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Simple Summary: Ketamine is commonly recommended as an adjunct to analgesic drugs, particularly in the
post-operative care of hospitalized patients. Utilizing low doses is advised to target antinociceptive
concentrations and minimize undesirable effects, including anti-hyperalgesia. Infusion rates typically range
from 0.002 to 0.2 mg/kg/min, largely based on human studies. However, there is evidence suggesting that
plasma concentrations in dogs may be lower compared to humans under similar administration regimens. This
study explores the stereoselective pharmacokinetics of ketamine administered alone at a low dose in dogs. The
findings support the hypothesis that higher infusion rates may be necessary to achieve comparable plasma
concentrations as in humans, while potentially leading to behavioral side-effects. Significant higher plasma
concentrations were observed for S-Norketamine compared to R-Norketamine, while no difference was
observed for the parent enantiomers.

Abstract: The present study aimed to examine the stereoselective pharmacokinetics of racemic ketamine in
dogs at low dose. Secondary aims were to identify associated behavioural side effects and propose a ketamine
infusion rate. The study was conducted on nine intact male beagles, with each dog undergoing two treatments
(BOL and INF). For treatment BOL, a single intravenous bolus of 1 mg/kg racemic ketamine was administered
over 2 minutes. The treatment INF involved an initial bolus of 0.5 mg/kg given over 1 minute, followed by an
infusion at 0.01 mg/kg/min for 1 hour. Blood samples were collected from the left cephalic vein for
pharmacokinetic analysis. The median R/S enantiomer ratio of ketamine remained close to 1 throughout the
study. However, levels of S-norketamine were significantly higher than those of R-norketamine across all time
points. Based on the data, the infusion rate predicted to achieve a steady state of total ketamine at 150 ng/mL
was 1.7 mg/kg/h. Furthermore, employing ROC curve analysis, a plasma concentration for total ketamine of
102 ng/mL was defined as the cut-off value, correlating with the occurrence of undesirable behaviour patterns.

Keywords: ketamine; norketamine; dog; pharmacokinetic; stereoselective

1. Introduction

Ketamine is a well-established medication in both human and veterinary medicine for sedation
and anaesthesia [1,2]. It has garnered attention for its antinociceptive and analgesic properties since
the 1950s [3]. Sadove et al. reported ketamine’s analgesic activity even at subanaesthetic dosages
allowing to reduce undesirable side effects due to dissociative states [4]. Later, the role of ketamine’s
NMDA-antagonist activity was described [5] and the use of subanaesthetic intravenous infusion of
ketamine as adjuvant for pain therapy more widely investigated [6]. In recent years, the use of
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subanaesthetic intravenous ketamine infusions has gained adhesion, especially in the context of
multimodal pain therapy, with its potential in preventing wind-up, central sensitization, and
postoperative hyperalgesia in humans [7]. Veterinary studies have also recognized its benefits
contributing to the growing body of evidence [8,9].

Subanaesthetic infusions have also been documented in dogs under clinical conditions, often
combined with other medications, using dosages typically adapted from human studies, spanning
from 0.12 to 0.6 mg/kg’h [8,10,11]. The intravenous dosage recommended in the veterinary literature
ranges between 0.1 and 1 mg/kg/h [12-14], extrapolated from human-related suggestions to minimize
undesired effects[15-17]. Human studies have reported analgesic plasma concentrations at
approximately 150 ng/mL [18,19], while research on conscious dogs anticipated analgesic plasma
concentrations to lie above 200 ng/mL, a concentration associated with the emergence of mild
undesired effects [20,21]. Although there is suspicion regarding the anti-hyperalgesic activity of
ketamine at lower concentrations in dogs (100-150 ng/mL), this phenomenon remains inadequately
characterized [9,20].

