Juedyyrudis A[eonsnels ORUQJO[OIP PUE SUTUIRID] 36T T AI—109330 ou J] Al U 07 %6°0 210§2¢ "UIWI 07 %60
A[reonsnels 10N 10N *A1231ms 1913® [ T XeUWI SYA SBURJOPIP—t < SYA JI [DEN TW 00T AL [DBN TW 00T Al wepy
uornoeysnes
UOI10ed1 ISIIAPY [exA0 ureq
JusuraSeuewr (9D) dnoas
synsay ured aaperadoisoq I9Y10/[0NU0D) (oY) dnoad yoxeasay oy

86



Low-Dose Ketamine for Acute Postoperative Pain Treatment

DOI: http://dx.doi.org/10.5772/intechopen.100415

MaLa24 IJPULISAS ¥ UL PIPRIOUL SILPNIS fO SIINSIY

R CLAR
-suoydioworpAy
(£00°0 = 4) Sw ¢'0—'0 AI— < SdN snjoq wooy A124059Y
DD ur juesdjo3-prordo ueyy 31 "wooy A194003Y SUIUIESY SUles OJUT UTWI ()¢ ISILJ oY}
suoydiowopAy axowt a1 ur Y 47 10§ y/3ur g PUB %6°0 [DEN Surmp snjoq sururelay
PaWNSU0D 5y UI JUBIS[O} Xeu ‘urr 9 1949 Xeur Al—ourureay 3y/3w 7’0 pue Yy ¢
Jueoyrudis pouruexs -prordQ ‘SN usamiaq 3w z'p—auoydioworpAy Jo peajsurinq 10§ UOTSTJUT SUTUIRIOY
+ Aqreousnels JoN 10N Jueoyrudis A[feonsiels J0N ynm ypd QuIaYDS dureg Sy/Bw 1o Al ySusog
uoroeysIes
[era0 UOI}0eI1 ISIAPY [e1a0 ureq
yuswadeuewr (9D) dnoid
symsay ured aaneradoisog J9Y30/[01IU0D) (oY) dnoas yoxeasay Toyny

87



Ketamine Revisited - New Insights into NMDA Inhibitors

consumption of opioids, the adverse reaction occurred less frequently, and overall
satisfaction on pain management was better.

Different from other trials, Han with colleagues [20] did not find any statisti-
cally significant difference in reducing pain scores, overall satisfaction, and adverse
reactions.

Bilgen with other researches [11] evaluated three different IV ketamine bolus
doses (0.25, 0.5, 0.1 mg/kg) in patients after C-section. No differences were
observed.

Menkiti with colleagues [16] found that VAS > 3 points were significantly more
often assessed in the control group at 90, 120, 150 min. Also, the first analgesic was
appointed for patients for a short amount of time in the research group.

Rahmaniam with colleagues [21] researched IV ketamine bolus after C-section.
In the ketamine group, pain scores were lower in the 1, 2, 6, and 12 hours after
surgery. Time until first analgesic and amount of them was lower in the ketamine
group. Unfortunately, nausea and hallucinations occurred more frequently in the
ketamine group.

Song and fellow co-authors [23] researched IV ketamine bolus (which was
also given in the PCA) impacts on pain management after spinal cord surgery. At
48 hours, patients with PCA ketamine used less additional fentanyl than the control
group. Also, research group participants experienced nausea at 0-6 hours and felt
dizziness for 48 hours.

Honarmand and colleagues [15] discovered that 0.5 mg/kg IV ketamine bolus
before appendectomy alleviates pain at 12, 18, and 24 hours better than the same
dose given s/c or placebo.

Adam with other researchers [17] researched ketamine and diclofenac effects
after laparoscopic cholecystectomy. It showed that ketamine without diclofenac has
no significant difference.

Mendola and co-authors [12] were determined to find IV ketamine infusion,
continued for 60 hours after surgery, impact on pain management. For 48 hours,
the control group required more analgesics than the research group. Adverse reac-
tions were not more common in the ketamine group.

Boenigk and colleagues [25] researched 0.2 mg/kg IV ketamine bolus and
0.12 mg/kg ketamine infusion on patients with and without opioid addiction. Those
in the control group who have an addiction used more opioids for postoperative
pain management than those who did not have an addiction.

4. Discussion

Multimodal analgesia is a key component for adequate and fulfilling postop-
erative pain management. Ketamine, together with adjuncts such as magnesium,
lidocaine, dexamethasone, a2 agonists, incisional infiltration, acetaminophen,
nonsteroidal anti-inflammatory drugs, or COX-2 selective given during surgery, is
known to lessen the pain postoperatively by preventing neural sensitization that
may lead to persistent pain as their primary purpose is to target the pain during
various pathways in the central nervous system. Ketamine prescribed intravenously
after the surgery may decrease overall opioid use, and it is a good analgesic for
patients who develop tolerance to the analgesic properties of opioids [27].

The results of all these researches can be explained in several ways. Firstly,
according to the type of surgery, Subramaniam [9] and Kim [19] investigated
patients after spinal cord surgery, but Subramaniam [17] used IV ketamine
0.15 mg/kg and Kim [19] used a much bigger dose—0.5 mg/kg IV ketamine bolus.
Ketamine was infused at the same speed at 24 and 48 hours, respectively. These
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reasons may have contributed to better outcomes of the Kim [19] trial, as patients
used less postoperative analgesics when compared to the control group. Differently
from these trials, Chumbley [24] and Yazigi [18] trial results cannot be explained
like that, because IV ketamine bolus dose is the same, but Chumbley [24] used

0.1 mg/kg/h infusion for 48 hours (more common adverse reactions—vivid dreams,
poor well-being) and Yazigi [18] used 0.5 mg/kg/h for 78 hours, but the results were
favorable to Chumbley [24] where patients needed less additional analgesics. As in
Chumbley [24], trial patients felt adverse reactions more frequently the prospects of
early rehabilitation of these people would have been weaker.

As for ketamine bolus and infusion only during surgery, we can state that
carrying out open renal surgery [10] and cholecystectomy [22], IV ketamine bolus
(0.15 mg/kg and 0.2 mg/kg), and infusion (2 pg/kg/min and 2 pg/kg/min) allevi-
ates pain better in the first 12 and 6 hours accordingly, reducing the postoperative
amount of analgesics and not causing adverse reactions. Nielsen [14] trial (0.5 mg/
kg ketamine bolus and 0.25 mg/kg infusion) showed that patients who used
opioids before surgery consume less morphine. Haliloglu [23] and Han’s [20] trials
compared IV ketamine bolus 0.5 mg/kg and infusion 0.25 mg/kg—in the first one
morphine consumption was lower in the research group for 24 hours, in the second
one, no difference was observed. Best results were written in the Ates [26] trial
(0.5 IV ketamine bolus and 0.25 mg/kg/h infusion)—pain scores, the demand of
postoperative analgesics, and adverse reactions were lower in the ketamine group.
Satisfaction of pain management was better in the ketamine group in only this trial.

Three trials compare the ketamine bolus effect on postoperative pain after
C-section. In the first one [11], 0.25 mg/kg, 0.5 mg/kg, 1 mg/kg ketamine boluses
did not have any impact on any factor. In the second one [16], 0.15 mg/kg ketamine
bolus was determined to shorten the time of additional analgesia. In the third one
[21], 0.25 mg/kg ketamine bolus revealed the best results—lower pain scores, longer
time without analgesics and its dose, but nausea and hallucinations appeared more
frequently. During spinal cord surgery [13], 0.3 mg/kg IV ketamine bolus triggered
nausea and dizziness but lowered the number of additional analgesics. What is inter-
esting, 0.5 mg/kg IV ketamine bolus caused fewer adverse reactions after appendec-
tomy but also alleviated pain effectively in the first 24 hours after surgery [15]. A dose
of 0.15 mg/kg IV ketamine bolus during laparoscopic cholecystectomy did not show
any better results than a placebo. In only one trial, researchers investigated overall
satisfaction which did not differ between the ketamine and placebo groups [17].

Comparing trials that investigated only ketamine infusion efficiency, we can
summarize them into few fields—pain scores were not lower neither 0.1 mg/kg/h
nor 0.12 mg/kg/h IV ketamine infusion. In the first research [12], the ketamine
group required fewer postoperative analgesics. The same results were shown in the
second trial, where patients before surgery used opioids [25]. Adverse reactions did
not differ in any trial.

5. Conclusions
1. Pain intensity evaluated while using ketamine:
a.Bolus and infusion (during and after surgery)—IV combination of 0.5 mg/kg
ketamine bolus and 1 pg/kg/min infusion successfully lowered the necessity of

postoperative analgesics,

b.Bolus and infusion (during surgery)—IV combination of 0.5 mg/kg ketamine
bolus and 0.25 mg/kg/h infusion successfully reduced postoperative pain and
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IV 0.2-0.5 mg/kg bolus and 0.1-0.25 mg/kg/h infusion meaningfully
diminished consumption of postoperative analgesics,

c.Infusion (during and after surgery)—IV 0.1 mg/kg/h ketamine bolus reduced
consumption of postoperative analgesics,

d.Bolus—Iless analgesics were used when IV bolus dose were 0.25-0.3 mg/kg and
IV 0.5 mg/kg bolus eased pain better for the first 24 h, 0.25 mg/kg for 12 h,
0.15 mg/kg for 3 hours.

2. In 17 trials, overall well-being and satisfaction of pain management did not differ
between ketamine and placebo and in one trial, 0.5 mg/kg ketamine bolus and
0.25 mg/kg/h infusion were associated with better results.

3. Adverse reactions were more common in three pieces of research—the first
being IV 0.1 mg/kg ketamine bolus and 0.1 mg/kg/infusion; second—IV 0.25 mg/
kg ketamine bolus; and third—IV 0.3 mg/kg ketamine bolus, thus meaning
that the early rehabilitation of patients in the rest of the trials would have
been good.

6. Practical recommendations

These recommendations are prepared in accordance with guidelines issued in
2018 [6]:

1. Subanesthetic ketamine infusions should be considered for patients undergo-
ing painful surgery (upper and lower abdominal, thoracic, and orthopedic
(limbs and spine)).

2.Ketamine should be considered for both opioid-tolerant and opioid-dependent
patient groups.

3.Ketamine bolus should not exceed 0.35 mg/kg, infusion 1 mg/kg/g dose, but it
should always be considered according to a patient’s factors.

4.Patients with cardiovascular disease, pregnant women, patients with active
psychosis, hepatic dysfunction, elevated intracranial, and intraocular pressure
should avoid using ketamine.

5.Intranasal ketamine should be considered using for children during short-time
procedures and for whom intravenous ketamine is difficult to inject. Intranasal
ketamine is effective for acute pain management and for amnesia and sedation
during the procedure.

6.Evidence for the benefit of IV-PCA: Delivered ketamine as the only analgesic
for acute pain is limited and there is moderate evidence for the benefit of the

addition of ketamine to an opioid-based IV-PCA for acute and perioperative
pain management.
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Chapter7

Ketamine for Chronic Pain

Cigdem Yildirim Guclu

Abstract

The treatment of chronic pain is a chronic problem for many specialities. It is
generally based on an approach with antidepressants, anti-epileptics and opioids
as drugs of first choice. It has been worked by many different protocols. Ketamine,
which is known as a good anaesthetic, has been used for chronic pain. When the
pain has a neuropathic component, ketamine is a promising treatment for pain
management. Ketamine: by inhibiting the N-methyl-D-aspartate receptor and
having some other effects like enhancement of descending inhibition and anti-
inflammatory effects at central sites, takes part in chronic pain management.
Besides having analgesic effects, there are some concerns about the side effects of
ketamine. Some psychedelic symptoms as hallucinations, memory defects, panic
attacks, nausea and vomiting, somnolence, cardiovascular stimulation and some-
times hepatoxicity may be seen in patients. Ketamine is generally well-tolerated in
clinical settings. Close monitoring of patients receiving ketamine should be man-
datory in order to be aware of central nervous system, haemodynamic, renal and
hepatic symptoms as well as abuse.

Keywords: ketamine, neuropathic pain, chronic pain, pain management,
NMDA receptors

1. Introduction

Chronic pain is classified as pain that lasts longer than three to 6 months. Besides
medical treatment, it consists of many other issues, such as social, economic and
psychological. The treatment of chronic pain is a chronic problem for many speci-
alities; it is generally based on an approach with antidepressants, anti-epileptics and
opioids as drugs of first choice. Still, there is no right choice for these patients and
60-70% remains untreated [1, 2].

Chronic pain management is arguably at its most effective when a multidisci-
plinary approach is used. Ketamine can optimise other (non-opioid) medications by
reducing opioid requirements [3].

The socioeconomic burden due to chronic pain is another problematic issue and
cannot be overestimated. In Europe, the reported burden of chronic pain is nearly
equally steep, with the point prevalence estimated to be 25-30% [4].

Ketamine has been on the market as an alternative to phencyclidine since 1960s.
In 1965, it is used as an anaesthetic. Ketamine produces dissociative anaesthesia
as well as analgesia and amnesia. Because of its side effects like, the induction of a
psychedelic state causing agitation, hallucinations and panic attacks, ketamine has
limited use in contemporary anaesthesia.

Ketamine is a phenylpiperidine derivative structurally related to phencyclidine
with 2(2-chlorophenyl)-2-(methylamino)-cyclohexanone as its chemical structure.
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There are two different forms of ketamine: the racemic mixture (Ketalar®, Pfizer
Inc., available in the US since 1966) and the S(+) enantiomer (S-ketamine or
Ketanest-S®, Pfizer Inc.).

Ketamine is a potent N-Methyl-D-aspartate (NMDA) antagonist and is generally
used in the treatment of acute and chronic pain, sedation, induction and main-
tenance of anaesthesia and ICU sedation [5]. It exerts its NMDA antagonism by
binding to the phencyclidine receptor site when the channel is open. Its property to
inhibit these receptors, it is postulated that ketamine can help treat chronic neuro-
pathic pain [6]. Also, ketamine can be used as an antidepressant, making it useful in
the concomitant treatment of pain and depression [7].

Ketamine is known to prevent central sensitization, so infusions of ketamine
started intraoperatively and continued into the early postoperative period might
prevent chronic postoperative pain, which is a problem impacting approximately
20% of surgical patients [8]. Ketamine, by inhibition of the N-Methyl-D-aspartate
receptor (NMDAR), causes strong analgesia in neuropathic pain. Also, NMDAR is
involved in the process of chronification of pain [9].

Ketamine also interacts with other receptors such as opioidergic, muscarinic and
mono aminergic receptors. But still, little is known about the contributions of these
receptor systems to the various effects of ketamine [10].

There are many routes that ketamine can be given; IV, IM, SC, oral, rectal, nasal,
transdermal, epidural, or intrathecal [11]. Orally administered ketamine undergoes
extensive first-pass metabolism, primarily via N-demethylation, resulting in small
ketamine concentrations and large nor-ketamine concentrations in blood and
tissue [12].

One of the challenging concepts about chronic pain patients should be treated
in an inpatient setting. When outpatient treatment is planned, other issues must be
considered like lack of monitoring, increased risk of toxicity and abuse. Smart dos-
ing regimens, patient (and doctor) training, frequent contact and close monitoring
of drug are needed for home treatment of ketamine [13].

The multimodal approach is the most effective treatment of chronic pain.
Ketamine is often administered together with opioid analgesics, post-operatively
and in the treatment of chronic cancer pain.

2. Central pain

Ketamine has been studied for central pain after spinal cord injury. Oral and
parenteral ketamine was found to be effective. It reduced continuous and evoked
pain in these patients, and it is related to only mild side effects [14]. Ketamine showed
an analgesic effect in a case with neuropathic pain after cauda equina trauma [15].
Ketamine was found effective in a patient with central poststroke pain after subarach-
noid haemorrhage, besides providing analgesia, ketamine also helped the opioids and
anticonvulsants to be tapered and discontinued [16]. The authors used midazolam for
premedication and used iv incremental dose. With 50 mg oral dosing nightly, increas-
ing to 50 mg 3 times a day resulted in relief of allodynia and hyperalgesia.

3. Complex regional pain syndromes
Complex regional pain syndrome is a chronic pain condition having both
autonomic and inflammatory features. It occurs acutely in about 7% of patients

who have limb fractures, limb surgery, or other injuries. Only a small percent-
age of it turns into a chronic form. This transition is often paralleled by a change
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from ‘warm complex regional pain syndrome, with inflammatory characteristics
dominant, to ‘cold complex regional pain syndrome’ in which autonomic features
dominate. Many complex mechanisms take role in this period. This may include
peripheral and central sensitization, autonomic changes and sympatho-afferent
coupling, inflammatory and immune alterations, brain changes, and genetic and
psychological factor. Effective management of the chronic form of the syndrome is
often challenging. There are reports about epidural use of ketamine in patients with
complex regional pain syndromes and refractory to other treatments [16, 17]. Dose
for epidural ketamine suggested was 0.3 mg/kg followed by 25 mcg/kg/h with only
transient side effects like headache and nausea.

4. Fibromyalgia

Fibromyalgia is a disorder characterised by widespread musculoskeletal pain
accompanied by fatigue, sleep, memory and mood issues. Fibromyalgia is thought
to amplify painful sensations by affecting the way your brain and spinal cord
process painful and nonpainful signals. Symptoms usually appear after physical
trauma, surgery, infection or significant psychological stress. In other cases, symp-
toms gradually accumulate over time with no single triggering event.

In patients with fibromyalgia, ketamine which is given 0.3 mg/kg iv, showed an
increase in endurance and reduction in pain intensity, tenderness at trigger points,
referred pain, temporal summation, muscular hyperalgesia, and muscle pain at
rest. It is suggested that ketamine by reducing central sensitization, is effective in
fibromyalgia.

5.Ischemic pain

Peripheral vascular disease is a common reason of limb pain-causing consider-
able suffering. In its early stages, it can present as intermittent claudication, but
with multiple levels of occlusion rest pain can develop. Patients presenting with
critical limb ischemia face a 13% risk of primary amputation. The pain often
responds poorly to different treatment strategies including opioids.

As ischemic pain of arteriosclerosis may consist of both nociceptive and neuro-
pathic components, it is generally poorly responsive to opioids. When compared with
ketamine with a potent dose dependent analgesic effect (0.15, 0.3, 0.45 mg/kg iv) in
clinical ischemic pain but with a narrow therapeutic window, ketamine may show bet-
ter analgesia in these patients [18]. Also dose dependent side effect such as disturbed
cognition and perception recorded for these patients.

6. Neuropathic pain

According to aetiology, neuropathic pain syndromes are heterogeneous; in
clinical aspect, they have many similarities. Pain, dysesthesias and hyperalgesia are
the main features of neuropathic pain syndromes. Unfortunately, standard pharma-
cologic therapies are generally insufficient.

Current interest in ketamine focuses on its ability to alleviate chronic pain,
especially when chronic pain has a neuropathic component. Chronic neuropathic
pain is the most widely investigated indication for IV ketamine. Different doses
have been tried between 0.25 and 0.75 mg/kg iv. Most side effects are observed
with high doses. Neuropathic pain results from lesions of the somatosensory
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nervous system causing alterations in structure and function so that pain occurs
spontaneously and responses to noxious and innocuous stimuli are amplified [19].

Another condition that generally manifests with neuropathic pain is chronic
diabetes. In mice, this can be modelled with high-dose injection of streptozotocin
which selectively kills pancreatic beta cells through DNA alkalization. Ketamine
when given systemic infusion at 20 mg/kg/day for 5 days showed to reduce heat and
mechanical hyperalgesia for several weeks following treatment.

7. Acute on chronic neuropathic pain

Ketamine is frequently used for managing acute episodes of refractory neuro-
pathic pain. In these situations, generally, large doses of opioids are used which
leads to development of severe hyperalgesia. The mechanism of opioid induced
hyperalgesia is not certain, one of the leading theories is overactivation and stimu-
lation of the NMDA-receptor, so this proposed mechanism would explain why
NMDA receptor modulators such as ketamine are effective in treating the condition.
Ketamine with 10 mg/h iv suggested for opioid hyperalgesia. Also, subcutaneous
administration can be a good alternative for these patients to get time for finding
iv access.

8. Orofacial pain

Neuropathic pain related to ‘nerve damage in the trigeminal region’ is one of
the chronic pain topics, which generally needs many interventions for pain relief.
Ketamine can be an alternative for these kinds of pain issues. NMDA receptor
inhibition by ketamine might change the sensitization, so ketamine causes pain
relief even after ketamine has been eliminated from the body. The optimal dose sug-
gested as 60 mg per oral, 6 times a day found [20]. Some side effects like dizziness
and fatigue were well tolerated.

9. Phantom/stump pain

After amputation of a limb, most amputees suffer from stump and phantom
limb pain. Many medical and surgical therapies have been tried, but only a few
treatments have been found to be effective. Both peripheral and spinal mechanisms
have been accused of underlying mechanism. Studies show that C-fibre input may
induce a central hyperexcitability in dorsal horn neurons. There is evidence that
this hyperexcitability in part is mediated by excitatory amino acids acting at NMDA
receptor sites and that excitatory amino acid receptor antagonists may block this
central hyperexcitability and its clinical manifestations.

Case series and case reports support ketamine use in stump and phantom
pain. Ketamine showed a significant increase in pressure thresholds and reduced
hyperpathia. Especially for patients who did not benefit from conventional
treatments, iv ketamine was very effective. Doses such as 0.1 mg/kg iv over 5 min
then infusion of 7 g/kg/min for 45 min and 0.125-0.3 mg/kg iv then continu-
ous sc infusion 0.125-0.2 mg/kg/h for maintenance showed effective results.
Also, other papers support the use of oral ketamine to control phantom pain
(50 mg/6 hr) [21].
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10. Postherpetic neuralgia

Nerve injury may lead to persistent pathological pain with hyperalgesia and
pain evoked by non-noxious stimuli. Long-lasting hyperexcitability in nocicep-
tive neurons initiated by increased activity in primary afferents may play a role
in the pathogenesis of nerve injury pain. In particular, the N-methyl-o-aspartic
acid receptors may be important for the development of long-lasting changes in
neuronal excitability. NMDA receptor blockers inhibit the progressive increase in
action potential discharge (wind-up) and neuronal hyperexcitability produced
by repeated stimulation of small-diameter primary. NMDA receptor blockers also
inhibit nociceptive behaviour in animals caused by nerve injury.

Ketamine is effective for pain relief in postherpetic neuralgia. Ketamine pro-
duces significant pain relief and also reduces allodynia and hyperpathia [22]. Relief
of continuous pain was observed at the smallest dose but was most marked at the
largest (0.05, 0.075, 0.1, 0.15 mg/kg/h. sc). The number and severity of spontane-
ous pain attacks are also reduced. Ketamine administration showed even complete
resolution of ophthalmic postherpetic neuralgia [23].

11. Headache, backpain and others

Patients with refractory chronic migraine suffer from continuous pain and non-
painful symptoms, substantial disability, and have generally failed treatments with
multiple medications. Patients with severe pain have often failed typically inpatient
or outpatient infusion treatment, so few options remain for them.

Ketamine use for headaches has demonstrated benefits. Subcutaneous ketamine
of 80 pg/kg was associated with an approximately 50% reduction in acute migraine-
related pain and an approximate 75% reduction in chronic migraine-related pain [24].

Unfortunately, there was weak or no evidence supporting ketamine infusions
for immediate improvements in pain management of mixed neuropathic pain, PLP,
PHN, fibromyalgia, cancer pain, ischemic pain, migraine headache and low-back
pain. Evidence only supports ketamine infusions for intermediate or long-term
improvements in pain management of CRPS [25].

Some reports suggest that ketamine decreases the rate of chronic postoperative
pain when administered as a pre-incisional dose (0.15-1 mg/kg iv) followed by an
intraoperative infusion, and intravenous ketamine has been shown to significantly
reduce chronic pain incidence following certain types of surgeries [26].

Multimodal approach to chronic pain is found to be the most effective treatment.
In general, ketamine is administered with opioids, post-operatively and in the treat-
ment of chronic cancer pain. A Cochrane review showed that ketamine is effective
in reducing morphine consumption, and is related to less pain and less nausea and
vomiting [27]. Also, ketamine positively affect opioid treatment in cancer pain [28].
The ability of ketamine to reduce the incidence (and severity) of opioid side effects
is important as side effects reduce patient compliance. So, an opioid-ketamine com-
bination may be useful in non-neuropathic pain states (e.g., in the palliative setting)
or in mixed nociceptive/neuropathic pain states (e.g., in cancer pain).

Studies show that ketamine has also anti-depressant effects [29]. In fact, clinical
studies showed that a subanaesthetic dose of ketamine produces antidepressant
effects Ketamine has a positive effect on depressive symptoms in otherwise therapy-
resistant patients. Because depression and chronic pain share common mechanistic
pathways, Most chronic pain patients face depression or depression-like symptoms.
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In fact, the treatment of chronic pain may serve two purposes, treating the
pain and ameliorating the depressive symptoms. When the pain is treated and the
depression simultaneously resolves, or the reverse is true.

Some experimental reports conclude that ketamine has also anti-inflammatory,
neuroprotective and anti-tumour effects [30].

12. Intravenous ketamine for chronic pain

Intravenous ketamine infusions have the advantages of avoiding first-pass
metabolism and also controlling the way of administration. But this requires
inpatient settings allowing the healthcare team to monitor for adverse conditions
and track treatment efficacy.

A meta-analysis including seven different studies examining both neuropathic
and non-neuropathic pain conditions showed a significant analgesic effect for
intravenous ketamine infusions. The median ketamine dose of 0.35 mg/kg was
reached after 5 h. In these studies, maximum analgesic effect was observed between
48 h and 2 weeks post-infusion. The studies showed no efficacy difference between
ketamine as a sole agent or adjuvant therapy [31]. This meta-analysis reported that
ketamine shows significant promise for the treatment of a wide variety of chronic
pain conditions, including neuropathic and non-neuropathic. Due to the long-
acting nature of ketamine’s analgesia, outpatients treatments could be effective with
visits required as frequently as infusions are needed.

Ketamine can be used as a third-line agent in intractable cancer pain. In a case
study of cancer patients with intractable pain, ketamine infusions at a rate of
1.5 mg/kg/day reduced total daily morphine use by 50% after patients were sent
home with ketamine/morphine pain pumps [32].

13. Oral and nasal ketamine for chronic pain

Oral and nasal formulations generally do not need are direct physician supervi-
sion in contrast to infusions, so oral and nasal formulations are more desirable for
management of long-term pain conditions. Despite requiring higher doses due to
extensive metabolism, oral administrations have also been found to be effective in
providing analgesia.

A study with a daily dose of 2 mg/kg, ketamine showed reduction in pain in two-
thirds of patients while one-half of patients reported some adverse event [33].

Intranasal ketamine, although now mostly taken part in the treatment of depres-
sion, has also been tried for management of cancer pain. Intranasal ketamine was
found to be successful in 65% of breakthrough cancer pain patients and achieved a
Numerical Pain Intensity Scale (NPIS) score that was at least 40% lower than pre-
treatment levels [34].

14. Ketamine as a topical agent

Ketamine as a topical agent may be preferred for patients in whom systemic ket-
amine administration via oral or IV routes is not desirable administration. Topical
application provides the benefit of keeping plasma concentrations and therefore
potential side effects at a minimum.

Topical ketamine has been tried in chronic regional pain syndrome, studies
reported effective reduction in pain measures, tactile allodynia and Visual Analog
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Scale pain score. Besides being a good alternative in pain management, still, there is
concern about the systemic levels of ketamine [35].

15. Concerns

Ketamine besides being an anaesthetic is used to treat various chronic pain
syndromes, especially those that have a neuropathic component. Inhibition of the
N-methyl-D-aspartate receptor and probably some other mechanisms like enhance-
ment of descending inhibition and anti-inflammatory effects at central sites results
in strong analgesia even with low doses.

The side effects of ketamine noted in clinical studies include psychedelic symp-
toms (hallucinations, memory defects, panic attacks), nausea/vomiting, somno-
lence, cardiovascular stimulation and hepatoxicity. There are also risks ranging
from the bladder and renal complications to persistent psychological behaviour and
memory defects by the increase in ketamine usage. Also, abuse is another problem.

Cognitive side effects of ketamine frequently limit its use. Since its discovery,
ketamine was known to produce dissociative and psychomimetic effects. These
effects are also responsible for the continued abuse of ketamine [36].

Studies showed that ketamine produces structural and physiological changes in the
brain, even a decrease in grey and white matter volumes in the pre-frontal cortex and
white matter degeneration in the left temporoparietal lobe has been reported [37].

Regardless of the mechanism of these cognitive disorders, many research has
been done to find out what drugs may be able to prevent them. Several of these
studies have demonstrated that benzodiazepines, specifically midazolam and
haloperidol, reduced undesired psychotic side effects and nausea associated with
ketamine administration [38].

Cystitis related to ketamine use is another problem, especially for long term
users. The increase in neurotrophin in bladder tissue accused to cause the chronic
inflammation of the bladder and urinary tract in ketamine cystitis [39].

Elevation of serum liver enzymes has been reported in patients receiving
ketamine infusions, but these levels decreased back to baseline within 10-14 days
following treatment [40].

Due to ketamine’s central inhibition effect of norepinephrine reuptake in
adrenergic nerves, an increase in cardiac output via elevations in heart rate, systolic
blood pressure, and diastolic blood pressure can be observed. Also, ketamine acts as
a sympathomimetic on the cardiovascular system [41].

Because of dissociative and hallucinogenic effects of ketamine, it has been
abused. Even therapeutic doses are generally less than street-use doses, ketamine
still maintains addictive potential.

In clinical settings, ketamine is generally well tolerated, especially when ben-
zodiazepines are used to suppress the psychotropic side effects. Patients receiving
ketamine should be monitored closely, especially for CNS, haemodynamic, renal
and hepatic symptoms as well as abuse. Until definite proof is obtained ketamine
administration should be restricted to patients with therapy-resistant severe
neuropathic pain.

16. Conclusion
Ketamine as an analgesic can be used for several indications and in many ways. It

may be used most effectively to reduce the symptoms of allodynia, hyperalgesia and
hyperpathia rather than acting as a traditional analgesic. This could be consistent
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with NMDA receptor blockade limiting or reducing central sensitization, although
the ability of ketamine to interact with such a wide variety of receptors means that
this is currently only speculative.

There are various dose regimens for different application ways for ketamine.
Most of the data is based on case reports. Still, there are also concerns about side
effects and with different premedication like lorazepam or midazolam, most of the
side effects may resolve.

The data provides encouraging suggestions about ketamine for chronic pain
situations. To talk about pros of ketamine for chronic pain management:

* Ketamine is tried for many types of pain and found most useful
* Pain related to neuropathies can be relieved by ketamine

* Ketamine can be effective for pain where opioids are ineffective, and hyperal-
gesia occurred cause of opioids.

* Ketamine can be used during the perioperative period both for acute analgesia
management and for preventing chronic pain.

* Ketamine can be applied by many routes; epidural, subcutaneous, intravenous.

* Ketamine has an antidepressant effect, which plays an important role in the
management of chronic pain.
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Abstract

Chronic pain is one of the leading causes of years lost to disability, as most of the
time it is refractory to conventional treatment. Recent advances in understanding
the pain mechanisms have favored the use of ketamine as a rescue agent in refrac-
tory chronic pain conditions, as it has potential modulating effect on both sensory-
discriminative and affective motivational components of pain. Preclinical studies
also suggested the antinociceptive effect of sub anesthetic dose of ketamine against
central and peripheral neuropathic pain conditions and non-neuropathic pain
conditions such as inflammatory and nociceptive pain states. Subanesthetic infu-
sion of ketamine along with adjuvants such as midazolam and clonidine is found to
reduce the psychomimetic and cardiovascular side effects of ketamine. Even though
the consensus guidelines for intravenous use of ketamine for chronic pain advocate
the use of ketamine only for complex regional pain syndrome, various other clinical
studies suggested its role in other refractory painful conditions. Hence the present
topic focuses specifically on the effect of ketamine on non-neuropathic pain condi-
tions such as complex regional pain syndrome, fibromyalgia, headache, ischemic
limb pain, etc. Many studies had shown that ketamine not only reduces the pain
scores but also the analgesic medications, which further improves the well-being
and quality of life.

Keywords: ketamine, non-neuropathic pain, nociplastic pain, refractory pain
syndromes, NMDA receptor antagonist

1. Introduction

Chronic pain (CP) is one of the most leading causes of disabilities affecting more
than 30% of people worldwide [1-3]. It is a disease in its own right [4]. Individuals
with moderate to severe pain experience a marked decrease in the physical, psycho-
logical, and social well-being. It further affects the quality of life, reduces the ability
to perform routine activities, and leads to work absenteeism. Economic costs associ-
ated with the management of chronic pain in United States include direct healthcare
costs ranging from $260 to $330 billion and indirect cost ranging from $300 to $350
billion per annum [5]. The leading causes of year lost to disability worldwide in 2013
include low back pain, neck pain, migraine, and musculoskeletal disorders [6].

Management of CP is often based on trial-and-error approach with tricyclic
antidepressants, anticonvulsants, and narcotics. Many studies have also suggested
that combination of drugs is superior to single agent for CP management [7]. Recent
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advances in understanding the pain mechanism have favored the use of ketamine

as arescue agent in refractory chronic pain syndromes [8]. The most recent defini-
tion of neuropathic pain by International Association for the Study for Pain (IASP)
excludes the pain states characterized by central sensitization in the absence of a
discrete nerve injury such as CRPS-1 and fibromyalgia [8]. Further the new pain
descriptor nociplastic pain includes the condition associated with altered processing
of pain that does not fit into nociceptive category such as fibromyalgia, CRPS-1,
nonspecific chronic back pain, irritable bowel syndrome, and other functional
visceral pain disorders [9]. Drugs used to be effective for one type of pain have been
shown in various studies to be effective for other type of pain also [10, 11]. Even
though the preclinical studies supported the antinociceptive effect of ketamine
against central and peripheral neuropathic pain states, there is growing evidence
suggesting its analgesic effect in inflammatory and non-neuropathic pain condi-
tions also [12-14]. Hence the present topic focuses specifically on the effect of
ketamine on non-neuropathic pain conditions.

2. Newer concepts of pain

Pain can be classified as nociceptive, neuropathic, and nociplastic in origin.
Nociceptive pain results from stimulation of primary nociceptive nerve endings
by actual or threatened tissue damage, while integrity of nerve fibers is preserved.
In contrast to nociceptive pain, neuropathic pain results from direct injury or
disease affecting somatosensory nervous system. Recently defined nociplastic pain
is the pain that arises from altered nociception despite no clear evidence of actual
or threatened tissue damage causing the activation of peripheral nociceptors or
evidence for disease or lesion of the somatosensory nervous system causing pain.
Characterization of altered nociception is yet to be defined [15]. Another widely,
used terminology is mixed pain. It is a complex overlap of various known pain types
(nociceptive, neuropathic, and nociplastic) in any combination acting simultane-
ously and/or concurrently to cause pain in the same area [16].

2.1 Chronic pain

Acute pain is reduced with the removal of painful stimulus, while chronic
pain persists beyond the useful limit of pain signal and often extends beyond
3-6 months after the initial tissue injury has healed. IASP along with World Health
Organization (WHO) proposed a new chronic pain classification for the 11th edi-
tion of International Classification of Diseases (ICD) as chronic primary pain and
chronic secondary pain. Chronic primary pain is defined as the pain in one or more
anatomical region that persists or recurs for longer than 3 months; it is associated
with significant emotional stress and functional disability, and the symptoms are
not better accounted for by another diagnosis. Chronic secondary pain is considered
as a symptom of another condition, whereas in chronic primary pain, the pain itself
is considered as a disease. These conditions often exhibit central sensitization along
with psychological distress and pain catastrophizing. For example, chronic wide-
spread pain, fibromyalgia (CRPS 1) temporomandibular disorder, irritable bowel
syndrome, most back pain, and neck pain syndromes [17].

Approximately 30% of world’s population suffer from chronic pain, and it is
more common in females and in old population [18, 19]. Other risk factors include
low socioeconomic status, geographical and cultural factors, and psychological
factors such as anxiety and depression. Increase in prevalence may negatively affect
the global health status and overall economy of countries [20].
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Even though the acute pain or traumatic injury may proceed the development
of chronic pain, mechanism behind the chronic pain may differ from those impli-
cated in acute pain [21]. In contrast to acute pain, the diagnosis of chronic pain is
not often straightforward. It often involves biomedical and psychological factors.
Standardized questionnaires such as LANSS, Pain DETECT, and DN, are used to
evaluate pain along with functional abilities and emotional distress in chronic pain
patients. Detailed history, clinical examination and confirmatory tests are often
necessary for presumption of diagnosis. Several studies have reported the success-
ful short-term management of chronic nonmalignant pain with ketamine infusion.

3. Ketamine
3.1 History

Ketamine initially labeled as CI-581 is a phencyclidine derivative prepared
by Professor Calvin from Parke Davis. After experimental studies on animals,
first human trial was conducted on prisoners on August 3, 1964 by Dr. Domino
and Dr. Corssen. They found that ketamine could rapidly produce analgesia with
unique state of altered consciousness, which was later named as “dissociative
anesthesia” by Toni, wife of Dr. Domino. Because of its sympathomimetic effects
and wide safety margin, ketamine was used as war anesthetic to American soldiers
in Vietnam war [22].

3.2 Ketamine and its isomers

Ketamine [2-(2-chlorophenyl)-2-(methyalmino)-cyclohexanone ketamine]
is a racemic mixture of two optical enantiomers [23]. S(+) ketamine is two times
stronger than parent compound and four times stronger than R(—) ketamine. It has
also anti-hyperalgesic effects [24]. R(—) ketamine has potent antidepressant effect
[25]. Ketamine undergoes demethylation and hydroxylation and metabolites are
conjugated and excreted in urine [26]. Nor ketamine is the main metabolite, and it
is one-third to one-fifth as potent as its parent compound [27].

Ketamine can be safely administered through several routes with varying bio-
availability: intravenous (100%), intramuscular (93%), oral (20%), nasal (50%),
and rectal (20%) and even epidural [28]. FDA has approved the use of intranasal
S (+) ketamine along with antidepressant in treatment-resistant depression [29].

3.3 N-Methyl-D-aspartate receptor

Discovery of N-methyl-D-aspartate (NMDA) receptor and its noncompetitive
inhibition by ketamine has revolutionized the use of ketamine as a potent anti-
hyperalgesic drug in various painful states.

NMDA receptors are important for learning, memory, and synaptic plastic-
ity, and it is also involved in amplification of pain signals and opioid intoler-
ance. Non-competitive antagonism of NMDA receptor by ketamine occurs by
two different mechanisms. It decreases the frequency of channel opening by
allosteric mechanism and reduces the time spent in the acute open state [30].
Ketamine equally binds to NMDA subtypes 2A to 2D and results in favorable
effect compared with other subtype selective NMDA antagonists [31]. It inhibits
NMDA-mediated responses both in spinal cord and thalamus. Its non-competitive
antagonism allows the endogenous agonist glutamate to continue to binding to
these sites. Ketamine at lower concentration blocks closed channels, while higher
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concentration blocks both open and closed channels [32]. Ketamine can also
interact with NMDA receptors present at periphery [33].

3.4 Action on other receptors

Ketamine also binds to p, k, and 6 receptors; however, this interaction is not
responsible for its analgesic effect as their block is not antagonized by naloxone
[34-36]. At high doses it also produces local anesthetic effect by blockade of sodium
channel receptors [37].

Ketamine’s interaction with monoaminergic system is significant with the
stimulation of non-adrenergic neurons and inhibition of catecholamine uptake,
and it provokes hyperadrenergic condition (norepinephrine, dopamine, serotonin)
[38]. R(—) isomer inhibits only neuronal uptake while S(+) isomer inhibits extra
neuronal uptake also [22]. Ketamine also has a direct inhibitory effect on nicotinic
and muscarinic receptors [39].

Ketamine also acts on other non-NMDA pathways that play significant role in
pain and mood regulation including the blockade of Na-K channel (hyperpolar-
ization-activated cyclic nucleotide gated (HCN), activation of high affinity D,
receptors and L-type voltage-gated calcium channels, facilitation of gamma ami-
nobutyric acid A (GABA-A) signaling, and enhancement of descending inhibitory
pathways [32, 40, 41].

Ketamine can also block large conductance Kca channels (BK channel) and
preferentially suppresses spinal microglia hyperactivation after nerve injury,
which may explain its potent effect against neuropathic pain [42]. Direct inhibi-
tion of nitric oxide synthase could also contribute to its analgesic and anesthetic
properties [43].

4. Consensus guidelines of ketamine infusion for chronic pain

Over the past few years, the use of ketamine infusion for the management of
CP had increased dramatically but with wide variation in dose, monitoring, and
selection of patients. This has led to the creation of consensus Guidelines to start
ketamine infusion for CP by American Society of Regional Anesthesia and Pain
Medicine along with American Academy of Pain Medicine and American Society of
Anesthesiologists [44].

1.Ideally treatment session should be carried out in inpatient settings under the
care of anesthetists, nurse anesthetists, or emergency physicians experienced
in ketamine administration and trained in advanced cardiac life support.
Availability of personnel and equipment for resuscitation at all times is manda-
tory (Grade A recommendation).

2.There is a grade B recommendation for the use of ketamine infusion for
(CRPS) and Grade D recommendation against fibromyalgia, ischemic limb
pain, migraine headache, and low back pain.

3.There is moderate evidence to support the use of higher dosage of ketamine
over longer periods for chronic pain conditions.

4, Prior to infusion of ketamine base line ECG should be considered for individu-

als at high risk of cardiovascular events. Baseline and post infusion liver func-
tion tests should be considered for individuals with baseline liver dysfunction
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(alcohol abusers, chronic hepatitis) or for patients who also are expected to
receive high doses of ketamine at frequent intervals (Grade C evidence).

5.Ketamine should not be used in patients with poorly controlled cardiovascu-
lar disease and poorly controlled psychosis (Grade B). It should be avoided in
patients with severe hepatic impairment, but may be administered judiciously
with proper monitoring in patients with moderate disease (Grade C). Basic
monitoring such as hemodynamic and respiratory parameters, sedation levels
using a validated scale same as individuals receiving ketamine in a non-chronic
treatment regime irrespective of the dose and route of administration are
essential.

6. There is limited direct evidence to support the preemptive use of benzodiaz-
epines and o2 agonists, and there is no evidence to support antidepressant,
antihistaminic, or anticholinergic medications prior to start of ketamine infu-
sion at sub-anesthetic doses for CP treatment.

7.There is moderate evidence to support intranasal ketamine for breakthrough
pain and low-level evidence for use of oral ketamine and other NMDA antago-
nists as follow-up therapy after infusion.

8. Given the refractory nature of patients who receive ketamine infusion, the
positive outcome could be considered as 30% pain relief or greater in conjunc-
tion with patient satisfaction and/or more objective indicators of meaningful
benefit such as 12.8% improvement in Oswestry disability index score in a
patient with back pain or 20% or greater reduction in opioid use.

5. Ketamine in complex regional pain syndrome

Complex regional pain syndrome (CRPS) was recognized as a distinct pain
condition during American civil war in 1864 by Mitchell [45], and it had been
described by various names since that time.

It is a chronic pain condition characterized by autonomic and inflammatory
features, and it is most often followed by fracture, soft tissue injury, or any surgical
procedure, which is often disproportionate in magnitude or duration to the normal
course of pain after similar tissue trauma. In 10% of the cases, no inciting cause can
be identified [46].

CRPS is subdivided into type 1 and type 2 on the basis of absence or presence
of major peripheral nerve injury. The diagnostic features are almost similar in both
subtypes although there is difference in etiology, which contributes to uncertainty
about the role of neuropathic mechanism [46].

Incidence is found to be greater in females compared with males, and many
patients recover within a year, but smaller group may progress to CP. Possible
contributing mechanisms include peripheral and central sensitization, autonomic
changes and sympathetic afferent coupling, inflammatory and immune alterations
in higher centers along with genetic and psychological factors [46]. So effective
management of chronic form is often difficult. CRPS causes significant morbidity,
and 80% of patients with CRPS are severely disabled [47]. So it needs multidis-
ciplinary care aimed at attaining adequate pain relief, functional restoration,
and psychological improvement. Many patients are poorly responsive to regular
therapeutic approaches, and ketamine has been shown to decrease pain levels in
refractory cases of CRPS in several studies.
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5.1 Effect of topical application of ketamine

Various routes of application of ketamine for CRPS had been explained in
several studies. Topical application of ketamine in inflammatory and neuropathic
pain conditions resulted in reduction of pain by downregulation of NMDA, a-3-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), and kainite recep-
tors [48]. It had been evidenced that application of 10% ketamine cream reduced
tactile allodynia and pain scores within 30 min in CRPS patients. Systemic level of
ketamine remained undetectable in the study, which suggested the peripherally
mediated effect [49]. Another study showed that topical application of ketamine
(0.25-1.5%) to the affected areas of limbs relieved pain and swelling in the early
dystrophic stage of CRPS 1. This could be due to the local analgesic effect or periph-
erally mediated NMDA antagonistic effect of ketamine [50, 51].

5.2 Effect of epidural ketamine

Similarly early stage of CRPS was treated with very low dose of epidural ket-
amine for 10 days in a patient to get prolonged pain relief up to 8 months, which
suggested the role of ketamine on NMDA receptors on dorsal horn neurons [52].

5.3 Effect of sub-anesthetic infusion of ketamine

Kirkpatrick in his study found that patients with lower limb CRPS responded
better than upper limb CRPS for graded dose of ketamine for 5 days [53]. However,
the study on mouse model of CRPS showed that subcutaneous ketamine reduces the
nociceptive sensitization better in chronic stage than in acute stage [54].

A randomized controlled trial on 60 CRPS1 patients had shown that duration of
disease did not affect the response of ketamine in sub-anesthetic dose. The study
group received a continuous sub-anesthetic titrated dose of S(+) ketamine rang-
ing from (1.2-7.2% pg/kg/m) for 4.2 days. S(+) ketamine is 2-4 times more potent
than racemic ketamine and required less dose for the same analgesic effects with
minimal side effects. Recovery is also quicker with S(+) ketamine due to its rapid
clearance compared with R(—) ketamine. Median duration of illness was 7.4 years
(0.1-31.9 years). ketamine was found to produce significant reduction in pain scores
for 10-12 weeks compared with placebo [55].

Pharmacokinetic-pharmacodynamic study on these patients had shown that
concentration of ketamine reduced rapidly on the termination of infusion, but anal-
gesic effect outlasts the treatment period by 10 weeks [56]. This is in contrast with
the effect of S (+) ketamine in acute experimental pain where the analgesic effect
correlates with its plasma concentration [57]. Prolonged effect of sub-anesthetic
dose of ketamine could be due to the long-term desensitization of NMDA receptors
in spinal cord or restoration of inhibitory sensory control in the brain [58].

Another low-dose ketamine (0.35 mg/kg/min not to exceed 25 mg/h) study on
19 out patients over 4 h for 10 days showed significant reduction (50%) in affective
component of pain. Activity watch scores were significantly reduced. Low dose
infusion can be done in outpatient basis and is cost-effective also. However, study
was stopped halfway by stressing that higher ketamine dose provided much greater
pain relief for prolonged period without any complication [59].

This was also suggested by Goldberg, who studied effect of ketamine infusion
at two different doses for two different time periods. In his first study with low-
dose ketamine for 10 days in 40 CRPS patients, he found significant reduction in
pain scores, with increased ability to initiate movement and tendency to decreased
autonomic regulation. A total of 36 patients had pain relief for 2 weeks, while eight
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patients had pain relief for 12 weeks similar to Sigterman’s study [55], but here they
have used racemic ketamine [60].

In his second study on 16 patients with moderate-dose ketamine for 5 days, he
found significant reduction in pain scores compared with 10 days regime at the
end of infusion (2.8 + 0.65 vs 5.4 + 0.91). Pain relief experienced on second day of
infusion continued to increase over the fifth day of infusion and correlated well
with the maximum plasma levels of ketamine and nor-ketamine. Author also sug-
gested the possible role of downstream metabolites in prolonged analgesia. Similar
to Sigterman’s study, the pain relief extended up to 12 weeks, although in few cases
it prolonged up to 6 m. Significant reduction of pain was reported in 10 out of
16 patients [61]. Another study demonstrated longer duration of pain relief after
second treatment of ketamine infusion than the first one in CRPS patients [62]. The
sustained effect could also be due to antagonistic effect of ketamine on other recep-
tors. The presence and therapeutic significance of single nucleotide polymorphism
of the NMDA receptor cannot be overlooked and opens new route for research [61].

5.4 Ketamine coma

In refractory and generalized CRPS patients, the anesthetic dose of ketamine
in range of (3-7 mg/kg/h) produced significant reduction in pain. As ketamine’s
analgesic potency and duration of clinical effect are dose-dependent, author
had evaluated anesthetic dose of ketamine in these refractory patients along
with midazolam and clonidine. Significant pain relief was observed at 1, 3, 5,

6 months. Quality of life and ability to perform work are significantly improved
in many of the patients at 3 and 6 months. Ten out of 20 patients were completely
pain free for 5-11 years, and they had not taken any pain medication further [63].
On the first day of infusion, mobilization of neurogenic edema fluid occurs, later
on third day, venous tone returns to the affected extremity [64]. Few patients
experienced muscle weakness and weight loss. No neurocognitive adverse effects
were observed at 6 weeks after anesthetic infusion of ketamine in another study.
It could also be due to reduction in pain and pain medicine uptake [65]. However,
in 20% of patients, nosocomial, urinary, and pulmonary complications have
occurred. No long-term psychiatric impairments have been seen in any of these
20 CRPS patients [63].

6. Effect of ketamine in other pain conditions

Although there is a grade D recommendation for the use of ketamine in fibromy-
algia, cancer pain, ischemic pain, and migraine headache [44], various studies have
demonstrated its beneficial effects in alleviating pain in fibromyalgia, phantom
limb pain, ischemic limb pain, and headache [66-69].

6.1 Effect of ketamine in fibromyalgia

Fibromyalgia, a functional pain syndrome, is characterized by widespread
musculoskeletal pain, fatigue, sleep abnormality, and somatic hyperalgesia. Mean
estimated global prevalence of fibromyalgia is 2.7% with female preponderance.
Patients often experience pain from head to toe; cognitive dysfunction and memory
deficit are common severe symptoms of fibromyalgia. Autonomic disturbances
manifest in all areas of body, which correlate with severity of fibromyalgia. It is
associated with many of the features of central sensitization including hyperalgesia,
allodynia, and temporal summation [70].
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Diffuse pain processing in the brain is altered, and it correlates with fibro-
myalgic nociplastic pain. Increased substance P in cerebrospinal fluid, decreased
p opioid receptor availability along with high level of opioids in cerebrospinal
fluid, and reduced levels of noradrenaline, serotonin neurotransmitters are seen
compared with healthy individuals [71-73]. It is often difficult to identify the cause
of the nociplastic alteration as it may not be caused by single etiology. Evaluation
should be holistic including all symptoms experienced by the patients along with
aggravating factors and functional capabilities of the patients. Integrated multidis-
ciplinary approach including patient education, fitness, medical management, and
psychotherapy is often needed [70].

Sorenson had found that ketamine produced significant reduction in pain scores
and increased endurance in fibromyalgia patients compared with morphine and
lidocaine [66]. Graven-Nielsen had also demonstrated that ketamine reduced referred
pain, temporal summation, and muscular hyperalgesia in fibromyalgia patients [11].
However, Noppers had reported only short-term benefits after (0.5 mg/kg) of S(+)
ketamine corresponding to its plasma concentration in 24 fibromyalgia patients. It is
in contrast with the prolonged benefits of long-term infusion of ketamine in CRPS
patients, which suggested that duration of infusion is critical rather than the dose
of ketamine [74]. Other studies had also proved that long-term infusion produces
cascade of molecular changes both at spinal and supraspinal sites [58].

This large inter-patient variability in response to ketamine infusion may occur from
a dosing effect, duration of treatment, individual differences in metabolic degrada-
tion, genetic variation of NMDA receptors [64]. This variability in response was also
reported by Rabben in trigeminal neuropathic patients with 0.4 mg/kg of intramuscu-
lar ketamine [75]. Another possibility of varied response in patients could be heteroge-
neity in pathophysiology of fibromyalgia [71]. Guedj had demonstrated distinct brain
function single- photo emission computed tomography (SPECT) pattern in respond-
ers and non-responders to ketamine [76].

6.2 Headache

In refractory cases of migraine, titrated doses of ketamine had reduced pain
severity in acute states [69]. A randomized controlled trial has reported that 25 mg
of intranasal ketamine reduced the severity of aura in migraine patients [77].
Combination of ketamine (0.5 mg/kg in 2 h) and magnesium sulfate (3000 mg in
30 min) had demonstrated immediate pain relief in two cluster headache patients.
It also produced reduction in pain intensity and attack frequency for up to 6 weeks
along with reduction in suicidal tendencies [78]. Previous studies on effectiveness
of memantine against refractory migraine had further suggested the role of NMDA
antagonists against headache [79].

6.3 Visceral pain syndrome

Preclinical studies on ketamine in rats have shown to reverse sensitization in
visceral pain syndromes, which provides a good rationale for using ketamine in
irritable bowel syndrome [80, 81]. Non-responding refractory pancreatic pain
in a pediatric patient has shown reduction in pain scores and morphine requirement
after sub-anesthetic infusion of ketamine [82].

6.4 Ischemic limb pain

Randomized controlled trial on 35 patients with ischemic limb pain had shown
that combination of low dose ketamine and opioid produced significant pain
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relief compared with opioid alone [68]. Animal studies had shown that ischemia
can produce hyperalgesia and allodynia, hence the addition of low-dose ketamine
along with opioid produced enhanced analgesic effect in these patients [68].
Ketamine also tends to reduce the pain in vasoocclusive crisis in sickle cell anemia
patients [83].

7. Adverse effects and adjuvants

Ketamine is associated with adverse psychomimetic, cardiovascular, and
gastrointestinal effects resulting from its action on various receptors [84-86].
Double-blinded randomized controlled trial using midazolam and clonidine as
premedication along with low-dose ketamine up to 5.2 pg/kg/min showed no
psychomimetic and cardiovascular adverse effects [59]. However, another study
calculated number needed to harm; “harm” defined as ketamine-induced psycho-
mimetic adverse effects; where author found that number needed to harm for hal-
lucination to be 21 when ketamine was used alone and number increased to 35 when
used in combination with benzodiazepines suggesting that adjuvant may lessen but
not eliminate psychomimetic effects [87]. Research is being conducted to develop
wearable device to deliver low, non-dissociative dose of ketamine. Studies on
animals and ketamine abusers raised the concern of hepatotoxicity and cystitis on
prolonged use [88]. In humans, the incidence of hepatotoxicity and cystitis found to
be increased with higher and frequent doses of ketamine; however, the liver enzyme
levels were back to normal after withdrawing the drug [63].

8. Conclusion

Medicine is an art as well as science, and the evidence-based medicine not
only relies on scientific literature but also the judgment of clinician and patient
preferences and satisfaction. The use of ketamine infusion for chronic pain is an
evolving treatment that shows great promise. Though the consensus guidelines for
intravenous use of ketamine for chronic pain advocate the use of ketamine only
for complex regional pain syndrome, various other clinical studies suggested its
role in other chronic refractory painful conditions. Effect of ketamine on various
receptors not only affects the sensory component but also the affective motivational
component of pain. It decreases pain scores along with the reduction of analgesic
medications, which further improves well-being and the quality of life. However,
continuous refinement of treatment protocol is essential along with emphasis on
both long-term safety and effectiveness.
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Perspective Chapter: NMDA
Treatments for CNS Disorders

Chih-Hung Lin, Po-Chang Shih and Guochuan Emil Tsai

Abstract

The N-methyl-D-aspartate receptor (NMDAR), a glutamate-gated ion channel,
mediates various physiological functions, such as synaptic plasticity, learning, and
memory. Any homeostatic dysregulation of NMDAR may cause central nervous
system (CNS) disorders, such as Alzheimer’s disease, depression, and schizo-
phrenia. The involvement of NMDA dysfunction promotes advanced research on
developing NMDAR pharmaceutics for treating CNS disorders. NMDAR enhancers,
by direct or indirect potentiating NMDAR functions, have been used to recover
NMDAR functions for treating schizophrenia. Interestingly, NMDAR blockers, by
direct or indirect inhibiting NMDAR functions, have also been utilized for CNS
disorders, such as Alzheimer’s disease and depression. In this chapter, the current
strategy of NMDAR modulation for CNS disorders are elaborated on to discern
underlying neurophysiological mechanisms of how homeostatic regulation of
NMDAR plays a vital role in the normal and pathological states, respectively.

Keywords: NMDAR, CNS pathology, agonism, antagonism, homeostasis

1. Introduction

Glutamatergic signaling plays a critical role in the CNS function under physi-
ological and pathophysiological states via two major types of receptor: ionotropic
glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs) [1].
mGluRs consist of three subgroups (Group I-III), while iGluRs comprise four sub-
groups (AMPARs, KARs, Gluds, and NMDARs). Among all GluRs, NMDARs play
a crucial role in brain development, mediating the physiological functions, such as
synaptic plasticity, learning, and memory. NMDARs are voltage-dependent gluta-
mate- or aspartate-gated cation channels with two prerequisites for channel open-
ing: 1) depolarization-induced unblockage of magnesium ions; 2). concomitant
binding of glutamate (or aspartate) and glycine (or D-serine). When the NMDARs
are either aberrantly enhanced or encumbered opening, various CNS symptoms/
disorders may develop, such as depression, psychosis, and cognitive impairment.

CNS disorders still loom over many people’s health with limited effective treat-
ment. The role of NMDARs playing in CNS disorders has been gaining attention
owing to the finding of ketamine as an antidepressant [2]. This new therapeutic
mechanism promotes NMDARs as an emerging therapeutic target. Ketamine, a
NMDAR antagonist, exerts rapid and robust antidepressant effects in depressed
patients [3]. On the contrary, a NMDAR agonist, D-serine, could alleviate
schizophrenic and depressive symptoms in the clinical trial [4]. These contrary
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modulations on NMDAR further support the importance of NMDAR homeostasis
leveraged by NMDAR modulators [5].

NMDAR modulators, with positive or negative modulation, have been designed
to alleviate various symptoms of CNS through distinct mechanisms. Positive
NMDAR modulators elevate NMDARs via direct and indirect approaches. Direct
NMDAR enhancers fit into the glutamate site or glycine site of NMDARs, or they
bind the allosteric pockets of the glutamate/glycine sites. In contrast to direct
enhancement, several NMDAR enhancers improve NMDAR functions by modulat-
ing indirect pathways, for example, by inhibiting glycine transporter or D-amino
acid oxidase (DAAO). Negative NMDAR modulators, on the contrary, work as
competitive antagonists to directly occupy the glycine site, or bind an allosteric site
(known as non-competitive antagonists), or block NMDAR channel pore (known
as uncompetitive antagonists) [6]. All above modulators have shown potential for
clinical use in CNS disorders but without one-size-fits-all approach.

2. CNS disorders alleviated by NMDAR modulators
2.1 Neurological disorders

The excitatory neurotransmission of mammalian CNS is largely dictated
through glutamate and its receptors, particularly NMDAR. Because its critical roles
in mediating synaptic plasticity related to learning and memory formation, the
dysfunction of the NMDAR-based signaling is implicated in the neurological disor-
ders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s
disease (HD), as described below.

2.1.1 Algheimer’ disease

AD is the most common cause of dementia to induce not only cognitive impair-
ments in memory and thought, but also behavioral and psychiatric symptoms [7].
Current understanding to AD relies on two main histopathological abnormalities:
(1) amyloid plaques composed of amyloid 8 (Af}) peptides cleaved from amyloid
precursor proteins in the brain tissue, and (2) the formation of intraneuronal neu-
rofibrillary tangles due to phosphorylated and aggregated tau proteins. Although
Afd and tau serve as the most discussed mechanisms through which cause AD, no
effective treatment was developed successfully. Coincidently, the neurotransmitter
systems, including cholinergic, adrenergic and glutamatergic pathways are consid-
ered critical in AD progression and development [8]. In this chapter, we focus on
the discussion of how NMDAR involves in AD.

NMDAR is the major regulator associated with long-term synaptic plasticity.
Studies have reported that AD brains contain neurotoxins consisted of soluble Af§
oligomers. The binding of Af 42 oligomers to forebrain synaptosomes is associated
with post-synaptic density complexes containing NMDAR subunits NR1 and NR2B
[9]. Consistently, A3 oligomers were found to ablate long-term potentiation in
hippocampal brain slices and the cortices of AD brains via overactivating extrasyn-
aptic NMDAR containing NR2B [10]. The over-activation of extrasynaptic NMDAR
linked to neurodegeneration in AD has also been supported by the pharmacothera-
peutic use of NMDAR inhibitor memantine [11].

Indirect modulation of NMDAR via glutamate release or glycine transporter-1
(GlyT1) are considered feasible for AD. An escalated stimulation via glutamatergic
signaling causes glutamate excitotoxicity that results in damaged nerve cells, and
such neuronal toxicity is coined “excitotoxicity”. In AD, glutamate uptake and
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recycling systems are severely impaired [12], which therefore increases glutamate
availability, resulting in excessive NMDAR stimulation. Additionally, A8 peptides
may increase glutamate availability by weakening glutamate uptake and recycling
systems [13] that may contribute to AD pathology. On the other hand, at gluta-
matergic synapses, glycine is transported by GlyT1, a Na*/Cl -dependent carrier
protein playing a major role in maintaining glycine concentration below saturation
at postsynaptic NMDAR, sculpturing GlyT1 as an intriguing target for NMDAR
modulation.

Overall, direct and indirect NMDAR inhibition strategies through the discussed
mechanisms to attenuate the overactivation of NMDA function have shown ratio-
nale for developing medicine for late-stage AD to attenuate the neuronal death.

2.1.2 Parkinson’s disease

PD, the second most common neurodegenerative disease, is a progressive dis-
order with symptoms of onset gradually, motor disturbances and cognitive impair-
ment. Due to the rapidly aging population worldwide, PD also receives increasing
attention from communities [14]. The pathophysiology of PD is due to the degen-
eration of pigmented dopaminergic neurons, resulting in functional changes to the
circuitry of basal ganglia nuclei. Accordingly, levo-dopa, a precursor of dopamine,
and dopamine receptor agonists have been serving as the standard treatments for
PD. However, long-term use of these standard therapies contribute to the loss of
efficacy and development of disfiguring motor complications [15]. Novel PD treat-
ments based on different mechanism is long awaited.

Regulating glutamatergic receptors, particularly NMDAR, has been found to be
altered in the basal ganglia of PD where NMDAR is widely expressed. Specifically,
NR2B-containing NMDARSs may significantly influence the PD pathology while
NR2B was found to be substantially distributed in the striatum and other basal gan-
glia areas. An increasing body of literature has reported that not only experimental
PD models but also PD patients present substantially elevated NMDA-sensitive
glutamate binding in the striatum [16]. In levo-dopa-treated rodent and primate,
GluN2A and the ratio of GluN2A/GluN2B are increased. The findings are also
reported in PD patients [17], suggesting that attenuated NMDAR activity may help
halt the progression of PD.

Alternately, reshaping synaptic connections for PD patients via brief activa-
tion of NMDAR can increase axonal growth rate and axonal branching. The brief
NMDAR activation can be achieved through inhibiting GlyT1 to increase levels of
extracellular glycine [18]. In addition, activating NMDAR via weak NMDAR glycine
binding agonists can also achieve similar effects. This hypothesis remains to be
investigated.

2.1.3 Huntington’s disease

HD is a progressive CNS disorder due to a single defective gene on chromosome
4 that encodes the protein huntingtin. The defect is hereditary and will eventually
develop symptoms in lifetime. At the beginning of symptom onset, patients often
have subtle abnormalities in mood, usually followed by a lack of coordination and
unsteady gaits [19].

Since the altered function of huntingtin induces neuronal cell death, research
focuses on mechanisms towards regulation of such cell death. It has been revealed
that the formation of the nuclear protein aggregates, oxidative stress, and mito-
chondrial dysfunction are associated with neuronal cell death in HD [20]. NMDARs
have also been found to regulate neuronal cell death of HD, and by modulating
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NMDAR activity, psychotic symptoms of HD due to low NMDA function can
be alleviated simultaneously. In this chapter, we focus on the discussion of
NMDAR in HD.

Animal studies have shown that neuroexcitatory agonists kainic or quinolinic
acids can induce lesions similar to those in HD, indicating that excitotoxicity from
NMDAR over-activation could contribute to the progression of the disease [21].
Post-synaptic density protein 95 (PSD-95), a scaffolding protein, can bind hun-
tingtin and the NR2 subunit of NMDAR. At the molecular level in HD, the presence
of abnormal huntingtin protein causes the interruption of PSD-95 binding onto
NMDAR. The unbinding of PSD-95 results in excitotoxicity and neuronal cell death
consistent with HD [20]. Therefore, among the known mechanisms inducing HD
progression, NMDAR remains a primary target to develop therapeutic intervention.

2.2 Psychiatric disorders

Existing high concentration of post-synaptic NMDAR in limbic structures [22]
highlights the homeostasis of NMDAR activity as be of uttermost significance in
behavioral regulation of the brain. The dysfunction of NMDAR can cause a variety
of psychiatric disorders such as depression, schizophrenia, bipolar disorder (BD),
and anxiety disorder [23].

2.2.1 Depression

Depression is a chronic mental disorder characterized by persistent low mood,
loss of interest/pleasure, lack of appetite, sleep disturbance, low energy, and poor
concentration. Depression can affect people irrespective of age, ethnicity, and
gender. Major depressive disorder (MDD) is the most studied type of depression
characterized by one or more major depressive events, that is, the presence of
low mood and/or loss of interest for at least 14 days in company with depression
symptoms. MDD leads to suicide that takes 2160 self-harm deaths per day in US
[24]. Decades of research on depression have yielded several mechanisms that may
explain its pathophysiology, including biogenic amine (e.g., monoamine) hypoth-
esis, abnormal endocrine factors, genetic and environmental factors, neurogenesis,
and the dysregulation of second messenger systems, which have been extensively
reviewed elsewhere [25]. Among them, monoamine-based mechanisms were the
most studied with successful development of antidepressants.

Although monoamine treatments are available for MDD, they have not been
optimal. Currently, standard monoamine antidepressants require one month or
more to exert antidepressant effects [26]. Such time lag has put MDD patients
at risk of suicide and other self-harm acts. In recent decades, the NMDAR has
emerged as a central player in MDD research, resulting in a paradigm shift from
the monoamine-based to the NMDAR-based hypothesis. The NMDAR-based
hypothesis of depression originated from early findings in the 1990’s that NMDAR
antagonists exerted quick antidepressant-like action [27]. Subsequently, many
studies have reported abnormal glutamate levels in frontal and occipital cortices
in MDD; however, these findings infer the complex role of NMDAR in the brain of
MDD patients. The regionally decreased glutamate level in the brain demonstrates
an association with the pathophysiology of MDD [28]; on the contrary, the elevated
glutamate levels occurs in medication-free MDD patients during an active depres-
sive episode, in remission, and in young people [29]. Since glutamate is a major
excitatory neurotransmitter dictating the neural plasticity and process of learning
and memory, the alteration to NMDAR causes region-specific maladaptive neuro-
circuitry in depression and decreases in cognitive controls over negative emotion.

128



Perspective Chapter: NMDA Treatments for CNS Disorders
DOI: http://dx.doi.org/10.5772/intechopen.100528

At the molecular level, postmortem brain analyses from MDD patients show
alterations in the NMDAR subunit profile, such as reduced GluN2A and GluN2B
subunits in locus coeruleus, and decreased GluN1 and GluN2A expression levels
but no changes to those of GluN2B, GluN2C and GluN2D subunits in dorsolateral
prefrontal cortex of MDD subjects [30]. Further studies have found that biologi-
cally, the activation of NMDAR requires both the binding of glycine and glutamate
onto their binding sites, and therefore, modulating the release of the two amino
acids into synapses are considered feasible. At glutamatergic synapses, glycine is
transported by GlyT1, maintaining glycine concentration below saturation at post-
synaptic NMDAR. Accordingly, GlyT1 has become an intriguing target for NMDAR
activity modulation [31]. Alternatively, inhibiting glutamate levels at synapses
renders reduced glutamate binding to NMDAR [32]. In summary, the above find-
ings provide a solid basis for developing chemotherapeutics for treating MDD via
modulating NMDA.

2.2.2 Schizophrenia

Schizophrenia is a psychotic illness presenting symptoms with processing
thoughts and contents, and develops positive, negative and/or cognitive symptoms.
Concurrently, depression and suicidal thoughts and attempts happen often in peo-
ple suffering from schizophrenia. Because schizophrenia patients require lifelong
treatment, early intervention may improve the long-term outlook. Conventional
therapies for schizophrenia are developed based on a dopamine hypothesis which
has been prevailing to explain symptoms associated with the positive symptoms.
However, these treatments have not been optimal and often induce substantial
adverse side effects [33].

Glutamate hypofunction hypothesis of schizophrenia has been supported by
several lines of studies. Low level of glutamate in cerebrospinal fluid was reported
in patients with schizophrenia [34]. The worsening of schizophrenic symptoms
was observed in patients treated with NMDAR inhibitors such as ketamine. Healthy
people administered with similar inhibitors were reported to develop symptoms of
schizophrenia [35]. Building on these data, upregulating NMDA function serves as
a promising target for treating schizophrenia [36].

Although NMDAR is a focus for antipsychotic drug development for schizophre-
nia, direct activation of the NMDAR via targeting the glutamate site is reported to
cause excitotoxicity. The finding suggests the demand for targeting the glycine site
as an alternative, but direct approach. To reduce glycine site vacancy, a number of
studies have synthesized amino-acid derivatives to occupy it [37]. Alternatively,
enhancing the glycine levels through GlyT1 inhibition has also shown promise,
which is used as an adjunct to conventional therapies [38].

2.2.3 Bipolar disorder

BD, as its name suggested, causes extremes of mood fluctuations that a person
will be either in emotional highs (mania or hypomania) or lows (depression). BD is
a lifelong disease that episodes of mood swings may occur infrequently or several
times in a year. Typically, BD patients spend more time in depressive mood than
mania or hypomania. Currently, treatments for BD are limited to symptom reduc-
tion and prevention of the occurrence of mood episodes [39].

Neuroimaging [40] and genetic findings [41] have revealed that glutamatergic
abnormality is associated with the pathophysiology of BD, indicating NMDAR may
play a role in the disease. The use of NMDAR inhibitor further evidences the role
of NMDAR in the regulation of BD. Ketamine has shown to improve depressive
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symptom. One of possible mechanisms of ketamine in regulating BD symptoms is
to increase presynaptic levels of glutamate which in turn binds to AMPAR instead of
NMDAR. The increased ratio of AMPAR-to-NMDAR neurotransmission is impli-
cated to induce the antidepressant effects of ketamine [42].

At the molecular level, postmortem findings suggest that BD is associated with
areduced expression of NR1 subunit in the prefrontal cortex [30]. The genetic
polymorphisms in the 3’UTR region of GRIN2B gene that encodes for the NR2B
subunit has been found to play a role in BD etiology, although its expression level
is not significantly different from the control [43]. Together, these studies suggest
NMDAR is associated with BD.

2.2.4 Anxiety disorder

Having occasional anxiety is a normal part of life. However, intense, excessive,
and persistent worries and fear about specific situation would be in the category of
anxiety disorder that needs intervention. Types of anxiety disorders include panic
attack, generalized anxiety disorder, and separation anxiety disorder. An anxiety
patient may experience one or more of them and can experience anxiety at very
young age [44].

Benzodiazepine and selective serotonin reuptake inhibitors (SSRIs) or selective
serotonin-norepinephrine reuptake inhibitors (SNRIs) are recommended as first
line drug treatment, because of their more favorable profile than tricyclic antide-
pressants and monoamine oxidase inhibitors. Nevertheless, some SNRIs are also
antagonists of metabolic enzyme cytochrome P450, therefore causing drug-drug
interactions [45]. In addition, discontinuation of SSRIs or SNRIs may experience
withdrawal reactions [46]. These unwanted outcomes suggest an essential for
developing next generation anxiolytic treatments based on novel mechanisms.

Fear often occurs together and share similar stress responses with anxiety, and
therefore, both are often put into the same context when discussing the underlying
mechanisms. Currently, studies have found that the neuronal modulatory systems
in brain areas contributing to fear and anxiety share a high degree of overlap [47].
In particular, regulating extinction learning of fear through NMDAR within amyg-
dala, medial prefrontal cortex, and hippocampus is considered critical among the
neuronal modulatory systems [48]. Hippocampus and amygdala of the medial tem-
poral lobe situate at the interface between cognition and emotion, which is believed
to be potential sites where NMDAR inhibitors exert anxiolytic effects [49]. NMDAR
regulates emotionality and cognition, and its antagonists have shown promising
effects on them. In contrast to NMDAR antagonism, partial activation of NMDAR
facilitates fear extinction in rodents. In clinical setting, partial agonists used as an
adjuvant increase psychotherapeutic effects in patients suffering fear-related disor-
ders [50]. These finding suggest that a balanced modulation of NMDAR activity can
bring benefits for the patients with anxiety disorder.

3. NMDAR modulators for CNS disorders
3.1 Positive NMDAR modulators

In this section, positive NMDAR modulators for CNS disorders will be discussed
(Figures1and 2, Table 1). To enhance NMDAR function, two approaches could
achieve: direct or indirect modulation. For direct modulation, three types of

enhancers are categorized according to their binding sites: glutamate site, glycine
site, and allosteric site of NMDAR.
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Indirect NMDAR agonism/antagonism through activation or inhibition on diverse channels or transporters or
engymes. ASCT-1, alanine/sevine/cysteine transporter-1; DAAO, D-amino acid oxidase; EAAT?2, excitatory
amino acid transporter-2; GlyT1, glycine transporter-1; NMIDAR, N-methyl-D-aspartate receptor; SNAT2,
sodium-coupled neutral amino-acid transporter-2; VGSC, voltage-gated sodium channel.

3.1.1 Direct NMDAR enhancers
3.1.1.1 NMDAR glutamate site agonists

Cognitive deficits occur often in elderly MDD patients, hardly to be relieved
with the existing treatment. NMDA enhancement via the glutamate site has been
proved to enhance cognitive functions in previous studies [81]. NMDA enhancer
(NMDAE), binding the NMDAR glutamate site as an agonist, has been offered for
the elderly (>55 years) and adults (18-55 years) with MDD. To testify the efficacy,
safety, and the cognitive improvement of NMDAE in those patients, the NMDAE
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Drug Mechanism Disease Study
Positive NMDAR modulators
NMDAE glutamate site MDD NCT03414931
agonist NCT04637620
Glycine glycine site agonist Schizophrenia [53]
D-alanine glycine site agonist Schizophrenia [54]
D-serine glycine site agonist MDD NCT04721249
Schizophrenia NCT00322023
D-cycloserine glycine site partial AD [55]
agonist MDD NCT00408031
Schizophrenia [56]
BD NCT01833897
Anxiety NCT00515879
Rapastinel PAM MDD NCT01684163
(GLYX-13/BV-102)
Apimostinel (NRX-1074) PAM MDD NCT02067793
Clozapine Indirect enhancer PD NCT00004826
(SNAT?2 inhibitor) MDD [57]
Schizophrenia [58]
BD [59]
BI 425809 Indirect enhancer AD NCT02788513
(GlyT1 inhibitor) Schizophrenia NCT02832037
Bitopertin Indirect enhancer Schizophrenia NCT01235585
(RO-4917838) (GlyT1 inhibitor)
Sarcosine Indirect enhancer PD NCT01785628
(GlyT1 inhibitor) MDD NCT00977353
Schizophrenia [60]
D-Amino acid oxidase inhibitor Indirect enhancer AD [61]
(D-serine MDD [62]
retention) Schizophrenia NCT01908192
Negative NMDAR modulators
AV-101 glycine site PD NCT04147949
(L-4-chlorokynurenine) antagonist MDD NCT02484456
Dimebon NAM AD NCT00377715
(Latrepirdine) HD NCT00497159
Dextromethadone NAM MDD NCT04688164
(D-methadone/
REL-1017)
Rislenemdaz NAM MDD NCT01941043
(CERC-301/MK-0657)
Amantadine Uncompetitive PD NCT00632762
antagonist HD [63]
Memantine Uncompetitive AD [64]
antagonist PD [65]
MDD [66]
Schizophrenia [67]
BD [68]
Anxiety [69]
Dextromethorphan Uncompetitive MDD NCT04226352
antagonist BD [70]
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Drug Mechanism Disease Study
Nuedexta Uncompetitive MDD NCT01882829
(Dextromethorphan+ antagonist BD [71]
Quinidine)
AVP-786 Uncompetitive AD NCT03393520
(Dextromethorphan+ antagonist MDD NCT02153502
Quinidine + Deuterium) Schizophrenia NCT03896945
AXS-05 Uncompetitive AD NCT04797715
(Axsome, antagonist MDD NCT02741791
Dextromethorphan+
Bupropion)
(R,S)-Ketamine Uncompetitive MDD [72]
antagonist BD [73]
Anxiety [74]
(S)-Ketamine (Esketamine) Uncompetitive MDD [75]
antagonist BD NCT03965871
(R)-Ketamine (Arketamine) Uncompetitive MDD NCT04108234
antagonist
Neramexane Uncompetitive AD [76]
antagonist
Nitrous oxide (N,O) Uncompetitive MDD [77]
antagonist Anxiety NCT02243826
Lamotrigine Indirect blocker MDD [78]
(glutamate release Schizophrenia [67]
inhibitor) BD [78]
Riluzole Indirect blocker AD [79]
(BHV-0223) (glutamate release MDD [52]
inhibitor) BD [52]
Anxiety [80]
Troriluzole Indirect blocker AD NCT03605667
(BHV-4157) (glutamate uptake Anxiety NCT03829241
activator)

AD, Alzheimer’ disease; BD, bipolar disorder; GlyT1, Glycine transporter-1; HD, Huntington’s disease; MDD,
major depressive disorder; NAM, negative allosteric modulators; PAM, positive allosteric modulators; PD,
Parkinson’s disease; SNAT2, sodium-coupled neutral amino-acid transporter-2.

