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Simple Summary: Ketamine is commonly recommended as an adjunct to analgesic drugs, partic-
ularly in the postoperative care of hospitalized patients. Utilizing low doses is advised to target
antinociceptive concentrations and obtain anti-hyperalgesia while minimizing undesirable effects. In-
fusion 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 plasma concentrations comparable to those providing
antinociception in humans, potentially leading to behavioural side effects. Significantly 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 doses. The secondary aims were to identify associated behavioural 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, an intravenous
bolus of 1 mg/kg was administered over 2 min. The treatment INF involved an initial bolus of
0.5 mg/kg given over 1 min, followed by an infusion at 0.01 mg/kg/min for 1 h. Blood samples
were collected for pharmacokinetic analysis. The median R/S enantiomer ratio of ketamine remained
close to 1 throughout the study. Levels of S-norketamine were significantly higher than those of
R-norketamine across all time points. Based on the collected data, the infusion rate predicted to
achieve a steady-state racemic ketamine plasma concentration of 150 ng/mL was 0.028 mg/kg/min.
Higher scores for behavioural effects were observed within the first five minutes following bolus
administration. The most common behaviours observed were disorientation, head movements and
staring eyes. Furthermore, employing ROC curve analysis, a racemic ketamine plasma concentration
of 102 ng/mL was defined as the cut-off value, correlating with the occurrence of undesirable
behavioural patterns.

Keywords: dog; ketamine; norketamine; 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
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subanaesthetic dosages, allowing a reduction in 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 an adjuvant for pain therapy
was more widely investigated [6]. In recent years, the use of subanaesthetic intravenous
ketamine infusions has gained interest, especially in the context of multimodal pain therapy,
with its potential to prevent 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].

In dogs, ketamine is often combined with other analgesic medications, using dosages
typically extrapolated from human studies, spanning from 0.002 to 0.01 mg/kg/min [8,10,11].
The intravenous dosage recommended in the veterinary literature ranges between 0.002 and
0.017 mg/kg/min [12–14], which seems adequate 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 an anti-hyperalgesic activity of ketamine has been hypothesized to occur at
lower concentrations in dogs (100–150 ng/mL), this phenomenon remains inadequately
characterized [9,20]. As long as more extensive studies are lacking to define the appropriate
plasma concentration in dogs, it remains sensible to investigate if 150 ng/mL (based on
data in humans) can be targeted.

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]. Nevertheless, when applying the reported kinetic variable to low-dose
administration regimens in simulation analysis, it becomes evident that the estimated
concentrations in dogs are consistently three to five times lower than those observed in
humans [18,31]. This has been confirmed for a low infusion rate (0.01 mg/kg/min), as dogs
reached 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 present investigation provides further analyses from data collected in a previous
larger study [9]. The first aim of the present investigation was to report the stereoselec-
tive pharmacokinetic profile of racemic ketamine administered at low doses in unmed-
icated dogs. The secondary aims were to identify behavioural side effects elicited by
ketamine administration and to extrapolate a recommendation for ketamine infusion rate
to target analgesic concentrations. The hypothesis was that a higher infusion rate than
0.01 mg/kg/min is necessary to target plasma concentrations above 150 ng/mL, but unde-
sirable behavioural effects may be present, limiting the application of this dose regimen.

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 were performed according
to Swiss regulations and as described in the permission. Sample size analysis was per-
formed based on the aim of investigating antinociception evoked by ketamine by means of
differences in nociceptive withdrawal reflex thresholds [9].

2.2. Animals and Data Collection

The study was performed on nine (n = 9) intact male beagles, weighing between 7.6
and 12.7 kg (mean ± SD, 9.1 ± 1.5). The dogs were fasted for 6 h with permanent access to
water before each experiment. After aseptic preparation of the skin, a 22 G intravenous
(IV) catheter was placed in the right cephalic vein for ketamine administration; an 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
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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 min. For
treatment INF, an initial bolus of 0.5 mg/kg was given over 1 min, followed by an IV
infusion at 0.01 mg/kg/min for 1 h. For both treatments, T0 was defined as the end of the
bolus administration. The drug was diluted with physiologic saline in a 50 mL syringe
(concentration of 4 mg/mL) and strictly administered using a syringe pump to guarantee
constant injection velocities. To ensure accurate delivery, a constant intravenous infusion of
lactated ringer’s solution was administered at 2 mL/kg/h.

Venous blood samples were taken from the left cephalic vein in heparinized tubes
shortly before ketamine administration and at 1, 2, 4, 8, 16 and 30 min after T0 in the
treatment BOL or at 1, 20, 40, 60 and 80 min after T0 in the treatment INF. At each time point,
the IV catheter was flushed with a heparinized solution and 2 mL of blood was removed;
3 mL of venous blood was then collected into clean heparinized tubes for testing (2 aliquots
of 1.5 mL), and the first 2 mL of blood was re-administered to the dog. The total sampled
blood volume was approximately 21 mL (2.5% of the estimated blood volume). All samples
were immediately kept on ice and centrifuged soon after, and the plasma was stored at
−80 ◦C until the determination of ketamine and norketamine enantiomers concentrations.

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 of 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 sulphated β-cyclodextrin as a chiral selector [9]. For
each enantiomer of ketamine and norketamine, the calibration range was between 0.05 and
2.5 µg/mL. Lamotrigine was used as an internal standard. Analyses were performed on a
capillary electrophoresis analyser using a 50 µm 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 (limit of quantitation, LOQ) 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 avail-
able software (Monolix Suite® v.2023R1, ©Lixoft, Antony, France). The following assump-
tions were made: the administration of racemic ketamine leads to an equal amount of
administered R- and S-ket (this was not verified by measuring the isomers in the parent
drug vial); there is no interconversion between R- and S-enantiomers [33]. Based on data
fit, diagnostic plots, Akaike information criterion (AIC), the 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 was also performed
to orient initial estimates (PKanalix®). Then, different combined parent-metabolite models
of the population pharmacokinetic data were evaluated using the Stochastic Approxima-
tion Expectation–Maximization algorithm (SAEM, Monolix®). The final estimates were
evaluated based on data fit, adequacy to initial estimates, diagnostic parameters, residual
analysis, standard errors and visual predictive check graphics.
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2.5. Prediction

A simulation was run to obtain a simple infusion regimen, allowing us 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 sim-
ulation was performed using both 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 and after the
administration of ketamine by an unblinded observer. The occurrence of seven prede-
fined behavioural patterns was recorded using a checklist: #1 signs of disorientation,
#2 repeated lateral head movements, #3 staring eyes, #4 irregular breathing pattern,
#5 muscular tremors, #6 salivation or lip lickings and #7 excitement. At each evalua-
tion, one point was attributed for each behaviour such that a score of 0 meant the absence of
these abnormal behaviours, while a score of 7 meant the maximal occurrence of undesirable
effects. In parallel, a non-invasive experimental test for the quantification of antinociception
(nociceptive withdrawal reflex threshold evaluation) was performed in all dogs during the
ketamine infusion (treatment INF). A more detailed description of the material, methods
and results for these behavioural and antinociceptive assessments was addressed in a
previous article [9] and will not be presented here.

2.7. Statistical Analysis

Data were presented as the median and interquartile range (IQR; 25–75th percentile).
Analyses were performed with a dedicated statistical software (Sigmaplot 14.0, Systat soft-
ware, Inpixon GmbH, Duesseldorf, Germany), and the significance was set at p < 0.05. The
differences between R- and S-ket, as well as R- and S-nor, plasma concentrations were anal-
ysed by a 2-way ANOVA for repeated measures, followed by a post hoc Holm–Sidak test
for pairwise comparison. The effect of time on enantiomer ratio and behavioural score was
analysed with a Friedman ANOVA on ranks for repeated measures, followed by a post hoc
Tukey test for pairwise comparison. Receiver operating characteristic (ROC) curve analysis
was performed with the easyROC application [35] to evaluate which plasma concentration
of racemic ketamine best allowed us to predict the reduced occurrence of undesirable side
effects (cut-off for a 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 the optimal cut-point [37].

3. Results

In one dog for treatment BOL and one for treatment INF, blood samples could not be
obtained, so samples from eight dogs were analysed for each treatment.

3.1. Plasma Concentrations

During treatment BOL, the plasma concentrations of R- and S-ketamine reached a peak
immediately after the 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 min
(p = 0.001) after T0 with a difference of 16 (5–18) ng/mL (9% of the concentration).
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and norketamine (R-nor, S-nor) after intravenous administration of 1 mg/kg ketamine over 2 min
(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 was artificially slightly shifted to
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The median R/S enantiomer ratio for ketamine was 0.95 (0.91–1.00) and did not differ
significantly over time (Figure 1). The plasma concentrations of norketamine increased for
4 min 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).
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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 min, followed by
0.01 mg/kg/min for 60 min (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 was
artificially slightly shifted to improve reading. (b) R-/S-enantiomer ratio for ketamine (-ket) and
norketamine (-nor).
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3.2. Pharmacokinetic Analysis and Prediction

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

The main steps to determine the best population models are described in Supplementary
Material S1. 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 racemic ketamine
in plasma suggests an initial bolus of 0.5 mg/kg over 1 min, followed by 0.033 mg/kg/min
reduced after 1 h to 0.03 mg/kg/min (Figure 4, Supplementary Material S1). Infusion rate to
steady state of racemic ketamine at 150 ng/mL was predicted at 0.028 mg/kg/min. At this
infusion rate, this model predicted a context-sensitive halftime (50%) for racemic ketamine
of 10 min that nearly did not change with a prolonged duration of infusion of 12 h.

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 intra-
venous doses.

S-Ket R-Ket

Fixed Effect Covariate Random Effect
(γ IOV) Fixed Effect Covariate Random Effect

(γ IOV)

VS/R-1 (L kg−1) 1.05 1.52
VS/R-2 (L kg−1) 2.82 4.14

ClS/R-12 (L kg−1 min−1) 0.18 0.88 0.16 0.92
ClS/R-e (L kg−1 min−1) 0.42 −0.13·BW 0.4 0.11 0.46

ClS/R-1N (L kg−1 min−1) 0.062 0.36 0.016 +0.11·BW 0.25
ClS/R-Ne (L kg−1 min−1) 0.079 0.091

V, volume of compartment; Cl, clearance; IOV, intra-occasion variability; BW, body weight.
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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 min, followed by
0.01 mg/kg/min for 60 min (INF treatment, bottom) or 1 mg/kg ketamine over 2 min (BOL treatment,
top) in 8 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 min, followed by 0.033 mg/kg/min for 60 min and
0.03 mg/kg/min for 60 min.

3.3. Behavioural Scores

A significantly higher score for undesirable behavioural effects was observed within
the first five minutes following the end of the bolus administration in both studies (Figure 5).
The three most common behaviours observed were signs of disorientation, repeated lateral
head movements and staring eyes. A hysteresis of 2 min was observed for all dogs between
peak plasma concentration and peak behavioural score. Taking this time lag into account,
ROC curve analysis (Figure 6) defined a plasma concentration for racemic ketamine of 138,
102 and 102 ng/mL as the best cut-off values correlating, respectively, with a behavioural
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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administration of 0.5 mg/kg ketamine over 1 min, followed by 0.033 mg/kg/min for 60 min and 0.03 
mg/kg/min for 60 min. 
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Figure 5. Whisker box plot (median, interquartile range, range) of the behavioural score assessed dur-
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ketamine over 1 min, followed by 0.01 mg/kg/min for 60 min (INF treatment) in 8 beagles.
* Statistically significant differences from baseline (p < 0.05, Friedman ANOVA on ranks for repeated
measures followed by post hoc Tukey test for pairwise comparison).
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4. Discussion

This study demonstrates that the administration of the racemic mixture of ketamine
at low doses in non-premedicated 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 for ketamine in horses [40].

Comparing the current findings with previously published data on ketamine phar-
macokinetics 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 pharma-
cokinetic models for racemic ketamine. Notably, the observed plasma concentrations for
both racemic 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 anaesthetic drugs, as has been observed with
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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, interoccasion variability (IOV) accounts for fluctuations within an
individual across different instances, while interindividual 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 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 impossible. 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 the mode of administration.

The context-sensitive half-time of 10 min 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 a 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 inad-
equately 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 racemic ketamine plasma concen-
trations achieved from an intravenous infusion at 10 micrograms/kg/min in unmedicated
dogs fall significantly below the anti-hyperalgesic 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 be
required 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 con-
strained by the potential emergence of undesirable behavioural side effects. While emer-
gence delirium and dissociative states are recognized as undesirable outcomes of inappro-
priate ketamine anaesthesia in dogs [49], a comprehensive evaluation of the behavioural
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 behavioural abnormalities were observed during the course of the
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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 ob-
served. A correlation between the occurrence of abnormal behaviour and ketamine plasma
concentration was noted, with the presence of at least three of these behavioural patterns
being associated with concentrations exceeding 150 ng/mL. While further investigation is
necessary, maintaining such potentially analgesic plasma concentrations appears challeng-
ing without the occurrence of at least a few mild behavioural side effects, such as transient
disorientation, abnormal head movements, fixed gaze and lip licking.

Several limitations hinder the extrapolation of these findings to the canine population.
The study involved a small cohort of only nine dogs with closely matched physical char-
acteristics (male laboratory beagles). While it is customary in order to focus on a specific
hypothesis, caution is warranted in extending the conclusions to all clinical scenarios. The
predictive validity of the pharmacokinetic model is also compromised by the small sample
size, and despite the application of a population model methodology, it cannot be consid-
ered a true representation of the entire canine species but solely for the type of subjects
under investigation. Nevertheless, the visual predictive check and residual standard errors
yielded satisfactory results. The selection of the blood sampling schedule was constrained
to minimize both blood withdrawal and analysis costs. Although this approach does not
offer detailed insights into precise metabolization dynamics and recirculatory effects, it
proves adequate for predicting a clinical dose regimen. Another limitation lies in the as-
sumption, without verification, of an equal amount of each enantiomer (S/R) in the parent
drug vial. Lastly, incorporating female subjects in future studies would be beneficial to
assess potential gender-specific differences in pharmacokinetics. To date, no comprehensive
pharmacokinetic study in dogs has investigated gender disparities in ketamine enantiomers.
Notably, in humans, male individuals exhibited higher ketamine plasma concentrations
compared to females [51]. Similar observations were reported in mice [51], whereas an
alternative study documented elevated concentrations in female rats [52]. Interestingly, the
gender difference was nullified by orchidectomy, and subsequent testosterone replacement
therapy reinstated the distinction [51]. The clinical relevance of such variations remains to
be thoroughly investigated.

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 (three-
fold increase) of ketamine in dogs to attain plasma concentrations comparable to those
deemed analgesic in humans. Importantly, it emphasizes the potential challenges associ-
ated with administering such doses without eliciting undesirable behavioural side effects.
Consequently, there remains a clear need for targeted research aimed at understanding the
dose-dependent antinociceptive properties of ketamine in dogs.
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35. Goksuluk, D.; Korkmaz, S.; Zararsiz, G.; Karaağaoğlu, A.E. EasyROC: An Interactive Web-tool for ROC Curve Analysis Using R
Language Environment. R J. 2016, 8, 213–230. [CrossRef]

36. DeLong, E.R.; DeLong, D.M.; Clarke-Pearson, D.L. Comparing the areas under two or more correlated receiver operating
characteristic curves: A nonparametric approach. Biometrics 1988, 44, 837–845. [CrossRef] [PubMed]

37. Youden, W.J. Index for rating diagnostic tests. Cancer 1950, 3, 32–35. [CrossRef] [PubMed]
38. Capponi, L.; Schmitz, A.; Thormann, W.; Theurillat, R.; Mevissen, M. In vitro evaluation of differences in phase 1 metabolism of

ketamine and other analgesics among humans, horses, and dogs. Am. J. Vet. Res. 2009, 70, 777–786. [CrossRef] [PubMed]
39. Schmitz, A.; Portier, C.J.; Thormann, W.; Theurillat, R.; Mevissen, M. Stereoselective biotransformation of ketamine in equine

liver and lung microsomes. J. