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Pharmacokineticand pharmacodynamic considerations for ketamine in the treatmentof chronic neuropathic pain
NEUROPATHIC PAIN

On their website, the International Association for the Study of Pain (IASP) defines neu-
ropathic pain (NP) as "pain caused by a lesion of the somatosensory nervous system”.*?
The IASP further states that NP is a description rather than a diagnosis that requires a
detectable lesion or a disease according to recognized neurologic criteria. NP may be
central or peripheral depending on the location of the lesion in the peripheral or central
somatosensory nervous system. It is evident from these statements that NP is associ-
ated with multiple diseases or syndromes (Table 1).*> Additionally, in many patients no

cause for their NP is found.

Table 1. Examples of diseases and syndromes associated with neuropathic pain.

Trauma to the peripheral or central  Surgical trauma, spinal cord injury, traumatic peripheral nerve damage,
nervous system amputation with phantom limb pain, complex regional pain syndrome,
complex regional pain syndrome

Nerve or spinal cord compression Disc herniation, canal stenosis
Vascular disease Stroke, ischemia of the lower extremities

Degenerative neurological disease ~ Multiple sclerosis, amyotrophic lateral sclerosis, syringomyelia,
Parkinson’s disease, Huntington’s disease, Alzheimer's disease

Infectious disease HIV/AIDS, leprosy, shingles, neuritis

Hereditary neuropathic syndromes  Erythromelalgia, Fabry’'s disease, sodium channelopathy

Metabolic syndromes Diabetes mellitus, sarcoidosis, alcoholism, amyloidosis, malnutrition,
obesity

Drugs and toxins Chemotherapeutics, thalidomide, arsenic

Cancer Paraneoplastic, dysglobulinemia, nerve damage

(in cancer pain often both neuropathic and nociceptive components
are present)

Other Idiopathic, fibromyalgia

Patients with NP often display similar characteristic symptoms irrespective of the
underlying disease, such as spontaneous pain often described as burning (hot), electric
or shooting, an increase in pain sensitivity (hyperalgesia) with reduced pain thresholds
(allodynia).? In case of hyperalgesia and allodynia there is often central sensitization
or a heightened responsiveness of nociceptive neurons to normal and subthreshold in-
puts.” The presence of central sensitization can be examined by so called experimental
proxies such as conditioned pain modulation or temporal summation in humans and
windup in animals.* It is important to realize that, particularly in case of central sensiti-
zation, there is a discrepancy between the amount of tissue damage and the intensity
of pain experienced by the patient, due to the fact that aberrant pain processing within
the central nervous system is now the main cause of the pain.*
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Many chronic pain syndromes, including and possibly even especially NP, are associ-
ated with comorbidities such as depression, anxiety, difficulty sleeping, fatigue, cogni-
tive decline, and other often poorly diagnosed vague symptoms such as diffuse bodily
pain or general malaise.’ In conclusion, NP is a debilitating condition associated with
an often difficult-to-treat underlying (or idiopathic) disease that has a major impact on
the well-being of the patient and may have serious socioeconomic consequences to the
affected individual and his or her family.

TREATMENT OF NEUROPATHIC PAIN

NP is difficult to manage with just a limited treatment effect in 30-60% of patients. Most,
if not all, treatments are aimed at symptom reduction. In 2015, Finnerup et al. published
asystematic review and meta-analysis of randomized controlled trials of oral and topical
pharmacotherapy versus placebo to treat NP6 They used the number-needed-to-treat
(NNT) as primary end-point, where an effective treatment was defined by a reduction
in pain score by at least 50%. There was no evidence of efficacy for any drug in in any
disease. Hence, irrespective of underlying disease, they observed an average NNT of 3.6
for tricyclic antidepressants and number-needed-to-harm (NNH) of 13.4; NNT of 6.4 for
SNRI-(selective serotonin-noradrenaline reuptake inhibitors; mainly duloxetine)-type
antidepressants (NNH = 11.8); 7.2 for gabapentin (NNH = 29) and 7.7 for pregabalin
(NNH 13.9), both anticonvulsants. NNT and NNH values for strong and weak (tramadol)
opioids were 4.3 and 4.7, respectively, with NNH values of 11.7 and 12.6. Based on
the quality of evidence and efficacy, the authors give a strong recommendation for use
of antidepressants (tricyclics and SNRIs) and GABAergic anticonvulsants, and a weak
recommendation for use of opioids and the lidocaine (5%) and capsaicin (8%) patches.
The recommendation regarding the use of oral or topical N-methyl-D-aspartate recep-
tor (NMDAR) antagonists was inconclusive. Finnerup et al. did not include intravenous
NMDAR antagonists, such as ketamine, in their analyses.®