Table 1.
NMDAR modulators for CNS disorders [6, 51, 52].

treatment results were compared with sertraline (SSRI) and placebo. The results
of those clinical studies are not disclosed as of August 2021 (NCT03414931 and
NCT04637620). The potential risk of this approach is the excitotoxicity caused by
overactivation through the glutamate-binding site.

3.1.1.2 NMDAR glycine site agonists

Another ligand binding site on NMDAR is the glycine site, which can also be tar-
geted to modulate the NMDAR activation for the treatments of psychiatric disorders
[82]. Glycine, acting as an agonist via binding the glycine site, can ameliorate nega-
tive symptoms in schizophrenia patients [53]. This preliminary finding encourages
the development of other endogenous co-agonists, such as D-alanine. D-alanine,
working as an add-on antipsychotic medication, improved schizophrenic symptoms
without significant side effects, which further supports that the pathophysiology
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of schizophrenia is due to the hypofunction of NMDA neurotransmission [54].
D-serine, an NMDAR co-agonist without psychotomimetic effects, emerges as

a novel glutamatergic antidepressant as an adjuvant therapy in MDD patients
(NCT04721249). On the other hand, the therapeutic effects of D-serine at low

dose (30 mg/kg/d) in schizophrenic patients are inconsistent. Some clinical studies
showed significant improvement in positive, negative, and cognitive symptoms
[83], whereas others presented no significant improvement [84]. Interestingly, high
doses of D-serine (>60 mg/kg/d) could possess consistent significant improvement
in negative symptoms, strongly suggesting a therapeutic dose-response of D-serine
for the treatment of schizophrenia (NCT00322023).

D-cycloserine (DCS), a partial agonist of NMDAR with agonism at low doses
but antagonism at high doses depending on the intrinsic tone of NMDA function
[85], exhibits controversial therapeutic effects on CNS disorders. In some AD stud-
ies, a dose as high as 100 mg/d could improve the cognitive symptoms, while a low
dose of 15 mg/d could improve memory deficits [55, 86]. However, other studies
presented no cognitive improvement from low (10 mg/d) to high dose (500 mg/d)
in AD patients [87].

When the high dose of DCS (> 500 mg/d) was employed in MDD patients,
depressive symptoms could be improved (NCT00408031) [88]. These observations
implied that NMDAR antagonism might be a potential target for the development
of novel antidepressant. The clinical studies of DCS at a dose of 50 mg/d is argu-
mentative, some claimed to possess significant clinical improvement [89], while
the others found no clinical improvement [90]. In the dose finding phase, the dose
of 100 mg/d of DCS seemed to be more effective than 50 or 250 mg/d in improving
schizophrenic symptoms [56]. In combination with ketamine, DCS could amelio-
rate depression symptoms in BD (NCT01833897). Cognitive behavioral therapy
with DCS also reduced social anxiety (NCT00515879) and PTSD [91]. Overall, the
dose selection of DCS determines its agonistic vs. antagonistic effects on NMDAR,
hence modulating its therapeutic efficacy for a variety of CNS disorders.

3.1.1.3 NMDAR allosteric site enhancers (positive allosteric modulators (PAM))

Rapastinel (GLYX-13/BV-102), an amidated tetrapeptide acting asa NMDA
allosteric glycine site partial agonist, is administered intravenously to treat MDD
in clinical trial (NCT01684163). Rapastinel infusion achieved antidepressant
effects without psychotomimetic properties and serious adverse events, therefore
acquiring FDA Fast-Track and Breakthrough Therapy designations for adjunctive
treatment of MDD. However, rapastinel failed to meet primary and key secondary
endpoints in three acute studies (RAP-MD-01, —02, —03 by Allergan).

Apimostinel (NRX-1074), a chemical structure like rapastinel with an additional
benzyl group, is administered intravenously and orally under the studies of efficacy
and safety evaluation for MDD patients and healthy individuals (NCT02067793
and NCT02366364). Benefiting from its molecular weight and orally stability, api-
mostinel is 100-fold more potent than rapastinel and is also well tolerated without
psychotomimetic symptoms [92]. The findings of the studies are not available yet.

3.1.2 Indirect NMDAR enhancers

To enhance NMDAR function, “consolidating” amino acids (e.g., glycine or
D-serine, glutamate, and aspartate) in the synaptic cleft could achieve that goal. With
the use of inhibitors of amino acid transporters or degrading enzymes, the concentra-
tion of those specific amino acids could sustain in the synaptic cleft to boost NMDAR
function [58]. Clozapine, a modest inhibitor of sodium-coupled neutral amino acid
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transporter-2 (SNAT?2), indirectly activates NMDAR via augmenting synaptic glycine
levels. Clozapine could also improve symptoms of psychosis, tremor, and dyskinesias in
PD patients (NCT00004826) [58]. In addition to reducing the risk of hospital re-admis-
sion for MDD patients, clozapine administration also demonstrated higher efficacy than
quetiapine by ameliorating depressive symptoms [57]. As approved by Food and Drug
Administration (FDA) of the USA, clozapine is utilized to treat treatment-resistant
schizophrenia and symptoms of self-harm in patients with schizophrenia. Clozapine is
also more effective than other antipsychotics in improving treatment-resistant bipolar
disorder [59]. However, clozapine can cause potentially lethal agranulocytosis.

Other than SNAT?2 inhibitor, GlyT1 inhibitor could also increase synaptic
glycine level by blocking the GlyT1 to enhance NMDAR function. BI 425809, a
selective GlyT1 inhibitor, emerges as a potential treatment of cognitive impair-
ment of AD and schizophrenia. Although BI 425809 failed to improve cognition in
AD study (NCT02788513), it improved cognition in patients with schizophrenia
(NCT02832037). Bitopertin (RO-4917838), a selective and potent GlyT1 inhibi-
tor, modulates both glutamatergic and dopaminergic neurotransmission in animal
models of schizophrenia [93]. In six active treatment arms across three clinical
studies, only one of them proved improvement in symptoms of schizophrenia
(NCT01235585) [94]. However, the magnitude of improvement was small. Because
of its strong antagonism, bitopertin induces NMDAR internalization, counter-
productive to improve the NMDA function.

Sarcosine, a potent endogenous non-selective GlyT1 inhibitor, was applied in
cognitive- and mood-related clinical studies. In PD patients, sarcosine improved
depression and neuropsychiatric symptoms, especially in patients with mild-mod-
erate severity (NCT01785628). Both in animal models and in depressed patients,
sarcosine improved depression-like behaviors, further strengthening GlyT1
inhibitor as a novel class of promising antidepressant (NCT00977353) [31]. In
most clinical studies of sarcosine in patents with schizophrenia, improvement in
schizophrenic symptoms were reported [60]. However, when being adjunctive with
clozapine, sarcosine could not produce improvement in schizophrenic patients [95].
This phenomenon may be explained by the “ceiling effect”: additional NMDAR
activation may not be induced due to maximal NMDAR enhancement achieved by
clozapine administration alone. In contrast, the combination therapy of sarcosine
and sodium benzoate (a D-amino acid oxidase (DAAQ) inhibitor) enhances the
cognitive function of patients with schizophrenia [96].

DAAQO, a flavoenzyme for D-amino acids (e.g., D-serine and D-alanine) degra-
dation, could be strategically inhibited to increase endogenous D-serine levels at
the synaptic cleft, resulting in strengthening NMDAR functions. In post-mortem
studies, patients with schizophrenia possessed higher expression and activity of
DAAO in the cortex and cerebellum [97]. Thus, DAAO inhibition provides a good
rationale to be a novel therapeutic target for schizophrenia treatment. Sodium
benzoate, a prototype competitive DAAO inhibitor, generated antipsychotic effects
in the phencyclidine-induced model of schizophrenia [98]. In some clinical studies,
sodium benzoate adjunctive therapy improved symptomatology of patients with
schizophrenia [99], and a larger scale clinical trial is undergoing (NCT01908192).
In patients with early-phase AD, sodium benzoate predominantly enhanced cogni-
tive and universal functions [61]. Sodium benzoate may enlarge gray matter via
synaptogenesis and neurogenesis in MDD treatment [62].

3.2 Negative NMDAR modulators

NMDAR antagonism has been a therapeutic strategy for a variety of CNS disor-
ders [100]. To achieve NMDAR antagonism, several negative NMDAR modulators
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have been offered to treat patients with CNS disorders through distinct underlying
mechanisms: direct blocking in competitive, non-competitive, and uncompetitive
ways, and indirect blocking. All negative NMDAR modulators are introduced in this
section (Figures1and 2, Table1).

3.2.1 Direct NMDAR blockers
3.2.1.1 Competitive NMDAR glycine site antagonists

AV-101 (L-4-chlorokynurenine), a pro-drug of 7-Chlorokynurenic acid
(7-CKA), is able to cross the blood—brain barrier and transform to 7-CKA in astro-
cytes [101]. 7-CKA is a potent and selective NMDAR glycine site antagonist [102].
In preclinical studies, AV-101 demonstrated dose-dependent antidepressant-like
effects in animal models [103]. However, AV-101 monotherapy failed to produce the
anti-depressant effects in the clinical study (NCT02484456) [104]. On the other
hand, AV-101 treatment for patients with PD will be conducted (NCT04147949).

3.2.1.2 Non-competitive NMDAR antagonists (negative allosteric modulators
(NAM))

Dimebon (Latrepirdine), an NAM at the polyamine-binding site of NMDARs,
was originally used as an antihistamine [51]. Assessed in clinical trials, dimebon
significantly improved the neuropsychiatric symptoms of patients with mild-
to-moderate AD (NCT00377715) [105]. In patients with HD, short-term admin-
istration of dimebon is beneficial for cognitive improvement (NCT00497159)
[106]. Dextromethadone (D-methadone/REL-1017), a non-competitive NMDAR
antagonist, provided antidepressant activity via mTORC1-mediated synaptic
plasticity in the mPFC in animal models [107]. As dextromethadone performs as a
rapid-acting treatment for depression in clinical studies (NCT03051256), it gained
FDA Fast-Track designation as an adjunctive treatment for MDD. A phase III clini-
cal trial of dextromethadone is currently ongoing (NCT04688164). Rislenemdaz
(CERC-301/MK-0657), a NMDAR NR2B-selective antagonist, induced antidepres-
sant properties in patients with treatment-resistant MDD [108]. Nevertheless, in
a phase II study, no obvious antidepressant effects were produced by rislenemdaz
(NCT01941043).

3.2.1.3 Uncompetitive NMIDAR antagonists (NMDAR channel blockers)

Amantadine, a low-affinity uncompetitive NMDAR antagonist with rapid
blocking channel kinetics, could ameliorate several clinical symptoms in PD, and
the long-term efficacy of chronic treatment with amantadine might improve apathy
and fatigue in PD patients (NCT00632762) [109]. For Huntington chorea, aman-
tadine treatment delivered no beneficial effects but brought subjectively better
feelings to patients [63]. Memantine, an adamantane derivative like amantadine, is
an uncompetitive, moderate affinity, open-channel NMDAR blocker with strong
voltage dependency and rapid blocking and unblocking kinetics [110]. Despite
being approved by the US FDA for treating moderate-to-severe AD with safe and
well tolerated profile, the efficacy of memantine is inconsistent at best. Some
studies proved the clinical improvement of memantine in patients with moderate
to severe AD [64], while other studies showed little clinical benefits of memantine
towards AD treatment [111]. Several clinical results of memantine treatment in PD
were also contradictive [65]. In MDD and BD clinical studies, memantine failed
to show antidepressant effects in patients [66, 68]. As treatment for schizophrenic
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symptoms, adjunct memantine uncovered a beneficial effect in ten studies, but no
effects in two studies [67]. One study of memantine revealed minimal improvement
in seven patients with anxiety [69].

Dextromethorphan, an uncompetitive NMDA receptor antagonist, is used
as a cough suppressant with sedative and dissociative effects. In recent research,
dextromethorphan and dextromethorphan-based compounds are considered as
potential rapid-acting antidepressants, and therefore its therapeutic effect in MDD
is evaluated in the clinical study (NCT04226352). In a BD study, dextromethorphan
had no significant antidepressant effects compared with placebo group. This might
be due to DRD2/ANKK1 TaqIA polymorphism [70]. Nuedexta, an FDA approved
treatment for the pseudobulbar affect, was also utilized to treat MDD and BD.

The purpose of adding dextromethorphan with quinidine in this combination is

to inhibit the cytochrome P450 2D6 (CYP2D6) isoform, a dominant metabolic
pathway of dextromethorphan, hence augmenting the bioavailability of dextro-
methorphan in CNS [112]. A proof-of-concept clinical trial demonstrated that after
Nuedexta treatment, the response and remission rates in the patients with treat-
ment resistant depression were 45% and 35%, respectively (NCT01882829).Ina
retrospective chart review, Nuedexta induced significant improvement in Clinical
Global Impression (CGI) in depressed patients with treatment resistant bipolar
disorder, implying its possible effectiveness in the BD treatment [71].

AVP-786, another dextromethorphan-based compound, is in conjunction with
quinidine and deuterium to decrease the metabolism of dextromethorphan in the
liver and hence increase its blood exposure. Following FDA Fast-Track designation
for agitation in AD [113], four AD-related clinical studies of AVP-786 are underway
(NCT02442765, NCT02442778, NCT02446132, and NCT03393520). In patients
with MDD and schizophrenia, the efficacy, safety, and tolerability of AVP-786
were evaluated in the clinical studies (NCT02153502 and NCT03896945). AXS-05
(Axsome) is in combination with dextromethorphan and bupropion, which acts as
an inhibitor of CYP2D6 to enhance the bioavailability of dextromethorphan [114].
In the AXS-05 treatment of agitation in patients with AD, the efficacy and safety
of AXS-05 will be compared to placebo (NCT04797715). Three phase III clinical
studies on the safety and efficacy of AXS-05 in patients with MDD were conducted
without results posted to date (NCT02741791, NCT04019704, and NCT04039022).

(R,S)-Ketamine, an anesthetic and analgesic via intravenous administration,
and its derivates (S)-ketamine (esketamine) and (R)-ketamine (arketamine) open
a new era for glutamatergic rapid-acting antidepressant. At high doses (1-2 mg/kg),
ketamine inhibits NMDAR as an uncompetitive antagonist to produce anesthesia,
while at low doses, ketamine induces analgesia against both acute and chronic pain
(0.25-0.5 mg/kg). Importantly, rapid-acting antidepressant effects of ketamine at
moderate doses (0.5 mg/kg) have been proved in preclinical and clinical studies [3].
In most clinical studies of MDD, (R,S)-ketamine administration decreased depres-
sion severity with robust and rapid antidepressant effects [72], in accordance with
studies of BD [73] and anxiolytic effects in anxiety disorders [74]. The (S+) enan-
tiomer of ketamine was approved by FDA for adults with MDD with acute suicidal
ideation or behavior. Esketamine improved depressive symptoms and delayed
relapse in many studies [75], but did not demonstrate significant improvement as
an adjunctive therapy with oral antidepressants in elderly patients with treatment-
resistant depression [115]. In the study of treatment-resistant bipolar depression,
the efficacy, safety, and pharmacokinetics of inhaled esketamine are still being
evaluated (NCT03965871). Another enantiomer of ketamine, arketamine, is a less
potent NMDAR uncompetitive antagonist, but displays greater and longer antide-
pressant effects than esketamine without psychotomimetic side effects [116]. In an
open-label pilot study, intravenous arketamine generated fast-onset and sustained
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antidepressant effects in depressed patients [117], and the larger study is underway
(NCT04108234).

Neramexane, a moderate-affinity NMDAR open-channel blocker, possesses
similar kinetics and voltage-dependency to memantine. Although it was well
tolerated at all administered doses in clinical studies, phase II/III clinical trials
for moderate-to-severe AD yielded contradictory results [76]. Nitrous oxide, an
uncompetitive NMDAR antagonist, is an inhaled anesthetic often used in obstetrics
or dentistry [118]. One recently published research demonstrated that compared
with 50% nitrous oxide, 25% nitrous oxide provides comparable antidepressant
effects with a markedly lower rate of adverse effects [77]. Other studies are under-
way to evaluate the efficacy and safety of nitrous oxide in MDD (NCT03869736
and NCT03932825). Nitrous oxide acted as a pharmacologic treatment for lumbar
puncture/other procedure-related anxiety (NCT02243826).

3.2.2 Indivect NMDAR blockers

Lamotrigine, inhibiting voltage-dependent Na*, Ca*, and K* channels, acts as
a presynaptic glutamate release inhibitor [119]. FDA approved lamotrigine for the
maintenance treatment of BD. Lamotrigine failed to achieve clinical improvement
in five clinical studies of MDD, while it induced higher response rate than placebo
in BD studies [52]. In a comprehensive meta-analysis, lamotrigine performed better
than placebo in improving unipolar and bipolar depressive symptoms [78]. Five of
nine clinical trials of lamotrigine in schizophrenia revealed clinical improvement in
arange of outcome measures [67].

Riluzole (BHV-0223), a glutamate release inhibitor, was approved by the US
FDA for the treatment of amyotrophic lateral sclerosis. The mechanisms that reduce
extracellular glutamate by riluzole includes reduced glutamate release through
presynaptic inhibition of voltage-gated sodium channels (VGSCs), increased gluta-
mate uptake by astroglial cells, and enhanced AMPA trafficking [120]. In a current
clinical study of AD, riluzole decreased the reduction in cerebral glucose metabo-
lism, a positive correlation with cognitive measures [79]. Additionally, riluzole only
ameliorated depressive symptoms in one of four placebo-controlled MDD studies,
and failed to reach clinical improvement in a BD study [52]. In one trial of anxiety
disorders, eighty percent subjects responded positively to riluzole [80], and the
following functional neuroimaging studies proved the alterations in hippocampal
N-acetylaspartate (NAA) concentrations and volumes were in correlation with
riluzole-induced improvement on anxiety scales [121]. Troriluzole (BHV-4157),

a tripeptide prodrug conjugate of riluzole, has been developed to improve the
bioavailability, safety, and dosing of riluzole. As a glutamate modulator, troriluzole
decreases the level of synaptic glutamate via strengthening glutamate uptake,
mainly through excitatory amino acid transporters (i.e., EAAT?2) located on glial
cells. Both in clinical studies of AD and anxiety, the clinical efficacy of troriluzole is
under assessment (NCT03605667 and NCT03829241).

4, Conclusions

Not only does the discovery of ketamine to act as a novel rapid-acting antide-
pressant trigger a strong interest in developing novel NMDAR-modulating agents
by a variety of proof-of-concept studies for CNS disorders, but also, after exploring
the potential pathological mechanisms for the major CNS disorders as described
above, the aberrant NMDAR activity shows to play a pivotal role in regulating clini-
cal symptoms, hence facilitating the development of positive and negative NMDAR
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modulators against those pathological aberrances in NMDAR activity. Interestingly,
but not surprisingly, monotherapy of single NMDAR modulators often failed in
clinical studies, boosting the prosperity of combination treatment with multiple
modulators, or even with the standard treatments, further implying the intricate
mechanisms underlying the CNS pathology.

To date, numerous clinical studies of NMDAR modulators are still underway.
With more successful clinical improvement by NMDAR modulators in clinical
studies, the mysterious puzzles of CNS disorders could be dissolved gradually,
further refining the utilization of NMDAR modulators as optimal treatment with
less undesirable side effects for the sophisticated CNS disorders that involve vulner-
ability in NMDA homeostasis.
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Abstract

Ketamine is a phencyclidine derivative and N-methyl-D-aspartate receptor antag-
onist, widely popular as a dissociative anesthetic. Its use as an anesthetic in humans
was progressively fallen out due to its associated adverse effects and the emergence
of newer and safer anesthetics. In recent few decades, various reports related to its
efficacy in the treatment of resistant depression with anti-suicidal potential draw
significant attention from researchers around the globe. The rapid clinical effect of
ketamine within hours as compared to traditional antidepressants that take several
weeks makes it a hot topic in antidepressant research. Studies conducted in the recent
past suggest its mechanism of action through glutamate modulation via receptors like
NMDA, AMPA as well as downregulation of BDNF etc. This chapter will shed light
on the various mechanisms of ketamine related to antidepressant activity. Along with
that its pharmacokinetics, toxicology and ongoing clinical trials will also be discussed.

Keywords: ketamine, depression, antidepressant, NMDA, BDNF

1. Introduction

From last few decades with rapid development and modernization, significant
improvements in the lifestyle of humans has been observed but with pros there are
associated cons and so is major depressive disorder (MDD) which is affecting teen-
agers to adults and majorly observed in young working professionals. It is emerging
as major contributor in global disease burden and reported as the second leading
causes for disability [1]. According to the study conducted by mental health in
Canada, MDD has lifetime prevalence of 11.3% [2]. Besides being a major challenge
for healthcare system its pathophysiology is still not uncovered completely. One
hypothesis based on monoamines suggest that it may resulted from functional defi-
ciency of neurotransmitters named serotonin and/or noradrenaline which is widely
utilized for categorization of antidepressant drugs [3]. But conflict is also standstill
with the time frame of the effect and dose administration as clinical symptoms are
observed after several weeks from the onset of therapy and only half are noted to
have actual clinical response [4-7]. Apart from that one-third patients suffers from
treatment resistant depression (TRD) that are nonresponsive to currently approved
medications [8]. Non-responsiveness of currently available therapy especially for
TRD arise the emergency need of more effective and safer antidepressant therapy.
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Ketamine is a phencyclidine derivative and N-methyl-D-aspartate (NMDA)
receptor antagonist, widely popular as a dissociative anesthetic. Ketamine was first
reported for its efficacy in depression in year 2000, when sub-anesthetic intrave-
nous dose of ketamine rapidly reduced the symptoms of MDD and effect continued
up to 72 hours [9]. Taking lead from this, further clinical trials were conducted
which showcase its efficacy in TRD patients with 60-70% response rate [10-14].
Onset of action was reported within 2-4 hours and last for 1 week with singe infu-
sion while repeated infusions have effect up to 18-19 days. Clinical data also suggest
the responsiveness of ketamine up to 44% on patients with comorbidities and ultra-
resistant depression [15, 16]. In addition to this ketamine has been reported for
its anti-suicidal and anti-anhedonic properties [14, 17, 18]. All this reports points
toward the different mechanism of ketamine form traditional antidepressants.

2. Basic chemistry, pharmacology and pharmacokinetics of ketamine

Recently discovered antidepressant and anti-suicidal action of ketamine sig-
nificantly attracted the researchers working in the field of psychiatry [9, 11, 19].
Ketamine is a phencyclidine derivative and a mixture of R(—) and S(+) enantiomers.
Both R(—) and S(+) enantiomers has been explored widely and it was observed
that S(+) enantiomer has higher potency than R(—) enantiomer (R-ketamine)
for phencyclidine site on glutamate NMDA receptor along with stronger analgesic
activity [20-24]. Inspired form these outputs, S(+) enantiomer also known as
esketamine is now under investigations for antidepressant potential [25]. However
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General layout of metabolic pathway of ketamine showcasing stereoseletive metabolism through various
cytochrome P450 engymes.
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conflict between these two is also exist with the side effects profile of both enan-
tiomers related to dissociation, psychoses and cognition [26]. Reports suggest the
rapid onset of antidepressant effects with R-ketamine but higher side effects than
esketamine [27-34]. Ketamine undergo metabolism through CYP2B6- and CYP3A4-
mediated N-demethylation resulting norketamine which further catabolized into
hydroxynorketamines (HNKs) and dehyronorketamine (Figure 1). Investigations
was also carried out on metabolites of ketamine. 2R,6R-HNK has been observed

to have antidepressant like efficacy with nil side effects on rat models while sev-

eral contradictory reports are also available [35-43]. Specifically, metabolite of
esketamine i.e. S-norketamine showed antidepressant like properties with lesser
side effects as with esketamine [44]. When talk about bioavailability, ketamine has
varying bioavailability profile with different routes i.e. 1000% with intravenous, 45%
with intranasal, 30% with sublingual, 20% with oral, 93% with intramuscular while
30% with rectal route [24, 30, 44].

3. Overview of the status of clinical trials with ketamine and its
enantiomers

Report on antidepressant efficacy of ketamine by Berman group in 2000 [9]
initiated series of studies related to antidepressant activity of ketamine all around
the globe. Multiple meta-analysis now established the candidature of ketamine
against major depressive episodes in both bipolar as well as unipolar depression
while efficacy was higher in unipolar as compared to bipolar depression [45-50]. In
addition to this, numerous studies reported its effect last up to a week only for uni-
polar while it is up to 3—4 days in case of bipolar depression [46, 47, 49]. Randomized
Controlled trials (RCT) exist in which effect of repeated infusions of ketamine for
depression is studied but there is still lack of long term trial [51-53]. Studies on dif-
ferent routes of administration were also conducted that majorly include intranasal,
sublingual and intramuscular [54-57]. In fact intranasal esketaminerecently got
FDA clearance for TRD which was based on three acute-phase and two maintenance
phase studies. These acute studies were conducted on severely depressed patients
[58]. Maintenance trials were conducted up to 88 weeks where patient was adminis-
tered esketamine weekly or every second week showcase reduced after relapse risk
and also assured safety up to a year [59, 60]. A phase three trial consisted of 200
patients suggest the significant improvements in depression with ketamine adjuvant
to an antidepressant [61]. There is another 5 year ongoing trial by Janssen for safety
[62]. Keeping in view the antidepressant efficacy if R-ketamine, a phase I trial was
started by Perception Pharmaceuticals but results are not processed yet [28].

4. Mechanistic insight into the antidepressant activity of ketamine
4.1 AMPA, BDNF and mTOR

Glutamate is one of the major excitatory neurotransmitters in central nervous
system of human body that mainly acts on NMDA, ionotropic a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (co-localized
with NMDA) and metabotropic glutamate receptors. Glutamate activates AMPA
receptors at synaptic cleft, which permit the entry of sodium ions into postsyn-
aptic membrane. Entry of sodium ions results in depolarization of postsynaptic
membrane that cause removal of NMDA receptor channel voltage-dependent
magnesium ion block that activate NMDA receptor which allow the entry of
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sodium as well as calcium ions. Ketamine is a well-established non-competitive
type NMDA receptor antagonist. Brain-derived neurotrophic factor (BDNF) and
mTOR are two major proteins that are suspected to be involved in mechanistic
window of ketamine. BDNF is a growth factor protein in central nervous system
that promote neurogenesis and synaptogenesis along with support in survival of
existing neurons. On the other hand, mTOR is suggested to have major role in
neuronal development and circuit formation. mTOR further made two sub com-
plexes known as mTOR complex 1 (mTORC1) and mTOR, from which mTORC1
is a target of ketamine [63, 64].

It has been observe that glutamatergic neurotransmission is deregulated in
MDD and enhanced levels of glutamate levels in serum and plasma were observed
in patient’s dealing with MDD that why plasma glutamate levels are directly corre-
lated with severity of depression [65-68]. Enhanced glutamate cause by loss of glial
cells in MDD increases extra synaptic glutamate levels that suppressglutamatergic
neurotransmission via activation of metabotropic glutamate receptor 2 (mGluR2)
autoreceptors. A study suggest that change in depression symptoms by non-ket-
amine NMDA receptor antagonists like traxoprodil, lanicemine and rapastinel was
much lower ass compared to ketamine [34, 69-71]. Ketamine good antagonistic
activity for NMDA receptors present on y-aminobutyric acid (GABA) that prevent
activation of GABA interneurons resulting in downstream disinhibition of gluta-
matergic neurons that cause glutamate surge. Elevated levels of glutamate initiates
activation of postsynaptic AMPA receptors that potentiate BDNF andmTORC1 sig-
naling pathways. Ketamine demonstrated activate glutamate release and transmis-
sion in rat prefrontal cortex (RPC) [72]. Ketamine was also observed to enhance
AMPA-evoked electrophysiological responses in the rat hippocampus and medial
PFC pointing toward the involvement of ketamine in AMPA receptor transmission
[73-77]. In a mouse model, ketamine was observed to increase the expression levels
of two subunits of AMPA receptor known as GluAl and GluA?2 [34, 78].

Increased levels of BDNF and mTOR in rat hippocampus were observed within
30 minutes of treatment with ketamine [73, 79, 80]. Important to mention here
that analgesic tramadol enhanced the effect of ketamine on force swim test along
with upregulation of mTOR in the PFC and hippocampus of rat [81]. It is interest-
ing to observe that increased BDNF and mTOR levels in hippocampal and RFC are
controlled by AMPA because in a study treatment with AMPA receptor antagonist
increased forced-swim test immobility time with reduced levels of BDNF and mTOR
while with agonist immobility time reduced along with increased levels of both
BDNF and mTOR [82]. Reports were also observed that suggest the nullification of
antidepressant activity of ketamine with pre-treatment of rapamycin an mTORC1
inhibitor [83].

Numerous reports are present in the literature suggesting the possibility of
ketamine’s antidepressant activity via BDNF. No antidepressant activity was
observed on treatment of ketamine in genetically modified mice lacking BDNF
[73]. It is proposed that antagonism of NMDA through ketamine deactivates the
eukaryotic elongation of factor 2 (eEF2) kinase that de-supress the translation
of BDNF. Mice having Val66Met single-nucleotide polymorphism in BDNF gene
showed impairment in BDNF release and mRNA trafficking. Administration of
ketamine in these mice showed reduced antidepressant activity [84]. Reversal of
anhedonicbehaviour with ketamine was observed in rats with chronic mild stress
along with complete restoration of dendritic atrophy and dendritiv BDNF mRNA
trafficking [85]. In social defeat stress model of mice, ketamine lessen reduction in
BDNF, spine density of dendrites, synaptogenesis markers (GluA1 and PSD-95) in
PFC, CA3 and dentate gyrus region of hippocampus at 8th day of treatment [86].
Elevated levels of BDNF were supposed to be associated with the lower severity
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Figure 2.

Flow diagram of antidepressant activity of ketamine. (1) ketamine binds with N-methyl-d-aspartate receptors
(NMDARs) and reduce excitability of y-aminobutyric acid (GABA) ergic interneurons that results, (2) non-
inhibition of glutamatergic neurons, (3) that further increase glutamate release which binds with a-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptors resulting inflow of sodium and calcium into
cell, (4) cause activation of voltage gated calcium channels, (5) that further triggers the release of brain-derived
neurotrophic factor (BDNF) into glutamate synapse. (6) BDNF from synapse binds with tropomyosin receptor
kinase B (TrkB) resulting activation of MEK-ERK and PI3K-Akt signaling cascades that converge on to
mTOR lead to (7) increased synaptic protein translation. (8) increased proteins in synapse lead to increased
AMPAR-mediated synaptic transmission causing elevated synaptogenesis. All these events are hypothesized to
restore disrupted connectivity between key brain regions and can be the possible reason of vapid and sustained
antidepressant action of ketamine.

of depression like symptoms on rating scale [87, 88]. A study carried out on three
depressed patients, suggest their response to ketamine and have increased levels of
plasma mTOR expression and eEF2 phosphorylaton [89]. It is worth to note that in
atrial conducted on 20 patients, pre-treatment with rapamycin tripled the response
rate after 2 weeks from treatment thus may be due to targeting of rapamycin on
neuroinflammation through its immunisupressant activity or may be due to promo-
tion of haemostatsis of synaptic density (Figure 2) [90].

4.2 D-serine

D-serine is a potential co-agonist at NMDA receptor which is a possible
biomarker in depression. Numerous studies highlighted the abnormality of
D-serine levels in depression highlighting the antidepressant properties of
D-serine [91-95]. Ketamine was found to inhibitor the transport of D-serine while
ketamine metabolites were observed to decrease intracellular (PC-12 cells) con-
centrations of D-serine thus increasing plasma D-serine levels which is possible
prediction related to its to antidepressant action [96-99].

4.3 Opioid system

Ketamine also have capability to bind with opioid receptors (mu, delta
and kappa), monoaminergic receptors and transporters, and muscarinic and
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nicotinic cholinergic receptors [100]. Proposition is made that anti-suicidal as
well as antidepressant actions of ketamine is related to the opioid system which is
confirmed from the pre-treatment of naltrexone after that antidepressant effect
was attenuated in patients [100, 101]. However many discrepancies are also exist
along with [102, 103] because buprenorphine and methadone both are agonists
to the opioid receptors and does not have any effect on antidepressant properties
of ketamine [103]. These results rebels the role of opioid system in ketamine’s
antidepressant effects. Thus role of opioid in ketamine’s antidepressant effects is
yet unclear and controversial.

5. Future trends

With unique mechanism of action as compared to traditional antidepressants
along with anti-suicidal properties, ketamine successfully attracted the research-
ers and physiologists toward itself in last two decades. However large mechanism
of actions are still need to uncover thus it will be continue to be a hot topic
and active area of research in psychiatry. There if a dire need to investigate the
appropriate safety to efficacy ration of ketamine in depression therapy along with
establishment of appropriate regimens for maintenance of therapy and discon-
tinuation too. Reliable biomarkers are also needed to properly predict the response
and adverse effects of ketamine. Numerous reports are also present in literature
that caution the utilization of ketamine as an antidepressant in clinical practice
[76, 104-108]. Keeping these thing apart, currently ketamine is emerging as a
promising approach for treatment of patients suffering from TRD. Ketamine and
its related neurochemical biomarkers can act as leads for development of future
antidepressants.

6. Conclusion

Rapid antidepressant effect of ketamine depression therapy and important
discovery in depression research. Its efficacy against TRD and anti-suicidal poten-
tial is a boon in depression research but at the same time its negative side effects
and potential for being abuse is not to be neglected. However pathways like BDNF,
mTOR, AMPA along D-serine and opioid receptors provided sufficient understand-
ing but large portion of its mechanisms are still need to uncover. Even some studies
create conflict to each other which is needed to be resolved. Overall analysis suggest
that there is an important need to discover all aspects of ketamine in depres-
sion therapy to efficient use of this drug as an antidepressant in clinical practice.
Moreover, ketamine can act as a lead for the development of new class of rapidly
acting future antidepressant agents.
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Abstract

Our knowledge regarding pathological and treatment resistance mechanisms
involved in depression is far from understood. Sexual dimorphism in this topic
is well acknowledged. However, the need to highlight sex-based discrepancies is
unmet. Ketamine, the dissociative anesthetic, has emerged as a rapid antidepressant.
This chapter reviewed sexual dimorphism in pharmacological and genetic models
of depression, emphasizing ketamine-related antidepressant effects. Aiming by this
report, we would extend our knowledge, highlight gender as one of the vital factors
in examining depression in preclinical studies, and elucidate complex antidepressant
effects associated with ketamine administration. Our central goal is to encourage
neuroscientists to consider gender in their studies of mood disorders.

Keywords: ketamine, depression, sexual dimorphism, ketamine isomers

1. Introduction

The physiological and pharmacological applications of Ketamine’s evolved
historically. In the mid-1950s, it was initially introduced as an anesthetic agent, and
it was short-acting with better post-operational effects compared to phencyclidine.
Phencyclidine by itself is linked to multiple undesirable effects, including severe
and prolonged post-surgery hallucinations, agitation, and delirium that made it
undesirable for human use [1, 2]. Functionally, ketamine is a safer derivative of
phencyclidine [3]. Both are psychoactive arylcyclohexamines agents, a unified
feature of these compounds is their molecular antagonism of the N-methyl-D-
aspartate (NMDA) receptor [4]. Ketamine lacks the complete unconsciousness state
and is characterized by catatonia, catalepsy, and amnesia [3]. However, ketamine
still retains some adverse events, such as abuse potentials and dissociative effects,
and neurotoxicity when administered through the spinal cord.

In the seventies, the Food and Drug Administration (FDA) approved ketamine,
and it became commercially available as a rapid and short-acting anesthetic agent
[3]. Among other anesthetics, ketamine is characterized by a more significant
safety, which makes it advantageous compared to other anesthetics. On the level of
circuitry, as an agent, it does not elevate the blood pressure. Additionally, physiologi-
cally, it is not linked to respiratory depression in both intravenous doses of 1-2 mg/
kg or intramuscular doses of 4-11 mg/kg [3, 5]. At subanesthetic doses, ketamine
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exhibited an analgesic effect and can be clinically used in numerous conditions
associated with pain in a mechanism similar to opioids but with less respiratory
depressive effects [3]. Overall, high-priced patient-monitoring tools and equipment
are not necessary for clinical applications of ketamine. Thus, it is a good anesthetic
of choice, especially in the middle- and low-income countries. Due to the fact
ketamine, clinical applications were indispensable. It has been listed on the World
Health Organization (WHO) Essential Medicines List since 1985 [6]. Also, ketamine
was reported sedation in individuals with severe behavioral disturbances in clinical
settings. In some cases, agitated patients may require police interference to handle
them, and in comparison, to the standard sedative induction protocol, ketamine was
found to be effective in parenteral relatively low doses (about 5 mg/kg) [7].

