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Are the psychedelic and analgesic effects of ketamine independent?

Ketamine is a versatile drug that is used by anesthesiologists, pain physicians and
more recently also by psychiatrists.* At high dose, ketamine produces a dissociative
anesthetic state, while at low (subanesthetic) doses it produces potent analgesia. Ad-
ditionally, ketamine produces psychedelic effects related to its dissociative properties.
At low doses these dissociative effects cause inner feelings and thoughts that do not
agree with reality, and misperception of external stimuli such as abnormal alterations of
the extremities or aberrant experience of time and surroundings.” At increasing doses
overt paranoia, hallucinations, severe derealization and depersonalization, and anxiety
attacks may occur.” Due to these serious adverse effects, pain physicians are often
hesitant to consider ketamine for treatment of chronic pain and patient compliance can
be low due to fear of dissociation. It has been suggested that ketamine analgesia (and
antidepressant properties) is highly associated and possibly even generated by its dis-
sociative effects.® This would suggest that ketamine (and its metabolites) dissociative
and analgesic effects have common pharmacodynamic properties with a similar potency
and onset/offset time. However, there is evidence that suggests that the two endpoints
are independent. For example, in healthy volunteers, Gitlin et al.® recently studied the
effect of ketamine on cuff pain intensity and psychedelic symptoms without and with
co-administration of midazolam. Their statistical analysis revealed that analgesia was
not associated with the dissociative effects of ketamine. This indirect evidence agrees
with earlier findings from our laboratory that showed that the nitric oxide donor sodium
nitroprusside modestly reduced psychedelic symptoms in volunteers receiving racemic
ketamine but not esketamine.” Such an effect was not observed for ketamine analgesia
(unpublished observation). To determine whether ketamine-induced dissociation and
analgesic behavior are independent, we performed a population pharmacokinetic-
pharmacodynamic analysis in healthy volunteers.® All subjects received increasing
doses of racemic ketamine and pain relief to a pressure pain stimulus was measured
concomitantly with signs of alterations in perception of external stimuli. Our Null
hypothesis is that ketamine pharmacodynamics (potency and onset/offset times) are
equal for these two endpoints, an indication that dissociation and analgesia from ket-
amine are interdependently generated in the brain.

METHODS

Ethics and subjects

The data used in this analysis is part of a larger data set that was used previously to
study the effects of sodium nitroprusside (SNP) on ketamine-induced adverse effects,’
to construct a population pharmacokinetic model of ketamine and its metabolites,?
and a pharmacodynamic model of ketamine-induced changes in cardiac output.® In the
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current analysis, we developed a population pharmacodynamic model of ketamine and
its metabolite norketamine to describe the relation between racemic (RS) ketamine
and norketamine plasma concentrations and pressure pain threshold and the change in
external perception as measure of ketamine psychedelic effect. The study protocol was
approved by the institutional review board (METC LDD, Leiden University Medical Cen-
ter, Leiden, The Netherlands) and registered at the trial register of the Dutch Cochrane

Center (www.trialregister.nl) under registration number 5359. The study was performed
in healthy male volunteers aged 18-34 years and a body mass index in between 20 and
30 kg/m’. Specific inclusion and exclusion criteria are found in Ref. 7.

Study design

The original study was a 4-arm randomized double-blind study during which esket-
amine or RS-ketamine were infused against a background of either SNP or normal saline
(placebo).

For the current analysis we used data obtained on a single occasion on which subjects
received escalating intravenous doses of RS-ketamine (Ketalar, Pfizer, Germany) over
3 hours (first hour 0.28 mg/kg, second hour 0.57 mg/kg and third hour 1.14 mg/kg)
against a background of normal saline infusion.

The following data were collected prior and during RS-ketamine infusion:

(1) The pain pressure threshold was measured was by applying an increasing pressure
to a 1 cm? skin area between thumb and index finger, using the FP 100 N Algometer
(FDN 100, Wagner Instruments Inc, CT, USA). The applied pressure was gradually
increased until the subject indicated when the pressure became painful, after which
the pressure was released. The FDN 100 has a force capacity (+ accuracy) of 100 #
2 N and graduation of 1 N. Pressure pain thresholds were obtained before start of
the RS-ketamine infusion (baseline), followed by measurements at 15 min intervals
during and after RS-ketamine infusion. Measurements continued until 2 h after
termination of the RS-ketamine infusion.