Since the NMDAR plays a crucial role in the development and chronification of pain,
especially NP, and given the fact that the current array of treatment options still lacks
adequate efficacy in the majority of patients, many physicians in second and third line
attempt treatment of refractory NP with NMDAR antagonists, particularly ketamine.” In
chronic NP, there is an enhanced release of the excitatory amino acids (glutamate) in the
dorsal spinal horn of the spinal cord, with consequently persistent activation of post-
synaptic excitatory NMDARs that maintain afferent neurotransmission to sensory brain
sites.” Prolonged stimulation will cause upregulation of the NMDAR and consequently
establishes a state of central sensitization with pain, allodynia and hyperalgesia, often
spreading across multiple dermatomes. Note that sensitization is not restricted to NP but
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may also occur in nociceptive pain.* Given the above, blockade of sensitized NMDARs
seems an opportunistic method of pain relief in NP by curtailing central sensitization.
There are several drugs available in clinical practice with (variable) antagonistic activity
at the NMDAR including xenon, nitrous oxide, magnesium, methadone, amantadine,
riluzole, memantine, phenytoin, carbamazepine, valproic acid and ketamine.**** Just a
restricted number of these drugs are used to specifically treat NP. The largest number
of positive trials in the treatment of NP is observed with ketamine.** Of all mentioned
NMDAR antagonists, ketamine is possibly most efficacious in reducing windup and tem-
poral summation.*? In a recent study in patients with refractory NP, temporal summation
measured just before treatment was a predictor of the efficacy of ketamine. **

In this review, we discuss recent data on the pharmacokinetics and pharmacodynam-
ics of ketamine in the treatment of NP. This is an update of our previous review on this
same topic published in 2012.7 Since then, the interest in ketamine and other NMDAR
antagonists has increased significantly, primarily due to the positive results of studies
on the treatment of therapy-resistant depression with ketamine. Moreover, the use
of ketamine in the management of several refractory (neuropathic) pain conditions
persists. Alongside the increased clinical interest in ketamine, new data have emerged
on the pharmacokinetics of ketamine and its metabolites, and on the complex and
comprehensive modes of action of ketamine in its intended and adverse effects. Finally,
additional studies were published that scrutinized ketamine efficacy, particularly in NP
conditions.

KETAMINE

Ketamine is a rather complex drug; it is a racemic mixture containing an S- and R-
isomer.”® Since 2000, both the racemic mixture (Ketalar® or RS-ketamine) and the
S-ketamine enantiomer (Ketanest®, Spravato® or esketamine) are commercially avail-
able. Additionally, ketamine has several active metabolites. Major metabolites include
norketamine (NK) and hydroxynorketamine (HNK), of which multiple enantiomers are
produced in the liver.** (2R,6R)-HNK is the most studied ketamine metabolite due to its
specific pharmacodynamic properties. Both enantiomers and metabolites differ in their
pharmacokinetics and pharmacodynamics (such as molecular site of action), although
detailed information on these differences is still not fully available.™ Therapeutically,
ketamine is used as anesthetic, analgesic for acute and chronic (cancer and non-cancer)
pain, and since a few years as antidepressant. Additionally, ketamine is occasionally used
as anti-inflammatory agent in perioperative care, in the treatment of post-traumatic

stress disorder, and finally to induce bronchodilation in refractory asthma. ****’

19



20 | Chapter2
MECHANISM OF ACTION

Ketamine is a promiscuous drug that interacts with multiple receptor systems within
the central nervous system (e.g. opioid receptors, sigma receptor, dopamine D, recep-
tors, muscarinic acetylcholine receptor, innate repair receptor, HCN1 cation channels).”®
In NP, however, its main mechanism of action is blockade of sensitized NMDARs.”® As
discussed previously, this will interrupt the continuing and excessive barrage of afferent
input from damaged peripheral sites (such as a peripheral nerve injured by surgery).’
Secondary mechanisms include the reset or desensitization of spinal and supra-spinal
glutamatergic nociceptive pathways, the inhibition of reuptake of monoaminergic
compounds (e.g. dopamine, serotonin and norepinephrine) and the restoration of de-
scending pain inhibition.® An interesting recent observation is that ketamine does not

produce relief of NP in mice lacking the B-common receptor (CD131).*2

The erythropoi-
etin receptor-B-common receptor complex (also named the innate repair receptor) is a
tissue protective receptor thatis upregulated in tissue injury (including various diseases
associated with NP) and activated by the local release of erythropoietin. Ketamine acts
at the innate repair receptor causing effective relief of allodynia in wild type mice and
rats. NP persists in knockout mice that lack the 3-common receptor. Interestingly, acute
pain relief was still observed in these B-common receptor knockout mice. It was argued
that ketamine acts via a yet unknown link between the NMDAR and this specific repair
pathway. An interesting secondary observation was that ketamine reduced inflamma-

tory markers in the spinal cord of rats with NP from peripheral nerve damage.