The chronic use of ketamine is linked to abuse liabilities and issues with the
urinary tract system [8]. The illicit use of ketamine is well-acknowledged. However,
ketamine overdose is not a common event. According to the recommendations of
the WHO Expert Committee on Drug Dependence in 2016, ketamine should not be
listed in the international drug control conventions [6].

In general, multiple uncovered potential novel uses of ketamine were identified
including the neuroprotective effect of ketamine and its use in the management of
epilepsy, chronic pain, migraine, inflammation, and tumors. Interestingly, in the
past few years (the 2000s), ketamine has progressively received increased atten-
tion, and there has been significant research into the potential use of ketamine as
an expeditiously acting treatment for MDD, treatment-resistant depression (TRD),
and suicidality [6, 9]. Intranasal (S)-ketamine has recently been approved for
depression by the FDA [10]. However, it is currently too expensive for the wide-
spread use and is unlikely to be cost-effective for the management of TRD in the
United States unless its price falls by more than 40% [11].

The chemical basis of ketamine is a similar composition of a racemic mixture,
in a ratio of 1:1. This mixture is composed of arketamine (R-ketamine) and esket-
amine (S-ketamine) [12]. Functionally, these enantiomers are different. In the
mid-eighties, white and his colleagues [13] conducted the first comparative study
to examine the clinical differences between ketamine isomers using the electroen-
cephalographic monitoring of brain activity in healthy volunteers. They observed
that the arketamine exhibited less hypnotic and analgesic effects compared to the
esketamine. The arketamine was associated with a faster recovery rate, regarded
as the reduced central nervous system depressant effects [13]. Subsequent stud-
ies reported more functional and pharmacological differences. For example, the
esketamine has greater potency toward the NMDA receptors (as an antagonist),
and thus it is pharmacologically more active than the R-ketamine. Additionally, the
arketamine exhibits higher potency toward the p-opioid receptor (an agonist) [14].

In clinical settings, the esketamine was found to be as twice as potent in anesthetic
effect compared to the racemic mixture and as threefold potent compared to arket-
amine [3, 14]. Furthermore, esketamine is described as the less psychotomimetic
and the greater analgesic enantiomer. In comparison to arketamine the esketamine
is linked to reduced clinically significant side effects such as drowsiness, fatigue,
and altered cognitive function [14]. In another clinical study, they examined the
recovery effects of both isomers. One hour following the intravenous administra-
tion of ketamine isomers, individuals who received the esketamine exhibited better
concentration and memory retention [15]. Accordingly, in analgesic and anesthetic
applications, esketamine is more favored [14].

Besides, they exhibit neuroprotective differences. In primary cultured rat
hippocampal neurons, the esketamine exerts neuroprotective effects. It prevents
the release of arachidonic acid and modulates axonal outgrowth measured by the
expression of microtubule-associated protein at different time points [16].
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Esketamine Arketamine References
Potency This isomer is considered as This isomer [3,14]

functionally more potent than isa less active

the racemic mixture (2x more one.

than the racemic mixture, and
3x more than R-ketamine)

NMDAR antagonizing affinity Greater affinity Lower [20]
affinity

p-Opioid receptor agonism Affinity Greater affinity Lower [20,21]
affinity

Side effects (psychotomimetic, More side effects less side [12]

drowsiness, lethargy, and cognitive effects

impairment, and abuse liabilities)

Table 1.
The main differences between ketamine isomers.

Interestingly, even if the potency is comparable among the isomers, the molecular
mechanism may differ. In guinea pig histamine-mediated preconstricted strips,
both isomers were found to mediate spasmolytic effects. Even though their potency
was similar, the mechanism was quite different. The esketamine exerts more effects
through adrenaline signaling, whereas arketamine spasmolytic modulation was
through calcium signaling [17].

Preclinical evidence using various depression animal models suggests the
potential antidepressant advantages of arketamine over esketamine. Despite the
lower affinity of arketamine, NMDA receptors exhibited superior potency and more
prolonged antidepressant effects than esketamine. For that reason, other molecular
targets may play an essential role in mediating ketamine antidepressant effects [10,
18]. Importantly, arketamine also has fewer side effects than either (R, S)-ketamine
or esketamine as it may not induce psychotomimetic side effects or exhibit abuse
potential in rodents and monkeys [11, 14, 19].

A previous report examined the enantiomers’ molecular targets selectivity and
potency. Their impact on multiple neurotransmitter systems revealed that both
isomers have similar effects. They increased the release of serotonin, dopamine,
and noradrenaline neurotransmitters. The magnitude of their effects was quite
different [18]. Arketamine showed a significant impact on the release of serotonin
than esketamine. At the same time, esketamine increases dopamine release more
than arketamine [19]. Table 1 summarizes the main differences between ketamine
isomers.

2. Ketamine, the antidepressant

Major depressive disorder (MDD) places a considerable burden on the community
[22]. Among mood disorders, MDD is a common one, and it is considered one of
the debilitating psychiatric disorders. Commonly prescribed antidepressants are
of limited efficacy and take weeks to months to yield full therapeutic effects [21].
Most existing treatments have been found by serendipity. However, there are several
limitations. First, the response to antidepressants is relatively heterogeneous; in fact,
a considerable number of patients do not respond well to the treatment, the TRD
[23]. An additional challenge is to distinguish TRD from inadequately treated depres-
sion [24]. Furthermore, differences are exhibited in patients’ pharmacokinetic and
pharmacodynamics characteristics, which could be a key reason for the discrepancy
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in sex-related efficacy [25]. Moreover, most drugs are intolerable [26, 27], frequent,
and enduring [28]. For these reasons, there is a need to identify and develop effective
and ideal antidepressant agents.

Recently, Ketamine gained a lot of attention in its fast-onset and effectiveness
when applied to depressed patients. Overall, the ketamine efficacy was successfully
recorded in severely depressed patients using different validated rating scales [14].
In early 2000, Berman and his colleagues recorded the fast, moderately persistent,
and robust pharmacological effects in depressed patients [29]. The double-blinded
trial showed that depressed patients were significantly improved 3 days following
the ketamine administration, which opened a new avenue in the management of
MDD. Over the last 20 years, studies have indicated the antidepressant properties
of ketamine. As an antidepressant agent, it functions in quite different mechanisms
and onset than conventional antidepressant agents. Of particular interest, it brings
an antidepressant effect in patients with refractory depression [30].

The central nervous system pharmacological targets of ketamine are diverse and
ubiquitous. One of the main pharmacological targets for ketamine is the excitatory
NMDA receptors. It is believed that ketamine mediates the anesthetic and analgesic
effects through the direct noncompetitive NMDA receptors antagonist. It stimulates
glutamate release in preclinical [31], and clinical studies [32]. The in vivo mag-
netic resonance spectroscopy clinical studies indicated that the metabolism of the
13-C-glutamate is elevated in cortical brain regions [33, 34].

Additionally, ketamine act—in lower affinity—molecularly at the inhibitory
receptor the y-aminobutyric acid (GABA) [35]. In fact, a previous report suggested
the deficit of both GABAergic and glutamatergic is a unified pathological feature of
MDD [36].

The AMPA receptor is another target for ketamine. Functional activation
of AMPA receptors is essential for recruiting multiple pathways in modulating
ketamine-induced antidepressant effects [37]. Preclinical evidence has found
that the activation of AMPA receptor is critical for mediating rapid and sustained
ketamine-induced antidepressant effects [38]. Ketamine was reported to elevate
the hippocampal expression of AMPA receptor subunits, the glutamate receptor
(GluA)1 and 2 subunits [39]. A previous study indicated that the AMPA-mediated
Ketamine-induced antidepressant effects involve the glycogen synthase kinase-3
[40]. Electrophysiological studies indicate that AMPA signaling is essential for
mediating the ketamine-induced antidepressant effects [38, 41]. A meta-analysis
study based on in vivo and ex vivo studies indicated that ketamine elevates the level
of dopamine in different brain regions relevant to the pathology of depression,
including the frontal cortex, striatum, and nucleus accumbens [42].

Another molecular target for ketamine is opioid signaling. Ketamine was
reported to be a weak agonist to opioid receptors isoforms, including the mu, delta,
and kappa. Studies indicated that the involvement of the opioid receptor is essential
for ketamine-induced antidepressant effects [14, 43].

Additionally, in a double-blind clinical study using suicidality-specific rating
scales, naltrexone—an opioid receptor antagonist—was found to weaken the anti-
suicidality effects of ketamine. Indicating that opioid receptor activation plays a
major role in the anti-suicidality effects of ketamine [43].

The dopaminergic, cholinergic, serotonergic, and opioid, receptors are implicated
in ketamine-induced antidepressant effects [44]. Furthermore, ketamine acts on
the hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. Moreover,
ketamine provides anti-inflammatory activities. It decreases the production of pro-
inflammatory cytokines including the nuclear factor kB, the tumor necrosis factor-a,
the interleukin 6 (IL-6), and the inducible nitric oxide synthase [3].
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Another molecular target for ketamine is the glucocorticoids pathway. The
administration of ketamine was found to stimulate the release of glucocorticoid
downstream component, the Serum glucocorticoid kinase 1 (SGK1). Indicating that
the pharmacological function of ketamine may recruit the glucocorticoid receptor
pathway [45]. Table 2 describes the primary molecular targets for ketamine-medi-
ated antidepressants effects.

The pathway Description of The mechanism of actions References
the action
NMDAR The disinhibition At subanesthetic doses, ketamine inhibits NMDARs [29, 46]
hypothesis on GABAergic interneurons
Leading to alteration in the disinhibition and the [47]
overall feedback and feed-forward mechanisms.
Another consequence, changing the postsynaptic [32,37]
AMPARSs activations.
Direct inhibition Ketamine directly prevents the extra-synaptic [37]
of extra-synaptic ~ GluN2B. Leading to precluding the glutamate-induced
NMDARs activation of glutamatergic receptors. Overall, this
would alter protein synthesis
Blocking On principal cells—at rest—ketamine directly inhibits ~ [32]
spontaneous NMDARs
NN'[DA'R Preventing the tonic activation leading to activationof ~ [46]
activation) other pathways such as eEF2 and BDNF signaling
AMPA receptor Theactivationof ~ ketamine-induced antidepressant effects are linked to [37]
AMPA receptor the functional activation of AMPA receptors
Preclinical evidence has found that AMPA receptor [38]
activation is critical for mediating rapid and sustained
ketamine-induced antidepressant effects
BDNF Theactivationof =~ Ketamine-induced behavioral antidepressant effects [48]
BDNF are mediated through BDNF release in hippocampal
primary neuronal cultures
Ketamine-induced cellular effects through BDNF [49]
release in rats.
In a clinical setting, the level of plasma BDNF in [50]
treatment-resistant depressed patients correlates with
the infused level of ketamine.
eEF2 The inhibition of ~ The ketamine glutamatergic-mediated mechanisms [32]
eEF2 reduce eEF2 kinase activation, leading to alterations in
synaptic plasticity
Monoamines Increases Ketamine prevents serotonin reuptake [29]
;nol;oammes Ketamine prevents dopamine reuptake [51]
evels
Ketamine prevents norepinephrine reuptake
Opioid system Opioid agonism Weak agonistic effects are mediated toward multiple [14]
isoforms of opioid receptors, including the mu, delta,
and kappa
Multiple studies indicated that activation of the [51]

opioid receptor is essential for ketamine-induced
antidepressant effects

NMDAR, N-methyl-D’aspartate receptor; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors; mTORCI, mechanistic target of rapamycin complex 1; eEF2, eukaryotic elongation factor 2; BDNF,
brain-derived neurotrophic factor.

Table 2.

The main molecular targets for ketamine-mediated antidepressants effects.
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3. Ketamine sexually dimorphic antidepressant effects

The prevalence of depression is almost twice as high among women as men
[46-48]. The clinical symptoms are also more prolonged and severe in women, with a
high rate of recurrence compared to men [49]. Additionally, exposure to psychosocial
stress is a significant risk factor for stress-related disorders, including depression. Most
importantly, the physiological responses to stress are sexually dimorphic [50-52].

One possible explanation for sexually dimorphic stress responses is the locus
coeruleus, a brain stem nucleus responsible for most of the noradrenergic system [53].
Triggering the locus coeruleus is a critical component of stress responses. A previous
report demonstrated that neuronal populations within the locus coeruleus are substan-
tially sensitive to the corticotropin-releasing factor in female rats compared to males
[54]. We previously reported considerable evidence indicating that sexual dimorphism
is a confounding factor facing a complete understanding of pathological mechanisms
involved in depression and in finding an effective treatment [55].

Multiple studies have reported that ketamine-induced antidepressant effects are
exerted in a sexually dimorphic manner. For instance, in a transgenic animal model,
the intraperitoneal injection of ketamine exhibited sexually dimorphic molecular
changes. It was found to elevate the mRNA level of Bdnf in females [56]. In another
example, ketamine exhibited neurobehavioral and neurochemical alterations ina
sex-dependent manner. A single sub-anesthetic ketamine dose was found to alter
the 5-hydroxyindoleacetic acid to the 5-hydroxytryptamine ratio in the prefrontal
cortex of female rats in 24 h post ketamine injection. While performing the forced-
swim test in a behavioral setting, female rats exhibited more sensitivity to lower
doses of ketamine than male rats [57]. Indicating the profound effects of hormones
over the ketamine-mediated antidepressant effects. In line with this, another report
found that ketamine-induced antidepressant effects were not observed in ovariec-
tomized rats. Additionally, these effects were functionally observable following the
administration of both estrogen and progesterone [58].

Interestingly, the sub-anesthetic ketamine dose was found to exhibit pharma-
cological dissociative effects in a sexually dimorphic manner. Whereas female rats
were more sensitive and developed more significant ataxia in comparison to male
rats. Besides, the magnitude of head weaving in female rats during their diestrus
phase was more significant compared to females in their other stages of the estrous
cycle [59]. Also, pharmacokinetics profiling of ketamine in rats indicated that both
ketamine and ketamine-metabolites were presented in higher plasma concentra-
tions in female rats than in males, suggesting the rate of hepatic clearance and
metabolism might be affected by female hormones [60].

The effect of ketamine on neuroplasticity markers was examined at the proteomic
level in the different brain regions following multiple ketamine bolus doses. Different
bolus doses were found to induce the protein expression of c-Fos in the amygdala
of female rats, not the male rats. Also, in the prefrontal cortex, this expression was
modulated by the estrous cycle [61]. The administration of ketamine in female mice
exposed to chronic unpredictable mild stress was reported to be mediated via the
extracellular-signal-regulated kinase and glucose transporter 3 (ERK/GLUT3) signal-
ing pathway [62].

The glucose transporter 3 (GLUT3) was found to be essential for modulating neu-
ronal circuitry and metabolic functions [63]. This isoform of glucose transporters is
predominantly expressed in neuronal populations [64]. Additionally, glut3 heterozy-
gous mice exhibited seizures, cognitive impairments, and altered sociability behaviors
in a sex-dependent manner [65].

On the other hand, ERK signaling is a crucial modulator of physiological roles
affected by gender. For instance, a previous report indicated that the ERK pathway
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regulates the hypothalamic-pituitary-gonadal axis, and the functional maturation of
the female reproduction system in pituitary-targeted ERK knockout mice is altered
[66]. In line with this, in a model of psychiatric disorders, the neonatal ventral
hippocampal lesion, a validated animal model of schizophrenia, the ERK signaling
was reported to function in a sex-dependent manner. In the report, the content, and
the phosphorylation level of different components of the ERK signaling was found
to be sexually dimorphic [67].

The whole gender-related variable psychological, neurobehavioral, and
molecular effects in clinical and preclinical studies are not a characteristic of
ketamine alone. Other antidepressants function in a sexual-dimorphism manner.
For example, males reported better outcomes than depressed females in response
to tricyclic antidepressants, classical antidepressant agents. On the other hand,
females exhibited better responses to selective serotonin reuptake inhibitors [68].
Indicating the significant role of gender and the hormonal system in the pathology
of depression.

4. Organizational and activational hormonal effects

Whether a depression model is environmental [55], pharmacological, or genetic,
organizational, and activational hormonal effects cannot be overlooked. The
organizational and activational hypothesis was introduced in the late 1950s [69].
This hypothesis suggests that sex hormones regulate the central nervous system’s
organization, development, and function. Organizational effects refer to the effect
of steroid hormones on the brain during early developmental stages. At the same
time, activational effects are lifelong hormonal effects [70].

A review conducted by Arnold [71] proposed a framework for the organizational
and activational hypothesis. In his report, this hypothesis’s fundamentals include
prenatal masculinization, where the prenatal exposure of female guinea pigs to tes-
tosterone alters their behavior later on. These females behaved like a male guinea pig.
These changes were permanent, which could be mediated by the hormonal effect
on neuronal development (the organizational effect), and that indicates the central
nervous system’s vulnerability during this critical period of development. Overall,
this framework supports the notion that steroid hormones’ cellular, molecular, and
behavioral effects vary [71]. Extensive reports reviewed this hypothesis [71-73].
However, steroidal hormones’ activational versus organizational effects have not yet
been clearly characterized [74].

5. Conclusions

Further investigation into sexual dimorphism in the neurobiology of depression is
quite essential. This knowledge could potentially improve the diagnosis and treatment
of depression and provide a basis for sex-based interventions. These interventions
could take into account the pharmacodynamic and pharmacokinetic differences
between men and women. It can further consider molecular targets for each gender.

This can be achieved if sex-oriented research on the mechanism of depression in
both sexes is conducted at clinical and pre-clinical levels. Despite their limitations,
animal models provide a wealth of knowledge on depression neurobiology. This
chapter aimed to review existing pre-clinical research on sex differences in the neu-
robiology of depression and, therefore, to highlight the unmet need to investigate
depression with respect to gender as a variable and, most importantly, encourage
researchers to establish disease-based studies.
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Ketamine Anesthesia in
Electroconvulsive Therapy

Maiko Satomoto

Abstract

Electroconvulsive therapy (ECT) is highly effective both Major Depressive
Disorder (MDD) and Bipolar Disorder (BD). Ketamine, an antagonist of the
N-Methyl-D-aspartate receptor, has been described to have antidepressant proper-
ties. There is a hypothesis that ECT performed with anesthesia using ketamine is
more effective than conventional ECT. Also, although ECT is the gold standard for
BD and MDD, there are questions about which is more effective, ketamine treat-
ment or ECT, and whether ketamine is more effective when used in combination
with ECT. In this chapter, we review the current literature on the effectiveness
of ECT and ketamine. Furthermore, we discuss whether ketamine can be an
alternative treatment to ECT for patients with TRD.

Keywords: ketamine, electroconvulsive therapy, depression, side effect, cognitive
impairment

1. Introduction

Major Depressive Disorder (MDD) and Bipolar Disorder (BD) are very popular
psychiatric disorders that affect 10-15% of people in their lifetime. If symptoms do
not improve during episodes of depression with at least two types of antidepres-
sants, this condition is referred to as Treatment-Resistant Depression (TRD), which
is observed in 12-20% of patients with depression [1]. The gold standard treatment
for TRD is Electroconvulsive Therapy (ECT) [2]. ECT is a safe and effective treat-
ment for TRD. Data shows that the efficacy rate is 79%, and the remission rate is
75% when ECT is used for patients with MDD [3]. Various oral treatments have
been introduced since the 1990s. Tricyclic and tetracyclic antidepressants had
emerged by the 1990s, and second-generation antidepressants such as selective
serotonin reuptake inhibitors (SSRI) and serotonin-noradrenaline reuptake inhibi-
tors (SNRI) were introduced at the end of the 1990s. Although the cause of depres-
sion is not clear, the monoamine hypothesis attributes depression to a decrease in
neurotransmitters such as serotonin and noradrenaline, which are monoamines,
and the action mechanism of the antidepressants is often explained based on the
monoamine hypothesis. SSRI and SNRI have fewer side effects, such as dry mouth
and dysuria, compared with tricyclic antidepressants, and internationally, they are
recognized as the standard treatment. However, the availability of many antidepres-
sants does not necessarily mean that the drug therapy for depression is adequate.
STAR*D [4], alarge-scale clinical trial investigating the efficacy of switching to the
next stage of treatment in patients with depression showing inadequate response to
antidepressant medication, found that about half of the total population responded
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to the initial SSRI treatment, with one-third achieving remission; the response and
remission rates decreased with each switch to a different treatment.

Remission has been pointed out to be related to social functioning and prog-
nosis, which is emphasized [5] as a therapeutic goal of depression treatment.
According to the results of STAR*D [4], the cumulative remission rate is approxi-
mately 67% when medication is switched thrice. This finding suggests that a certain
number of patients do not show an adequate response even after treatment with
multiple antidepressants, and the limited efficacy of standard treatments is a clini-
cal problem.

2. What is ECT?

Electroconvulsive therapy (ECT) is a treatment method in which generalized
seizure activity is induced in the brain through electrical stimulation, producing
neurobiological effects to improve clinical symptoms. The history of ECT can be
traced back to 1938 when Cerletti U and Bini L of Italy developed a method to
induce seizures by passing an electric current through the brain from the scalp on
the head, which was the beginning of ECT. Since then, ECT has spread rapidly.
Earlier in ECT, an electric current was passed without pretreatment, such as intra-
venous anesthesia, causing generalized tonic-clonic seizures, feeling of extreme
fear experienced by patients, and side effects such as bone fractures or dislocations
due to seizures were the problems posed by the treatment. For this reason, ECT
was developed, in the 1950s, to pass an electric current without causing seizures of
skeletal muscles by keeping patients on mechanical ventilation and administering
a combination of anesthetics and muscle relaxants under the supervision of an
anesthesiologist.

3. Indications for ECT

ECT is said to have no absolute contraindications. Relative contraindications
include (1) intracranial lesions, (2) increased intracranial pressure, (3) recent myo-
cardial infarction, (4) recent cerebral infarction, (5) unstable aneurysm or vascular
malformation, (6) pheochromocytoma, and (7) patients with poor physical condi-
tion (physical status of 4 or 5 as per the American Society of Anesthesiologists,

i.e., with severe threatening systemic disease or moribund). Although medical
history interview (allergies, asthma, and history of surgery), blood biochemical
tests, electrocardiogram, chest and abdominal X-rays, head CT, and electroen-
cephalogram are performed and recorded before ECT, an echocardiogram, head
MRI, and MRA should also be conducted. The cognitive function should also be
evaluated in advance, as postictal delirium and transient cognitive impairment may
occur, which are described later. ECT is indicated for psychiatric disorders such as
depression, schizophrenia, and mania, and has also been shown to be effective in
treating Parkinson’s disease, malignant syndromes, and chronic pain. The effective-
ness of ECT differs depending on the subtype of schizophrenia. At the same time,
the treatment is effective for catatonic and acute onset paranoia cases, and there is
little effect in hebephrenic and chronic cases. The primary use of ECT should be
considered in the following situations: (1) severe symptoms, such as the high risk
of suicide attempt or extreme agitation; (2) general deterioration of the patient’s
condition due to psychiatric symptoms, such as refusing food or catatonic condi-
tion; (3) high risk of other forms of treatment, such as in the case of elderly patients
or pregnant women; (4) history of ECT treatment with a favorable response; and
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(5) preference of the patient. The secondary use of ECT may be considered when
the patient is resistant to drug therapy or the patient’ tolerability to drug therapy
is poor. The indication for ECT is determined based on a combination of diagnosis,
symptom type, severity, treatment history, consideration of the expected risks and
benefits of ECT with other treatments, and patient’s preference.

4, Side effects of ECT

The most common side effects of ECT are postictal delirium and transient
cognitive impairment. However, the stimulation dose can be adjusted according to
the seizure threshold of each patient by using pulse wave therapy devices, which has
significantly reduced seizures compared with conventional treatments. Although
the parasympathetic nervous system is dominant immediately after an electric cur-
rent is passed during ECT, the sympathetic nervous system subsequently becomes
dominant. Therefore, bradycardia and sinus arrest may temporarily occur early on.
Thereafter, tachycardia and elevated blood pressure are observed, and ventricular
arrhythmias may also occur. Although tachycardia and elevated blood pressure are
transient, patients with a history of hypertension or ischemic heart disease should
be intravenously administered antihypertensive drugs. Even with using muscle
relaxants in ECT, the masseter muscle contracts when an electric current passes and
can damage the teeth and oral cavity. Although dentures are removed to prevent
this, and a bite block is used, dental treatment may be required before ECT if the
teeth shake significantly. Other side effects include headache, myalgia, nausea, and
prolonged convulsions. Manic episodes may also occur in bipolar depression.

5. Procedure of ECT

ECT is performed in the operating theater under respiratory and circulatory
management by an anesthesiologist. In addition to stimulation electrodes and
Electroencephalogram (EEG) electrodes (two channels on the left and right)
attached to the forehead, Electrocardiogram (ECG) electrodes and Electromyography
(EMG) electrodes (on the dorsum of one foot) are attached, the vital signs of the
patient are checked, and intravenous anesthesia is administered. When the patient
falls asleep, the blood flow to the lower leg with the EMG electrodes is restricted
by applying a pressure equal to or more than the systolic blood pressure using the
manchette of a sphygmomanometer and a muscle relaxant is administered intrave-
nously. After muscle relaxation is confirmed, a bite block is inserted in the patient’s
mouth. After passing an electric current, tonic-clonic seizures are observed only in
the lower leg with restricted blood flow. The bag-valve-mask ventilation is used when
the patient falls asleep until it is confirmed that the patient has resumed spontaneous
breathing. The vital signs are rechecked after the patient is fully awake and taken out
from the operating theater. Even after returning to the ward, a monitor is attached
to the patient for around 1 hour to check the vital signs. This procedure is performed
2-3 times a week, for a total of 8-12 times.

6. Drugs commonly used in ECT
Short-acting intravenous anesthetics are used. Propofol and thiopental are com-
monly used. The higher the dose of the anesthetic drug, the less likely that seizures

will occur; hence, the minimum dose of the intravenous anesthetic drug that puts
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the patient to sleep is administered. The muscle relaxant used is succinylcholine,
which is a depolarizing muscle relaxant. Although non-depolarizing muscle relax-
ants may also be used to reduce myalgia and increased intragastric pressure, their
long duration of action may lead to problems such as the need for a muscle relaxant
antagonist [6] after ECT and residual muscle relaxation. Anesthesiologists are also
aware that hyperventilation can lead to seizures.

7. Information on ketamine

Although ketamine is an old N-methyl-D-aspartate (NMDA) receptor antago-
nist, in recent years, the use of subanesthetic doses of ketamine as a therapeutic
agent has been reported to have antidepressant effects. Some reports indicate remis-
sion rates exceeding 80% with the use of low doses of ketamine [7-10]. There have
also been reports that the response to seizures was good when used as an adjunct
to ECT, so we did a comprehensive study of the reports. Ketamine may be used
independently or as an adjunct, in addition to propofol or thiopental.

We have cited reference Jankauskas et al., [11], which includes a summary up to
2017. Most studies show that when ketamine is used independently or in combina-
tion with non-barbiturates such as propofol at doses of 0.8 mg/kg or more during
ECT, there is a faster improvement in symptoms and a significant improvement
in depressive symptoms compared with the control group where ketamine is not
used [12-16]. Seizures during ECT are longer in the intravenous anesthesia group
with ketamine or ketamine alone than the intravenous anesthesia group without
ketamine [14, 17, 18]. Ketamine was observed to significantly improve cognitive
function in the original cases of cognitive decline [14]. Some results show a faster
recovery in the ketamine group even if there is no change in the outcome [14, 19].

On the other hand, even if ketamine prolongs the duration of seizures, according
to some reports, ketamine is not better than other anesthetics in reducing depres-
sive symptoms or improving cognition [16, 20-23]. The effect of ketamine on the
duration of seizures during ECT has been evaluated differently in each study, and
the ECT protocols vary from institution to institution making efficacy assessment
difficult [11]. The additional problem is that the assessment items (seizure duration,
early stage of rapport, or cognitive improvement) do not match.

Since propofol suppresses the disadvantages of ketamine such as agitation,
cardiotoxicity, nausea, and psychotomimetic effects, the combination of propofol
and ketamine is good as propofol suppresses the disadvantages of ketamine without
compromising its efficacy [13, 17]. Ketamine also reduces hypotension, a side effect
of propofol, another reason for considering the combination as good [17]. Many
reports indicate that the benefits of ketamine are not effective when used in combi-
nation with barbiturates due to the anti-seizure action of barbiturates and did not
show a reduction effect for depression [12, 16, 20, 24].

Safety concerns with ECT include high rates of hypertension, prolonged QTc
interval, transient arrhythmias, confusion or fear, and hallucinations that may occur
upon awakening from the anesthetic [12, 13, 17, 20, 25-27]. The incidence of halluci-
nations has a positive correlation with the increase in ketamine dose, especially in the
dose range of 0.8-2.0 mg/kg [13, 17, 20, 25-27]. Caution should be exercised when
using ketamine in patients with cardiovascular diseases, as the drug increases blood
pressure. Caution should also be exercised when using ketamine in patients with a
history of psychomimetic episodes, as there is a possibility of psychotogenesis.

Concomitant use of propofol may be considered to mitigate some of these
adverse effects [13]. However, the complexity and cost of the medication will
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increase. Most of the adverse effects such as agitation, cardiotoxicity, nausea, and
psychotomimetic effects are temporary [12, 16]. Therefore, an analysis of individual
risks and benefits needs to be considered.

8. Role of ketamine in ECT in recent years

Although studies of varying scales and assessment have continued, some studies
have found the addition of ketamine to ECT to be effective [28, 29], and some
have found the addition as not effective [30]. We will introduce one such study.

A multi-site randomized, placebo-controlled, double-blind trial, “Ketamine-ECT
study” was planned at the University of Newcastle in the United Kingdom to
investigate whether the adjunctive use of ketamine can attenuate the cognitive
impairment caused by ECT [31]. ECT continues to be the gold standard for severe
and treatment-resistant depression. However, a significant limitation contributing
to the declining use of ECT is its association with cognitive impairment, especially
in anterograde and retrograde memory and functional impairment.

On the other hand, preliminary data suggest that ketamine, used either as the
sole anesthetic drug or in addition to other anesthetics, may reduce or prevent
cognitive impairment after ECT. A hypothesis has been postulated that ketamine
protects from excess excitatory neurotransmitter stimulation during ECT through
glutamate receptor antagonism. The primary aim of the “ketamine-ECT study”
was to investigate whether the adjunctive use of ketamine can attenuate the cogni-
tive impairment caused by ECT. The secondary aim was to examine if ketamine
increases the speed of clinical improvement with ECT. The summary of the study
is that moderately to severely depressed patients who had been prescribed ECT
were randomly grouped on a 1:1 basis to receive either adjunctive ketamine or saline
in addition to standard anesthesia for ECT. A 0.5 mg/kg dose of ketamine was
administered as a bolus instead of continuous administration. The primary neu-
ropsychological outcome is anterograde verbal memory (Hopkins Verbal Learning
Test-Revised delayed recall task) after four ECT treatments. Secondary cognitive
outcomes include verbal fluency, autobiographical memory, visuospatial memory,
and digitization span. Efficacy was assessed using evaluation by observer and
report of subjects on the depressive symptoms by patients.

This randomized trial validated the hypothesis that low doses of ketamine
administered with a course of ECT treatment would improve outcomes in depres-
sion. We did not find significant evidence for cognitive and efficacy outcomes by
administering a dose of 0.5 mg/kg ketamine as an adjunct in patients treated with
ECT for depression.

However, the number of subjects was less than the number of patients recruited,
which implies that the small to medium benefits and medium to extensive harms of
ketamine cannot be ruled out. Therefore, it is not always possible to conclude based
on only these results. It is also debated that evaluation in this field is complicated,
especially the evaluation of cognitive function after ECT. For example, although
patients recover most of the cognitive decline after ECT within a few days to a few
weeks after the completion of treatment, it is challenging to accurately measure
the recovery of retrograde autobiographical memory, which is the primary concern
for patients. Although this paper has been discussed extensively, the study did
not indicate that ketamine improved the outcome of depression. However, since
treatment-resistant depression still exists and some papers have shown that ket-
amine is effective, we believe it is worth continuing research by evaluating various
subgroups or using an optimal psychological index to determine the efficacy.
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9. Future of ketamine in ECT

As introduced in Section 8, there are more than 130 papers on the adjunctive use
of ketamine with ECT; however, only a few are definitive. Although well-conceived
studies with sufficient resources are needed, they are not conducted, and the avail-
ability of funding is also not likely. Many papers have recognized the efficacy of
ketamine with small-scale studies. ECT is an effective treatment method in clinical
practice since patients showing resistance to treatment with only oral medication
are high at 33%. Memory impairment caused by ECT is a significant problem faced
by patients. The condition of patients with depression before ECT treatment varies
widely; hence, it is necessary to divide them into subgroups. If there is a possibility
that ECT can improve cognitive impairment, we consider that further studies are
needed to evaluate the effects of ketamine by dividing patients into more specific
subgroups.

10. Ketamine as an alternative to ECT

As described in Section 8, the decline in cognitive function after the ECT
procedure causes significant distress to patients [32]. Unfortunately, additional
ECT is sometimes required due to the frequent recurrence of TRD. The recur-
rence rate of TRD within 6 months of ECT is reported to be between 39% (with
continued medication) and 84% (without continued medication) [33]. If patients
become aware of their cognitive impairment even once, ECT treatment becomes
unbearably painful for them [33]. There is a pressing need to develop a treatment
with the same effectiveness as ECT but with fewer side effects and recurrences.
Ketamine, an NMDA receptor antagonist, has repeatedly shown an immediate and
strong antidepressant effect in patients with MDD [34, 35]. Ketamine demonstrates
a positive effect even in patients with severe TRD [36]. Whether ketamine can be
an alternative treatment to ECT for patients with TRD is discussed in this section.
There are six papers at present [37]. While randomized control trials [38-40] are
discussed in three papers, the other three cover open-label trials [41-43]. The
results suggest that ketamine therapy develops antidepressant effects more quickly
than ECT, but perhaps the effect is not sustained compared with ECT. Unlike ECT,
cognitive impairment was found to be less with ketamine therapy. The sample size
of the studies was limited, followed different treatment protocols, and long-term
follow-up was lacking in most trials. The occurrence of assignment bias is high
as the trials were not randomized, and performing ECT and ketamine therapy in
double-blind trials is difficult. The results of the current studies do not provide
convincing evidence to indicate that ketamine therapy is an equally effective
alternative to ECT for patients with TRD. If ketamine is used in high doses for
chronic cases because of its advantages over ECT during treatment at the initial
stage, it may cause memory impairment [44]. Long-term maintenance therapy
with ketamine may make patients prone to ketamine-related addiction. This risk
should be considered when comparing ketamine therapy to ECT. The reported
acute side effects of ketamine therapy are dizziness, headache, blurred vision, body
numbness, depersonalization, vertigo, double vision, and nausea. The reasons for
discontinuing ketamine were dissociative symptoms, hypertension, and unpleas-
ant experience. The impact of acute and chronic adverse events attributable to
ketamine therapy needs to be compared with the common side effects of ECT
treatment, such as cognitive impairment, myalgia, arthralgia, headache, and risks
associated with general anesthesia. Studies with larger sample sizes and longer
follow-up duration are needed.
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11. Conclusions

ECT is still the gold standard for severe and treatment-resistant depression
patients, but cognitive dysfunction after ECT is the problem. Although the antide-
pressant effect of ketamine has been attracting attention in recent years, it cannot
be said that ketamine is an effective treatment alternative to ECT at this stage. Many
studies have shown that adding small amounts of ketamine during ECT is effective
with small-scale studies. Although well-conceived studies with sufficient resources
are needed, they are not conducted.
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Ketamine for Anesthetic
Premedication in Children: Pearls,
Pitfalls and Review of Clinical
Utility

Shahla Haleem

Abstract

Ketamine, since its difficult introduction into clinical practice nearly half a
millennium ago, has now become widely utilized as an anesthetic agent, especially
in adults. Its efficacy in procedural anesthesia and pain management, along with
its safety, has been proven in several clinical studies. This book chapter reviews the
clinical utility of ketamine when used in young individuals. Premedication is an
essential component of anesthetic protocol for parents and children to overcome
emotional or psychological distress. Preoperative anxiety, being associated with
greater pain during postoperative recovery in children, calls for the effective use
of premedicants. This chapter describes how the cognizance of perioperative pain
and the use of ketamine in children has become especially popular over the past
few decades. It also discusses how intramuscular ketamine as a premedicant in
subanaesthetic doses has a special role in the management of highly uncoopera-
tive children. As a potent analgesic, ketamine has a complex mechanism of action,
producing a state of sedation, immobility, analgesia, amnesia, and dissociation
from the environment. Some institutions are using ketamine in infants over
7 months and toddlers as part of premedication protocols for preoperative sedation,
prevention of response to separation and intravenous access, and postoperative
pain control in infants. This chapter also discusses the pearls and pitfalls in using
ketamine in these challenging populations.

Keywords: ketamine, procedural sedation, analgesia, dissociative anesthesia,
preanesthetic drug, premedication

1. Introduction

Ketamine, since its difficult introduction into clinical practice nearly half a
millennium ago, has now become widely utilized as an anesthetic agent, especially
in adults. Its efficacy in procedural anesthesia and pain management, along with
its safety, has been proven in several clinical studies. This book chapter reviews the
clinical utility of ketamine when used in young individuals as a premedicant.

Surgical interventions are not merely physically stressful but are an emotionally
distressful process for both children and their parents. In a scheduled surgical oper-
ation, the preoperative period is a traumatic and challenging experience for younger
patients; which is often taken casually. This usually leads to preoperative anxiety,
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postoperative distress, prolonged child illness, and hospitalization. Excessive pre-
operative anxiety has been reported to result in more pain, negative postoperative
outcomes as fear of anesthesia, and long-term behavioral problems [1].
Approximately 70% of the children exhibit significant stress and anxiety before
surgery [2]. Preanesthetic medications are highly required in pediatric surgical
patients for the management of preoperative anxiety, to help in iv cannulation,
mask acceptance, and prevent long-term psychological/behavioral disturbances.
Approximately 84-100% of anesthesiologists now use the premedicants [3].
As part of the anesthetic technique, these premedicant drugs are given before the
administration of an anesthetic agent, to make anesthesia safer and more agreeable
to the patient. To alleviate anxiety and fear of surgery and anesthesia a premedicant
is usually required before anesthesia.