(2) External perception was obtained from the Bowdle questionnaire.”® The Bowdle
questionnaire is a validated list of 13 items developed to quantify the psychedelic
effects of ketamine in healthy volunteers. The subject is asked to rate each item on
a 100 mm visual analogue score that range from "not at all” to "extremely”. External
perception relates to the misapprehension of external stimuli or the surroundings
including body parts and is derived from the following items: my body or body
parts seemed to change their shape or position; my surroundings seemed to change
in size, depth, or shape; the passing of time was altered; the intensity of colours
changed; and the intensity of sound changed. External perception was measured at
t = 0 (baseline) and 20, 40, 55, 80, 100, 115, 140, 160, 175, 200, 220, 240, 260 and
280 after the start of ketamine infusion.
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(3) Plasma concentrations of R- and S-ketamine and R- and S-norketamine. At regular
time points (t = 0, baseline) and 2, 6, 30, 59, 62, 66, 100, 119, 122, 126, 150, 179,
182,186, 195, 210 and 300 min after the start of ketamine infusion) 8 mL blood was
drawn from an arterial line placed in the radial artery (opposite to the infusion arm).
Plasma samples were measured in the laboratory of dr. Evan Kharasch (Washington
University School of Medicine, St. Louis, MO, USA) as described by Rao et al.™*

Data analysis

Model development
The pharmacokinetic data were analyzed separately and previously reported.® From
that model, Empirical Bayesian Estimates (EBE’s) of the PK parameters were obtained
and their fixed values were used as input to the pharmacodynamic model.

Pressure pain threshold (PPT) and external perception (ExP) were simultaneously
analyzed in a single model. Pressure pain was modelled as:

PPT(t) = BLN * [1 + (CRS-K(t)/C50-K)'] Eqn(1)

where PPT(t) is the amount of pressure in Newton applied at which the subjects first
reported pain, BLN is the estimated pressure pain threshold at baseline, CRS-K the
plasma concentration of RS-ketamine in nmol/mL (i.e. the sum of the R-and S-isomers),
C50-K is the estimated RS-ketamine concentration needed to increase the PPT by 50%
but analgesia by 100% (in nmol/mL),** and y the Hill coefficient. External perception
was described by a sigmoid Emax model:

ExP(t) = [Emax * CRS-K(t)"] / [C50K 7 + CRS-K(t)'] Eqn(2)

where ExP is the experienced level of external perception as rated on a 100 mm vi-
sual analogue scale, Emax the maximum effect on external perception (100), C50K the
RS-ketamine concentration in nmol/mL needed to reach 50% of Emax and y the Hill
coefficient. Since external perception was measured on a 100 mm VAS scale, ratings
could not be higher than 100 points. We therefore incorporated the M3 data censoring
method as published by Beal et al."® for the external perception data.

Since we observed a small discrepancy in the individual model fits for ExP and to a
lesser extent for PPT during the infusion phase, we postulated that an RS-norketamine
effect might be present. We therefore added RS-norketamine as input to the model,
based on a receptor kinetics approach, in which RS-norketamine could displace RS-
ketamine from the receptor. The consequence of this would be a counteracting effect
of RS-norketamine on the effects of RS-ketamine.** The effect of RS-norketamine was
defined as:
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EFFRS-NK = CRS-NK/C100NK Eqn(3)

where CRS-NK is the RS-norketamine plasma concentration in nmol/mL and C100NK the
RS-norketamine plasma concentration causing a 100% increase in C50K. So in equa-
tions (1) and (2) above, C50K was substituted by

C50KN = C50K * (1 + EFFRS-NK) Eqn(4)

To account for a possible delay between plasma concentrations and effect, effect com-
partments for RS-ketamine and RS-norketamine were postulated that were assumed
to equilibrate with the central compartment with an effect half-time of t,;, = In(2)/keo,
where k. is the rate constant.

Covariates

Since pressure pain and external perception were simultaneously analyzed, potential
differences in estimated C50 and k., parameter estimates between PPT and ExP were
tested, by using an automated covariate search algorithm (Stepwise Covariate Model
building module from PsN), with the measured outcome (i.e. pressure pain vs external
perception) as potential covariate.