PHARMACOKINETICS

Ketamine inhalation

Ketamine is administered by several routes of administration including intranasal,
sublingual, subcutaneous, rectal, transcutaneous and intravenous routes. However, in
clinical practice, the intravenous route is the most frequently applied mode of ketamine
delivery with consequently the need for a venipuncture or intravenous cannula. Recent
studies addressed the safety and feasibility of ketamine inhalation following nebuliza-
tion or aerosolization of preservative free RS- and S-ketamine.**?° The main rationale
for this route is the ability to administer ketamine for longer periods of time without the
need for intravenous access. Additionally, inhalation results in a rapid absorption into
the systemic circulation, which is only surpassed by intravenous administration. Inhaled
ketamine could be an alternative mode of delivery outside of the hospital setting (for
example at home in palliative care).
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The safety of preservative free S-ketamine inhalation was addressed by Jonkman

et al.*°

They showed rapid S-ketamine uptake with Cyax values > 100 ng/mL attained
within 15-30 min, following inhalation of 0.35-0.70 mg/kg S-ketamine for 20-40 min.
All adverse effects that were observed were related to the drug itself and not to the
mode of administration and were perceived as mild. Side effects included nausea, vom-
iting, drug high, schizotypal effects and mild hypertension. None of these side effects
interfered with the operation of the inhalation device. During and following inhalation,
there were no signs of oropharyngeal irritation, hypersalivation, stridor, laryngospasm,
bronchospasm, dyspnea, aspiration or desaturation.

In a second publication, Jonkman et al. addressed the pharmacokinetics and bio-
availability of inhaled ketamine.” The pharmacokinetic data were analyzed with a
multicompartmental model that consisted of three S-ketamine, two S-norketamine
disposition and three metabolism compartments. Uptake into the systemic circulation
was modelled through a rapid (immediate) and a slow pathway with rate constant 0.05
min™, probably related to pulmonary uptake. Bioavailability ranged from 40 to 70%.
Thirty percent of the S-ketamine was lost due a dose-independent mechanism (ket-
amine swallowed, exhaled or stuck to the inhalation device) while the remainder was
lost in a dose-dependent fashion, probably due inefficient inhalation. No safety issues
became apparent in bystanders (research personnel).

Intranasal ketamine

Similar to ketamine inhalation, the delivery of ketamine via a nasal spray is possible
without intravenous access, and thus facilitates ketamine use in outpatient settings. In a
study by Nielsen et al,, fifty children received a combination of intranasal sufentanil (0.5
pg/kg) and racemic ketamine (0.5 mg/kg) preceding painful procedures.?* Ketamine bio-
availability was 36%, with Cyax values > 100 ng/mL reached after 8.5 min. The authors
reported few adverse effects (vomiting in three patients). Recently, the FDA approved
an intranasal S-ketamine preparation (Spravato®; Johnson & Johnson) for management
of treatment-resistant depression (i.e., for patients who experienced previous treat-
ment failure with two other antidepressants without success).”” Spravato® should be
used in conjunction with an oral antidepressant. The intranasal device delivers 28 mg of
S-ketamine in two sprays and is available as a 56-mg kit (two 28-mg devices) or an 84-
mg kit (three devices). Dosing is 56 or 84 mg once weekly but eventually (after 8 weeks)
aimed at an individualized dosing frequency to the least frequent dose that maintains
remission or treatment response.

Ketamine pharmacokinetic model parameters

We recently performed a meta-regression analysis to synthesize ketamine PK param-
eter values, volume of distribution and terminal clearance, and determined a possible
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effect of age, disease state, administration form (S- or RS-ketamine), analyte (S-, R- or
RS-ketamine), sampling site (arterial or venous) and population size.”® Data from 30
ketamine PK modeling studies were retrieved from the literature. Interestingly, despite
sometimes large inter-study heterogeneities, the values for volume of distribution and
elimination clearance were similar among studies with values for volume of distribu-
tion 200-270 L/70 kg (95% confidence interval) and for elimination clearance 70-85
L/h at 70 kg. Additionally, no influence of any of the covariates on PK parameters was
observed. This indicates that one set of ketamine model parameters may be used to
determine dosing in a variety of conditions. However, dosing in the pediatric population
remains preferable by titration to effect rather than dosing by body weight as these
analyses were scaled to a standardized 70 kg patient. Due to a paucity of studies, as-
sessment of the effect of metabolic enzyme variants or sex on model parameters was
not possible. Similarly, just a minority of studies included ketamine’s metabolites into
their PK models and hence it remains unclear whether inclusion of these metabolites
would improve the performance of ketamine PK (and PD) models.

Metabolites

Ketamine is extensively metabolized via cytochrome P450 (CYP) enzymes, mainly by
CYP2B6 and CYP3A4. The main metabolic pathway involved in ketamine metabolism
is N-demethylation to NK. Subsequently, NK can be either hydroxylated to HNK or
dehydroxylated to dehydronorketamine (DHNK). In addition, several minor metabolic
pathways have been described, most of them involving the conversion of ketamine to
hydroxyketamine with or without a subsequent conversion to HNK.** Approximately
80% of the ketamine dose is metabolized to NK, 5% to hydroxyketamine and 15%
to HNK. ***” The relative importance of CYP enzymes 2B6 and 3A4 in the metabolic
pathways of ketamine remains a matter of debate. A recent in vitro study showed a
higher ketamine affinity for CYP2B6 than CYP3A4 for ketamine N-demethylation to NK
in human liver microsomes.”® However, since CYP3A4 is more abundant than CYP2B6,
CYP3A4 is considered to be the main CYP subtype in this metabolic pathway. Ashraf et
al. report that CYP2B6 is the main enzyme responsible for ketamine metabolism.?®

It is well known that CYP polymorphisms can substantially influence ketamine
clearance and thus plasma concentrations. In a study evaluating the effects of CYP2B6
polymorphisms and age on ketamine clearance, the presence of the CYP2B6*6 allele
explained 40% of the variation in ketamine steady state concentrations.*

One recent study in patients with treatment resistant bipolar disorder allowed ex-
traction of relevant PK parameter values for HNK and DHNK.>* Assuming that central
volumes of distribution for HNK and DHNK are equal to that of ketamine, clearances
were 4.7 L/h at 70 kg, 15.2 L/h at 70 kg and 8.34 L/h at 70 kg for HNK, R-DHNK and
S-DHNK. Total plasma exposure (area under the curve, AUC) was shown to be higher for
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the HNK metabolite than for ketamine, which is likely to be caused by rapid and efficient
metabolic generation of HNK combined with a relatively slow HNK clearance.

Enantiomers

In agreement with earlier observations, Henthorn et al. report a 15% lower R- than
S-ketamine clearance following the separate administration of the two ketamine
enantiomers in healthy volunteers.** A part of the stereoselective metabolism may
be explained by the higher affinity of CYP3A4 for S- than R-ketamine, which results in
a higher metabolic rate for S-ketamine. In contrast, demethylation by CYP2B6 occurs
with near similar efficiency for both enantiomers.** Rat studies indicate the importance
stereoselective metabolism of ketamine into HNK.** Moaddel et al. showed that the
S-ketamine enantiomer is a more efficient source of (2,6)-HNK than the R-enantiomer.>?
However, HNK brain uptake and the clearance from plasma were not enantioselective.
These results point towards similar enantioselectivity in the metabolism of ketamine
into NK and HNK in humans and rats.

PHARMACODYNAMICS

Systematic reviews and randomized trials

A large number of studies on the efficacy of ketamine in pain management has been
conducted and numerous clinical trials and case series have been published since 1990.
In 2012 we stated that with respect to the ability of NMDAR antagonists in general and
ketamine in particular to relief neuropathic pain “... good-quality RCTs are sparse and
point to just one NMDAR antagonist, ketamine, as a possible tool in the treatment of neu-
ropathic pain. Still also for ketamine the proof is limited ....".” To determine whether this
picture on ketamine persists, we searched for systematic reviews published since 2012
that evaluated randomized controlled trials on the efficacy of ketamine (irrespective of
administration route) in chronic pain conditions with a neuropathic pain component.
We also included cancer pain, since cancer pain is often a mixed form of nociceptive
and neuropathic pain. We retrieved seven relevant meta-analyses, systematic or litera-

11,33-36

ture reviews (Table 2). Five reviews focus on chronic neuropathic pain, of which

3536 and two

two predominantly on complex regional pain syndrome (CRPS) patients,
reviews on cancer pain.*’*® Although there is some overlap in studies included in the
various reviews, the approach of the different reviews is sufficiently distinguishing to
be included in our analysis. The overall picture that emerges from these reviews is that
(1) the heterogeneity among studies is large and synthesis of data is often not pos-
sible; (2) irrespective of the underlying disease, intravenous administration of ketamine

seems to have a higher efficacy than other administration forms (oral, subcutaneous,
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intranasal or topical); (3) the efficacy of intravenous ketamine is often rather small and
does not last longer than 1-2 days following end of administration; (4) longer infusion
times are associated with longer effect durations; (5) none of the studies phenotyped
their patients or restricted treatment to patients with central sensitization; and (6) most
studies were effectively not blinded due to the occurrence of ketamine side effects. One
randomized controlled trial on the effect of oral ketamine versus placebo in cancer-re-
lated neuropathic pain was not included in any of the reviews and deserves mentioning.
Fallon et al. randomized 214 patients with chemotherapy-induced neuropathic pain.** A
ketamine or placebo titration phase was followed by a pain control maintenance phase.
Just 24 and 26 patients in the respective ketamine and placebo arms completed the
study. The others were excluded in the titration or maintenance phase due to treatment
failure. Overall, ketamine was equivalent to placebo with 31.8% (ketamine) and 36.4%
(placebo) of patients displayed maintained analgesic benefit at day 4 of treatment and
22.4% (ketamine) and 25.2% (placebo) at day 16. The authors further mention that
there still may be subgroups of patients, such as those with central sensitization, that
may be sensitive to the analgesic effects of ketamine. However, they did not phenotype
patients in their study.

Finally, one important therapeutic indication for ketamine is its ability to provide
long-term pain relief in opioid-dependent chronic low-back pain patients following
low-back surgery.*** The pathology causing low-back pain and the trauma from surgery
will have neuropathic pain components and ketamine might have beneficial effects in
subduing central sensitization and chronification. Additionally, the long-term use of
opioids may have worsened central sensitization and consequently may have ampli-
fied hyperalgesia and allodynia. A recent randomized placebo-controlled trial studied
patients undergoing spinal fusion surgery for chronic low-back pain.** Patients who had
moderate to severe low-back pain (average pain score 50 mm, on a 0 to 100 mm scale)
for at least 3 months and consumed an opioid for at least 6 weeks, were treated with
either ketamine or placebo (bolus 0.5 mg/kg, followed by an infusion of 0.25 mg/kg per
h) during the surgical procedure. Compared to placebo, ketamine-treated patients that
preoperatively consumed more than 0.5 mg/kg intravenous morphine equivalents per
day, used less morphine in the first 24 and 48 h following surgery; patients using less
daily morphine equivalents preoperatively did not benefit from morphine in the first
24 and 48 postoperative hours. Most importantly and irrespective of prior opioid dose,
patients treated with ketamine displayed significantly more improvement of their back
pain after 6 months compared to placebo-treated patients and had less disability. At
that time 44% of patients in the ketamine group and 62% of patients in the placebo
group still had a daily consumption of opioids. Moreover, after 1 year these patients had
less pain at rest and during mobilization (mean difference 13-17 mm) and used fewer
opioid analgesics (ketamine group 0-20 mg/day versus placebo 0-62 mg/day, p = 0.02).*?
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Table 2. Meta-analyses, systematic and literature reviews on the efficacy of ketamine in the treat-
ment of chronic (neuropathic) pain.