2. Criteria for selection of premedication

Various factors have to be considered while selecting the premedication. The
premedicant must be able:

1. To provide sedation and hypnosis have an amnesiac effect
2.To allay anxiety and apprehension

3.Have an anticholinergic effect

4.Have anti-emetic effect

5.Have an additive or synergistic effect on induction, for instance, ensuring a
smoother and more rapid induction of anesthesia

6.To inhibit the parasympathetic nervous system

7.Reducing the dosage of anesthetic agents

8. Counteract certain adverse effects of the anesthetic drug

9.To relieve pain
2.1 Choice of premedicant

It is found that if preoperative apprehension of the child is not relieved, leads to
psychic trauma, struggling, prolonged stormy induction, sometimes hypoxemia, or
even anoxia owing to inadequate induction and relaxation finally airway obstruc-
tion, thereby anesthetic risk is increased or multiply. It is an unforgettable situation
for children and even adults and permanent psychological trauma. The choice of
premedicant is usually individualized, chosen for a particular patient and technique

of anesthesia. They should relieve anxiety and central nervous system (CNS)
depressants are necessary for psychic sedation.

3. Commonly used premedicant and their comparison with ketamine

They are fentanyl, midazolam, promethazine pheniramine maleate and dex-
medetomidine have their own merits and demerits. Narcotics and benzodiazepines
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may produce respiratory depression and require close monitoring. Barbiturate,

a hypnotic, is also used as a premedicant when basal narcotic doses are required.
Such doses produce unconsciousness with respiratory and circulatory depression.
Antisecretory agents, the anticholinergics are commonly used with premedicant
drugs in children, considered mandatory in new-born and infants due to the fol-
lowing reasons: they suppress secretions or dry up secretion, prevent bradycardia,
prevent laryngospasm (may produce due to excessive secretion), produce broncho-
dilatation and have an antiemetic effect. The most common method of administra-
tion of anticholinergic drugs in the past was the intramuscular route now they are
used intravenously [4].

3.1 Comparison with phenothiazines

In comparison to ketamine the phenothiazine derivatives as chlorpromazine
(the prototype), prochlorperazine, trimeprazine, and promethazine (phenergan),
enhance the effects of other central nervous system depressants. They are neurolep-
tics and dopamine antagonists having antihistaminic, antiadrenergic, anticholiner-
gic, and antiemetic activity.

Contrary to ketamine phenothiazines are sympatholytic and ganglioplegic, can
cause hypotension due to alpha-1-adrenergic blockade and peripheral vasodilation;
contraindicated in shock, hypotensive, or anemic patients. Phenothiazines possess
antiarrhythmic properties, and promethazine of this group has the least side effects
and is often recommended. In the past, trimeprazine and promethazine were the
most commonly used premedicant in children. Furthermore, they lack any general-
ized hypnotic effect and do not produce analgesia, instead are ant analgesia. A large
dose can depress ventilation, when combined with opioids and hypnotics, due to
additive effects, thus respiratory depression may occur.

Contrarily, ketamine is sympathomimetic, a potent analgesic, and has anti-
inflammatory, antidepressant, and antiemetic effects through its action centrally on
the chemoreceptor trigger zone as well on the vomiting center of the CNS.

Metabolism of phenothiazine is by biotransformation in the liver with gluc-
uronic acid. If overdosed, metabolites are excreted in the urine for several days, as
no specific antagonist is available. Phenothiazines can be given, orally, subcutane-
ously, intramuscularly, or intravenously.

3.2 Comparison with benzodiazepines

The sedative-hypnotic drugs are usually essential premedicants in children, as
a struggling child is often challenging to provide anesthesia to. A drowsy or sleepy
child makes the process easier. The benzodiazepines are the most common premedi-
cant in this group used in infants and children apart from adult patients because of
their good anxiolytic properties coupled with fewer side effects. It was used approx-
imately in 83% population to get smooth induction of anesthesia along with seda-
tion and amnesia. In the past, temazepam or diazepam have been used in children
when using ether-based or chloroform-based anesthetic protocols. Temazepam
is most frequently used due to its short half-life as compared to diazepam [4].
Midazolam is a benzodiazepine believed to be a good choice for premedication due
to its anxiolytic, sedative, anticonvulsant, antiemetic, rapid onset, and relatively
short duration of action [5], but several studies have shown that satisfactory results
are seen only in 60-80% of cases [6].

However, these drugs are less frequently used by some anesthetists probably due
to concern of delayed recovery from anesthesia and respiratory depression follow-
ing intravenous injection, which requires close monitoring.
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The antagonist agent to benzodiazepines is flumazenil which is not frequently
used in most parts of the world due to the high cost involved. Flumazenil injection
is indicated for a complete or partial reversal of the sedative effects of benzodi-
azepines in conscious sedation and general anesthesia in both adult and pediatric
populations.

3.3 Comparison with alpha 2 adrenergic agonists

In uncooperative children, clonidine or dexmedetomidine can also be used as
a premedicant due to its anxiolytic property. They can reduce the need for rescue
analgesics, reduce emergence agitation, postoperative nausea and vomiting, and
postoperative shivering [7]. Dexmedetomidine being highly selective having sym-
patholytic properties provides sedation, analgesia, and anxiolysis without causing
respiratory depression. It can be used as an adjunct for premedication, especially
for those patients who are susceptible to preoperative stress [8].

Thus, children treated with dexmedetomidine are more adequately sedated at
the time of arrival in the PACU and a less volatile anesthetic is required to achieve
hemodynamic endpoints. This allows rapid recovery from anesthesia with greater
overall cardiovascular stability and fewer episodes of tachycardia in the periopera-
tive period [8].

4. Use of ketamine as a premedicant

Ketamine as a premedicant in children is not a very popular practice. It is a non-
barbiturate anesthetic, meeting most of the criteria of ideal premedicant produces
balanced sedation with intact airway reflexes, immobility, analgesia, amnesia, and
dissociation from the environment. The incidence of agitation, anxiety at parental
separation, and reaction to insertion of the intravenous catheter were very low
while adverse side effects were seen rarely. There is less respiratory depression
and no myocardial depression. The cardiovascular changes including changes in
blood pressure (BP) or heart rate (HR) are significant when used alone. However,
its effects on intracranial pressure and intraocular pressure have been concerning
overtime.

5. Routes of administration of ketamine

The use of ketamine as a premedicant in children has not been a very popular
practice historically. However, its oral preparations have been reported to be used
by some authors in the past [5, 9-11].

Ketamine is rapidly absorbed after intravenous, intramuscular, or intranasal
administrations. It was found that when it is given through the intranasal or intra-
venous routes, pharmacokinetic parameters were similar [12]. In general, drug
absorption is mainly determined by its physicochemical properties. Ketamine’s
formulation as the ketamine is highly lipid-soluble which is five times higher than
thiopentone. It has an extensive distribution in the body and has low binding to
plasma proteins, being approximately 10-30% [13, 14].

Bioavailability of ketamine depends largely on the route of administration
as 20% oral; 93-90% intravenous or intramuscular; 25% rectal; 50% intranasal
[15, 16].

196



Ketamine for Anesthetic Premedication in Children: Pearls, Pitfalls and Review of Clinical Utility
DOI: http://dx.doi.org/10.5772/intechopen.101354

After the intravenous route of administration, action is achieved within 1 min
as it reaches the receptors very quickly with a transfer half-life of less than 1 min.
On i.m. administration, the plasma peak concentration attained within 5 min. It is
found that on intramuscular injection, the absorption occurs very fast in children as
compared to adults. Children’s muscles are not well developed as compared to adults
and the regional flow is different.

Ketamine has a lipid-soluble structure, which diffuses more rapidly than non-
lipid soluble drugs across cell membranes. On oral administration, it diffuses across
a cell membrane from a region of high concentration such as gastrointestinal fluids
to low concentration as blood. Apart from the flow following diffusion gradient and
lipid solubility, it also depends on size, degree of ionization, and absorptive surface
area. After oral administration, most of the ketamine is destroyed in the acidic
media of the gastrointestinal tract, degraded by its secretions and enzymes. Despite
the large surface area of the stomach, not much of the drug is absorbed from the
stomach due to the thick mucus layer. Furthermore, owing to its parasympatholytic
effect it has a short transit time hence gets less time for absorption. Thus, a large
part of the drug gets destroyed on oral administration as compared to intramuscular
or intravenous [3].

The intrarectal ketamine bioavailability is 25% while intranasal has 50%. It is
found that nor ketamine plasma concentration achieved higher as compared to
ketamine on identical dose [3].

5.1 Common clinical practice regarding the route of administration

Despite faster absorption by intravenous and intramuscular routes, it was most
commonly used by the oral route in the past. Oral transmucosal ketamine (OTK) in
the form of a lollipop was also used in the past.

In our hospital, we use ketamine as premedication either intravenous or intra-
muscular route.

Figure 1 summarizes the decision-making behind choosing between the two
routes of ketamine.

The effectiveness of ketamine as premedication may be assessed based on
Epstein et al. [17] scoring system, i.e. the Five Points-Sedation Score.

1. Asleep,

2. Not readily arousable,

3. Asleep, but arousable,

4. Calm but awake,

5.Restless, agitated

With ketamine, we should be getting a score of either 1 or 2 indicating the
adequacy of sedation.

Regarding the score for acceptance of separation from parents (scoring = 1. easy,
2. slightly resistant, 3. markedly resistant) we get the score of 1 usually, represent-
ing competence of ketamine as premedication.

For mask acceptance (1. easy, 2. slightly resistant, 3. markedly resistant) again, the
score with ketamine is usually 1, signifying the capability of ketamine as premedication.
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Ketamine IV Ketamine IM

Dose 1-2 mg/kg slow IV 4-5 mg/kg IM
push.

Onset 1-5 min 4-5 min

Duration Approx. 20min Approx. 25 min

Benefits 1. Provides Same as IV
Analgesia,
Sedation and
Amnesia
2. Predictable onset
and offset.
3. Does not decrease
respiratory drive.

Side- Emesis Similar IV but
effects Laryngospasm higher rate of
Emergence reaction  emesis

Recovery Approx. 60 min Approx. 90-120
min

Figure 1.

Comparison of intravenous and intramuscular dosing of ketamine. Figure adapted from Emergency Medicine
Cases website. Available from: https://emergencymedicinecases.com/pediatric-procedural-sedation/, Creative
Commons License.

6. Standard protocol for ketamine as premedicant

Prerequisite for ketamine premedication includes the readily available all resus-
citation equipment, emergency drugs anesthesia machine, or Ambu resuscitator for
positive pressure ventilation and continuous oxygen source.

Preanesthetic evaluation to be done before ketamine administration. Children
under 3 months of age are an absolute contraindication and age between 3 and
6 months is a relative contraindication to ketamine-based anesthesia. Pulmonary
as current upper respiratory infection or neurologic disease as psychosis were not
considered fit for ketamine premedication. Children with cardiovascular diseases
where increased heart rate and cardiac workload is present as hypertension,
ischaemic heart disease, cardiac failure are also cases where ketamine is contrain-
dicated. Thyroid disease, and acute globe injury or glaucoma are considered as a
contraindication to ketamine anesthesia.

The procedure should be explained to the parents including sedation and even
about rare unpleasant emergence phenomena. Informed consent must be obtained
before the use of ketamine premedication. Baseline vitals to be checked including
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BP, HR, RR, and O, saturation. If the administration is planned apart from an oral
route, then topical anesthetic cream should be applied approximately 45-60 min
before the start of the intravenous line.

Anticholinergics as glycopyrrolate or atropine are necessary with ketamine pre-
medication to prevent the excessive salivation associated with ketamine use, which
may lead to blockage of the endotracheal tube due to drooling of saliva. However,
in oral or intramuscular ketamine premedication, anticholinergic is usually given
after sedation, following the start of the intravenous line. Intravenous ketamine
premedication is started with anticholinergic as glycopyrrolate/atropine depending
upon pediatric age, infants, or grown-up child. Benzodiazepines such as midazolam
are usually given simultaneously in a low dose with ketamine via iv. or i.m. route to
prevent its psychomimetic effects like agitation, hypertension, hyperthermia, and
seizures [18].

Anesthetic adjunctive agent as ondansetron may be considered before the start
of ketamine sedation, in children over 8 years of age [19].

Standard monitoring includes pulse oximetry, non-invasive blood pressure,
heart rate and respiratory rates (RR) along with close observation of the airway and
chest movements are required. The intravenous line usually sets in after achieving
sedation and analgesia.

The oral ketamine dose is 4-6 mg/kg, usually, 5 mg/kg is adequate. Intravenous
dose is 1-2 mg/kg, usually, 1.5 mg/kg, given slowly (over 1-2 min) as rapid adminis-
tration may lead to respiratory depression, clinical onset is 1-2 min. The intramus-
cular dose is 2-4 mg/kg, clinical onset 3-4 min, effective sedation is achieved within
5 min. Intranasal is 3-5 mg/kg onset 10-15 min and buccal/transmucosal is 5-6 mg/
kg onset is also 10-15 min. Per-rectal ketamine usually 5-10 mg/kg is given. 10 mg/
kg may lead to delayed emergence from anesthesia [20].

In our institution, we prefer the intramuscular route for ketamine premedica-
tion in an uncooperative or frightened child or when it is difficult to put IV line or
where no intravenous access has been secured before the transfer of the child to the
preoperative preparation room. If there is already an IV line then it is a reasonable
approach to administer ketamine intravenously. However, rapid injection through
the intravenous route has also been associated with respiratory depression [21].

7. Side effects of ketamine premedication

Ketamine does have side effects. Most commonly these are seen as vocaliza-
tion, random purposeless movements, muscle twitching, and hypersalivation, and
transient tachycardia and/or hypertension.

Hypersalivation needs essential anticholinergic in premedication and may require
oral suctioning. Excessive salivation and bronchial secretions may sometimes lead
to occasional laryngospasm (incidence of 0.3%) which needed immediate positive
pressure ventilation, or rapid sequence intubation (RSI) [22]. Respiratory depres-
sion (0.4%) or even transient apnoea may occur, assisted mask ventilation may be
needed. Vomiting is common in older children usually over 8 years of age. In short
surgical procedures where oral ketamine is used as premedicant unpleasant emer-
gence, phenomena may be seen beyond mid-adolescence, which resolve after some
time in a calm and quiet environment with minimal or no stimulation.

Generally, the side effects are related to doses, larger doses take less onset time
but longer time for metabolism and excretion, finally more chances of residual
effects as hallucination, emergence, and vomiting. Orally administered ketamine of
6 mg/kg have an onset of action to produce sedation 10 min as compared to 3 mg/kg
takes 20 min [23, 24].
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8. Use of co-medication with ketamine

The combination of ketamine with other drugs has also been used in several
studies, with the co-medication helping to overcome the side effects and increases
bioavailability by affecting the drug disposition and its pharmacokinetics [12].

8.1 Combination of ketamine with midazolam

It is reported that when a combination of ketamine and midazolam administered
orally produces 90% successful anxiolysis as compared to <75% when either drug
is given alone. This oral mixture produces a better quality of sedation and amnesia
and requires less IV propofol as compared to intramuscular meperidine, prometha-
zine, and chlorpromazine for pediatric cardiac catheterization [25].

8.2 Combination of ketamine with dexmedetomidine

The combination of dexmedetomidine with ketamine reduces its cardiovascular
effects and slower the elimination, as dexmedetomidine is a strong inhibitor of the
N-demethylation of ketamine to norketamine.

9. Conclusions

As a potent analgesic, ketamine has a complex mechanism of action, producing a
state of sedation, immobility, analgesia, amnesia, and dissociation from the envi-
ronment. Ketamine as a premedicant especially in subanaesthetic doses and in com-
bination with midazolam produces prompt sedation. Some institutions are using
ketamine in infants over 7 months and toddlers as part of premedication protocols
for preoperative sedation, prevention of response to separation and intravenous
access, and postoperative pain control in infants. This helps in smooth separation
from parents and the child accepts the face mask easily, is immobile, is dissoci-
ated from the environment. There is little incidence of emergence phenomenon
on recovery. The patient is somewhat sedated without any respiratory depression
or suppression of protective reflexes or any other untoward side effects with good
postoperative analgesia. Intramuscular ketamine as a premedicant in subanaesthetic
doses has a special role in the management of uncooperative children.
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Chapter 14

Uses of Ketamine in the Paediatric
Population

Bhagyalakshmi Ramesh

Abstract

General anesthesia in pediatric patients can vary from light sedation to complete
anesthesia with unconsciousness, amnesia and muscle relaxation. A wide variety
of procedures are done under general anesthesia in children ranging from surgeries
done for correction of congenital defects, cardiac surgeries, scoliosis surgery, hernia
surgery etc. to procedures done outside the operating room (OR) for diagnostic and
therapeutic purposes. Non-Operating room Anesthesia (NORA) may include pain-
less procedures like CT scan, MRI, radiotherapy for cancer treatment etc. or painful
procedures like biopsy, lumbar puncture, securing IV access, insertion of central
line etc. done in ICU which requires a cooperative child. Ketamine has an important
role in the pediatric population, both as an induction agent and as a sedative-
analgesic drug especially in countries where newer drugs are not readily avail-
able. Ketamine helps to alleviate separation anxiety. Even procedures done under
regional techniques in some older children require use of sedation. Ketamine can
be administered through various routes-IV, IM, intranasal etc. It can be used along
with other groups of drugs like Benzodiazepines, Barbiturates, Alpha 2 agonists,
Propofol etc. Thus Ketamine is a versatile drug with various indications for use in
the pediatric population which will be discussed in the current chapter.

Keywords: conscious sedation, ketamine, intranasal, propofol, paediatric

1. Introduction

Ketamine was first synthesised in 1962 and put into clinical practice in 1970.
It has a chiral structure and consists of two optical isomers S (+) and R (—) forms.
Ketamine is commonly used for anaesthesia in the paediatric population. A recent
survey identified standard induction agents used in children varied from Etomidate
in 26.9% (7/26), propofol in 19.2% (5/26), a combination of benzodiazepines and
ketamine in 19.2% (5/26), and barbiturates in 11.5% (3/26) [1]. The use of anaesthesia
in paediatric age group outside the OR includes dental offices, endoscopy suites,
cardiac catheterization laboratory, radiology facilities, radiation oncology depart-
ments, paediatric intensive care units (PICUs), and emergency departments. Patients
aged less than 3 years routinely require anaesthesia prior to any procedure. By 7 years
of age however most children can tolerate non-painful exams and treatments without
anaesthesia support [2, 3]. In the OR Ketamine may be used for sedating the child
prior to inducing GA in order to decrease anxiety due to parental separation. However
the psychological side effects of Ketamine as well as availability of other agents
made Ketamine less popular as an induction agent. Induction technique preferred in
children is usually inhalational route especially with the availability of Sevoflurane.
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2. Ketamine for conscious sedation

The American Society of Anaesthesiology (ASA) defines four levels of seda-
tion (Table 1): minimal (anxiolysis), moderate (conscious), deep (purposeful
response to vigorous stimulation), and general anaesthesia (unresponsive).

A variety of pharmacologic agents are available to sedate and anaesthetise
patients. Conscious sedation can be defined as, “A controlled state of depressed
consciousness that allows the protective reflexes to be maintained, retaining
the patient’s ability to maintain a patent airway independently and continu-
ously and allows appropriate response by the patient to physical stimulation

or verbal command.” A patient can progress from one level to another during
sedation given in various doses. Hence continuous monitoring and vigilance is
of utmost importance. The drugs used must be titrated to achieve the desired
effect, prevent overdose and sudden loss of consciousness. Prior to even short
procedures requiring sedation, the child must be evaluated thoroughly —check
for any comorbidities like seizure history, previous surgeries, allergic reactions,
birth history, developmental milestones attained etc. Airway should be exam-
ined to anticipate any difficult airway-enlarged tonsils, congenital defects etc.
The blood investigations necessary should be ordered as per need just like prior
to a child for major surgical procedure. Adequate fasting guidelines should be
explained and ensured. An understanding of the pharmacodynamics and phar-
macokinetic effects of sedating drugs which are going to be used is essential.
Appropriate sized airway equipment, venous access, appropriate intraoperative
monitoring equipment, properly equipped staff in recovery area and proper
discharge criteria should also be checked. Sedation drugs can be administered
through various routes—oral, nasal, intramuscular, intravenous (IV), subcuta-
neous, and inhalational routes.

For conscious sedation drugs are used in sub anaesthetic doses and titrated to
obtain adequate effect. Various drugs have been used for conscious sedation in pae-
diatric age group which includes Ketamine. The doses of drugs used for Conscious
sedation is given in Table 2.

Mild Moderate Deep General anaesthesia
sedation
Response to Normal Only responds Response No response even to
verbal stimulus purposefully seen only painful stimulus
on repeated
painful
stimulation
Airway Not affected Usually able May not Airway adjuncts
to maintain be able to like supraglottic
airway without maintain airway device
intervention airway or endotracheal
reflexes intubation required
Spontaneous Maintains Adequate May be Frequently
Ventilation spontaneous inadequate inadequate
respiration
Cardiovascular No Usually normal Usually Cardiovascular
Function cardiovascular normal depression may occur
depression

Table 1.
ASA levels of sedation.
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Drug Route of administration
Midazolam IV/Intranasal
Ketamine IV/IM/rectal/oral/intranasal
Dexmedetomidine v
Propofol v
Ketofol v
Opioids (Fentanyl/Remifentanyl) v
Table 2.

Drugs used for conscious sedation.

3. Clinical effects of ketamine

Ketamine is a phencyclidine derivative which acts as an N-methyl-D-aspartate
(NMDA) receptor antagonist at the dorsal horn of the spinal cord [2, 4]. It
induces dissociative amnesia and analgesia [5]. Ketamine has the advantage of
various routes of administration available for use. Administration routes include
intravenous (1-2 mg/kg), intramuscular (2-10 mg/kg), oral (3—-6 mg/kg), intra-
nasal (2-4 mg/kg), and rectal (5-10 mg/kg) (Refer Table 3) [6]. Ketamine has
many advantages over other drugs especially due to its relative cardiovascular
steadiness and restricted effect on the respiratory mechanics. Recovery occurs
within 30-120 min, and this allows the patient to be discharged on the same
day as the procedure. It has a dose dependent cardiovascular stimulant effect. In
children with congenital heart disease, it causes only minor increases in heart rate
and mean pulmonary artery pressure during cardiac catheterization procedures
[1]. It has various effects on the other systems in the body some of which are listed
in Table 4.

Route Dose

v 1-2 mg/kg

IM 2-10 mg/kg

Oral 3-6 mg/kg

Intranasal 2-4 mg/kg

Sedation 0.2-0.75 mg/kg IV or 2-4 mg/kg IM
Table 3.

Dosages of ketamine.

Organ system Effect

Cardiovascular Increases heart rate, blood pressure, cardiac output

Respiratory Increases the oral secretions, bronchodilator, maintains the airway reflexes
Neurologic Dissociative anaesthesia

Increase in intracranial pressure, excitatory effects on thalamus and limbic systems,
increase in intraocular pressure, increase in cerebral metabolism, increase in cerebral
oxygen consumption

Emergence delirium

Table 4.
Effects of ketamine on various systems.
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Adverse reactions associated with ketamine include dreams, hallucinations,
delirium, agitation, vomiting, increased salivation, and laryngospasm [7]. It causes
increase in intraocular and intracranial pressures after its administration. Hence it
is not used in patients with glaucoma, open globe injuries, or elevated intracranial
pressure [5]. Clinically, ketamine is frequently used to facilitate short, painful
procedures in the emergency department [4, 8]. Sedation can be achieved with
minimal respiratory depression. However when higher doses are used, one can
easily induce general anaesthesia [5].

Ketamine causes hyper salivation and thus needs to be administered with an
antisialagogue like Atropine or glycopyrrolate. To prevent hallucinations and
delirium it is often combined with short acting benzodiazepines like midazolam.

4, Ketofol

The combination of ketamine and propofol, known as ketofol is also a popular
drug used for procedural sedation. The two drugs when combined act synergisti-
cally and thus helps to decrease the dose of each drug independently. The side
effects of ketamine which includes vomiting, laryngospasm, and emergence
delirium, can be decreased by adding propofol. In the same way using ketamine
along with propofol decreases the risk of propofol-induced respiratory depression
and hypotension. The combination also provides for analgesia [9]. There is no
standard combination mentioned but usually Ketamine and Propofol are mixed
ina1:1 ratio (mg) [10]. According to a prospective randomised controlled study
involving paediatric patients undergoing cardiac catheterization, using a propofol:
ketamine combination in the ratio of 10:2 (mg) preserved mean arterial pressure
without affecting recovery time [11]. Studies which have compared ketofol with
propofol have shown that ketofol produces consistent depth of sedation. Patient
satisfaction scores were also found to be similar. Propofol causes pain on injection
but the combination of propofol with Ketamine reduces pain on injection. The
risk of airway and respiratory complications were similar in both groups [12-15].
Ketofol decreases the requirements of both opioids and propofol. Ketofol is thus an
acceptable choice for short procedures in the emergency department or critical care
setting [10]. The efficacy, safety, pharmacokinetics, and pharmacodynamics require
further evaluation with additional prospective trials in the paediatric population.

With currently available IV anaesthetic agents such as Propofol, barbiturates,
opioids etc. which are used frequently in combination with Ketamine for proce-
dures done outside the OR, the complication rates has declined from 23% [16] seen
in the 1980s to 1-2%. This is somewhat similar to the complication rates in the ORs
[17-19]. A current study by Owusu-Agyemang et al. [3] showed that use of propofol
either alone or in combination with Dexmedetomidine and Fentanyl lowered com-
plication rates to 0.05%.Some newer drugs like Fospropofol have been approved
by FDA for sedation purposes. Some drugs like Remimazolam and other Etomidate
derivatives are still in clinical trial stages. Some centres have seen the resurgence of
inhalational anaesthetic nitrous oxide.

5. Ketamine use in cancer pain management
Cancer pain management, especially in terminal stages, can be challenging.
Cancer pain is mediated through various pathways, including visceral, nociceptive,

neuropathic and central. Currently used agents have limited role in addressing each
component and have significant adverse events. The safety profile of Ketamine
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has been evaluated in a number of trials. The WHO ladder for pain management
includes acetaminophen, non-steroidal anti-inflammatory drugs, weak opioids
like tramadol and the strong opioids like morphine for cancer pain management. In
addition to this, topical local anaesthetics like lignocaine can also be used. However
US FDA approval for many of these medications is lacking for use in the paediatric
age group.

Safety and efficacy as an anaesthetic and analgesic has been well documented;
however, ketamine has not yet been approved as an analgesic agent by the US FDA.
This may prevent its free use by many for cancer pain management [20-23]. When
Ketamine is used in doses <1 mg/kg it has minimal depressant effects on cardiovas-
cular and respiratory systems as it produces only minimal sedation (Refer Table 1)
[20, 24]. However it produces analgesia and modulate central sensitization, hyper-
algesia, and opioid tolerance. Hence the National Comprehensive Cancer Network
guidelines has recommended considering oral or intravenous (IV) ketamine for
pain not responding to other analgesics [20, 25]. Ketamine has been used through
various routes of administration-IV, IM, oral, sublingual Intranasal rectal and even
epidural in patients with malignancy. The bioavailability of intranasal Ketamine
was found to be 45-50% [26, 27].

A review of five studies of ketamine for cancer pain in children showed that
patients treated with oral and IV ketamine had only few adverse events reported.
However, these studies were all retrospective. Participants’ cancer diagnoses include
acute myelogenous leukaemia, myelodysplastic syndrome, osteosarcoma, metastatic
giant malignant mesenchymal tumour, glioblastoma multiforme, neuroblastoma,
Ewing sarcoma, spindle cell sarcoma, synovial cell sarcoma, and Wilm’s tumour [28].
There are several very small case series or individual case reports of children being
treated with ketamine for pain with promising results. For example, at Melbourne, a
protocol for IV ketamine administration is being used to treat children who have been
unresponsive to two doses of morphine. Additional dose of ketamine (0.1 mg/kg)
given as a bolus has helped to achieve effective pain control. These doses have not been
associated with hallucinations or dysphoria. However, this report does not enumerate
percentages of patients with adequate pain control after treatment with ketamine
[29]. A prospective phase I trial of oral ketamine in the dose of 0.25-1 mg/kg given in
divided doses in children with chronic noncancer pain has been undertaken [30].

Children with severe cancer pain have been treated with ketamine in doses of
3 mg/kg/day given orally [31] and 0.1-1 mg/kg/h given intravenously. In a retro-
spective review, 8 of the 11 (73%) children and adolescents had decreased need
for opioids and improved pain control [32]. The results of these reports suggest
that pain control may be achieved with the use of ketamine in children with cancer
pain. These doses were well tolerated by the children between 3 and 17 years of age
with cancer pain without nausea, sedation, hallucination, respiratory distress, or
psychotomimetic effects.

6. Side effects of ketamine

The common side effects of ketamine include nausea, vomiting, occurrence of
bizarre dreams, hallucinations, emergence agitation, seizures. It causes tachycardia
and hypertension and thus is contraindicated in patients with cardio vascular ill-
nesses. It also increases in intra ocular pressure and is thus contraindicated in open
eye injuries.

Some studies have shown lorazepam given along with Ketamine to decrease the
psychotomimetic side effects of ketamine [32]. Ketamine administered through the
epidural route in children has shown to produce fewer side effects due to Ketamine.
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This also decreased the opioid consumption during the procedure [33]. The neuro-
toxicity caused due to Ketamine appears to be less in children than in adults. There
are a few case reports of laryngospasm caused when Ketamine is given intramuscu-
larly or in higher doses [33, 34]. One case report of a ketamine infusion for a child
reports mycolonic movements in the child [35]. The report is unclear as to whether
this was related to ketamine or the child’s spinal cord tumour. There have been occa-
sional incidences of reversible cystitis with chronic exposure to ketamine [36, 37].

The incidence of respiratory complications has been found to be higher with
the use of intramuscular administration of Ketamine as compared to intravenous
use. An increased incidence of laryngospasm has been reported especially due to
the higher dose of ketamine required for effect as well as delayed absorption of
intramuscularly administered drug. The incidence of respiratory adverse events was
2.4% with IM ketamine [34].

A retrospective study evaluated the usefulness of combining intranasal Dexmed
(2 mcg/kg) and Ketamine (1 mg/kg) for procedural sedation found it to be useful
in 93% of patients. The onset of sedation was 15 min and duration was found to be
62 min. Minor complications like nausea and vomiting only were observed in the
study in 0.3% of the patients.

More than 11,000 cases have been reported of its use in children with no fatali-
ties being described in the literature by Green et al. [5] the most frequently cited
disadvantage is the emergence phenomenon, seen more commonly in adults where
the incidence is 5-50% while in children it has been found to be 0-5%. Ketamine
increases the salivary and tracheobronchial mucus gland secretions, and hence
needs to be combined with an antisialagogue during GA. Emesis is the one of the
most common side effect of ketamine. In a review by Green the incidence of vomit-
ing was found to be 10% and more commonly seen in children undergoing dental
procedures. Atropine has been found to decrease the emesis by reducing the salivary
secretions. Laryngospasm was reported in 0.4% of cases. Laryngospasm was man-
aged with 100% oxygen and positive pressure ventilation using bag and mask [38].

7. Ketamine in burns contracture release

In his study, Embu has described various techniques for burns contracture
release. Some case were done with intermittent doses of Ketamine while patients
were spontaneously breathing. Some patients were maintained on inhalational
anaesthetic after Ketamine induction-either via face mask or LMA (laryngeal
mask airway). After adequate surgical release, the patients were intubated by
direct laryngoscopy. No airway complications were reported in the study. However,
maintaining anaesthesia with an inhalation agent via facemask was found to be
technically difficult owing to the proximity to the sterile surgical field [39].

Agarwal et al. have reported use of tumescent local anaesthesia for the release
of neck contracture due to burns in 30 patients. 0.5-1.0 mg/kg of IV ketamine were
used in these children at the start of the case. They were maintained on ketamine
during the procedure also as intermittent IV boluses (dose has not been specified).
No airway complications had been reported. All patients were maintained on
spontaneous ventilation throughout the case [40].

8. Ketamine as an adjunct

Preservative-free ketamine added to caudal bupivacaine has been shown
to improve the duration of analgesia, without affecting the analgesic intensity
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in a study done by Martindale et al. [41]. In a recent survey conducted among
paediatric anaesthetists in UK by Sanders 32% had reported using epidural
ketamine [42]. It is used in a dose of 0.25-1 mg/kg as an additive to bupivacaine
or Ropivacaine.

9. Effects of use of ketamine on Perfusion Index (PI)

Children often are given regional anaesthesia for pain management following
General anaesthesia (GA) in contrast to adult patients. Hence it is difficult to assess
the usefulness of the regional technique except by use of surrogate indicators like
tachycardia, hypertension. Perfusion Index is a newer technique to detect effective-
ness of regional anaesthetic under GA.

Studies have demonstrated that PI can provide an early and reliable indication
of the onset of epidural anaesthesia. Intravascular injection of epinephrine-
containing local anaesthetic test dose can also be identified in the adult population
[6, 8]. However, caudal blocks in paediatric patients are mostly performed under
sedation or general anaesthesia, using ketamine or sevoflurane [9, 10]. Data has
shown that ketamine itself can affect PI. Thus it is difficult to predict the onset
of caudal block using PI in the paediatric patients who have been sedated using
Ketamine. A previous study has shown that intravenous ketamine used in paedi-
atric patients produced a fast and long-lasting decrease in peripheral PI. However
the study also showed that caudal block reversed the decrease of PI measured in
the toe, caused by ketamine anaesthesia in paediatric population. The PI was found
to increase beyond the preinduction level. The study also showed that PI response
criterion achieved 100% sensitivity and specificity in detecting the effects of
caudal anaesthesia under IV ketamine anaesthesia in paediatric patients. However,
neither HR nor MAP criteria were 100% reliable. Furthermore, the changes of PI
caused by caudal block under ketamine anaesthesia were much earlier than those
of HR and MAP.

Ketamine being a widely used intravenous anaesthetic in paediatric patients, it
has been shown to produce an immediate and long-lasting decrease in peripheral PI
due to its sympathomimetic effects through its effects on both central and periph-
eral mechanisms [17, 18]. In this study, a drop in PI was observed within one minute
after the injection of ketamine (2.36 + 0.79 to 1.58 + 0.61) and after 30 min PI it had
decreased to 0.80 + 0.26, which was far below the baseline value of PI. The changes
of MAP lasted about 15 min, and the changes of HR lasted about 5 min following
ketamine injection. Caudal block not only reversed the decrease of PI on the toe
caused by ketamine anaesthesia in paediatric patients, but also increased PI far
beyond the preinduction PI value [43].

10. Use of ketamine in ICU

The sensory association areas of the cortex, components of the limbic system,
and thalamus are directly depressed by ketamine. Consequently, higher central
nervous system (CNS) centres are unable to receive or process sensory information
and its emotional significance cannot be assessed. The result of ketamine admin-
istration is anaesthesia, analgesia, suppression of fear and anxiety, and amnesia,
which appear to be ideal for the uncooperative child patient.

Ketamine is commonly used for sedation and analgesia during painful pro-
cedures because it maintains the cardiovascular and respiratory systems while
providing effective sedation, analgesia, and amnesia. However Ketamine-induced
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emergence reactions like hallucinations, delusions, nightmares, and agitation are
shown to be less in children [44]. Ketamine can be used prior to invasive procedures
in the ICU like Lumbar puncture, central line insertions. It can be used in manage-
ment of children with status asthamaticus.

Ketamine has many advantages due to which it is used for sedation in the
paediatric population viz. a relatively short duration of action, multiple routes of
administration, preservation of airway reflexes, and sympathomimetic properties
including increase heart rates and blood pressure. Sedation can be achieved without
much respiratory depression. However ketamine has various adverse effects too.
These include hallucinations, emergence delirium, agitation, nausea and vomiting,
hyper salivation, and laryngospasm. This can cause distress to both the child and
parent. Reports of patients developing random movements of the extremities has
been reported which renders this drug less than ideal for procedures where the
patient must lie perfectly still like in the MRI suite. Thus, ketamine is used along
with other sedative agents to counterbalance the side effects and enhance the ben-
eficial effects for each drug rather than as a sole sedative agent for MRI. Ketamine
can prevent the cardiorespiratory depression effect of propofol and prolonged
recovery of dexmedetomidine by reducing the dose requirements of each drug
when used for sedation in children in MRI suite [44—48].

Exposure to ketamine and other anaesthetic agents during early stages of
postnatal brain development increases central nervous system neuronal apoptosis
in animals receiving significantly larger and more prolonged doses than used for
procedural sedation [49]. No evidence of neuronal injury after a single ketamine
based sedation has been seen in small children but repeated use of ketamine for
procedures may have detrimental effects. [50, 51].

11. Other uses of ketamine

Ketamine has been used as an induction agent in children with cyanotic con-
genital heart conditions like Tetralogy of Fallot. This is due to its effect in increasing
the systematic vascular resistance and thus decreasing the incidence of righto left
shunt. However it can increase the infundibular spasm. Thus it is combined with
opioids or propofol. Another recently described alternative to this is Etomidate
combined with Ketamine [52].

12. Conclusion

Recent studies have explored the use of Ketamine in other situations in adult
population as well like prevention of postoperative sore throat, treatment of status
epilepticus, alcohol withdrawal syndrome, status asthamaticus etc. There has been
an increased usage of Ketamine in the acute pain setting to prevent excessive opioid
use but these require further studies in the paediatric population. Thus Ketamine is
a very useful drug in the paediatric age group which may be combined with other
drugs to alleviate its side effects and achieve anaesthesia as well as analgesia.
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Chapter 15

Use of Oral Ketamine in Palliative
Care

Mateja Lopuh

Abstract

Ketamine, an N-methyl-D-Aspartate receptor antagonist, has been used for
more than 50 years. From its initial potential as an anesthetic drug, its use has
increased in the fields of pain medicine, psychiatry, and palliative care. It is avail-
able in different formulations, of which oral use is promising due to its active
metabolite, norketamine which reaches 2-3 times higher levels when administered
orally in comparison with parenteral use. Oral use is also more feasible and easier to
use in settings, where medical staff is not that present, such as home care or hos-
pices. Oral solution of ketamine has not yet been officially licensed for use although
there have been several reports which recommend its use in neuropathic pain,
severe depression, airway obstruction, and anxiety. Palliative care is defined as total
care for patients whose diseases do not respond to curative treatment. It encom-
passes good control of physical symptoms, and psychological, social and spiritual
problems. Patients often experience pain, despite high doses of opioids, depression
and anxiety, and dyspnea. Oral ketamine does not have the side effects of opioids
therefore it represents a good alternative. It may also reduce the need for high opioid
doses and be more suitable for patients who wish to avoid the necessary sedation.