The majority of pharmacokinetic investigations concerning ketamine in dogs have utilized
significantly higher doses and, in many instances, have involved concomitant administration of other
anaesthetic agents, consequently influencing its pharmacokinetic profile [21-30]. When extrapolating
the simulated blood concentration from these studies to low doses, it becomes evident that the
concentrations in dogs are consistently 3 to 5 times lower than those observed in humans [18,31].
Even in the context of low-dose analgesic ketamine infusion (0.6 mg/kg'h), dogs exhibit notably lower
plasma concentrations compared to humans [9]. These findings suggest that achieving the desired
analgesic blood levels in dogs may necessitate higher dosages in comparison to human counterparts.

The first aim of the present study is to report the stereoselective pharmacokinetic analysis of
racemic ketamine administered at low dose in unmedicated dogs. Secondary aims were to identify
behavioural side effects elicited by ketamine administration and extrapolate a recommendation for
ketamine infusion rate to target analgesic concentrations.

2. Materials and Methods

2.1. Animal ethics

The in vivo experiments were approved by the local ethical committee for animal
experimentation (Approval No. 2090) and all experiments performed according to the Swiss
regulations and as described in the permission.

2.2. Animals and data collection

The study was performed on nine (n=9) intact male beagles, weighting between 7.6 and 12.7 kg
body weight (mean + SD, 9.1+1.5). The dogs were fasted during 6 hours with permanent access to
water before each experiment. After aseptical preparation of the skin, a 22 G intravenous (IV) catheter
was placed in the right cephalic vein for ketamine administration; A 18 G IV catheter was connected
to an extension set with a 3-way cap, in the opposite cephalic vein for blood sampling. Each dog
received two treatments (BOL and INF) with a minimum interval of 4 days. For treatment BOL,
racemic ketamine (Narketan®10, Vetoquinol AG, Ittigen, Switzerland) was administered as a single
IV bolus of 1 mg/kg over 2 minutes. For treatment INF, an initial bolus of 0.5 mg/kg was given over
1 minute followed by an IV infusion at 0.01 mg/kg/min for 1 hour. For both treatments, TO was defined
as the end of the bolus administration.

Venous blood samples were taken from the left cephalic vein in heparinized tubes shortly before
ketamine application and at 1, 2, 4, 8, 16, 30 min after TO in the treatment BOL, or at 1, 20, 40, 60 and
80 min after TO in the treatment INF. All samples were immediately kept on ice, centrifuged soon
after, and the plasma stored at —80 °C until determination of ketamine and norketamine enantiomers
concentrations.in vivo experiments were approved by the local ethical committee for animal
experimentation (Approval No. 2090) and all experiments performed according to the Swiss
regulations and as described in the permission.
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2.3. Plasma level analysis

Enantiomers of ketamine and of its active metabolite norketamine were measured in plasma
using capillary electrophoresis [32]. Briefly, the assay is based upon liquid-liquid extraction of
ketamine and norketamine from 1 mL plasma followed by analysis of the reconstituted extract by
capillary electrophoresis in the presence of a phosphate buffer (pH 2.5) containing 10 mg/mL highly
sulfated -cyclodextrin as a chiral selector [9]. For each ketamine enantiomer, the calibration range
was between 0.04 and 2.17 pg/mL and between 0.05 and 2.5 pug/mL for the enantiomers of
norketamine, respectively. Lamotrigine was used as an internal standard (IST). Analyses were
performed on a capillary electrophoresis analyser using a 50 um ID uncoated fused-silica capillary of
45 cm effective length, an applied voltage of -20 kV and a cartridge temperature of 20 °C. The
detection wavelength was 195 nm. The quantitation limit for all enantiomers was 2.5 ng/mL. Intraday
precision data (n = 3) were < 6.5 % and interday data (n = 4) were < 9.2 % for all enantiomers at
concentrations > 25 ng/mL. The time curves for R- and S-ketamine (R-ket, S-ket) and R- and S-
norketamine (R-nor, S-nor) were obtained for each animal with both treatments. The enantiomer ratio
(R/S) was calculated for each sampling time for visualization of stereoselectivity.