The first selection step incorporated a forward selection approach, in which covari-
ates were first one by one added to the model parameters. The parameter — covariate
combinations that caused the largest significant (p < 0.01) drop in the objective func-
tion value (OFV) was added first, followed by other parameter-covariate combinations
that caused the next largest significant drop in OFV. This process continued until all
parameter-covariate combinations were included in the model or until no more
parameter-covariate combinations causing a significant drop in OFV were left.

The final forward model was then used for the backward search. In this step, covari-
ates were removed one by one from the model. Covariates were only retained in the
model when removal caused a significant (p < 0.001) increase in the OFV. This process
continued until no covariates that caused a significant worsening in the OFV were
left or until all covariates were removed from the model. For the backward search, a
more stringent selection criterium (p < 0.001) was used in order to prevent irrelevant
parameter-covariate combinations to be included in the model. A linear relation was
used to add covariate effects to the model parameters: 6; = 0, * (1 + Ocoy), With the
typical parameter value for a subject with the reference outcome 0, (pressure pain) and
the effect of belonging to the non-reference category 0oy (external perception).
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Statistical analysis

Data analysis was performed with NONMEM version 7.4.4 (ICON Development Solution,
Hanover, Maryland). To account for interindividual variability, random effects were in-
cluded in the modelin an exponential relation: 6; = 6 x exp(n;), where 6; is the parameter
for individual i, 6 the population parameter and n; is the random difference between
the population and individual parameter. In addition to the $COV step in NONMEM to
determine the standard error of the (parameter) estimate, PsN’s log likelihood profiling
(Lp) utility was used to determine the 95% confidence intervals of the for the Cs, RS-
ketamine, C;oo RS-norketamine and t,,;ke, parameters.

RESULTS

While all twenty subjects completed the experimental session without serious adverse
events, data from three subjects were discarded because these subjects were unable to
reliably score the ExP outcome. The mean age + SD (range) of the remaining 17 subjects
was 23 + 2 (19-28) years, mean weight 82 + 10 (60-98) kg, height (190 + 6 (175-193)
cm and body mass index 24 + 2 (20-28) kg/m®.

The initial model, including only an effect of RS-ketamine (absolute objective func-
tion (OVF) of 2,671 points) showed a clear underestimation of the ExP and PPT scores
in the RS-ketamine infusion phase (data not shown). We therefore postulated a RS-nor-
ketamine effect for both outcomes. Expanding the initial model with RS-norketamine,
improved the model by 157 OVF points. Since a potential hysteresis between the
plasma RS-ketamine and RS-norketamine concentrations could not be excluded, effect
compartments were added to the model. None of the tested covariates were included
in the final model. Consequently, for the two endpoints, no differences in C50K, C100NK
and ke, could be detected (using one ke, parameter for both compounds significantly
improved the model by 42 OVF points). These data indicate that RS-ketamine and its
metabolite RS-norketamine affect PPT and ExP with similar potencies and dynamics,
suggestive of high dependency of the two measured endpoints.

Estimated pharmacodynamic parameter estimates are given in Table 1. Plots of the
population predicted PPTs and ExP scores versus time, goodness of fit plots and a visual
predictive check (VPC) based on 1000 simulated datasets are shown in Figures 1-3. All
figures show that the model was able to adequately describe the pharmacodynamic
data. Log Likelihood profiles (Fig. 4) for the for the Cs, RS-ketamine, C,40 RS-norketamine
and ty;ke parameters, showed 95% confidence intervals of 0.60-1.09 nmol/ml, 0.33-
0.75 nmol/ml and 7.0-19.4 min respectively.
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Table 1. Population Pharmacodynamic Parameter values.

Typical parameter

Inter-individual

value (SEE) [%CV] variability (%) (SEE) [%CV]
Baseline pressure pain threshold (N) 60.4 (6.04) [10] 40.4 (3.4) [13]
EMAX External Perception (mm) 100 FIX 106.8 (11.7)[11]
Y £4.59 (0.60) [13] 41.1(8.6)[21]
C50 RS-ketamine (nmol/mL) 0.801(0.192) [24] -
C100 RS-norketamine (nmol/mL) 0.481(0.154) [32] 25.8(27.4)[36]
t1/2Keo (Min) 12.2(3.9)[32] 46.9 (8.9)[19]
Additive error pressure pain threshold (N) 9.97 (2.2)[22] -
Additive error external perception (mm) 5.9 (1.2)[22] -

EMAX External Perception is the maximum possible effect of External Perception; y is a shape pa-
rameter; C50 RS-ketamine is the estimated RS-ketamine concentration causing a 50% increase in
pain pressure threshold and C100 RS-norketamine the RS-norketamine concentration causing a
100% increase in C50K; ty,keo is theplasma effect compartment equilibrium half-life for both RS-

ketamine and RS-norketamine.
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Figure 1. Plots showing the population predicted pharmacodynamic outcomes (red lines) and the
observed datapoints for each individual versus time (dots and dotted lines) in the upper panels.
(A) Plot showing pressure pain data and population predicted values and (B) plot showing external
perception data and population predicted values. The lower two panels show the RS-ketamine
(green line) and RS-norketamine (dashed blue line) concentration time profiles.
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time and conditional weighted residuals versus population predicted plots for pressure pain. (E-H)
Observed versus population predicted, observed versus individual predicted, conditional weighted
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Figure 3. Visual predictive checks for the pressure pain threshold (A) and external perception (B)
data. The middle dotted lines represent the 50" percentile of the observed data. The lower and
upper dashed lines show the 5" and 95" percentiles of the observed data respectively. The 95%
confidence interval for the 50" percentile of the simulated data is shown by the orange shaded
area. The lower and upper gray shaded areas represent the 95% confidence intervals for the 5™
and 95™ percentiles of the simulated data.
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A. Cs0 RS-ketamine B. C100 RS-norketamine C. t"2keo RS-ketamine and
RS-norketamine
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Figure 4. Log likelihood profiles for the Cs5, RS-ketamine (A), Ci00 RS-norketamine (B) and ty/;keo
(C) parameters. The red bars show the final parameter 95% confidence interval as determined by
PsN’s “Llp” utility.

DISCUSSION

We were unable to reject the Null hypothesis as our results show that RS-ketamine and
RS-norketamine pharmacodynamics (i.e. potency and onset/offset times) were similar
for endpoints pain pressure threshold and changes in external perception as a mea-
sure of ketamine dissociation. Since our results disagree with earlier findings,®” it is
important to discuss in detail the different items of our protocol that yielded the current
results.

Pain test

We used a manual pressure pain device to detect the pain pressure threshold. Testing
was done by a single experienced researcher who displayed a high reproducibility in
obtaining the pain threshold response. Still, it may well be that different pain tests give
different results with significant differences in pharmacodynamics. For example, in a
previous study we tested the effect of the opioid alfentanil on noxious electrical and
thermal stimuli and while the potency parameter was similar between tests, the value
of the onset/offset parameter, t.,ke,, differed significantly between tests.” We argued at
the time that this indicates that the two tests are comparably potent under steady-state
conditions but differ in their behavior under dynamic conditions. These differences in
dynamic conditions were related to different neuronal circuits activated by the two
tests. Hence, the outcome of the study may have been influenced by the choice of pain
assay. This not only relates to our study but is equally relevant to other studies. Study-
ing pain relief in chronic (neuropathic) pain patients may overcome this issue.
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Dissociation

Dissociation was measured by the External Perception questions of the Bowdle ques-
tionnaire.® This questionnaire was developed in 1998 as a psychological inventory
(a hallucinogen rating scale) to quantify ketamine-induced psychedelic symptoms in
volunteers and has been used in multiple studies on the effect of various psychedelics
on dissociative symptoms. Apart from the External Perception, the questionnaire en-
compasses Internal Perception and Drug High. To test the internal validity of our results,
we additionally tested the other two measures of dissociation with similar results as
with External Perception (data not shown). This indicates that our approach yielded a
reliable effect-response relationship. Still, we cannot exclude that other measures of
dissociation or other forms of parametrization might have given different results.

Participants

In our study healthy male volunteers were included. We restricted ourselves to a
single sex so to prevent noise from possible sex differences. Sex differences have been
observed in ketamine pharmacokinetics and pharmacodynamics. ***” For example,
Morgan et al.” showed a greater decrease in cognitive performance in men compared
to women following ketamine administration. Further studies are needed to determine
the dependency of ketamine endpoints in mixed populations to determine a possible
difference between the sexes. Additionally, it may well be that an even better model
than the healthy and young volunteer is the patient (of either sex) with acute or chronic
pain. Ketamine behavior as an analgesic (i.e. reducing existing pain) may well be differ-
ent from its behavior as an antinociceptive agent (i.e. by subduing an experimentally
induced pain response) due to differences in activated pain circuits in brain and spinal
cord from these two distinct stimuli.

Pharmacodynamic modeling

We successfully modelled the two endpoints simultaneously in our pharmacodynamic
analysis. An interesting observation in our data is that PPT and ExP tended to decrease
before the RS-ketamine infusion ended (Fig. 1). We reasoned that this might be related
to the slow but steady increase in concentration of one of ketamine’s metabolites. Ad-
dition of a norketamine component to the model improved the data fits significantly.
This agrees with earlier findings in which norketamine had an antagonistic effect on
ketamine-induced pain relief and neurocognitive impairment.* Whether this is related
to the competition for binding locations on the N-methyl-D-aspartate (NMDA) receptor
and assuming that norketamine has no inherent efficacy at the receptor, or is related to
an effect of norketamine at other receptor systems remain unknown. We tend to the lat-
ter hypothesis as studies in rodents show that norketamine has analgesic properties.*®
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The covariate analysis detected no differences between endpoints with respect to
potency parameter C50. This indicates that the pain relief and external perception be-
haved similarly in the steady state. Parameterization of the pharmacodynamic models
with distinct C50 values for PPT and ExP gave similar results (data not shown). The values
of ketamine C50 depend on the parametrization of the pharmacodynamic models. Ap-
parently, the C50 for ExP matches the C50 for Antinociception, considering the fact that
the power function of PPT is an inverse sigmoid.*” Additionally, the dynamic properties
of the PPT and ExP responses were similar with the need for only one parameter for the
equilibration between plasma and postulated effect-site concentration (ke); @ model
without effect compartment was inferior to the model with just one ke,. Since ketamine
displays rapid receptor kinetics,*® the hysteresis in response (t;/,keo = 12.2 + 3.9 min) is
best explained by the transfer of ketamine from plasma to its sites of action within the
central nervous system and neuronal dynamics.

CONCLUSIONS

We reasoned that similar values for potency (C50 and C100) and t,,;ke indicate a
close and possibly even mechanistic association between endpoints, in agreement
with earlier statements that ketamine analgesia is intricately bound to its dissociative
effects.® Still, this reasoning stands in contrast to earlier observations.®’ Gitlin et al.®
used a statistical approach to show that ketamine and carefully state that ketamine's
analgesic effects are not exclusively caused by dissociation. Jonkman et al.” studied
nitric oxide (NO) donation during S-ketamine and RS-ketamine infusion and concluded
that NO depletion following blockade of the NMDA receptor is associated with the
psychedelic effects induced by ketamine. The theory behind this observation is that re-
duced intraneural levels of NO lead to reduction in neuroprotection, neuroplasticity and
neurotrophic conditions. Adding NO restores these protective effects and ameliorates
psychedelic experience. Interestingly, NO donation had an effect on racemic ketamine
but not S-ketamine induced psychedelic effect. This suggests that S-ketamine induces
its psychedelic effect via a NO-independent pathway. We did try to unravel the pharma-
codynamics of R-and S-isomers in our study but failed to do so (data not shown). It may
well be that the R-and S-isomers act differently but we could not discriminate between
pathways that would suggest dependency or independency between dissociation and
analgesia. Such differences may be expected given the different potencies of R- and
S-ketamine in inducing slowing of the electroencephalogram.?

Given the complexities of our study and data analysis, i.e. complexities related to the
pain model, measurement of dissociation, participants and complex modeling of the
combination of RS-ketamine and RS-norketamine, we conclude that although our data
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support an intricate association between ketamine analgesia and dissociation, we can-
not exclude that some (small) part of the analgesic effects of ketamine is independent
from its dissociative effects. In this respect we agree with Gitlin et al.®
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