Keywords: oral ketamine, neuropathic pain, opioids, symptom control, palliative
care

1. Introduction

Ketamine is a potent noncompetitive NMDA receptor antagonist. It is primarily
marketed as a general anesthetic, but it also shows analgesic properties at lower,
subanesthetic doses [1]. It is used as a chlorhydrate in a slightly acid aqueous solu-
tion. It is a racemic mixture of two enantiomers of equal quantity of which only
the S (+) enantiomer is active and is two times stronger than the racemic mixture
and four times stronger than the R (=) enantiomer. In equianalgesic doses, the
S-enantiomer is associated with lower levels of undesirable effects.

Ketamine metabolism is characterized by low binding to plasma proteins, about
10-30%. It is highly liposoluble and has therefore an extensive distribution. The
central compartment volume is 70 liters and the distribution volume at steady
state is around 200 liters. Oxidation is the primary process in the metabolism of
ketamine, resulting in norketamine (80%), which is an active metabolite that itself
is principally hydroxylated in 6-hydroxy-norketamine and finally excreted in bile
and urine after glucuronoconjugation. Ketamine elimination clearance is dependent
on the liver blood flow, half time is 2-3 hours, and it may be 20% higher in women
than men [2].
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Ketamine is commonly administered via the intravenous, intramuscular, subcu-
taneous, or oral route. The subcutaneous route appears to be very practical because
it avoids potential delays in treatment caused by the inability to establish intravenous
access, has a rapid onset of action, and can be used by less skilled personnel, too [3].

The oral route availability of ketamine is incomplete and erratic. Only about
16-20% of an oral dose reaches systemic circulation due to extensive hepatic first-
pass elimination. The bioavailability of intranasal ketamine was found to be 50%.
Peak plasma concentrations are being reported within 30 minutes of oral admin-
istration. Norketamine as an active metabolite reaches 2- or 3-times higher levels
when ketamine is administered orally than parenterally and the duration of action
of oral ketamine is longer. To achieve a good analgesic effect, doses of oral ketamine
can be one-third of the parenteral one, due to the active effect of norketamine [3].
In chronic use, norketamine may be the main analgesic agent. Because of norket-
amine accumulation the need for ketamine when given for a longer period of time,
decreases over time. Norketamine is 33% as potent as the parent compound [4].

In palliative care patients often exhibit a variety of symptoms. They float
between the desire to keep autonomy for as long as possible and the wish to avoid
the unnecessary suffering, caused by poorly relieving symptoms. Many patients are
afraid of opioids, especially morphine, and are reluctant to use them. Some physi-
cians still believe that morphine accelerates death, and they would only use it when
patients already entered the dying phase. Ketamine with its analgesic properties
may be a good option to keep the opioid levels low as long as possible.

Ketamine has not yet been widely used in palliative care probably because it has
always been marketed as an anesthetic drug and therefore reserved for use in the
operating theaters. Even its use has not been very prominent due to the psychomi-
metic side effects when used in anesthetic dosage. Its domains of use expanded in pain
medicine, where the doses can be lower, but it was used parenterally, therefore intra-
venous or subcutaneous access was needed. Longer subcutaneous use often resulted
in necrosis of subcutaneous tissue and reduced flow from elastomeric pumps.

Oral and nasal use of ketamine has not been officially licensed although several
papers have already been published which suggest that both routes are safe and
feasible. These two routes seem to offer advantages over the intravenous and subcu-
taneous approaches as they allow the patient to be self-sufficient and autonomous in
drug administration.

Some pharmacokinetics data are summarized in Table 1.

Palliative care may expand over the whole trajectory of the incurable disease.
Ketamine is used as a co-analgesic in poorly controlled pain, especially neuropathic
pain, to reduce the dose of opioids, to relieve anxiety and depression, severe
epileptic seizures, and as bronchodilator. The long-term use of ketamine has not
been studied extensively. In palliative care, the studies are limited because symp-
toms accumulate in the course of the disease and that makes the observation of side
effects more difficult.

Bioavailability Onset of action Duration of Elimination half
(%) (min) action (h) time (h)
Parenteral 100 0.5 0.5-2 2
route
Oral route 17-25 30 4-6
Nasal route 50 20 Upto3 2

Table 1.
Pharmacokinetics of ketamine.
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Symptom Suggested mechanism
Pain control Antagonism at NMDA receptor complex — inhibition of ‘wind-up’ pain and
hyperalgesia

Reduction of opioid tolerance

Enhancement of endogenous pain inhibition
Antiinflammatory effects

Central plasticity

Anxiety and Antagonism at NMDA receptor complex
depression Interaction with calcium and sodium channels
Cholinergic transmission
Noradrenergic and serotonergic reuptake inhibition
Glutamate transmission
Synapse formation

Bronchodilatation inhibition of inflammatory cascade
reduction in markers of inflammation

Epileptic status reduces the NMDA receptor-induced neurotoxicity

Table 2.
Suggested useful mechanisms of ketamine action.

This chapter focuses on the oral/nasal route of ketamine administration in
patients with palliative diseases, its useful properties in clinical practice, and its
side-effects. Some suggestions are given about the formulation of the drug and the
dosage regimens.

2. Clinical uses of ketamine

Ketamine is approved as a general anesthetic agent. At subanesthetic doses, it
can be considered for use in a palliative care setting for pain refractory to opioids
and as an adjuvant analgesic. Ketamine was approved by FDA for antidepressant use
in 2019 as a nasal spray. Ketamine has no reversal agent [5].

Ketamine can be used in the intensive care units as a sedative and analgesic drug.
It can be safely used in patients with traumatic brain injury as it does not raise the
intracranial blood pressure, caution is needed when used with raised intraocular
pressure. When used as an analgesic drug, it may reduce pain scores, opioid con-
sumption, and postoperative nausea and vomiting.

In chronic, non-cancer pain, ketamine can be used as add-on therapy when
other therapeutic options have failed. The long-term effects remain controversial.

In cancer pain, ketamine is considered an essential adjuvant drug but the
evidence for its efficiency is low [6, 7].

Ketamine has proven to be efficient in treating major depression, bipolar dis-
orders, and suicidal behavior. It acts very fast, and relieves depression in less than
2 hours. In the approved nasal spray only the S (+) enantiomer is used [8, 9].

Other uses of ketamine with the low level of evidence are alcohol withdrawal,
status epilepticus, and persistent bronchospasm in critical care settings [8].

Suggested mechanisms of ketamine action are summarized in Table 2.

3. Oral formulations
Ketamine is not licensed for oral use. Physicians should properly inform the
patients about the advantages and possible side-effects of the drug and the route of

administration.
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A parenteral formulation is utilized for oral formulations of ketamine. Use
generic ketamine 50 mg/ml 10 ml vials and purified water. Alternatively, one can
use flavored syrup instead of water, but most patients find it too sweet.

To prepare 100 ml of oral solution with a concentration of 50 mg/ 5 ml use two
10 ml vials of ketamine 50 mg/ml for injections and 80 ml of purified water. The
solution can be refrigerated with an expiry date of 1 week from manufacture [1].

It is useful to provide the patient with a syringe to ease the administration of
ketamine.

4, Nasal route

Ketamine is not licensed for nasal use. Physicians should properly inform the
patients about the advantages and possible side-effects of the drug and the route of
administration.

The nasal route appears very promising as it allows the patient to self-administer
the drug when needed due to the rapid onset of action which is similar to intramus-
cular injection. As the capacity of the human nostrils is 0.2 ml, a greater volume
may be swallowed or may run out of the nose. Ketamine may be administered via
MAD which delivers a mist of atomized medication or via metered-dose nasal
spray. The concentration of ketamine, commercially available is 100 mg per ml or
10 m per ml. Up to 40 mg can be reliably delivered intranasally. Higher doses are
ingested [10].

Patients can be prescribed oral ketamine basal treatment and use nasal formula-
tion for treating breakthrough pain.

5. Regimens for switching from parenteral to oral administration

Ketamine has been predominantly used parenterally as a co-analgesic in addi-
tion to opioids and co-adjuvant drugs. Oral use has obvious advantages: it is not
necessary to carry the pump around, which needs frequent refilling and it avoids
inflammation on the site of subcutaneous administration. It has been proven in
studies that a 1:1 dose ratio is safe and effective in switching from parenteral to
oral administration [11]. Another report suggested switching to one-third of the
parenteral dose as a result of the effect of norketamine. Oral ketamine may in fact
be a more potent analgesic and produce adverse effects less frequently than par-
enteral ketamine. After oral administration of 0.5 mg/kg ketamine approximately
20% is absorbed and its analgesic action seems to be mediated by its first metabolite
norketamine, which has a half-life of 12 hours [12].

A good therapeutic response to parenteral ketamine suggests a greater likelihood
of benefit from oral dosing. Patients who could benefit from switching to oral use
of ketamine are those whose pain has been stable for 48 hours after subcutaneous
infusion of ketamine, patients who wanted to be discharged home and had good
pain control with ketamine, patients with a life expectancy longer than 2 weeks, and
patients who could swallow or had a possibility to be tube fed.

When switching from parenteral to the oral route, benzodiazepines are
discontinued [12].

The usual starting dose is 10-25 mg three or four times daily plus when needed.
The dose can be increased in steps of 10-25 mg up to 100 mg three times daily [13].

Authors of the so far published studies differ in their recommendations about
oral ketamine initiation. Some recommend one should always begin first with
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parenteral application and then switch to oral ketamine. The parenteral route could
be either intravenous or subcutaneous. When used as an adjuvant to oral morphine,
patients begin as well with oral ketamine [14, 15]. For the patient, who are, due to
advanced disease, unable to swallow, the nasal route is more suitable [10].

6. Useful properties in the palliative care setting
6.1 Analgesic properties

Ketamine is considered one of the World Health Organization’s essential drugs
for the management of refractory pain and is associated with reduced opioid con-
sumption and reduced opioid tolerance. It can be used in the treatment of acute and
chronic pain as a co-analgesic and for alleviating the breakthrough pain episodes.
Prescribing subanesthetic doses of ketamine can reduce postoperative morphine
necessity and so diminish the side-effects of morphine.

The use of ketamine in the treatment of pain as an adjuvant analgesic is not
licensed but the evidence for its efficiency is considerable. Its use has been recom-
mended in the Scottish Palliative Care Guidelines and the Palliative Care Formulary.
When used, a prescribing physician should notify the patient.

Ketamine is indicated for the treatment of neuropathic pain which has not
responded to other medications, including strong opioids, anticonvulsants
(gabapentin), and tricyclic antidepressants, including a trial of high dose
dexamethasone.

Experimental data provide evidence that norketamine is effective in preventing
central sensitization and in reversing an established hyperalgesia.

Although clinical evidence has been adding up, there are just a few comparative
studies, and the majority of evidence is in the form of case reports [16-18].

A usual starting dose of oral ketamine is 10 mg four times daily initially, increas-
ing to a maximum of 100 mg four times daily according to the response. Frail
patients may be started at a lower oral dose: 25-30 mg over 24 hours. The maximum
reported dose is 200 mg three times daily. It is possible to withdraw ketamine for
several weeks after good pain control is achieved and restart the regimen when the
pain returns.

Occasionally oral ketamine or sublingual/buccal ketamine is used as required.
Usual dose is 2.5-5 mg (using 50 mg/5 ml solution). This dose is an individual
decision.

There is no time limit to the treatment, but the success of pain relief should be
regularly assessed, and the dose adjusted when needed [19-21].

6.2 Antidepressant and anxiolytic actions

Ketamine can produce rapid relief of major depression, bipolar disorders, and
suicidal ideation. The mechanism for this effect is not yet fully understood but the
major depressive disorder is associated with synaptic downregulation in the pre-
frontal cortex and hippocampus and it is believed that ketamine causes a glutamate
surge that leads to a series of events resulting in synaptogenesis and reversal of the
negative effect of depression and chronic stress. It appears that ketamine normal-
izes depression-related prefrontal dysconnectivity.

The rapid effect of ketamine on stress, anxiety, and depression may be of huge
importance for the treatment of psychiatric conditions of patients in palliative care.
Anxiety and depression are related to lower quality of life [22-24].
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The positive psychological effect of ketamine is attributed to an induction of
neuroplasticity which reverses the negative effect of stress and depression on neural
cells and synapses [25].

There are various dosage regimens described in studies, in one case report
patients received a bolus of one single dose of ketamine racemate (0.5 mg/kg).

The reduction in anxiety was more pronounced in the first 4 days. After daily oral
administration over 28 days of ketamine racemate, a significant effect was sustained
with a large effect size for anxiety and depression. There was a significant response
after the first 3 days [25, 26].

FDA-approved nasal spray formulation for the treatment of anxiety and
depression [27, 28].

6.3 Bronchodilatatory effects

Ketamine produces bronchodilation, allowing secure induction of anesthesia in
a patient with a life-threatening asthma and intense acute bronchial constriction. It
is reported that ketamine doses of 0.1-0.2 mg/kg followed by 0.15-2.5 mg/kg/h can
be used in patients with refractory bronchospasm and intensive status of asthma.
The proposed mechanism of action is inhibition of inflammatory cascade and
reduction in markers of inflammation and bronchodilation [29].

6.4 Topical ketamine in the treatment of mucositis pain

Ketamine oral rinse significantly reduced radiation-induced mucositis pain and
hyperalgesia in a patient with head and neck cancer and so preserved the pos-
sibility of oral intake. It is speculated that the analgesia could be produced locally
and systemically due to the absorption across the oral mucosa. The possibility
of systemic absorption may result in psychomimetic and sedative effects. In the
published paper the dose of 20 mg was arbitrarily chosen, being twice as the usual
empiric starting dose for sublingual administration. As the literature is scarce on
data for the topical use of ketamine further studies are needed before its use can be
routinely recommended [30].

6.5 Refractory status epilepticus

Evidence suggests that the activity as well as the number of NMDA receptors is
increased in refractory status epilepticus. Ketamine reduces the NMDA receptor-
induced neurotoxicity and also has a neuroprotective role. On the other hand,
evidence also shows that ketamine, at usual doses, has an epileptogenic potential
and should be avoided in patients with epilepsy. From the so far published studies,
no conclusive results can be drawn and further clinical trials are needed to assess the
safety and efficiency of ketamine in both adult and pediatric populations [31].

7. Side effects of ketamine use

Side effects of ketamine use are dose-dependent. They are more common when
ketamine is used as an anesthetic. Very common side effects are vivid dreams, hallu-
cinations, dysphoria, and sedation. Incidence of psychotic effects can be reduced by
using haloperidol or benzodiazepines. Sometimes can be enough just to reduce the
dose of ketamine. Among less common side effects are cardiovascular side effects
which are normally not serious. An increase in blood pressure and heart rate may
occur. There are several reports about urinary tract symptoms that might require
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discontinuation of ketamine infusion. The bladder is most severely affected. There
is a strong correlation between higher age (older than 30 yrs), longer duration of
use (more than 24 months), and co-use of illicit drugs.

Other side effects include increased muscle tone, involuntary movements, dizzi-
ness and nausea, liver toxicity, and neuropsychiatric toxicities [32, 33].

8. Recommendations for use of ketamine in palliative care

Palliative care aims to relieve symptoms of the advanced incurable disease and
improve the quality of life throughout illness and in the bereavement period so
that the patients and families can realize their full potential to live even the life is
approaching its end.

Patients in palliative care may report a variety of symptoms among which
poor pain control merits full attention. The concept of total pain is applicable as
pain may occur on a physical, psychological, social, and spiritual level. Physical
pain and psychological distress are connected. About two-thirds of patients with
advanced cancer suffer from pain and more than half of those experience moder-
ate to severe pain. Following the WHO cancer pain relief guidelines, one can
achieve acceptable pain relief in over 50% of treated patients. About 50% of the
patient may have poor pain control.

Many of the symptoms in palliative care require a pharmacological approach and
drug prescription. Most strong analgesics have a strong sedative effect and therefore
impact patients’ cognition. Many patients, who list as their value being able to think
clearly, are reluctant to use them. Some are also afraid of the addiction potential of
these drugs.

Having in mind that many patients in palliative care have psychiatric symp-
toms and sometimes they cannot wait for the classic antidepressant drugs to act,
ketamine is promising due to its rapid action. Up to 42% of hospice patients have
symptoms of depression and up to 70% have symptoms of anxiety. Untreated
psychiatric symptoms are associated with significant morbidity and mortality,
when left untreated, these symptoms can also interfere with their ability to make
decisions and make realistic goals.

Oral ketamine may prove particularly useful for hospice patients who wish to
remain home instead of receiving treatment in the hospital. To fasten the onset of
oral ketamine, it was suggested to start patients on parenteral dosing before switch-
ing to oral administration. Another alternative to oral ketamine is an intranasal
spray, which has been approved for the treatment of depression, but it might be
more difficult to use [33-36].

9. Summary

Although ketamine has been in clinical practice for many years, it has been
predominantly used as an anesthetic drug. Newer insight into its action shows its
effectiveness in treating pain, anxiety, depression, bronchial spasm, refractory
status epilepticus, and radio-induced mucositis.

This is especially important in the palliative setting, where patients commonly
have pain combined with some other symptoms. They usually become refractors to
high doses of opioids, with a detrimental quality of life.

Ketamine has a sparing effect on opioid consumption which may prolong their
analgesic effect, reduce their dose and make pain treatment effective again. It can be
used as an adjuvant as a baseline treatment or/and s a breakthrough medication.
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Besides it, rapid relief of anxiety with just a single dose of ketamine is promising
as well as the fact that the effect is sustainable.

Oral and nasal routes appear to be a good alternative for patients who are not
institutionalized and who wish to avoid painful injections. Further studies are
needed to define a suitable dosing protocol for ketamine.
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Chapter 16
The Role of Ketamine in Trauma

Mihai Octavian Botea and Erika Bimbo-Szuhai

“T would especially commend the physician who, in acute diseases, by which the
bulk of mankind are cutoff, conducts the treatment better than others.”

Hippocrates

Abstract

Early and effective pain control in trauma patients improves outcomes and
limits disability, but analgesia is often missed in the unstable patient, or hemo-
dynamically depressing medications are avoided for fear of losing stability. This
chapter outlines the role of ketamine in managing traumatic emergencies in both
out-of-hospital and hospital environment, and beyond. Low-dose ketamine also
called a sub-dissociative dose is safe, efficient and effective analgesic that can be
considered for trauma patients, pediatric or adults, as an alternative to opioids or in
combination with opioids for on additive or synergistic effect, with minimal impact
on hemodynamic stability. Ketamine at higher doses is also an excellent drug for
induction of anesthesia in rapid sequence induction (RSI), post-intubation sedation
maintenance or procedural sedation in the trauma patient. Also, can be used for
acute agitation and excited delirium. In this chapter, we are describing this drug
focusing on a deeper understanding of the safety and efficacy of this agent and, if
supported, to encourage physicians to consider ketamine for pain control in trauma
and beyond. Also, we are presenting the current literature surrounding ketamine’s
evidences in the trauma condition to establish its utility and profile of safety for
these patients.

Keywords: ketamine, analgesia, anesthesia, shock, trauma

1. Introduction

Trauma is one of the leading causes of death worldwide [1] with 5.8 million lives
lost each year as a direct result of injury [2], and it is a major economic burden to
society in both Europe and United States [1, 3]. Trauma management is demanding
for clinicians, often a life-threatening and most of the time a painful condition.
Early and effective pain control in trauma is essential not only for acute status con-
trol, but has also been associated with a lesser incidence of chronic pain, as well as a
shorter period of recovery [1, 2]. Many factors influence the selection of analgesics,
and we have available a generous options of pain killers, but in reality, an adequate
pain control is often difficult to achieve. According to many reports, trauma patient
analgesia is remaining an undermanaged condition [3-5]. Opioid analgesics are
often appropriate first-line pain killers for acute pain but come with hemodynamic
and respiratory depression, as well as concerns about the addiction risks. Ketamine
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is a dissociative and analgesic drug that can be used alone or in combination with
other analgesic medication. The terms low-dose, analgesic, pain control and sub-
dissociative dose can be used interchangeably.

2. Pharmacologic properties

Ketamine is an agent with attractive pharmacological and pharmacokinetic
characteristics. Ketamine is a potent dissociative agent with an evolving role in the
management of both pediatric and adult trauma patients due to its sedative, analgesic
and anesthetic properties, beside its sympathomimetic effect. Ketamine is a derivate
of phenylcyclidine with a hallucinogenic property, beside its primarily antagonist
activity on N-methyl-D-aspartate receptors although it also acts on opioid (i), and
muscarinic receptors, and sodium channels. Its action is targeting the central nervous
system via the thalamo-cortical tracts. This drug inhibits presynaptic reuptake of
catecholamines, with an onset time of 30 s. For being highly lipophilic, ketamine has
a distribution half-life of 10 min, for a short duration of action after an initial bolus.
Ketamine is the least protein bound from the iv. anesthetics (25%) suffering a liver
metabolization, generating active compounds (norketamine and hydroxynorket-
amine), and is eliminated mainly in the urine with an elimination half-life of 1.5-3 h.

The sedative and analgesic effects of this drug begin to wear off in 10-15min.

For many years, ketamine was considered to be a harmful drug to use for airway
management or in multiple trauma conditions, especially where a traumatic brain
injury component was involved, due to fears of increasing intracranial pressure
(ICP) [6]. But recent studies show which can be a real helpful drug, in certain
conditions like the combative trauma patient who needs airway management or
other situations like improving pain control or anesthesia induction in a hemody-
namically unstable trauma patient [6]. Recent experiences show that do not raise
intracranial pressure as was once assumed and does raise blood pressure improving
cardiovascular stability, unlike most sedating drugs [6]. Also, a drug should be
considered extremely helpful for acute invasive procedures that need to be per-
formed under sedation [7, 8], offering a great advantage of analgesia and respiratory
stability at the same time. Ketamine is known an optimal drug in various emergency
settings. Also, away from the emergency room, studies have been performed to
assess the safety and efficacy of ketamine for trauma patients, showing that ICU
patients with a sub-dissociative ketamine infusion needed fewer opioid analgesics
and had a better hemodynamic stability [9]. In this chapter, we present the current
literature surrounding the safety and efficacy of ketamine in the trauma condition
to establish its utility for these patients.

3. Systemic effects

Ketamine has minimal effects on the respiratory drive and protective reflexes of
the protective airway reflexes are maintained, thus allowing to keep spontaneous
ventilation. However, administering high doses that would be used for anesthetic
effect there is a risk of respiratory depression [5, 9]. Ketamine is also responsible for
bronchodilation, increased salivation, pulmonary vasodilation and increased car-
diac output, through increasing mean arterial pressure and heart rate. Its profile on
hemodynamics is favorable, making this agent a unique drug, a considerable option
especially in approaching a shocked trauma patient. Also, its depressant effects on
the gastrointestinal system are very minimal. Ketamine could have an antiplatelets
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action by inhibiting phosphoinositide breakdown and mobilization of Ca** in those
platelets stimulated by collagen [10].

4, Cerebral effects

The physiological mechanisms lead to neuroprotection, vasodilation and
increased cerebral blood flow.

In particular, new clinical data and case studies support a therapeutic effect
of ketamine in suppression of spreading depolarization (SD) following traumatic
brain injury (TBI). This is fundamental as SD has been suggested as an important
mechanism for secondary brain injury and delayed cerebral ischemia [10].

Ketamine has been recently discovered to be a “glutamate modulator.” Its action
is exerted at two levels: (a) presynaptic, inhibiting the release of glutamate and (b)
post-synaptic, performing as a competitive blocker of NMDA receptors, also inhib-
iting calcium entrance into cells and the production of nitric oxide and oxygen-free
radicals, modulating glucose metabolism and the generation of mitochondrial ATP,
and also, inhibiting the apoptotic phenomenon. Furthermore, it inhibits the pro-
duction and release of cytokines not only by the microglia but also by interleukin-8,
tumor necrosis factor, Ca++, K+, oxygen-free radicals, adenosine triphosphate.

The cerebral metabolic rate of oxygen is increased, although in a heterogeneous
action, more in insula and the frontal lobes, while decreasing in the temporal
lobes, pons and cerebellum. Cerebral blood flow does not follow the same pattern.
Probably, a dose-dependent uncoupling mechanism is implied. Intracranial pressure
remains unaffected or even sometime decreased, being associated with increases in
cerebral perfusion pressure.

Cerebral oxygenation remains unchanged. Moreover, ketamine does not com-
promise the autoregulatory mechanisms or the carbon dioxide (CO,) reactivity of
the cerebral vasculature [10, 11].

It is important to promote recent findings that NMDA receptors have differ-
ent protein subpopulations in their composition, capable of triggering various
pathways that stimulate proliferation, synaptogenesis or neuronal regeneration,
depending on which protein is activated [12].

Extensive studies have shown that after stroke or traumatic brain injury,
NMDA receptors remain hypofunctional, which could be responsible for cognitive
impairments. Activating and stimulating these receptors by alternative pathways
(glycine/serine) is a promising strategy [12].

5. Summary of evidence
5.1 What is the efficacy of ketamine for analgesia?

There are convincing evidences demonstrating the efficacy and safety of
ketamine as an analgesic for trauma patients.

In a very recent meta-analysis published in 2020, where controlled human studies
were included, Mahmoud Yousefifard performed extensive search conducted in
electronic databases gathering data to the end of 2018. The efficacy and side effects
of ketamine administration in prehospital pain management were compared with
those of opioid analgesics. Data from seven articles were included in the present
meta-analysis. Ketamine administration was not much more effective than admin-
istrating morphine or fentanyl in prehospital pain management of trauma patients.
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However, co-administration of ketamine + morphine was considerably more effec-
tive than ketamine alone, in alleviating pain in prehospital settings. Finally, it was
concluded that ketamine alone had less side effects than morphine alone. However,
co-administration of ketamine + morphine increases the risk of side effects com-
pared with when morphine is prescribed alone [13].

In 2020, Gaél de Rocquigny published a systemic review in regarding the use
of ketamine for prehospital pain control on the battlefield [14]. This included a
database searching for studies on ketamine use in combating prehospital settings,
at the point of injury or during evacuation. Eight studies were included with 2029
casualties receiving ketamine. Ketamine use increased from 3.9% during the period
preceding its addition to the Tactical Combat Casualty Care guidelines in 2012 to
19.8% after this guidelines release. It was the analgesic of choice (up to 52% of casu-
alties) in one of the studies. Ketamine has been preferred to be given during tactical
medical evacuation when no analgesic was administered at the point of injury. Pain
score decreased from moderate or severe to mild or none, often after only one dose.
In one study, ketamine administration during tactical evacuation was associated
with increased systolic blood pressure as opposed to those situations when mor-
phine was given. Incoherent speech, hallucinations and extremity movements were
the most seen adverse events reported. However, all studies tend to strengthen the
belief in the efficacy and safety of ketamine when given at 50-mg to 100-mg intra-
venous for prehospital analgesia in combat casualties. So, from these army studies,
we can easily extrapolate these findings and apply to the civil medicine.

In 2018, Mary K. Walters published a study on the ketamine as an analgesic
adjuvant in a trauma patient with rib fractures. This was a retrospective study,
based on case-control chart review assessing ICU adult patients with a diagnosis
of >1rib fracture and an Injury Severity Score > 15. Patients received standard-
of-care analgesia with the physician’s choice medication with or without ketamine
as a continuous, fixed, intravenous infusion at 0.1 mg/kg/h. The authors pointed
out that low-dose ketamine appears to be a safe and effective adjuvant option to
reduce pain and decrease opioid use in rib fracture [15].

In 2019, Thomas Carver published a prospective, randomized, double-blind
placebo-controlled trial on ketamine infusion for pain control in multiple rib fractures.
This level II of evidence study included adult patients with three or more rib fractures
admitted to a Level I Trauma Center. Other exclusion criteria were Glasgow Coma
Scale score less than 13 and chronic opiate use. The experimental arm received low-
dose ketamine (LDK) at 2.5 pg/kg/min, while the placebo cohort received an equiva-
lent rate of 0.9% normal saline. The primary outcome was reduction in numeric pain
score (NPS) during the first 24 h. From the secondary outcomes studied, oral mor-
phine equivalent (OME) utilization was included. The average Injury Severity Score
(ISS) was 14. Low-dose ketamine failed to decrease NPS or OME within the overall
cohort, but a decrease in OME was observed among patients with an ISS greater than
15. This study authors also conclude that confirmatory studies are necessary to deter-
mine whether LDK is a useful adjunct among severely injured patients [16].

In 2017, Babak Mahshidfar conducted a randomized double-blinded clinical
trial to compare low-dose ketamine (LDK) with morphine for pain relief in trauma
patients. He enrolled 300 trauma patients from the emergency room of two university
hospitals. The patients were randomly divided into two groups. The first group was
administered iv. 0.2 mg/kg of ketamine, while the second group received 0.1 mg/kg
of iv. morphine. The results of this study suggest that LDK, at a dose of 0.2 mg/kg, in
the earlier minutes leads to significant reduction of pain when compared with that of
intravenous morphine. It also created fewer complications than morphine [17].

In 2014, Joshua P Miller performed an institutional review board-approved, ran-
domized, prospective, double-blinded trial at a tertiary, Level 1 Trauma Center. The
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study was focused on low-dose ketamine vs. morphine for acute pain control in the
ED. They enrolled adult patients with acute abdominal, flank, low back or extremity
pain. Subjects were consented and randomized to intravenous LDK (0.3 mg/kg) or
intravenous MOR (0.1 mg/kg). The primary outcome was the maximum change in
NRS scores. Low-dose ketamine compared with MOR for acute pain did not produce
a greater reduction in NRS pain. But it is assumed that LDK induced a significant
analgesic effect within 5 min and provided a moderate reduction in pain for 2 h. The
time to achieve maximum reduction in NRS pain scores was at 5 min for LDK and
100 min for MOR. Vital signs, adverse events, clinician and nurse satisfaction scores
were similar between groups [18].

In 2012, Paul A. Jennings proved that intravenous morphine plus ketamine
provides analgesia superior to that of intravenous morphine alone. This is a prehos-
pital study, randomized, prospective and controlled study. Patients with traumatic
condition and a verbal pain score of greater than 5 after 5 mg of iv. morphine were
eligible for enrollment. Patients included in the ketamine group were administered
a bolus of 10 or 20 mg, followed by 10 mg every 3 min. The second group patients
received just morphine 5 mg iv. every 5 min until pain free. Pain scores were regu-
larly assessed until hospital arrival. The study conclusion was intravenous morphine
plus ketamine for out-of-hospital adult trauma patients providing analgesia supe-
rior to that of intravenous morphine alone but was associated with an increase in
the rate of minor adverse effects [19].

In 2017, Benov and colleagues published a review of data cases from 17 years
of time frame from the military prehospital trauma registry of the Israeli Defense
Forces. This included data from 141 solders patients, victims of explosion, who had
received ketamine for analgesia. This review made a relatively conclusive statement:
“Ketamine in subanesthetic doses is almost an ideal analgesic exhibited through its
profound pain relief, its margin of safety, and its role in potentiation of opioids and
prevention of opioid hyperalgesia” [20].

In 2007, Michel Galinski investigated the morphine consumption associated with
ketamine for severe acute pain in emergency setting, where patients with a visual
analog scale (VAS) score of minimum 60/100 were included. The K group patients
received 0.2 mg/kg of iv. ketamine over 10 min, while the P group patients received
sodium chloride, as the control group. The patients from both groups were given
an initial intravenous morphine dose of 0.1 mg/kg, plus as required doses were
supplemented with 3 mg every 5 min. Efficient analgesia was defined as a VAS score
not exceeding 30/100. The goals of this study were to assess morphine consump-
tion and VAS at 30 min. They concluded that morphine consumption was much
less in the K group vs. the P group. The VAS score at T30 did not differ significantly
between the two groups [21]. We could assume the fact that the VAS score at T30
was similar for the two groups due to the fact that the time action for the ketamine
dose is roughly around 10-15 min, and the K group received just an initial dose. So
probably I would have been better also to have a VAS score at T15, for example, for
more realistic and objective findings.

In 2019, Sheila C. Takieddine investigated whether ketamine administered via
patient-controlled analgesia (PCA) provides adequate analgesia while reducing
opioid consumption in the traumatically injured patient. Non-intubated trauma
patients in intensive care, who were receiving PCA, were randomized to ketamine
or hydromorphone PCA plus opioid analgesics for breakthrough pain. They con-
cluded that ketamine PCA led to lower cumulative opioid consumption and lower
oxygen supplementation requirements, though hallucinations occurred more
frequently with the use of ketamine. They also concluded that additional studies
are needed to investigate the tolerability of ketamine as an alternative to traditional
opioid-based PCA [22].
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In 2017, Kaitlin A. Pruskowski conducted a study to investigate the efficiency of the
initiation of a ketamine continuous infusion in critically ill trauma patients for sedation
and analgesic purposes. The secondary goals were to find out the patient population in
which ketamine was administered, assess the time patients reached their goal level of
sedation and find out the dosing required as adjunctive sedative agents. This retrospec-
tive chart review was investigated for 19-month period. This study was focused on the
critically ill mechanically ventilated trauma patients. The study concluded that the use
of ketamine in critically ill mechanically ventilated adult trauma patients was associ-
ated with decreased opioid use but it was also associated with the increased use of
dexmedetomidine and ziprasidone to achieve and maintain sedation [23].

In 2014, Kim Phung Tran published a prospective study aiming to compare
the analgesic effects and side effects of ketamine and morphine in out-of-hospital
environment. The conclusion of this research was that ketamine had a pain control
effect similar to morphine, and also accompanied by a lower risk of airway patency
issues. The side effects as agitation and hallucinations were higher in incidence
in the ketamine group. These conclusions are to be well appreciated as utility and
application, particularly in rough and low-resource environments [24].

Bredmose PP conducted in 2009 another prospective study in the field of
prehospital care investigating ketamine for analgesia and procedural sedation. This
study evaluated the role of ketamine for analgesia and sedation in 1030 trauma
patients in a prehospital trauma service led by physicians. Ketamine administration
was the first choice in awake non-trapped victims with blunt trauma for analgesia
and procedural sedation. This study data interpretation did not point out concerns
for loss of airway, oxygen desaturation or clinically significant emergence reactions
associated with ketamine use. Ketamine could be considered relatively safe when
administered by physicians in out-of-hospital trauma care [25].

Still remaining in the prehospital field, it is advocated that there are many fea-
tures of ketamine that seem to make it an ideal drug for prehospital use, including
disaster surgery where extra personnel and advanced monitoring are not available.

In light of these premises, James E. Svenson performed a retrospective study of
all patients transported by a regional aeromedical program. Data were collected
from 40 patients, where ketamine was used. The study included pediatric and adult
patients with age between 2 months and 75 years old. The indications for admin-
istration varied, from trauma to medical conditions. Shock status with need for
analgesia, combativeness or agitation, intact airway concerns, or pain unresponsive
to opioid drugs were the most common indications for use. Ketamine was admin-
istered either intravenously or intramuscularly (when no intravenous access was
available). Minimal or no adverse effects [26] were reported.

In 2019, Kugler, Nathan published a level I of evidence study, randomized, double-
blind placebo-controlled prospective trial enrolling elderly patients (age, >65 years)
with three or more rib fractures presented to a Level I trauma center. The exclusion
criteria were Glasgow Coma Scale score less than 14 and/or chronic opiate medica-
tion. Patients were randomized in two groups, either low-dose ketamine (LDK) at
2 pg/kg/min or an equivalent rate of 0.9% natrium chloride. This study conclusion is
that low-dose ketamine failed to affect NPS or OME within the overall cohort, but a
decrease in OME was observed in those with an Injury Severity Score greater than 15.
Also, in this view, it is recommended that additional studies are necessary to confirm
whether LDK benefits severely injured elderly patients [27].

5.2 What is the clinical evidence of ketamine in RSI and sedation?

One of other benefits of using ketamine in trauma is that could be an option for
rapid sequence intubation (RSI) induction and maintaining sedation. Ketamine
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has emerged as an alternative for RSI induction, because the conventional propofol
makes hemodynamics vulnerable and induction doses of etomidate during rapid
sequence intubation cause transient adrenal dysfunction, where clinical signifi-
cance on trauma patients is uncertain.

Cameron P. Upchurch in 2017 published the four-year retrospective study
comparing etomidate and ketamine for induction during rapid sequence intubation
of adult trauma patients. In this analysis spanning an institutional protocol switch
from etomidate to ketamine as the standard rapid sequence intubation induction
agent for adult trauma patients, patient-centered outcomes were similar for patients
who received etomidate and ketamine [28].

In 2019, Josefine Baekgaard investigated whether ketamine should be preferred
over other induction agents for RSI in trauma patients. Library was systemati-
cally searched for studies reporting RSI of adult trauma patients with ketamine
compared with another induction agent (etomidate, propofol, thiopental or
midazolam). Extremely few studies have compared induction agents for RSI in
trauma patients. Only four studies were included. The review conclusion was that
no significant differences have been found in mortality, length of hospital stay or a
number of blood transfusions after induction with ketamine compared with other
induction agents, but a clinically relevant benefit or harm cannot be excluded [29].

In 2021, Lucy Stanke aiming to bring more evidences in the prehospital field of RSI
drug comparison published a retrospective study to evaluated adult patients undergo-
ing prehospital RSI over 13 months within a regional emergency transport medicine
service. The purpose of this study was to evaluate hemodynamic changes after the
administration of ketamine versus etomidate in prehospital RSI. The analysis empha-
sized that no cardiovascular differences were reported between patients who received
ketamine versus etomidate for out-of-hospital RSI. None of these two drugs was
associated with an increased requirement for additional hypnotics, and neither drug
was associated with an increased first-attempt tracheal intubation success rate. This
study also concluded that more studies, on larger cohorts and prospective designs, are
needed to identify patients who may benefit from either ketamine or etomidate [30].

During emergency situations where RSI of anesthesia is required like in shocked
or hypotensive patients (e.g., massive hemorrhage due to ruptured major vessels,
pelvic fracture or other polytrauma conditions), prior resuscitation is often sub-
optimal and comorbidities (particularly cardiovascular) may be extensive, making
challenges even worst. The induction drugs with the most favorable pharmacologi-
cal properties offering a hemodynamic stability appear to be etomidate and ket-
amine. However, etomidate has been withdrawn from use in some countries and is
known to impair steroidogenesis. Ketamine has been traditionally contra-indicated
in the presence of head trauma, but we argue in this article that any adverse effects
of the drug on intracranial pressure or cerebral blood flow are in fact attenuated
or reversed by a better cardiovascular stability, sedation and controlled ventilation
conferred by the drug. Ketamine represents a very rational option for RSI in hemo-
dynamically compromised patients [31].