2.4. Pharmacokinetic modelling

Each step of the pharmacokinetic modelling was performed with commercially available
software (Monolix Suite® v.2023R1, ©Lixoft). Following assumptions were made: the administration
of racemic ketamine leads to equal amount of administered R- and S-ket; there is no interconversion
between R- and S-enantiomers [33]. Based on data fit, diagnostic plots, Akaike information criterion
(AIC), Objective Function Value of the log-likelihood (OFV), and residuals analysis, the most suitable
standard mammillary multi-compartmental model was determined for both R- and S-ket plasma
concentrations of each individual (PKanalix®). This was performed to obtain initial estimates for the
population modelling. Non-compartmental analysis for R-/S-ket concentrations were also performed
to orient initial estimates (PKanalix®). Then, different combined parent-metabolite models of the
population pharmacokinetic data were evaluated using Stochastic Approximation Expectation-
Maximization algorithm (SAEM, Monolix®). The final estimates were evaluated based on data fit,
adequacy to initial estimates, diagnostic parameters, residual analysis and standard errors, and visual
predictive check graphics.

2.5. Prediction

A simulation was run to obtain a simple infusion regimen allowing to maintain a summative
plasma level for ketamine enantiomers of 150 ng/mL (see justification in the discussion below) while
minimising norketamine accumulation in plasma. The simulation was performed both using the
formulas of a previously published algorithm [34] as well as the Simulx® module of the Monolix
software suite. Finally, a prediction of the context sensitive half-time curve for ketamine based on the
pharmacokinetic data set was performed.

2.6. Behavioural and antinociceptive data

The dogs were scored every minute for behavioural patterns during administration of ketamine
by an unblinded observer. Occurrence of seven predefined behavioural patterns was recorded using
a checklist: #1 Signs of disorientation, #2 repeated lateral head movements, #3 starring eyes, #4
irregular breathing pattern, #5 muscular tremors, #6 salivation or lip licking, #7 excitement. At each
evaluation, one point was attributed for each behaviour such that a score of 0 meant the absence of
these abnormal behaviours while a maximal score of 7 implies marked undesirable effects. In parallel,
a non-invasive experimental test for quantification of anti-nociception (Nociceptive Withdrawal
Reflex evaluation) had been performed in all dogs during the ketamine infusion (treatment INF).
More detailed description of material, methods and results for this investigation were addressed in a
previous article [9] and will not be presented here.
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2.7. Statistical analysis

Data were presented as median and interquartile range (IQR; 25-75th percentile). Analyses were
performed with a dedicated statistical software (Sigmaplot 14.0, Systat software, Inc.) and
significance set for P < 0.05. The differences between R- and S-ket, as well as R- and S-nor were
analysed by a 2-way ANOVA for repeated measures followed by posthoc Holm-Sidak test for
pairwise comparison. The effect of time on enantiomer ratio and behaviour score was analysed with
a Friedman ANOVA on ranks for repeated measures followed by posthoc Tukey test for pairwise
comparison. Receiver Operating Characteristics (ROC) curve analysis was performed with easyROC
application [35] to evaluate which cut-off values for plasma concentration of total ketamine best
discriminate presence of undesirable side-effects (behavioural score above 2,1 and 0 respectively).
Nonparametric analysis was performed to determine standard error and confidence interval [36], and
the Youden index method was applied to determine optimal cut-point [37].

3. Results

In one dog blood samples could not be properly obtained during treatment BOL and in another
one this happened during treatment INF such that samples from 8 dogs were analyzed in each case.

3.1. Plasma concentrations

During treatment BOL, the plasma concentrations of R- and S-ketamine reached a peak
immediately after end of injection followed by a steep decrease over time (Figure 1). The
concentration of S-ket was significantly higher than R-ket at 1 (P < 0.001) and 2 minutes (P = 0.001)
after TO with a difference of 16 (5-18) ng/mL (9% of the concentration).

The median R/S enantiomer ratio for ketamine was 0.95 (0.91-1.00) and did not differ
significantly with time (Figure 1). The plasma concentrations of norketamine increased for 4 minutes
after ketamine administration before decreasing. Levels of S-nor were significantly higher than R-nor
at all time points with a median R/S enantiomer ratio of 0.74 (0.64-0.86) (Figure 1). A similar picture
was observed during treatment INF (Figure 2), while the median R/S enantiomer ratio for
norketamine was 0.87 (0.78-0.90) (Figure 2).

3.2. Pharmacokinetic analysis and prediction

Both R- and S-ket were best modeled with a standard mammillary 2-compartment model and
R- and S-nor with a standard mammillary 1-compartment model, issued from the central
compartment of their respective parent drug (Figure 3).

The main steps to determine the best population models are described in Appendix A. The
respective pharmacokinetic parameters are presented in Table 1. An example of prediction obtained
from the population model is presented in Figure 4. Extrapolation from the pharmacokinetic model
to target approximately 150 ng/mL of total ketamine in plasma suggests an initial bolus of 0.5 mg/kg
over 1 minute followed by 2 mg/kg/h reduced after 1 hour to 1.8 mg/kg/h (Figure 4, Appendix A).
Infusion rate to steady state of total ketamine at 150 ng/mL was predicted at 1.7 mg/kg/h. At this
infusion rate, this model predicted a context-sensitive halftime (50%) for total ketamine of 10 minutes
that nearly did not change with prolonged duration of infusion of 12 hours.
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Figure 1. (a) Median (IQR) plasma concentrations of R- and S-enantiomers for ketamine (R-ket, S-ket)
and norketamine (R-nor, S-nor) after intravenous administration of 1 mg/kg ketamine over 2 minutes
(BOL treatment) in 8 beagles. Different scales are used for ketamine (left axis) and norketamine (right
axis) to improve reading. Sampling time for R- and S-enantiomers were artificially slightly shifted to
improve reading. (b) R-/S-enantiomer ratio for ketamine (-ket) and norketamine (-nor).
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Figure 2. (a) Median (IQR) plasma concentrations of R- and S-enantiomers for ketamine and
norketamine after intravenous administration of 0.5 mg/kg ketamine over 1 minutes followed by 0.6
mg/kg/h for 60 minutes (INF treatment) in 8 beagles. Different scales are used for ketamine (left axis)
and norketamine (right axis) to improve reading. Sampling time for R- and S-enantiomers were

artificially slightly shifted to improve reading. (b) R-/S-enantiomer ratio for ketamine (-ket) and
norketamine (-nor).
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Figure 3. Schematic representation of the parent-metabolite mammillary multi-compartmental model

with the best fit for the observed plasma concentrations of R- and S- ketamine and norketamine after

administration of racemic ketamine alone at low-dose in beagles.

Table 1. Final estimates of pharmacokinetic parameters (see Figure 3) for the population Parent-

Metabolite model of S- and R- ketamine in beagles receiving racemic ketamine alone at low

intravenous dose.

S-ket R-ket
Fixed effect Covariate  Random effect Fixed effect Covariate = Random effect
(yIOV) (yIov)

Vsra (L kg ) 1.05 1.52
Vsra (L kg) 2.82 414

Clsr12 (L kg™ min-) 0.18 0.88 0.16 0.92

Cls/re (L kg mint) 0.42 -0.13-BW 0.4 0.11 0.46

Clsir-1n (L kg! min?) 0.062 0.36 0.016 +0.11-BW 0.25
Clsrne (L kg min't) 0.079 0.091

V, volume of compartment; Cl, clearance; IOV, Intra-occasion variability; BW, Body weight.

3.3. Behavioural scores

A significantly higher score for undesirable behavioral effects was observed within the first five
minutes following the end of the bolus administration in both studies (Figure 5). The three most
common behaviors observed were signs of disorientation, repeated lateral head movements and
starring eyes. An hysteresis of 2 minutes was observed for all dogs between peak plasma
concentration and peak behavioral score. Taking this time lag in account, ROC curve analysis (Figure
6) defined a plasma concentration for total ketamine of 138, 102 and 102 ng/mL as best cut-off values
correlating respectively with a behavioral score above 2 (AUC: 0.9; specificity: 87%; sensitivity: 82%),
above 1 (AUC: 0.95; specificity: 89%; sensitivity: 97%) and above 0 (AUC: 0.96; specificity: 92%;

sensitivity: 91%).
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Figure 4. (a) Observed and predicted plasma concentrations of S-enantiomers for ketamine and
norketamine after intravenous administration of 0.5 mg/kg ketamine over 1 minutes followed by 0.6
mg/kg/h for 60 minutes (INF treatment, bottom), or 1 mg/kg ketamine over 2 minutes (BOL treatment,
top) in 9 beagles. Sampling time for S-ket and -nor were artificially slightly shifted to improve reading.
Scales for both plasma concentration and time are different for INF and BOL. (b) Predicted plasma
concentrations of S- and R-enantiomers for ketamine and norketamine after intravenous

administration of 0.5 mg/kg ketamine over 1 minutes followed by 2 mg/kg/h for 60 minutes and 1.8
mg/kg'h for 60 minutes.
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Figure 5. Whisker box plot (Median, interquartile range, range) of the behavioral score assessed
during intravenous administration of (a) 1 mg/kg ketamine over 2 minutes (BOL treatment), or (b) 0.5
mg/kg ketamine over 1 minutes followed by 0.6 mg/kg/h for 60 minutes (INF treatment) in 9 beagles.
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Figure 6. Scatter plot of the total ketamine plasma concentrations (n=59) with a behavioral score above
0, 1 or 2. For each category, the best cut-off value is pictured by the horizontal line and the
sensitivity/specificity diagram displayed above.

4. Discussion

This study demonstrates that the administration of the racemic mixture of ketamine at low doses
in unpremedicated dogs did not result in stereoselective differences in the concentration time course
between S- and R-ketamine. These findings are consistent with previous investigations of ketamine
in dogs, both in vitro [38] and in combination with other medications [24,27,28,30]. It is worth noting
that stereoselective pharmacokinetics can vary across different species [39] and have been observed
in the case of ketamine in horses [40].

Comparing the current findings with previously published data on ketamine pharmacokinetics
in dogs is challenging due to the novelty of this study, which investigates ketamine in the absence of
concomitant drugs. Furthermore, the individual examination of each enantiomer in this study
complicates direct comparison with existing pharmacokinetic models for total ketamine. Notably, the
observed plasma concentrations for both total ketamine and norketamine align closely with the
anticipated values derived from previously published pharmacokinetic parameters [21-23,26-30].
These observations imply that the pharmacokinetics of ketamine may not be significantly impacted
by the simultaneous administration of common anesthetic drugs, as has been observed with
fluconazole, for example, which, although reported, was not deemed clinically significant in the
context of anaesthesia [29].

The final population pharmacokinetic models obtained for both S- and R-ketamine include a
significant variability within subjects for several parameters across different occasions. Typically,
inter-occasion variability (IOV) accounts for fluctuations within an individual across different
instances, while inter-individual variability (IIV) reflects inherent distinctions among individuals. In
Monolix®, these variabilities are treated independently, with individual parameter values on each
occasion being mutually exclusive. This implies that IOV essentially functions as IIV. Nevertheless,
in specific scenarios, such as when there are only a few instances per individual, it becomes
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inappropriate to estimate both IOV and IIV, leading to the retention of only IOV as published earlier
[41]. The implementation of IOV varies in other population pharmacokinetics software, making the
estimation of IOV without IIV practically not possible. However, Monolix® enables the simultaneous
estimation of variability, capturing parameter differences both between individuals and within the
same individual across different occasions [42]. In the present study, the two occasions referred to a
single bolus and an infusion. It remains to be investigated if the variability observed is partly due to
mode of administration.