Authors/ Disease Number Number Ketamine efficacy Comments
type of of RCTs  of
analysis included patients
Orhurhu et  Chronic 7 211 Small positive effect of Effect lasting for 2 weeks
al. 2019/ (neuropathic) intravenous ketamine. after ketamine infusion
meta- pain with a pain reduction of
analysis ** 1.83 points with 95% ci
-2.35t0-1.31.
Aiyer et Chronic 21 548 15/21 trials showed some Oral (n = 3), topical (n = 5)
al. 2018/ neuropathic (non-specified) benefit,of  and intravenous ketamine
literature pain which 13/13 i.v. ketamine studies (n = 13) were
review ** studies showed some included.
benefit.
Zhao et Complex 15 258 A small meaningful The number of patients with
al. 2018/ Regional Pain reduction in pain scores at least 30% pain relief
meta- Syndrome was observed immediately ~ was 69% with 95% ci 53
analysis *° following treatment and to 84%, immediately after
after 1-3 months. treatment and 58% (41
to 75%) 1-3 months after
treatment.
Michelet et Chronic 6 195 No effect at 4 weeks after Leaving the one study with
al. 2017/ neuropathic the beginning of ketamine  high-risk bias out of the
meta- pain treatment was observed analysis leads to a pain
analysis ** although analyzing just the  reduction of -1.73 points
studies with no high-risk with 95% ¢i-2.39 to -1.07.
bias did find a moderate
effect.
Bell et Cancer pain 3 215 Two small studies (total Various administration
al. 2017/ n = 30) reported small routes: intravenous,
systematic reductions in pain intrathecal and
review *’ intensity and morphine subcutaneous.
requirements. The larger
trial (n = 185) showed no
difference in pain scores
between subcutaneous
ketamine and placebo.
Jonkman et Cancer pain 4 245 3 of 4 trials had a negative ~ Two additional trials are
al. 2017/ effect; the remaining discussed on epidural (n =
literature trial had an effect lasting 12) or intrathecal (n = 20)
review no longer than 3 hours ketamine + morphine vs.
following the end of just morphine. Pain scores
treatment. did not differ between
treatments.
Connolly et Complex 5 107 4 of 5 trials with
al.2015/ Regional Pain intravenous (n = 3) and
literature Syndrome, intranasal (n = 1) ketamine
review * breakthrough showed some efficacy;
pain, and topical ketamine was
postherpetic without effect in Complex
neuralgia Regional Pain Syndrome

patients.
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These reports contrast outcome of several other trials that show just limited effects of
ketamine treatment during a range of surgeries for prevention of persistent postopera-
tive pain.® However, none of the included patients in these earlier trials were opioid-
dependent. It may well be that in opioid-dependent patients, ketamine interacts with
brain circuits involved in opioid rewarding, causing a neuronal reset and consequently
fewer opioid requirements (without withdrawal symptoms), re-engagement of descend-
ing pain inhibition and reversal of opioid-related paradoxical effects (opioid-induced
hyperalgesia). A recent case report confirms such mechanisms.** A patient with CRPS
and severe pain (score 9 out of 10) consuming daily more than 300 mg of morphine
equivalents was successfully and rapidly opioid tapered with two 5-day ketamine treat-
ments and cognitive behavioral therapy and remained opioid free for up to 1 year.

(2R.6R)-hydroxynorketamine

While it is generally accepted that ketamine is most important in producing the anal-
gesic effects, it may well be that, in parallel to ketamine treatment in depression, the
active metabolites play an important role in ketamine analgesia. In three mouse models
of pain (nerve-injury neuropathic pain, tibia fracture complex regional pain syndrome
pain, and plantar incision postoperative pain), Kroin et al. compared the analgesic
effects of (2R,6R)-HNK and ketamine.* In all three models, (2R6R)-HNK was superior
to ketamine in producing long-lasting (> 24 h) relief of allodynia. Since the half-life
of (2R6R)-HNK is less than 1-h in the mouse brain, these effects are not pharmaco-
kinetically driven but are possibly related to neuroplastic and neurotrophic changes
causing reduction of central sensitization. Importantly, unlike ketamine, (2R,6 R)-HNK is
not associated with motor incoordination and has a lower potential for abuse or addic-
tion. Further, this metabolite is associated with profound antidepressant effects. These
observations make (2R,6R)-HNK an attractive new candidate analgesic. Zanos et al.
showed that (2R 6R)-HNK antidepressant actions are independent of the NMDAR but are
related to agonistic activity at the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptor.** Whether a similar mechanism plays a role in the analgesic ef-
fects of (2R,6R)-HNK is still unknown.

ADVERSE EFFECTS

In humans, ketamine produces undesirable adverse effects that limit treatment com-
pliance. Similar observations are made in animal studies. For example, in rodents,
ketamine causes hyperlocomotion, ataxia and stereotypical behavior such as con-
tinuous running, head weaving, shaking or twitching.*> In humans, symptoms include
drug high, dissociative or psychedelic effects with psychosis-like behavior (paranoia,
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hallucinations, changes in internal and external perception) and severe anxiety with
panic attacks.® Treatment is aimed at symptom reduction with benzodiazepines and
a,-adrenergic receptor agonists (e.g. clonidine). One possible explanation for the occur-
rence of psychedelic effects during ketamine exposure is related to hypofunction of the
NMDAR.?"*° Upon glutamatergic NMDAR activation, calcium-ions flow into the cell and
bind to calmodulin that stimulates nitric oxide (NO) synthase to produce the gaseous
neuromodulator NO from L-arginine. Nitric oxide subsequently activates a cascade that
in the end has neuroplastic, neurotrophic and neuroprotective effects. Blockade of the
NMDAR by ketamine reduces the intracellular NO production causing the loss neuronal
stability with consequently generation of negative behavioral symptoms. In animals,
increasing intracellular NO content using NO donors blocks both phencyclidine and
ketamine behavioral responses, attenuates ketamine-induced memory deficits, and
reduces social withdrawal and anxiety.”’"** Interestingly, there are data that show im-
provement of schizophrenia symptoms with the NO donor sodium nitroprusside (SNP).**

In one recent experimental study performed in healthy volunteers, the influence of the
NO donor SNP was studied on drug high and changes in internal and external perception
during infusion of racemic ketamine and S-ketamine.>* Relative to placebo, SNP signifi-
cantly reduced symptoms during and following racemic ketamine but not during and
following S-ketamine infusion, suggesting that the symptoms induced by R-ketamine
are alleviated by NO. Since the affinity of S-ketamine for the NMDAR is fourfold higher
than that of R-ketamine, possibly higher SNP doses (causing more NO release) may be
required to counteract S-ketamine-induced symptoms. However, it may equally be that
the two ketamine isomers activate divergent intracellular transduction pathways, one
of which is NO sensitive and the other is not. At present, adding a NO donor during
racemic ketamine treatment for chronic pain seems premature and unsubstantiated.
Possibly part of ketamine’s intended effect is mediated by its dissociative pathway.
For example, in the treatment of depression with ketamine, dissociative effects may
play a modulatory role.*® Hence, further (animal) studies are needed to assess whether
modulation of the NMDAR-calmodulin-NO pathway negatively affects engagement of
antidepressant and analgesic pathways.

CONCLUSIONS

The interest in ketamine has increased over the last decade. This is predominantly
related to the development of ketamine for treatment of patients with therapy-
resistant depression. This resulted recently in the approval by the FDA of the intranasal
S-ketamine application Spravato® for this treatment indication.”” The consequence
of these developments is that knowledge on ketamine metabolomics has increased

27



28 | Chapter2

significantly. While an important role for hydroxynorketamine has been detected in
treatment of depression, just one experimental study studied the anti-allodynic effects
of this ketamine metabolite in neuropathic and postoperative pain.** The results are
promising, not only because of long-lasting analgesic efficacy, but also because this
specific metabolite has fewer side effects than ketamine. Interestingly, the long-lasting
analgesic effect is not driven by HNK pharmacokinetics. It is therefore likely that the
metabolite has neuroplastic and/or neurotrophic effects at spinal and supraspinal sites
that effectively counteracts central sensitization. Similar modes of action have been
proposed for ketamine and are thought to be related to prolonged NMDAR desensitiza-
tion.>*>* Further studies are needed to fully understand the mechanism of action of HNK
in pain relief. In the meantime, we encourage further development of HNK in humans
for the treatment of pain.

Akin the recent development of esketamine intranasal application, inhalation as route
of administration opens the possibility of long-term ketamine treatment outside the
conventional hospital setting, for example in palliative care at home or in a hospice.™?°
Since long-term treatment rather than short high-dose infusions seems to be crucial in
effective management of chronic NP, this application form has an evident advantage
over the intranasal form. The inhalation of esketamine is safe, but a practical inhaler has
not been developed yet.

The following conclusions may be drawn from the seven systematic reviews and me-
ta-analyses that were published since 201232 ; jrrespective of underlying disease,
intravenous administration of ketamine seems to have the highest analgesic efficacy
compared to other administration forms; the efficacy of intravenous ketamine is often
rather small and does not last longer than 1-2 days following end of administration;
longer administration times are associated with longer effect durations; none of the
studies phenotyped their patients or restricted treatment to patients with central sen-
sitization; most studies were effectively not blinded due to the occurrence of ketamine
adverse effects.

EXPERT OPINION

The most important conclusion from the current update is that our current findings on
the efficacy of ketamine to treat chronic neuropathic pain are in agreements with our
conclusions from 2012 that definitive proof of the efficacy of ketamine in management
of neuropathic pain is limited, with just small analgesic effects lasting no longer than a
few days or (in some studies employing long-term infusion paradigms) a few weeks.’
In 2012, we stated that additional randomized studies were urgently needed. We cur-
rently doubt whether additional randomized trials in often ill-defined groups of chronic
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pain patient groups are useful and suggest to restrict future studies to patients with

neuropathic pain and signs of central sensitization or to patients with opioid refractory

severe neuropathic pain.

It is important to realize that the results of these systematic reviews on randomized
controlled trials sharply contrast the findings from observational studies and case
series. As discussed earlier, most open studies show unequivocally that ketamine has
benefit in the management of chronic pain with positive patient-related outcome mea-
sures.”* Additionally, experimental human and animal studies show analgesic efficacy
of ketamine in neuropathic pain. We recently gave several explanations for the gap be-
tween controlled trials and open-label or case studies. In short, randomized controlled
ketamine trials may fail for the following reasons®*®:

(1) Short-term infusions of ketamine will cause effects no longer than the treatment
period or for just hours to a few days after treatment. Most trials on long-term intra-
venous treatment show greater signals of efficacy lasting days to weeks;

(2) Often the ketamine dose is restricted because of fear of adverse effects. Co-
administration of benzodiazepines and/or a,-agonists may be helpful. Especially,
0,-agonists may be useful as they are analgesic by themselves and temper the
hemodynamic effects of ketamine;

(3) Rigid dosing titration regimens will have a negative effect on personal analgesic
needs of the patient. In real life rapid and loose up-and-down titrations are allowed,
aiming at optimizing effect with as few as possible side effects and often combined
with co-medication;

(4) Pain intensity scores are often not well understood by patients and additionally may
not capture the beneficial effects of ketamine on mood, cognition and quality of life.
Linear metric scores on a 100 mm scale or numerical ratings poorly represent the
actual perceived pain, particularly under conditions of chronic pain and cognitive
impairment®®*’. Moreover, ketamine may affect cognition and consequently more
qualitative than quantitative scoring systems are likely required;

(5) Placebo controls may cause a bias in study outcome either due to an inflated placebo
effect or due to the fact that well-informed clinical-trial participants that experience
absence of side effects may decide to terminate their participation in the study®?;
and finally,

(6) In real life, patients with severe and progressive neuropathic pain often have other
symptoms or complaints that restrict their ability to be included in the trial.

The debate on the efficacy of ketamine in the treatment of chronic neuropathic pain
is certainly not closed. But more inventive ketamine studies than rigid randomized
controlled trials are required before we can come to definite conclusions.’® Possibly,
restricting treatment to patients with specific neuropathic phenotypes and/or using
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standard practice as control may result in a synthesis of randomized and open trials.
Trials in which patients with central sensitization, irrespective of the cause of the
underlying NP syndrome, versus those without central sensitization are needed to as-
sess whether this subpopulation of patients is best served with long-term ketamine
treatment. Other subpopulations that may benefit from ketamine are those chronic pain
patients with confirmed small fiber neuropathy, larger nerve damage, central pain or pa-
tients with opioid-induced hyperalgesia. In other words, future ketamine trials should
include patients with specific NP manifestations rather than patients suffering from
general NP with a certain level of pain intensity. Additionally, apart from pain-related
biomarkers, other study endpoints are needed. For example, mood-related indices and
other patient-related outcome measures related to quality-of-life, daily activity and
sleep quality/duration may better reflect the effect of ketamine on the patient’s overall
condition.

Finally, the use of ketamine for chronic NP should be viewed in light of the current
opioid epidemic. Opioids are currently prescribed for a myriad of pain conditions in-
cluding NP. The surge in opioid consumption has devastating consequences of which
addiction, abuse and often fatal respiratory depression are common.®®¢* Two questions
come to mind: (1) is ketamine a viable replacement of opioids for treatment of NP? and
(2) is the treatment of ketamine safe when administered in combination with opioid
therapy? The response to the first question is that ketamine should be used exclusively
in therapy-resistant NP with clear signs of central sensitization or in opioid-tolerant
patients. Treatment should always be offered under the supervision of health care pro-
viders in a healthcare setting. Additionally, one needs to realize that ketamine produces
adrug high and, in high dose, a dissociative state. It can be addictive and may be abused
(worldwide, ketamine is a popular party drug). Ketamine abuse is associated with a va-
riety of adverse effects including liver failure and hemorrhagic cystitis.*** These factors
should be considered when considering ketamine treatment. The second question has
recently been addressed by Jonkman et al. They showed that ketamine effectively coun-
teracts opioid-induced respiratory depression, possibly through its (indirect) actions at
the AMPA receptor.5*®* This is an important observation that is relevant in perioperative
care as well in NP patients treated with (high dose) opioids.
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