5.3 What is the clinical evidence of ketamine in traumatic brain injury?

For many years, the use of ketamine was restricted in TBI patients based on
evidence from the 70s that suggested its detrimental effect on intracranial pressure.
New research in healthy volunteers or in patients without neurological comorbidi-
ties scheduled for general surgery demonstrated that intracranial pressure, cerebral
blood flow and cerebral perfusion pressure increase during anesthesia with variable
doses of ketamine and no neurological side effects or sequels were noticed [32, 33].
Other series of studies with small numbers of patients with different central nervous
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system pathologies that had in common abnormal cerebral spinal fluid circulation
reported similar findings, emphasizing the absence of side effects [34-39]. Other
recent systematic studies with various degrees and types of limitations reported
that in heterogeneous acute brain populations (subarachnoid hemorrhage, tumors,
TBI), ketamine induces only temporary variations in intracranial pressure without
modifying cerebral perfusion pressure and has no detrimental effect on outcome,
intensive care unit stay or mortality [36-38]. When assessing populations of severe
acute bran injury, ketamine was not associated with an increase of intracranial pres-
sure in sedated and normocapnic mechanically ventilated patients; furthermore,
ketamine may decrease intracranial pressure in some individualized situations [39].
Other recent updates of ketamine administration in TBI led to similar findings [40].

As regards the ketamine use in acute phase of severe traumatic brain injury
(TBI), in 2021, Daniel Agustin Godoy stated that ketamine is “an old drug for new
uses,” having more and more evidences of its benefits even in this condition. In the
acute phase of severe acute brain injury, it is paramount to prevent and avoid sec-
ondary insults that can further complicate a primary brain injury [41]. Managing a
goal-driven sedation and optimal pain control is a cornerstone of improving patient
survival, satisfaction and minimizing distress. Without an optimal sedation, there
are rising consequences including delayed recovery, difficult weaning from mechan-
ical ventilation, higher complication rate and prolonged hospital staying [42].

Several different classes of hypnotic drugs are used in the management of
patients with TBI [43-45]. These drugs are used at induction of anesthesia, to pro-
vide and keep sedation, to reduce elevated intracranial pressure, to control seizures
and facilitate mechanical ventilation [46, 47]. To date, it is unclear which agent or
combination of drugs is the most effective in achieving these goals. Ketamine is a
versatile agent with attractive pharmacological and pharmacokinetic properties.

Controversies concerning the optimal sedation management persist, especially
in critically TBI, who were systematically excluded from large randomized studies
[44]. Different from other agents, ketamine does not depress respiratory activity or
airway reflexes (except at very high doses) and may have potential neuroprotective
effects, as well as a potential in decreasing seizures and non-convulsive epileptic
activity [48, 49]. These properties make from ketamine a realistic choice when
profound analgesia and sedation are required.

But there are still some restrictions in severe traumatic brain injury, and certain
conditions would contraindicate ketamine administration, such as loss of cerebral
autoregulation, hydrocephalus or the concomitant presence of untreated brain
aneurysms [40, 50, 51].

5.4 What is the ketamine evidence in eye pathology?

Ketamine induces intraocular pressure (IOP) changes bur, which are mild and
without clinical significance [52, 53]. The current guidelines do not limit the use of
ketamine in known or suspected open globe injuries [54].

Ketamine is not recommended to be used for procedural sedation in eye exami-
nation as one of the known side effects of this drug is nystagmus.

6. When not to use ketamine?
An absolute contraindication is hypersensitivity to this drug [40]. Due to hepatic
metabolism and mainly kidney elimination, it should not be administrated in the

context of liver failure and/or renal failure [40, 50, 51]. Other relative contraindica-
tions are those conditions where high blood pressure triggers potentially dangerous

238



The Role of Ketamine in Trauma
DOI: http://dx.doi.org/10.5772/intechopen.103655

complications such as diastolic cardiac dysfunction, coronary ischemia or aortic dis-
section [40, 55]. In severe alcoholism, toxicity of ketamine has been described [40].
Use of ketamine in pediatrics is restricted to children younger than 3 months of age.
There was reported higher incidence of airway complications like laryngospasm in
very young patients [52].

Concerning the TBI, there are only a few contraindications nowadays. These
were presented in a previous section.

Nevertheless, ketamine attributes to psychotomimetic effects, which could be
the main reserve for not being a first choice when sedation is required [48, 49].

7. When to use ketamine?

In this section, indications for ketamine use will be divided in four general
situations: analgesia, procedural sedation, induction of anesthesia/RSI and acute
agitation/excited delirium [56].

Analgesia

* Ketamine’s analgesic effect is comparable to opioids but with a lesser impact on
hemodynamics or respiratory system.

* Ketamine could be an optimal analgesic in a trauma condition with moderate
to severe pain, in or at risk for developing hemorrhagic shock or respiratory
failure [57].

» Ketamine potentiates the analgesic effect of opioids and could be given to
trauma patients with insufficient pain control after receiving opioids or when a

top-up of opioids may be risky or harmful.

* Ketamine may be given to the trauma condition, as an alternative to opioids or
other non-opioids medication.

* Ketamine could be an adequate option for the trauma patient receiving
buprenorphine/naloxone for opioid misuse.

Procedural sedation

* Ketamine is optimal choice as a procedural sedation agent in patients with or at
risk for respiratory failure or hemorrhagic shock.

* For short sedation procedures as in burns debridement or musculoskeletal
injuries maneuvers.

Induction of anesthesia/vapid sequence intubation

* Isan optimal choice in shocked trauma patients for RSI due to its analgesic and
sedative features and also for its cardiovascular stability?

Acute agitation/excited delivium
¢ Ketamine may be used in trauma conditions when fast control of agitation is

required such as in patients with delirium or when rapid control is essential to
diminish the risk of injury to staff, family or the patients themselves.

239



Ketamine Revisited - New Insights into NMDA Inhibitors

8. Dosing
The dose considerations of ketamine in adults can be either body weight-based
or non-weight-based. For a better accuracy in dose calculations in pediatrics, the
dose should always be weight or length based using a standardized measuring tape.
There are no standard recommendations for the ketamine dose. What follows
are dose recommendations based on literature review and expert opinion.
Analgesia dosing recommendations
Intermittent dose:

* 0.1-0.3mg/kg (maximum 30 mg) iv. every 20 min as required for a maximum
of three doses.

* This can be given by slow iv. push or as an iv. bag over 10-15min (associated
with side effects such as feelings of unreality and oversedation with no differ-
ence in analgesic efficacy) [58].

* 0.5-1.0mg/kg intranasal (i.n.)

Adult continuous infusion dose:

* 0.1-0.4mg/kg/hour iw.

Adult non-weight-based analgesic dosing:

50 mg i.m., repeat as required every 30-60 min for pain control or until nystag-

mus develops indicating approach of the dissociative state.

20 mg slow iv./i.o. push over 1min, repeat as required every 20 min for desired
analgesia or until nystagmus appears indicating reaching the dissociative state.
Procedural sedation

* 1mg/kg iv. (maximum 100 mg per dose)

Induction of anesthesia/RSI

* 2mg/kg iv. (maximum 200 mg)

Acute agitation/excited delirium

* 3-5mg/kgi.m.

* 1-2mg/kgiw.
Other observations

* iwv. access in the acutely agitated patient or the patient with excited delirium
might be too risky and difficult; so, it is not advisable due to the increased risk
to the practitioner of occupational needle stick injury.

* High-dose (5mg/kg) prehospital i.m. ketamine administration is associ-

ated with an increased intubation rate upon arrival to the hospital [59-61].
Clinicians giving high-dose ketamine should be prepared to control the airway.
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* In some expert’s opinion doses between 0.5 and 0.9 mg/kg iwv. are not effica-
cious for sedation and could trigger a sense of unreality that can lead to issues
in patient management.

9. Safety profile

Ketamine can induce a transient apnea in high doses or with fast administra-
tion. These conditions are associated with higher intubation rate. Patients given
ketamine should be kept under observation for the risk of respiratory failure, and
clinicians using ketamine, especially in high doses, should be ready to take over
airway control.

There is a lack of safety data to support recommendations in what concerning
the use of ketamine in pregnancy and during breast feeding [62].

Another previous controversy, but recently cleared, ketamine use can be con-
sidered in trauma patients with schizophrenia as there does not seems to be a higher
incidence of psychosis in these kinds of conditions [63, 64].

10. Complications and side effects

Fast IV administration can trigger transient apnea. Ketamine should be given
in a slow bolus, over 1min or more unless being used in RSI where it is followed
shortly by a muscle relaxing drug and intubation. Transient apnea following i.m.
administration appears to be extremely rare [43].

Reported side effects are laryngospasm, hypersalivation, nausea, dizziness,
nystagmus, dysphoria and emergence agitation. Most of the time, these side
effects are transient and self-limited and do not require any intervention or
rescue. If laryngospasm occurs, it can be managed with repositioning or jaw
thrust and positive pressure ventilation. In rare instances, intubation may be
necessary.

Emergence reactions are notable to be rare. When appears, these can be safely
managed with benzodiazepine use. Pre-medicating with benzodiazepines is not
recommended.

11. Co-administration with other drugs

When used in concomitantly, ketamine increases the pain control effects of
opioids. The administration of ketamine and opioids in combination improves
analgesia with lesser doses of opioids thus decreasing the chance of opioid-induced
adverse effects on cardiovascular and respiratory system [65].

Combining ketamine with opioid medication has been reported to block opioid-
induced hyperalgesia and acute opioid tolerance.

When used in concomitantly, ketamine increases the sedative effects of benzo-
diazepines with its risk for respiratory depression. Extra caution should be sought,
and airway monitoring should be considered.

Benzodiazepines should not be used prophylactically to prevent emergence
reactions and should only be considered to manage an emergence reaction if the
patient is a danger to themselves or staff. Suboptimal sedation requesting additional
ketamine versus a true emergence reaction should be taken into consideration
before the benzodiazepine administration.
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12. Considerations with non-prescribed drugs

Ketamine increases the sedative effects of alcohol, and it is essential to antici-
pate the risks of respiratory decompensation when ketamine is administered to an
acutely intoxicated patient [57].

Ketamine should be excluded if cocaine use is suspected as ketamine’s sym-
pathomimetic effects could superimpose over the cardiovascular toxicity of
cocaine [18].

13. Geriatrics

In the literature, there are not sufficient data in what concerning the use of
ketamine in the geriatrics. It is advisable to decrease the dose when using ketamine
in the elderly since NMDA receptor binding is slowed with age.

14. Pediatrics

Ketamine is an alternative option to opioids and benzodiazepines for analgesia
and sedation in the pediatric trauma patient over the age of 3 months.

Because of possible negative consequences on the developing brain in kids who
have received repeated or prolonged exposure to drugs that block NMDA receptors,
the use of ketamine in infants less than 3 years of age should be assessed within the
context of the benefits and risks of the procedure [19].

Before ketamine use, it is first to take into account the adjunct measures for
analgesia such as fractures immobilization or dislocations reductions.

Precautions should be taken when using ketamine out of hospital in the head-
injured child. Adverse effects of ketamine in the children with head injuries have
not been reported in the literature, though evidence on this topic is limited [66].

15. Conclusion

Analgesia and sedation are dynamic processes that must meet specific goals, be
controlled and be easily modified according to the progress of patient’s condition.
Knowledge of drug pharmacology and its safety margin and profile are paramount
to limit their side effects. Setting a goal-directed strategy, establishing local proto-
cols of administration and monitoring treatment are the cornerstone of an efficient
analgesia and sedation strategy. These qualities contribute to fulfilling an optimal
and safe level of sedation, looking to balance the deleterious effects of under or over
sedation [12].

Further studies on the use of ketamine in the adult and pediatric trauma patient
population are required.
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Chapter 17

Ketamine and Low-Resource
Countries

Chimaobi Tim Nnaji

Abstract

Safe anaesthesia and surgery are piloted to reduce the morbidity and mortality
associated with anaesthesia and surgery, and improve surgical outcomes. This goal
is far-fetched in developing countries as a result of limited manpower, poor opera-
tion theatre infrastructure, unavailability of equipment, life-saving drugs, and
anaesthetic agents. Postoperative pain is also widely undertreated in this environ-
ment, mostly due to financial constraints patients and their relatives face and the
unavailability of analgesics. Sometimes the physicians face problems associated
with their resource-limited working environment, such as unreliable electricity,
unavailability of compressed oxygen and other gases, sophisticated machines, and
modern drugs. Thus, easy adaptability and proper utilisation of available resources
have been described as a resounding quality required of anaesthetists working in
developing countries, to thrive and provide anaesthetic services. Ketamine is readily
available in resource-limited environments, and adaptability to the use of this drug
has made it possible for the anaesthetist to provide anaesthesia, pain care services,
sedation, and save lives.

Keywords: anaesthesia, low-resource country, ketamine anaesthesia

1. Introduction

Anaesthesia practice remains a challenge in the developing and low-resource or
income countries of the world, particularly in Sub-Saharan Africa where the grow-
ing population and the need for surgical and anaesthesia intervention are over-
whelming the insufficient number of trained anaesthesia personnel and available
resources [1]. This has been described by some clinicians as problems associated
with human, technical, investment, and educational resources [1, 2]. Anaesthesia
service delivery has also been negatively affected by poor operation theatre infra-
structure, unavailability of equipment, lifesaving drugs, and anaesthetic agents,
inadequate clean water supply, transportation, electricity, oxygen, and blood banks
services [2]. Thus, easy adaptability and proper utilisation of the available resource
remains the keyway to delivering safe anaesthesia services in the low-resource
countries. The regular use of a cheap, safe, and accessible drug called “ketamine” in
clinical practice in the resource-limited countries has become overwhelming, as a
result of the unavailability of anaesthesia equipment, oxygen, lifesaving drugs, and
anaesthetic agents. A drug that is frequently described as a “unique drug” because it
shows hypnotic, analgesic, and anterograde amnesic effects [3].

Ketamine is used in the operating room during induction and maintenance of
hypnosis, with its analgesic property being beneficial for intraoperative and early
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postoperative analgesia. Its place in procedural sedation and total intravenous
anaesthesia is insurmountable. Ketamine is used as an adjuvant together with other
drugs during peripheral nerve blocks and neuraxial blocks to prolong the duration
of analgesia provided by these techniques of anaesthesia [3].

Developing countries and low-income/resource countries are often used
interchangeably. A developing country is a nation with a less developed industrial
base and a low Human Development Index (HDI) relative to other countries.

The term low-income country is often used to refer only to the economy of the
country. The World Bank classifies the world’s economies into four groups, based
on Gross National Income (GNI) per capita, and these are high, upper-middle,
lower-middle, and low-incomes countries. Low-income countries have a GNI per
capita of less than 1026 United State dollars [4, 5]. More than 2 billion of the world’s
population reside in low- and middle-income countries. In most of these areas, the
healthcare systems suffer from issues that involve institutional, human resources,
financial, technical, and political developments. The provision of emergency,
essential surgical care, and anaesthesia are quite limited. This area of the world
has not been able to meet up with the World Health Organization (WHO) 2007
proposed framework of healthcare systems. World Health Organization proposed
that, for a country to have an effective healthcare structure, components, such as
service delivery, healthcare workforce, healthcare information systems, medicines
and technologies, financing, and leadership/governance must be met. Poor gover-
nance, funding, and human resource challenges are linked to ineffective integra-
tion of services in resource-limited nations [6].

The clinical role of ketamine in providing anaesthesia in low-income countries
with inadequate healthcare infrastructure and equipment has been demonstrated.
Despite health care being identified as a strategic priority, relatively little informa-
tion has been established about the capacity of the health system in low-income
countries to deliver essential and safe surgical and anaesthesia services. In many
rural hospitals in developing countries, patients undergo surgical procedures on
room air or rarely with the delivery of oxygen from the oxygen concentrator. The
anaesthesia providers keep the patients’ airway open by simply positioning, chin
lift, and jaw thrust. The airway is suctioned by the use of mucus extractors, rub-
ber bulb suction devices, and rarely with foot-pedal manually operated suction
machines as a result of lack of electricity. An improvised precordial stethoscope
becomes vital in monitoring a patient’s breath sounds, heart rate, and volume.
Many of these hospitals do not have anaesthesia machines and the ability to provide
inhaled anaesthesia, thus, in such situations, ketamine becomes a lifesaver [3, 7, 8].

2. Anaesthesia practice in low-resource countries

In the years 2000 and 2007, Hodges and co-workers described the state of anaes-
thesia delivery in low-resource and Sub-Saharan African countries as inadequate,
with emphasis that in the twenty-first century, millions of people in this area of
the world may not have access to safe anaesthesia and pain relief during surgery
and childbirth, which are considered as a basic human right. This is not different
from another report by Adamu and co-workers in 2010, which noted the increasing
difficulty with the preparation of patients for emergency surgery and getting them
to surgical theatre within an acceptable time in limited-resource countries. The
delays were related to the constraints in poor health institutional organisation and
the socio-economic status of the patients. Thus, a significant portion of the patients
waits too long for emergency surgery at the expense of perioperative morbidity and
mortality [1, 9, 10].
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An estimation of 234 million surgeries is performed every year to alleviate some
disabilities and reduce the risk of death from some common medical conditions,
and this is achieved with the help of anaesthesia. However, access to safe surgery
has been suggested to be 3.5% in the world third poorest countries. An epide-
miological study reported that 30% of the world’s population lack access to safe
surgery, as well as safe anaesthesia. In most areas of Sub-Saharan Africa, govern-
ment hospitals provide few supplies for resuscitation, anaesthesia, and surgery,
making patients pay out of their pockets or provide materials for their surgical and
anaesthesia care. Sometimes, delays in the procurement of these resources and
materials often lead to delayed surgical and anaesthesia intervention, with the poor
perioperative outcome. Ketamine has been shown to be safe and effective for a wide
range of surgical procedures and its suitable in many clinical situations because of
its safety profile [8, 11, 12].

The quality and type of anaesthesia services provided during surgery are highly
related to perioperative outcomes. Nevertheless, this can be affected by the level
of training of the medical personnel, the availability of surgical theatre infra-
structure and resources, anaesthesia drugs, unreliable electricity, unavailability of
compressed oxygen and other gases, anaesthesia machines, and modern drugs—a
problem common with low-income countries. Thus, physician anaesthetists in this
environment have learned to adapt and utilise any available resources to provide
safe anaesthetic services and save lives. The use of ketamine as the sole anaesthetic
agent has been in clinical use for a long period of time and it has been found to be
beneficial and cost-effective. Ketamine has a place in the management of acute
pain through intraoperative low-dose infusion, even in opioid-tolerant patients.

It has likewise been used in low-resource countries after surgery with minimal
psycho-mimetic effects [3, 8].

3. Ketamine anaesthesia in low-resource countries

Ketamine has gained lots of credit in surgical practice in low-resource countries.
It has also been demonstrated to be vital in global healthcare practice too. Limited
resource countries rely heavily on ketamine as a sole anaesthetic agent in the face of
the growing need for surgical services. The global burden of diseases preventable by
surgery is on the rise and is expected to surpass those of human immunodeficiency
virus, tuberculosis, and malaria by 2026. Ketamine has been shown to be the most
widely used and safest anaesthetic drug, as reflected by being ‘always available’
according to 92% of anaesthetists surveyed in Uganda [1, 13].

The clinical administration of ketamine has been shown to be very effective in
awide range of surgical procedures, even amongst all age groups. Ketamine can be
administered conveniently through different routes. The intravenous route offers
the optimal channel of administration, but sometimes it’s difficult to achieve in
emergencies, children, and obese patients. Ketamine can be administered efficiently
through the intraosseous and intramuscular routes. The intramuscular administra-
tion of ketamine during anaesthesia, is associated with a longer recovery time. The
oral administration of ketamine has also been documented, even with its mixture
with soda to enhance the oral administration, however, this route has a reduced
bioavailability [14-16].

Ketamine anaesthesia provides analgesia, amnesia, immobility, and loss of
consciousness. It has been found to have a wide margin of safety when compared
with other general anaesthetic agents. In addition, its sympathomimetic effects
provide hemodynamic stability, which is beneficial in critically ill and hemody-
namically unstable patients. Furthermore, the use of ketamine in pain medicine
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(multimodal analgesia, chronic pain, and palliative care), critical care (status
epilepticus), emergency medicine, and psychiatry (depression) in developing coun-
tries with a shortage of trained personnel could not be overemphasised [3, 7, 8].
Nevertheless, the administration of ketamine is associated with some side effects. It
causes dissociative anaesthesia, which alters the sensory perceptions of the patients.
It can increase the incidence of postoperative nausea and vomiting, cause transient
apnoea especially when administered rapidly, and increases salivary secretions,
which may increase the incidence of laryngospasm. The increased salivation

can be minimised by co-administration of atropine. Ketamine has been found to
provoke imaginative, dissociative states and psychotic symptoms due to its NMDA-
antagonistic action, as well as severely impair semantic and episodic memory. It

Author Objective Country Variables Discussion Conclusion
Hodges Assessment Uganda Availability Ketamine Identification
etal. [1] of anaesthesia of is always of shortages
facilities in ketamine available in of personnel,
different units. 92% of the drugs,
period equipment,
and anaesthesia
training in
Uganda
Vo etal. Use of Low- and Ketamine Current Restrictions on
[13] ketamine as middle- anaesthesia ketamine use ketamine need
an anaesthetic income exceeds the to consider the
compared countries availability larger impact
with basic of other on the global
anaesthetic anaesthetic burden of
infrastructure options. surgical diseases
and equipment where ketamine
at facilities in is vital in the
22 low- and care of surgical
middle-income patients.
countries.
Olasinde To highlight Nigeria Ketamine 52% ketamine Ketamine and
etal. [19] the experience (South- anaesthesia utilisation local infiltration
from a specialist West) with lidocaine
hospital in are commonly
south-western used in this
Nigeria environment.
Ikechebelu A retrospective Nigeria Ketamine is Ketamine Ketamine
etal. [20] review of (South- used by an uses for produces a safe,
295 cases of East) untrained laparoscopic effective and
laparoscopy healthcare procedures simple general
over 28 months personnel anaesthesia and
in a fertility is recommended
unit. for use in day-
case laparoscopy
Elusoji To evaluate Nigeria Ketamine Ketamine Ketamine
etal. [21] the efficacy anaesthesia uses for anaesthesia
and safety thyroidectomy is safe and
of ketamine economical for
hydrochloride thyroidectomy.
anaesthesia
without
endotracheal
intubation in
thyroidectomy.
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Author Objective Country Variables Discussion Conclusion
Lonnée To assess Zimbabwe Rural 100% ketamine Training of
etal. [22] the type of setting utilisation. medical officers
anaesthesia Shortage of and nurse
used for essential drugs anaesthetists
caesarean for anaesthesia, should be
delivery, the inconsistent strengthened
level of training use of recovery in leadership,
of anaesthesia area, and teamwork, and
providers, and insufficient management of
to document blood supplies. complications.
the availability
of essential
aesthetic drugs
and equipment.
Nuhu etal. Evaluation Nigeria Ketamine 100% There isa dearth
[23] of workforce (North- anaesthesia utilisation of aesthetic
situation and Central) and surgical
availability of workforce
anaesthetic and basic
drugs/ infrastructure in
equipment public hospitals.
in public
secondary
health facilities.
Masaki To assess the Kenya Ketamine Improved Ketamine is
etal. [24] feasibility anaesthesia provider’s safe for use
and safety of competency in support of
ketamine in due to emergency
support of ketamine and essential
obstetric and raining obstetric and
gynaecologic gynaecologic
surgeries surgeries in
in severely extremely
resource-scarce resource-limited
settings when settings when no
there is no anaesthetist is
available available.
anaesthetist.
Makin To gain Low- Ketamine Global Ketamine is
etal. [25] surgeons’ income isused standards safe, can provide
perceptions countries. amongst on ketamine increased access
on performing surgeons training and to emergency
operations use should be and essential
supported by established. surgery, and
ketamine and requires few
to recommend operative
best practices technical
and techniques. changes.
Koka et al. To describe the Sierra Ketamine Utilisation rate Gapsin the
[26] anaesthesia Leone anaesthesia of 44.7% application of
practice at internationally
two tertiary recommended
hospitals anaesthesia
practices at both
hospitals are
caused by alack
of resources.
Table 1.

Summary of ketamine in low-resource countries.
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can also cause various emergent phenomena when the patient is awakening from
anaesthesia. This has been described as a floating sensation, vivid pleasant dreams,
nightmares, hallucinations, and delirium [17, 18].

Most clinicians and nurses involved in anaesthesia service providers understand
that they must add benzodiazepines, such as diazepam or midazolam, to combat the
hallucinatory effects of ketamine and the emergence phenomenon. Nevertheless,
diazepam is readily available and cheap in low-resource countries, thus, ketamine in
combination with atropine and diazepam forms a reliable regimen for the conduct
of total intravenous general anaesthesia for different modalities of surgery, with
room air and minimal equipment [1, 17].

The use of intravenous ketamine at the induction dose of 2 mg/kg in adults or
1 mg/kg in children, followed by an increment of 1-1.5 mg/kg for maintenance
of the anaesthesia. While the patients were pre-medicated with intravenous atro-
pine 0.6 mg in adults and 0.3 mg in children plus diazepam 10 mg in adults and
0.45 mg/kg in children was documented in a study conducted in Nigeria, that had
the incidence of general anaesthesia with intravenous ketamine of 58.4%. This
study involved different varieties of surgeries, such as intra-abdominal operations
(herniorrhaphies and herniotomies), perineal, pelvic, and genital surgeries, as well
as extremities, chest, head, and neck surgeries. A retrospective study reviewed 295
cases of laparoscopy that were performed over the period of 28 months at a fertility
healthcare facility in Nigeria that does not have an anaesthesia machine or trained
anaesthesia personnel. They showed that the regimen of atropine-ketamine-
diazepam general anaesthesia was safely used for all the patients that had day-case
laparoscopy. Elusoji and colleagues also reported the safety of using ketamine
anaesthesia in combination with diazepam in 55 patients that had a thyroidectomy
in a low-resource country. They reported complications, such as hallucination
and postoperative restlessness, which were managed with intravenous diazepam,
chlorpromazine, or paraldehyde (Table 1) [19-21].

4. Anaesthesia service adaptations
4.1 Anaesthesia providers

Anaesthesia is an essential part of healthcare services. In developed countries
and some of developing countries, anaesthesia is not merely limited to the operat-
ing room, but the services also involve the emergency room, intensive care unit,
angiography-catheterisation laboratory, magnetic resonance imaging suite, pain
clinics, resuscitative rooms, electroconvulsive therapy room, and other life-saving
hospital services. These services require the skill of trained anaesthesia providers,
however, in most low-resource countries, there are still no strategic measures for
assessing the safe anaesthesia services, particularly in rural areas because of the
shortage of anaesthesia personnel. In most of these areas, the health care system is
usually overburdened by patients load with limited or no anaesthesia provider.

The number of physician anaesthetists in most low-resource countries is below
what is needed to provide a safe and quality anaesthesia service. A study conducted
by Davies and co-workers recommended a minimum of four physician anaesthetists
per 100,000 population for the provision of reasonable, safe, and standard anaes-
thesia care for surgical interventions. However, this figure is far-fetched in devel-
oping countries with steaming and growing populations [27]. World Federation
Societies of Anaesthesiologists (WFSA) workforce survey that was based on the
2015 world population estimated that to achieve a minimum density of 1 per
100,000 physician anaesthetists in all countries, over 8000 additional physician
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anaesthetists would be required. While over 136,000 additional physician anaes-
thetists would be required worldwide to achieve 5 per 100,000. Nevertheless, the
majority of the countries in Sub-Saharan Africa and some in Asia have a physician
anaesthetists density of <1 per 100,000 population [28].

Anaesthesia professionals, especially in Sub-Saharan Africa, are often poorly
remunerated, supported and undervalued. The recruitment process of healthcare
personnel often neglects the anaesthesia providers, thus resulting in shortages of
anaesthesia physician and their allied personnel, such as nurse anaesthetist, anaes-
thesia technicians, and anaesthesia attendants. In some low-resource countries,
some of the anaesthesia physician support staff are not included and are sometimes
poorly placed in the civil service, making it difficult for them to be remunerated.
Ho et al. reported in 2019 that 30.4% of the 344 medical facilities they surveyed had
no anaesthesia provider at any level (physicians, nurses, or technicians) accessible
for patient care [29]. In most low-income countries, anaesthesia services are often
provided by unqualified physician personnel, nurse anaesthetists, or anaesthesia
technicians who are trained by physician anaesthetists, to use anaesthesia resources
to provide safe anaesthesia services. This day-to-day reality of shortage of physician
anaesthetists in the operating room coupled with a lack of resources, persuades the
available anaesthesia providers to use simple and effective techniques that are not
too expensive and readily available.

The properties of ketamine anaesthesia, such as analgesia, amnesia, immobil-
ity, and loss of consciousness make it the technique of choice, alongside local and
spinal anaesthesia in low-resource countries. In a study reported in the Democratic
Republic of Congo, 771 patients had general anaesthesia with ketamine in an
operating room that had no physician or nurse anaesthetist, but untrained person-
nel. They reported that most of their patients were females (85.86%) and 97.4% of
the patients who had surgery were classified as ASA II and the intermediate surgical
risk was more represented in 82.9%. The adverse event they noted were arterial
hypertension (10.2%), salivation (5.5%), respiratory distress (4.8%), agitation on
awakening (30.8%), and hallucinations (22.6%), respectively. They did not record
any mortality. Indicating ketamine is safe and effective, even in regions where
anaesthesia is conducted by untrained anaesthesia personnel [30].

Anaesthesia in Zambia, a low-resource country, is under-developed and under-
resourced. The anaesthesia specialty is focused almost exclusively on intraoperative
patient care. In small hospitals and hospitals in rural areas, there is lack adequate
staffing. A study conducted in this country showed that 80% of anaesthesia cases
were performed by non-physicians with little or no formal training in anaesthesia.
The reliance of the anaesthesia providers on ketamine is a result of inadequate
training, inexperience with, and access to, more advanced equipment like laryngo-
scope and materials like endotracheal tubes. A limited number of anaesthetists have
almost no involvement in emergency medicine and pain therapy [31].

4.2 Shortage of modern drugs and anaesthesia agents

In most areas of developing countries, a shortage of essential drugs used in
anaesthesia practice is a common problem. Thus, the anaesthesia providers engage
in the use of simple and effective techniques that are not expensive, but read-
ily available. The properties of ketamine make the drug a product of choice, for
simplified general anaesthesia like total intravenous anaesthesia, alongside its use
as an additive to prolong the analgesic effect of local and neuraxial anaesthesia. In
well-equipped health institutions with trained anaesthesia personnel, inhalation
anaesthesia is normally the first choice of maintaining hypnosis during anaesthesia;
however, ketamine has proved to be useful in settings without recovery facilities, as
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well as trained anaesthesia providers and in areas where patients need to wake up in
their own beds in the various wards, especially in low-income and middle-income
countries, and in emergency situations [1, 32]. Ketamine anaesthesia was found

to predominate other techniques or modes of anaesthesia in most hospitals evalu-
ated (72.9%), whereas inhalational anaesthesia was only available in 56.2% of the
hospitals. Also, techniques of anaesthesia like regional and spinal anaesthesia, were
available in 58.9 and 65.9% of hospitals, respectively studied [28].

A study published in Uganda in 2007 stated that drugs used for the conduct
of anaesthesia are usually limited in supply. The availability of narcotics is 45%,
nondepolarizing muscle relaxants 15%, inhalational agents 38%, and intravenous
induction agents 59% [1]. In another study done by Khan in Pakistan, he reported
that there is a non-availability of some essential drugs, such as narcotics, inhala-
tional agents, induction agents, and some vasoactive drugs in Pakistan [33].

There are several factors that contribute to the anaesthesia drug shortages, some
of them are common in both high-income and low-income countries. For example,
regulatory issues, manufacturing problems, raw material acquisition problems,
business decisions based upon the profitability of some drugs, and disturbances
or faults in the supply chain. The factors that affect low-income countries alone
include issues of licensing by healthcare regulatory authorities, imports from
abroad, shortage of ingredients for local manufacture, government policies, and
drug smuggling to other countries. The implication of anaesthesia drug shortage
is that it can result in the cancellation of surgery which may be psychologically
traumatic to both patients and their families. The economic implication for both
patients and hospitals are incurred from prolongation of hospital stay and higher
risk of exposure to hospital-acquired infections [34, 35].

4.3 Shortage of anaesthesia vapours and compressed gases

The anaesthesia gas supply system is designed to provide a safe, cost-effective
and convenient system for the delivery of medical gases at the point of use in the
hospital. The medical gases used in anaesthesia and intensive care medicine are
oxygen, nitrous oxide, medical air, Entonox, carbon dioxide, and heliox. Oxygen is
one of the most widely used gases for life-support and respiratory therapy besides
anaesthetic procedures. There is a lack of adequate supply of oxygen in most
of low-resource countries. In a recent survey of anaesthetic care in 22 low- and
middle-income countries, uninterrupted access to oxygen was available in only 46%
of the healthcare facilities, while 35% reported no access to oxygen. Ketamine can
be administered through various routes and it does not require the availability of
oxygen, electricity, anaesthetic equipment, or trained anaesthesia providers, all of
which remain scarce in low-resource countries. Hence, ketamine is the most widely
used and safest anaesthetic drug in resource-limited environments [13].

5. Conclusion

Ketamine is an example of how an old drug can still be renowned in the practice
of medicine. It has been recognised as the sole anaesthetic/analgesic of choice in
areas with low resources. Ketamine administration does not require costly equip-
ment or appropriately trained physician anaesthetists, and it is cheap, readily
available, and safe, Ketamine is effective in a wide range of surgical procedures,
including short painful, long complex, and day-case procedures. The use of ket-
amine in low-resource countries has enhanced safe anaesthesia and surgical care,
thus reducing perioperative morbidity and mortality, as well as improving surgical
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outcomes. The regular use of this cheap, safe, and accessible drug called “ketamine”
in clinical practice in resource-limited countries has become overwhelming, despite
the dwindling number of trained anaesthesia providers.
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Chapter18
An Update of Ketamine Illicit Use

Patrycja Kleczkowska and Malgorzata Zaremba

Abstract

Ketamine is a derivative of phencyclidine with unique anesthetic, analgesic, as
well as antidepressant pharmacological properties. Despite its clinical use, ketamine
is classified on the list with new psychoactive substances having psychedelic prop-
erties. The abuse trend of ketamine increasing globally, and it became a common
club drug over the past few decades. Of note, recreational use of ketamine may pose
a threat to public health, leading to numerous physical, as well as psychiatric nega-
tive effects. In addition, simultaneously or sequentially ketamine use with other
drugs, resulting in serious health consequences. Currently, there are no specific
treatment options for managing compulsive drug-seeking behavior in patients with
ketamine use disorder, while the pharmacotherapy of side effects is limited and
mostly symptomatic. In this chapter, we discuss ketamine abuse history. Further,
we proposed the mechanisms of neural disinhibition underlying addiction develop-
ment in ketamine-dependent patients. We have also included details of possible
negative consequences focusing on long-term and recreational ketamine use for
both, central and peripheral systems. Finally, we provide an overview of ketamine
concomitant use and corresponding adverse interactions.

Keywords: ketamine, abuse, club drug, k-hole, k-cramps, ketamine bladder

1. Introduction

Ketamine has long been known as a potent anesthetic drug with analgesic
properties, however, it quickly evolved into a recreational drug in the early 1980s
[1]. The first use of ketamine as a drug was recorded in 1965 [2]. Widespread,
nonmedical uses of ketamine expanded through that time due to sub-cultures began
experimented with the drug for mind exploration the inner psyche, and New Age
spiritualism.

Ketamine is also known as the ‘club drug’ and since the mid-1980s, it has been
linked to a variety of dance cultures, because of its trance-like state potency. That
also explained why teenagers and young adults (16 to 25 years) are the people who
are most susceptible to ketamine abuse. Ketamine is known by various names, by
clubbers usually called “K”, “vitamin K”, “super K”, or “special K” [3, 4]. In the
United States of America as well as in the United Kingdom ketamine was used as
an adulterant in methylenedioxy-methamphetamine (MDMA) under the name of
“horse pill” [5].

The typical ketamine users are regular visitors of the electronic dance music
scene [6]; psychonauts; injecting heroin users, and the ‘gay’ club/party scene [7].
In addition, according to the data from the Crime Survey for England and Wales
(CSEW) for 2012/2013, it is usually single male, aged 20-24, unemployed or study-
ing, and from Chinese or mixed-race ethnic roots [8].
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The most important reasons for ketamine’s recreational use are as follows: short
time to effect; duration of action (up to 3h), as well as low cost. Ketamine was
gained popularity as a party drug due to the appearance of powerful psychoactive
effects even at low, subanesthetic (0.1-0.5mg/kg) doses [9]. As a dissociative anes-
thetic, ketamine and other drugs such as phencyclidine (PCP) or dextromethorphan
(DXM), distort the user’s perception of sight and sound, while producing illusions of
detachment from the environment or body, known as a,falling into a K-hole” (near-
death experience). This state is also associated with the lack of the ability to speak
and move around easily, not accompanied by actual loss of consciousness [10]. It is
considered that; ketamine had the highest degree of out-of-body experiences among
any other drugs, like a bad LSD trip. While not all ketamine users had out-of-body
experiences, less than 10% of subjects experience this phenomenon regularly [11].
Of note, these symptoms can be prolonged and even create psychosis associated
with schizophrenic and other psychotic disorders. In fact, ketamine has been used
experimentally to develop a ‘ketamine model’ of psychosis [12, 13].

Additionally, hallucinations, emotional withdrawal, and “melting into the sur-
rounding” may occur. It is also very likely for users (at very high doses of ketamine
or those combining ketamine with alcohol or other drugs) to experience numbness,
amnesia, more intense dissociations, and delirium [14].

Ketamine’s ability to induce confusion, amnesia and alter some of the perceptual
effects make this drug a so-called “date rape drug” For this reason, ketamine was
included in the Drug-Induced Rape Prevention Act of 1966 [15]. Unfortunately,
some of the symptoms and side-effects are long-lasting (i.e., impairment to episodic
and possibly attentional functioning). Although semantic memory impairments
are thought to be reversible as a consequence of ketamine cessation or substantial
reduction of its use [9, 16].