The context-sensitive half-time of 10 minutes reported in this study notably contrasts with the
terminal half-times typically documented for ketamine. This is possibly attributed to differences in
their respective definitions, as previously highlighted [43]. Given its significance in predicting the
trajectory of effects induced by anaesthetic and analgesic agents, the low context-sensitive half-time
underscores the potential for a rapid decline of the plasma concentrations following ketamine
administration of relatively short duration as in the present study. Further exploration with
prolonged infusion durations is warranted to verify the predicted sustained rapid reduction in
plasma concentration over time.

Norketamine, recognized as an active metabolite of ketamine [44-47], demonstrates a discernible
rise in plasma concentrations during ketamine infusion, with prolonged administration potentially
leading to a slowdown in its elimination. However, the precise contribution of accumulated
norketamine concentrations to the overall effect remains inadequately documented. Notably, the
prolonged impact of norketamine has been suggested to potentially play a role in the enduring
antidepressant effect of ketamine [47], although comprehensive investigation into this phenomenon
is still warranted.

In human subjects, research indicates that plasma concentrations ranging between 100 and 150
ng/mL are necessary to effectively alleviate hyperalgesia and allodynia [15,19,20,48]. In the context of
this study, the primary result is that the total ketamine plasma concentrations achieved from an
intravenous infusion at 10 micrograms/kg/min in unmedicated dogs fall significantly below the
antihyperalgesic plasma levels (150 ng/mL). Through the application of the obtained
pharmacokinetic model, it is determined that an infusion rate of ketamine (racemic) at 28-33
micrograms/kg/min is necessary to attain this targeted level. For short procedures necessitating rapid
attainment of the desired plasma concentration, an intravenous bolus of approximately 0.5 mg/kg is
recommended. Nonetheless, the requirement for this specific plasma concentration in dogs, as well
as the potential presence of analgesic effects at lower levels, remains insufficiently investigated.
Notably, a separate study conducted on conscious dogs reported that analgesic plasma
concentrations may require to exceed 200 ng/mL [21], while the anti-hyperalgesic activity of ketamine
has been suggested at concentrations close to 100 ng/mL [9].

Increasing the dose of ketamine to achieve optimal analgesic efficacy is often constrained by the
potential emergence of undesirable behavioral side effects. While emergence delirium and
dissociative states are recognized as undesirable outcomes of inappropriate ketamine anesthesia in
dogs [49], a comprehensive evaluation of the behavioral side effects associated with the
administration of low-dose ketamine in canines has not been documented yet. In human subjects,
adverse effects such as memory impairment, hallucinations, nightmares, dissociative states, and
confusion have been reported [50]. In the present study, no behavioral abnormalities were observed
during the course of the infusion. However, in the initial minutes following bolus administration,
transient signs of disorientation, repeated lateral head movements, and a fixed gaze were noted in
nearly all the subjects, with no lasting complications. Additional irregular breathing patterns,
muscular tremors, salivation, or lip licking, and sporadic instances of excitement were observed. A
correlation between the occurrence of abnormal behavior and ketamine plasma concentration was
noted, with the presence of at least three of these behavioral patterns being associated with
concentrations exceeding 150 ng/mL. While further investigation is necessary, maintaining such
potentially analgesic plasma concentrations appears challenging without the occurrence of at least a
few mild behavioral side effects, such as transient disorientation, abnormal head movements, fixed
gaze, and lip licking.
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It would be valuable to include females in further studies to evaluate if gender specific
differences in pharmacokinetic occur.

5. Conclusions

This study highlights the presence of stereoselective pharmacokinetics for norketamine but not
for ketamine. Additionally, it underscores the requirement for a higher dose (threefold increase) of
ketamine in male dogs to attain plasma concentrations comparable to those deemed analgesic in
humans. Importantly, it emphasizes the potential challenges associated with administering such
doses without eliciting undesirable behavioral side effects. Consequently, there remains a clear need
for targeted research aimed at understanding the dose-dependent antinociceptive properties of
ketamine in dogs.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Details of the pharmacokinetic modeling.
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