2. Epidemiology of ketamine illicit use

The recreational use of ketamine has climbed over decades in the UK [17, 18],
Australia [7], Southeast Asian countries such as Taiwan, Malaysia, and China,
particularly such phenomenon was reported among the youth and adolescents
[19-22]. It could be, in part, due to ketamine’s lower status in regulatory systems and
lower price, compared to still expensive “ecstasy” or methamphetamine. In Hong
Kong, where ketamine was classified as a Schedule I drug since 2000, ketamine
became the most commonly misused drug in the early 2000s [21].

The abuse of ketamine has been declining over the past years but is still relatively
common. According to the national survey-based ‘Monitoring the Future Study’ in the
United States ketamine ingestion decreased between 2002 and 2012 from 2.5% to 1.5%,
and from 1.3% to 0.4%, among 12th graders and college students, respectively [23].

The decreasing ketamine popularity was also noticed in the United Kingdom
(UK), where it has been classified on the list as a Class C drug since 2006 [21], and
then was reclassified as a Class B drug from 10 June 2014 [24]. The World Health
Organization fact file has demonstrated the ketamine usage in the UK decreased
from 0.6% to 0.4% and from 1.8% to 0.8%, respectively, between 2011 and 2013
[23]. Similarly, in another study the level was continued to fall in 2013 to 50.6%
and 31.5%, but these were still higher than for US respondents (26.3% and 15.4%,
respectively) [25].

Before the COVID-19 pandemic global last year use rates of ketamine were
6.72% in 2016, 8.6% in 2017 and 6.5% in 2018; lifetime rates for 2017 and 2018
were 11.7% and 10.4%, respectively [26, 27]. During the COVID-19 pandemic
state, a reduction in ‘party drugs’-like ketamine consumption was expected. As the
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limited access to pubs, clubs, and festivals cancelation were the primary reasons
for decreases in the recreational use of illicit drugs which are typically linked to
the nightlife and party scenes. In fact, in Australia, the use of ecstasy/MDMA and
related drugs (e.g., cocaine, ketamine) had fallen compared to the pre-pandemic
level [28, 29]. The less interest in club drugs like ketamine was also noticed by
Neutravel, an Italian non-governmental organization (NGO) [30].

Surprisingly, in the U.S. according to the national survey-based ‘Monitoring
the Future Study’, it has been demonstrated the ketamine use raised between 2019
and 2020 from 0.7 to 1.3% respectively among 12th graders [31]. Some individuals
paradoxically start to use ketamine due to anxiety caused by the pandemic time,
while others increased its consumption during lockdown spent at home [32].

3. Ketamine status in the regulatory systems

In 1999, ketamine including its salts, isomers, become a Schedule II non-narcotic
substance under the Federal Controlled Substances Act in the U.S. This means that
the drug does have lower misuse potential but is still approved for use in hospitals
and other medical settings as an anesthetic. Because of this, it is illegal to possess
ketamine without a medical reason, prescription, or as a part of the research. Thus,
the illicit use of ketamine appears to be from illegal diversion from legal prescription,
but analogs which usually contain a range of undeclared psychoactive substances
(i.e., amphetamine, benzocaine, cocaine, MDMA, methoxetamine, paracetamol,
piperazines, and synthetic cathinones) may also be found on the streets [33].

Nowadays, in the U.S., ketamine is classified as a schedule III drug under the
DEA Controlled Substances Act. Medications in this category are often used for
pain control, or anesthesia, or appetite suppression. It means that ketamine has less
potential for abuse than Schedule I (heroin) or Schedule II (cocaine) drug, and it is
not as tightly regulated as most opioids. However, abuse of Schedule III substances
may lead to moderate or low physical dependence but more commonly leads to high
psychological dependence. This means that for users outside the approved limits, its
adverse mental and physical health effects can be hazardous [34].

Ketamine has been revived a couple of times in 2003, 2006, and 2012 by The
Expert Committee on Drug Dependence of the World Health Organization (WHO),
and finally, it has remained on the list as an essential medicine. The experts con-
sidered that the international control is not appropriate in this case, as new facts
about ketamine were not sufficient to warrant scheduling. In the recent World
Drug Report by United Nations Office on Drugs Control 2019 (UNOD 2019) [35],
ketamine is classified under new psychoactive substances (NPSs), which are not
under the control of international drug conventions, but which may pose a threat
to public health. Since 2000, in the European Union, ketamine is not under the
control, however further monitoring of drug use is recommended by the European
Commission. Despite the increasing trends of abuse, dependence, and dying from
ketamine recreational use, its status did not change significantly over time. It seems
to be still relatively low, especially when compared with other Novel Psychoactive
Substances (i.e., synthetic cannabinoids and cathinones or ‘designer benzos’). This
raises important concerns about the underestimation of ketamine.

4, Methods of ketamine abuse

The route of ketamine administration is crucial for the type and the intensity of
the experience the effect. Ketamine has a dose-response curve with variable effects
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Dose range [mg] Related effects

Low: 10-75 mild euphoria, feeling of well-being, feelings of calmness and relaxation, empathy,
smell, and tastes muted, visual hallucinations, enhanced color vision, sense of touch
deterioration

Medium: 60-125 slow motion, auditory hallucinations (ringing in the ears), detached feeling from the

body, loss of coordination, diminished reflexes

High: 100-250 felling light, timelessness, body dysmorphia, ‘K-hole’ out-of-body experiences

Table 1.
The common effects of ketamine in snorted doses.

Single dose [mg]* Route Onset of action [min] Duration of action [min]
75-125 im. 1-5 30-45
60-250 in. 5-10 45-60
50-100 iv. seconds 30-45
200-300 p-o. 15-20 60-120

Abbreviations: intramuscular (i.m.); insufflation, intranasal or “snorting” (i.n.); intravenously (i.v.), per os, orally
“by mouth” (p.o). Typical vecreational dose is 10-25% of the effective general anesthetic dose [37].

Table 2.
Ketamine recreational dose ranges, the routes of administration, onset and duration of action ([36] with some
modifications).

(Table1). However, unlike other psychedelic drugs like LSD, ketamine triggers a
short trip, lasting no more than 1.5 hours. The illicit product mostly involves evapo-
rating the liquid from the diverted injectable solution to produce a dry powder that
is formed into tablets or sold as a powder. The most common method of ketamine
abuse is “snorting” and 96% of ketamine users choose such a way for its useful-
ness and rapid action noticed in roughly 5 to 10 minutes [33]. In comparison, oral
consumption requires between 15 and 20 minutes (Table 2) [25]. For nonmedical
use, a typical intranasal dose is 50 mg and the oral dose is 100 mg [38, 39], but the
usual recreational dose range between 60 and 250 mg of ketamine [40]. Ketamine
abusers will often self-administer several sequential doses of the drug to maintain
psychotropic effects over time. However, an injection results in the most rapid
effect (within seconds to minutes), though such a way of administration is quite
difficult especially in clubs. Interestingly, a recent animal study has revealed that

a high IV ketamine dose caused the complete cessation of cortical EEG activity for
several minutes, similarly to the ‘K-hole’ in humans [41]. Recently, online user fora,
as well as research findings, also support vaping as a possible route of ketamine
administration [42, 43].

5. The central and peripheral consequences of long-term and
recreational ketamine misuse

There are no medical uses in which ketamine is provided chronically. The
majority of reported long-term effects of ketamine are those which have devel-
oped in chronic recreational users or animals during preclinical studies. Although
controlled human studies of repeated doses of ketamine are prohibited because
it would be unethical to give an anesthetic with pronounced adverse effects more
often. In clinical settings, ketamine is rather well tolerated. Although the pattern of
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adverse effects of non-medical ketamine use may differ from that expected from
prescribed medical use. In individuals who misuse ketamine, serious sequelae,
including prolonged neuro-, urological-, and gastro-toxicity may occur. The
residual effects which may persist beyond acute ketamine dosing and its long-
term consequences have been compiled and presented in the following subsec-
tions below.

5.1 Psychosis

Evidence of the psychotogenic potency of ketamine initially emerged from
general anesthetic use where clinicians noted drug- related post-anesthetic reac-
tions (i.e., confusion, vivid dreams, and hallucinations) leading to a reduction in
the clinical drug utility [9, 44, 45].

There are some evidences that infrequent and frequent ketamine users exhibited
higher levels of schizophrenia-like, dissociative, and depressive symptoms [13].
Hansen et al. [46] described the most common subjective effects of ketamine in
recreational users including the sensation of light through the body; novel experi-
ences concerning “body consistency” (e.g., being made of wood, rubber, or plastic);
unreal shape or size of body parts; a sensation of floating or hovering in a weightless
condition; timeless; sudden insight into the self; the experience of being at one with
the universe; an experience of leaving the body; visions and hallucinations).

Subanesthetic doses of ketamine in healthy volunteers also trigger positive and
negative schizophrenic-like symptoms as well as perceptual alterations similar to
dissociative states with altered body perception, depersonalization, derealization,
and distorted sensory perception. Of note, ketamine had the highest degree of out-
of-body experiences compared to the other drugs as was mentioned in the previous
section. While it is given to chronic, stable schizophrenics, ketamine has been
shown to cause a re-emergence of the acute phase of the illness [47].

Ketamine exerts its unique behavioral effects mostly by blocking the NMDA
receptors [48, 49]. Although phencyclidine (PCP; “angel dust”) has a 10-fold
greater affinity for the NMDA receptor and is more excitotoxic than ketamine.

Over the past several decades many animal models have been developed using drug
mimics endogenous deficits in NMDA receptor function to study the mechanism
of schizophrenia [48]. The cumulative effect of repeatedly using ketamine and/or
aresidual effect has occurred 3 days after abusers took this drug [50]. More impor-
tantly, even strong schizophrenic-type symptoms and perceptual distortions may
persist after cessation of ketamine use [17, 36].

One of the explanations of such effect is NMDA receptor dysfunction even
several days after acute use. Second, a residual effect may also be psychological in
that ketamine produces an intensely subjective experience that could affect users’
perceptions of the world for several days after it is taken [13, 50].

5.2 Cognitive deficits

There is increasing evidence that regular and long-lasting ketamine use can induce
central nervous system depression and impair cognition, in particular visual and
verbal memory as well as executive function [50-52]. The frequent ketamine users
with increasing drug doses were more likely to have cognitive deficits, especially
with short- and long-term spatial working memory and pattern recognition memory
tasks [53]. Short-term memory and visual memory deficits occur usually in users who
abused the drug at least 4 days per week. Similarly, according to findings from animal
studies, ketamine seems to deteriorate memory at relatively high doses. Short-term
memory and spatial memory were impaired in rats administered 30 mg/kg i.p.
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and were revealed by the delayed spatial alternation task and finding to the hidden
platform in the Morris water maze test [54, 55].

Interestingly, ketamine appears to have greater potency to reduce cognition than
other drugs of abuse [13]. These cognitive deficits may affect functioning in the
abuser’s daily life due to difficulty in remembering conversations and other people’s
names [13]. It has been also found that men to be more affected by these effects than
women [56]. In addition, cognitive deficits are also related to the impairment of the
psychomotor performance, such as coordination, balance, and hand-eye movements.
This lack of coordination may cause the inability to drive or operate machinery,
thereby increasing accidental injury or even mortality from motor vehicle collisions.
Data from an epidemiological study involving drug-related motor vehicle collision
fatalities found 9% related to ketamine use, representing a disproportionate number
of fatalities compared to alcohol and opioid misuse [57].

In 2007, according to data from a single trauma centre in Hong Kong roughly
4.5% of drivers involved in non-fatal crashes tested positive for ketamine [58].

In addition, ketamine may gradually change the brain’s chemical system affect-
ing opioids, dopamine (it activates dopamine systems), serotonin, noradrenaline,
nitric oxide, sigma, GABA (gamma amino-butyric acid), and acetylcholine, among
others [59, 60].

Ketamine has been also induced electrophysiological dissociation between the
thalamo-neocortical and limbic systems and potentiated the synaptic inhibition
of GABA [36, 61, 62]. However, the key pharmacological mechanisms underlying
ketamine-related cognitive deficits are mediated via an NMDA glutamate receptors
hypofunction [4]. There have been also shown that NMDA antagonists’ potency
induced degeneration in a subset of limbic structures like those which are altered in
patients with psychoses [63]. Animal studies revealed that direct apoptotic neu-
rodegeneration was induced by NMDA-R antagonists, including ketamine, in the
developing rodent brain. However, this ketamine effect was more evident in older
rats [64]. According to other findings from animal studies the racemic ketamine
(with its preservative benzethonium chloride) and S-ketamine have been associated
with neuronal apoptosis and sensorineural consequence following high dose and/or
long-term iv. administration [65-68]. However, translatability to humans is ques-
tioned and the impact of lower subanesthetic doses is uncertain.

In this way, ketamine abuse may display structural damage in multiple brain
areas, such as the frontal, occipital, parietal, limbic, and corpus striatum [69, 70].

There have been shown that such detrimental effect is related to time and the
dose of ketamine abuse [69]. Data have also revealed that the brain atrophies may
occur within 1 year of ketamine intensive use with expected further progression in
the following years [70]. In fact, ketamine dose reduction may restore cognition,
but we cannot rule out irreversible and residual effects [17, 50].

As data have demonstrated NMDA receptors must be blocked for at least
24 hours to produce irreversible effect or death in the cells, but ketamine has a short
half-life (about 20 minutes in rats) thus many injections are needed, over a pro-
longed period, to produce persistent change [71].

Although we have still limited data regarding cognitive ability from the ketamine
ex-user population to provide straightforward conclusions for these findings. To
date, there is no specific pharmacotherapy to avoid cognitive deficits in long-term
ketamine use. The management of these problems is largely supportive and symp-
tomatic. The cognitive enhancers are taken into consideration, such as modafinil,
commonly used in stimulant addiction, as well as cholinesterase inhibitors (i.e.,
rivastigmine, donepezil, galantamine) usually recommended in other disorders
with cognitive impairments (i.e., Alzheimer’ disease, Parkinson’s disease, traumatic
brain injury, and schizophrenia), among others [51, 72].
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5.3 Pro-depressant effect

Compared to growing evidence available for the anti-depressant effect of ket-
amine, there is still less for its pro-depressant potency [73]. Ironically, an intranasal
ketamine formulation was recently approved in the USA, and Europe to treat
intractable depression and acute suicidal ideation [74]. The depressive potency of
ketamine seems to be dose and time-related. Insights from the animal study indicate
that the antidepressant action at a dose of 10 mg/kg was not observed in rats receiv-
ing a higher dose of ketamine (80 mg/kg) [75]. Likewise, the anti-depressive effects
linked to the subanesthetic ketamine dose (0.5 mg/kg) might not correspond to the
same effect at the dosages range, preferred by recreational users. It was suggested
that an opposite pro-depressant effect may be linked to certain neuroadaptation
changes [76]. In fact, some studies demonstrated that chronic use of ketamine
causes more lasting depressive effects [4, 36, 53]. There have been shown that ket-
amine abusers reported depressive symptoms quite common, roughly 72.5%-77.5%
of them were diagnosed with moderate to severe depression based on the Beck
Depression Inventory scores [77, 78].

According to the results from various studies, the prevalence of major depressive
disorder (MDD) in outpatient settings fluctuating between 7.8-18.5%, in compari-
son to inpatient populations with nearly one-fourth (23.3%) ketamine-dependent
MDD comorbidity [79-81]. Though, according to certain authors, the mood
measures revealed little and clinically insignificant difference between groups with
slightly higher scores in the ketamine users [50].

Interestingly, increased depression scores have been found in both daily users
and ex-users in a longitudinal study, although not more infrequent users [53]. The
mechanism of the acute antidepressant and chronic depressant effects may be
linked, but it is unclear exactly how this opposite effect is mediated. Why abstinent
ketamine users were more depressed is also less clear but may be linked with a
change in their lifestyle. In fact, the frequent ketamine users had experienced more
negative life events over the 12 months, due probably to their chaotic lifestyles,
which may also trigger depressive symptoms [82].

In addition, previous evidence indicates that the depressive symptoms in
ketamine users may persist even for 1 year after abstinence [53]. Furthermore,
increased depression in frequent users could also reflect their increased dependency
on ketamine, as depression is also commonly comorbid in opiate- and alcohol-
dependent populations [83, 84]. Recent data imply that depression might be
associated with craving (stronger propensity to administer more ketamine). There
have been shown that patients with higher craving intensity demonstrated a greater
severity of depression, longer history of ketamine administration, and greater use
frequency than those with lower craving intensity [81].

5.4 Tolerance

Ketamine-induced tolerance may be considered in many aspects, although it is
exceptionally mentioned in psychopharmacological clinical studies.

Firstly, ketamine is known as an effective anesthetic drug widely used in the
clinic, however, as with many drugs, this effectiveness is often compromised due
to tolerance to ketamine’s anesthetic effects, which might be of great importance
especially when the patient has a history of drug abuse. Similarly, there are sev-
eral papers indicating tolerance to the antidepressive effects of ketamine during
repeated administrations [85]. Nonetheless, tolerance to ketamine can develop
rapidly in all species, including after one large dose [86, 87], or even in patients
with major depressive disorder. A great example derived from the case study of
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Bonnet [85] provided evidence that a continuous antidepressant response to daily
ketamine injections can be followed by a swift return of a major depressive episode
after cessation of ketamine. Other papers demonstrate animals chronically given
ketamine that required increased doses of ketamine to reach the target anesthetic
plane. Moreover, animals had a shorter duration of anesthesia [86, 88]. Surprisingly,
rats pretreated with intraperitoneal morphine at a dose of 5.6 mg/kg demonstrated
cross-tolerance to ketamine’s anesthetic effects [88].

5.5 Withdrawal

Ketamine, being a drug easily abused, may induce several uncomfortable
adverse reactions as a consequence of its cessation. There is increasing evidence that
ketamine causes psychological but not physical dependence. Withdrawal symptoms
are usually like withdrawal from cocaine with very strong cravings. Symptoms
of acute withdrawal may be short-lived and not identified as such [89]. However,
the withdrawal from ketamine may paradoxically cause depression [90]. Other
withdrawal symptoms after ketamine discontinuation include dysphoria, shaking,
sweating, palpitations, tiredness, low appetite, low mood, chills, autonomic arousal,
lacrimation, restlessness, anxiety, nightmares, paranoia, delusions, and hallucina-
tions [81, 91, 92]. Noteworthy, these withdrawal symptoms typically begin within
24 h of discontinuation and last approximately 3 days, although in some cases, they
may persist for 2 weeks and thereafter stabilize [93].

Apart from the abovementioned, there several reports are indicating that due to
ketamine discontinuing mild forms of schizophrenic-like symptoms occur [17].

5.6 Ketamine-induced uropathy: “the ketamine bladder”

Recreational abuse of ketamine has been associated with bladder pain
syndrome; ulcerative cystitis also known as ‘ketamine bladder’. Up to a quarter
of ketamine, abusers may experience such problems. According to the European
Medicines Agency (EMA) and the UK Yellow Card Scheme pharmacovigilance
database about 23% and 17% of ketamine-related adverse drug reactions (ADR)
respectively referred to renal/urinary disorders. Interestingly, such issues being
more common among women than men [94]. In general, urological problems occur
within 1 month-1 year time frame following the start of ketamine use, but recent
pharmacovigilance data revealed that even an acute ketamine administration may
be associated with urological risks, as in some cases the risk was noticed within
48hours of treatment [94].

Initially, ketamine associate bladder disturbance may mimic common conditions
such as urine infections and it may be difficult to diagnose, but further urinary
symptoms may substantially disturb the quality of the abuser’ life thus extreme
individuals have difficulty with passing urine. There are reports of needing to
pass urine up to 20 times an hour, leading to hydronephrosis and finally kidney
failure [4].

Damage to the urinary barrier initiates bladder pain and, in ketamine-induced
cystitis, loss of urothelium from large areas of the bladder wall was reported [95].
Ketamine abuse also induces small bladder volume, bladder wall thickening, and
mucosal enhancement. The most common ketamine bladder symptoms reported
in the 2018 Global Drug Survey were as follows: urine frequency 38%; pain in the
abdomen 25%; burning when urinating 18%; incontinence 7%; and blood 3% [96].

The first report of the urological syndrome was published in 2007 by Shahani
and colleagues [97]. The cause of urinary toxicity appears to be multifactorial and
not fully explained. It is postulated that the direct toxic effect of ketamine or its
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active metabolite (norketamine) on the urinary tract may play a crucial role [98].
Itis also pointed out, that the urinary toxicity seems to be unrelated to ketamine
interaction with NMDA receptors (NMDAR). Thus, in vitro studies revealed that
normally human urothelial cells were unresponsive to NMDAR agonists or antago-
nists, and no expression of NMDAR transcript was detected [95].

A recent study offers new evidence for a mechanism of direct toxicity of
ketamine to the urothelial by activating the intrinsic apoptotic pathway. In fact,
exposure to ketamine in noncytotoxic concentrations initiates the transient release
of calcium Ca(2+) from the endoplasmic reticulum into the cytosol. However,
ketamine concentrations >1 mmol/L become cytotoxic and provokes a larger-
amplitude increase in cytosolic Ca(2+) concentration. Consequently, sustained
elevation in Ca(2+) leads to pathological mitochondrial oxygen consumption and
ATP deficiency, and it initiates damage to the urinary barrier [95].

The chronic immune response of the bladder interstitial cells may be another
possible underlying mechanism of toxicity [99, 100]. Biopsies have also revealed
epithelial denudation, eosinophilic, as well as mast cell infiltration [97, 101].
Ketamine may also trigger interstitial fibrosis by damaging the papillary medullary
interstitial cells [98]. There are also reports of metaplasia in the intestine related
to ketamine abuse [102]. Furthermore, ketamine through its central action may
disturb the contractile response of smooth muscle from appropriate stimuli [103].

In addition, ketamine may induce highly destructive microvascular changes
causing epithelial-to-mesenchymal transition, which finally contributes to bladder
or kidney fibrogenesis [100, 104].

Compared to the urinary tract, renal damage and bilateral hydronephrosis are
less frequent but may also occur. Chronic kidney failure may develop as the final
consequence of a long-term sequel [105].

Of note, there a no specific and casual pharmacotherapy for ketamine-related
urinary tract disorder. The symptomatic treatment with antibiotics, anti-inflam-
matory agents, steroids, and anticholinergics in most cases has failed [106]. In such
a scenario, the second line of alternative treatment with intravesical agents such
as hyaluronic acid, and injections of Botulinum toxin-A should be considered.
Preclinical studies have also suggested a future therapy with combined intravesical
liposomal onabotulinum toxin-A instillation and mesenchymal stem cells placed
directly into the bladder submucosal layer [107]. However, the urinary problems
may improve and became reversible if ketamine use is reduced/withdrawn, thus
ketamine abstinence should be the first step in ketamine-induced uropathy treat-
ment. The abstinence greater than 3 months is related to some improvement and
less severe symptoms. Of note, in some cases, urological issues may persist for up to
1 year after ketamine abstinence [108]. More invasive methods, such as a catheter
(tube into the bladder), urinary diversion, and nephrectomy may be required in
the prolonged ketamine abuse and irreversible renal damage which may produce a
burden to healthcare resources [100, 102, 103].

5.7 Gastrointestinal pathology: ‘K cramps’

Regular and long-term ketamine use is associated with gastric pathology of
unknown etiology, colloquially termed ‘KCramps’ [37, 98].

In line with the 2010 Mixmag Survey, ‘K cramps’ occurred in 30% of ketamine
users and was a more common issue among women [109]. The persistent epigastric
pain is classified as the commonest upper GI symptoms as was presented in 73% of
abusers after a higher dose, daily ketamine use [110]. Among symptoms that were
also frequently diagnosed in ketamine users are cystic dilatations of the common
bile duct, in association with abnormal liver function tests [111-113].
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In a retrospective study of GI symptoms followed by inhalational ketamine use,
28/37 of the subjects experienced upper GI symptoms. The mean time of ketamine
use was 4 years before admission. Exclusion criteria included potential risk factors
and a history of GI disorder. The most common finding was epigastric pain only,
which occurred in 23 (62.2%) users. Four users had epigastric pain with vomiting.
In sporadic cases, gastroduodenitis, and intestinal metaplasia have occurred. More
importantly, all symptoms relief with abstinence from ketamine use [110]. Of note,
pains symptomatology related to GI in ketamine users may resemble irritable bowel
syndrome as in some parts tend to be triggered by psychological changes [37, 114].

There has been shown that gastric pathology among ketamine users correlated
with the duration of drug use [111, 115]. The exact mechanism by which ketamine
produces cholestasis and biliary dilation is unclear but is a possible direct link to
NMDA receptor blockade in smooth muscle. In addition, ketamine may also act
through the dorsal motor nucleus of the vagus, projecting to the gall bladder [116].

Effective treatment of GI toxicity includes discontinuation of ketamine use
which can lead to the relief of symptoms, otherwise, treatment options are
nonspecific [110].

Of note, there are certain cases of evidence of causal risk between chronic
ketamine use and GI toxicity as dilated common bile duct regressed with abstinence
but recurred following a return to ketamine use [111].

6. Ketamine and other substances/drugs adverse reactions

The phenomenon of interaction is used in clinical practice as multi-drug
therapy. Its aim is to increase the pharmacological potency and obtain desired
therapeutic effect while reducing doses of individual drugs. Such steps reduce the
likelihood of side effects and are beneficial for the patient. However, the problem
arises when unwanted drug interactions occur, and this includes i) pharmaceutical
interactions, i.e. incompatibilities arising outside the patient’s body; ii) pharma-
cokinetic interactions related to the fate of the drug in the body at the stage of its
absorption, distribution, metabolism and excretion; and finally iii) pharmacody-
namic interactions, where one drug modifies the action of another drug.

All these benefits as well as undesired interactions are true for ketamine and
other substances. Use with multiple drugs has been fatal.

Firstly, ketamine (both its R(—)- and S(+)-enantiomers) undergoes hepatic
biotransformation through the cytochrome P450 (CYP450), particularly with the
involvement of CYP2B6 and CYP3A4, to form norketamine. Therefore, an altera-
tion of CYP450 metabolism results in clinically significant drug-drug interactions
that can further cause unanticipated adverse reactions and/or therapeutic failures.
For instance, drugs that induce both these cytochrome isoforms may reduce
exposure to ketamine. In contrast, substances inhibiting CYP enzymes can lead
to an increase the exposure to the drug. As a great example is the treatment with
diazepam, being a substrate of CYP3A4, which increases ketamine plasma half-life,
thus its sedative effects [117, 118]. On the other hand, ketamine can also influence
diazepam metabolism as its decreases CYP3A4 enzyme activity [119].

Apart from the involvement of CYP 450 isoforms in the metabolism of
ketamine, also another hepatic phase I enzymes may be taken under consideration.
Indeed, ketamine has been shown to inhibit UGT2B7 and thus the metabolism of
morphine both in vitro and in vivo [120, 121], therefore increases the liver con-
centration of the opioid. Intriguingly, also the brain concentration of morphine
is found to increased (three- to five-fold 90 min after administration). However,
such drug concentration changes in the brain are not because of changes at the
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blood-brain barrier as it was compared with oxycodone mainly metabolized by
cytochrome P450 (CYP) enzymes [122]. Also, when considered oppositely,
morphine, but not oxycodone, pretreatment increased the brain and serum
concentrations of ketamine [123].

CYP3A4 enzyme is known to be affected by compounds derived from grapefruit
juice or whole fruit (i.e., furanocoumarins and, to a lesser extent, flavonoids) [124].
Therefore, in the case of ketamine given orally, a significant increase in plasma
concentration can be found in healthy volunteers [125].

Unfortunately, drug metabolism via CYP450 enzymes exhibits also genetic
variability (polymorphism), thus in this case also some variations in the exposure
to ketamine are obvious. Poor metabolizers of enzymes metabolizing ketamine are
extremely rare. However, the paper of Rao et al. [126] provided with information
that CYP2B6*6 polymorphism variant did not affect single, low-dose ketamine
metabolism, clearance, and pharmacokinetics in healthy human volunteers, though
diminished ketamine metabolism in vitro.

Concerning pharmacodynamic interaction once should be said that the nature
of ketamine-drug interactions together with the observable effect is highly depen-
dent on the drug type and thus the molecular target (i.e., opioidergic system,
dopaminergic, serotoninergic, etc.) as well as from the dose used. There is a great
several papers characterizing possible pharmacodynamics interactions between
ketamine and different drugs both natural and synthetic. For instance, estrogen
together with progesterone potentiated ketamine-induced antidepressant effect
[127], while BNN27, a synthetic derivative of dehydroepiandrosterone reduced
ketamine-induced ataxia [128]. Ketamine was found to produce additive effects
when combined with gamma-aminobutyric acid (GABA) activity. This was found
true for barbiturates such as thiopental at a hypnotic endpoint [129], but not with
a benzodiazepine - midazolam [130]. Also, for anesthesia induction, the combina-
tion of ketamine and midazolam was found additive rather than synergistic at the
endpoint of loss of response to verbal command [130]. When introduced with other
benzodiazepines (i.e., clonazepam, alprazolam, lorazepam), specifically for the
treatment of long-lasting depression, as well as considering that both types of drugs
act on interneurons, ketamine antidepressant efficacy was mute [131, 132]. This
finding suggested that benzodiazepines inhibitory activity towards ketamine’s anti-
depressant effect may be related to attenuation of neuroplastic processes, emerging
subsequently after the acute effect and after ketamine and its active metabolites are
eliminated from the blood since benzodiazepines occurred ineffective in the first
24 h post-concomitant administration of both drugs [131].

Analyzing other effects mediated by simultaneous ketamine and benzodi-
azepines, the following can be mentioned: (1) inhibition of ketamine-induced
hyperlocomotion by diazepam [133]; (2) ketamine’s emotional stress reduction by
a sub-hypnotic lorazepam [134]; (3) lorazepam intensification of ketamine seda-
tive effects [134]; (4) potentiation of ketamine amnestic action by diazepam and
lorazepam [134, 135]; (5) antagonism of the cardiovascular effects of ketamine
by diazepam [136], or (6) ketamine-induced emergence delirium prevented by
midazolam [137]. Whereas concerning antipsychotics such as haloperidol it has
been shown that it can reduce ketamine-induced cognitive impairment. In addition,
haloperidol was found to attenuate the increase of locomotor activity and stereo-
typed behavior, reversed the motor incoordination, and blocked the hypermobility
induced by acute administration of ketamine in rodents [138].

Yet another possible interaction occurs between ketamine and the opioid
system, as ketamine (in particular (S)-ketamine) was characterized as a drug that
partially interacts with the opioid system, particularly mu-opioid receptors [139].
Indeed, as already mentioned, ketamine enhances levels of morphine, which may
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explain the long-lasting morphine-induced antinociception [120]. Importantly, the
enhanced level of morphine is strictly associated with ketamine inhibitory activity
towards morphine tolerance, which is mainly by N-methyl-d-aspartate (NMDA)
receptor antagonism [121, 140]. On the other hand, it has long been suggested that
opioids may enhance the antidepressant effect induced by ketamine, as naltrexone
attenuated this activity [141]. However, currently, the involvement of the opioid
system in this specific action is unclear since partial agonists (i.e., methadone and
buprenorphine) did not influence ketamine’s antidepressant effect [142].

Opioids are well known for their great ability to induce respiratory depression,
especially when overdosed. Intriguingly, also in this aspect, an interaction between
ketamine and opioids exists. In fact, intraperitoneal (i.p.) administration of ket-
amine has led to significant respiratory depression in mice, but not in mu-opioid
receptor knock-out mice [143].

As with other CNS medications, it should be mentioned that ketamine is capable
of modifying effects mediated by alcohol consumption and illicit drugs. In the
first case, it has been revealed that subjects simultaneously taking alcohol and
ketamine are more vulnerable to suffer from the urinary tract and gastrointestinal
problems such as pain with urination, increased frequency of urination, or even
lower abdominal pain [144]. Of note, individuals with a family history of alcoholism
with altered NMDA activity may have a blunted effect on the negative psychological
reactions to ketamine. Whereas, as a great example of a drug of abuse, apart from
the aforementioned opioids, for which a concomitant use with ketamine may result
in unpredictable and extremely dangerous side effects is a so-called “liquid Extasy”
[92, 145]. This compound is a gamma-hydroxybutyric acid (GHB), being a naturally
occurring analog of gamma-aminobutyric acid (GABA), with esthetic and euphoric
properties. Concerning ketamine, it has been shown that this drug together with
GHB, in particularly high doses, results in an increased risk of respiratory depression
and fatality. In addition, ketamine produced and enhanced GHB-mediated cataleptic
effects in mice [146]. Also, can lead to a significant increase in sleep time.

Dangerous interactions were also noted for ketamine and methamphetamine
both in vitro and in vivo. In fact, the co-exposure of these two drugs resulted in sig-
nificant cytotoxicity and synergy on oxidative stress in HepG2 cells [147]. While in
mice treated with a low dose of methamphetamine and ketamine, the stress-related
depressive and anxiety-related behavioral alterations caused by the psychostimu-
lant were antagonized consistently by both high and low doses of ketamine [148].
Furthermore, a combined repeated administration of both drugs was reported
to increase significantly the risk of psychological dependence as shown in a rat
conditioned place preference test [149]. In turn, in methamphetamine-dependent
humans, a very high prevalence of psychotic disorders was suggested for those who
occasionally or continuously use ketamine [150]. Moreover, when used with other
stimulant drugs such as ecstasy, high blood pressure may appear [50]. Ketamine
may be also toxic when is combined with caffeine. Theoretically, this may be a
concern in people who have consumed energy drinks, especially at nightclubs where
ketamine may be abused.

Ketamine is also a very popular drug taken together with cocaine. Unfortunately,
such a combination occurred to result in a potentiation of cocaine-induced hepa-
totoxicity associated with sub-massive hepatic necrosis. These observations were
indicated for rats pretreated with ketamine for three consecutive days at a dose of
100 mg/kg with a single dose of cocaine (5 mg/kg, i~v.) [151]. This information is
especially intriguing when compared with recent data demonstrated that a single
ketamine infusion in cocaine abusers, coupled with a mindfulness behavioral
modification program, seems to be a promise to achieve both the abstinence and
reduction of the risk of relapse [152].
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Ketamine is known to be related to several molecular targets, either directly or
indirectly. Indeed, due to its interactions with sodium channels (local anesthetic
properties), i.e. L-type calcium channels and potassium channels [153], ketamine
when administered with grapefruit juice may cause harmful effects ranging from
relatively mild hypotension and dizziness. Furthermore, ketamine being an antago-
nist towards acetylcholinergic receptors produces various effects while interacting
with cholinesterase and anticholinesterase agents. One great example is the interac-
tion with atropine which was found to slightly increase the ketamine-induced time
of immobility in rats [154]. On the other hand, ketamine blocked the EEG and
the behavioral toxic effects of neostigmine and physostigmine. While physostig-
mine can reverse the central anticholinergic effects and also antagonize ketamine
hypnotic effects [155]. However, in the aspect of somnolence reverse, there are
contradictory results. In fact, while Balmer [156] found physostigmine effective in
reversing ketamine-induced somnolence. Drummond et al. [157] indicated phy-
sostigmine as ineffective in producing a rapid patient awaking or even in reducing
hallucinatory behavior.

Another possible cellular target of ketamine includes the monoaminergic sys-
tem, particularly noradrenergic and serotonergic. Alpha2 agonists such as xylazine
or medetomidine as well as dexmedetomidine were found safe when combining
with ketamine [158]. Both these drugs were shown to reduce the dosage of ketamine
and the occurrence of psychomotor symptoms after ketamine. As for compounds
actin at serotonergic receptors of various types or being selective serotonin reup-
take inhibitors (SSRIs) it can be provided that repeated subanaesthetic doses of
ketamine can redeem the time lag for the antidepressant-like effects of citalopram
[159]. Also, such a combination given to rats resulted in a decrease in the immo-
bility time and increase in struggle time in the Forced Swim Test (FST) and Tail
Suspension Test (TST) as compared to control group [160].

Beneficial effects were also observed for other serotonergic agents. For instance,
intravenous ketamine emetic properties were inhibited by ondasteron in children
[161]. Moreover, ketamine was reported to potentiate the anxiolytic effects of SSRIs
such as fluoxetine [162].

Apart from the above-mentioned, also cannabinoids were indicated to be
vulnerable to interact with ketamine. These includes delta 9-tetrahydrocannabinol
being the major psychoactive molecule among synthetic cannabinoid ligands
that act at cannabinoid 1 receptor (CB1), as well as cannabidiol (CBD) displaying
potency as an antagonist of CB1 and CB1 receptor agonist, respetively. Indeed,
Frizza et al. [163] reported 9-tetrahydrocannabinol to prolong the anesthesia
induced by ketamine in mice. Whereas CBD was found reduced depersonaliza-
tion when administered with ketamine, as measured by the Clinical Administered
Dissociative State Scale in healthy humans [164].

Overall, it can be noted that ketamine, possibly due to the complex mechanism
of action, may interact with various molecular targets resulting in both critical and
beneficial effects. Therefore, there is no unequivocal opinion as to whether ket-
amine should be used with caution or not; this depends strictly on the type of the
second drug used as well as on other physiological and pathophysiological factors,
including age, genetic polymorphism, and occurrence of diseases and disorders.

7. Conclusions
Non-medical, recreational use of ketamine has increased in certain populations/

sub-groups with geographical variations in its use patterns. Ketamine abuse seems
to be an important public health challenge due to its association with multiple
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physical and psychological harms. Noteworthy, the psychedelic effect may have a
therapeutic value in some points and be harmful in others. Long term users may
develop different neurobiological alterations, psychological dependency, with-
drawal, tolerance, schizophrenia-type symptoms, poor psychological well-being,
memory difficulties, and finally worse quality of daily life. In the long-term use,
there is also evidence of deleterious effects for the peripheral system, associated
with serious lower urinary tract symptoms, and gastrointestinal pathology. In addi-
tion, polysubstance consumption is inherently risky and can lead to serious adverse
consequences, especially when abusers mixing ketamine with eighter depressants or
stimulants. Although of concern did not cause any significant changes in ketamine’s
legal status over the years. There are numerous studies revealed the effects of a
single administration of ketamine, thus the effects following repeated use and long-
term consequences are still less known and underestimated. More study is needed
to better elucidate the real ketamine safety profile regarding both its long-term
recreational use and its clinically use as an antidepressant agent.
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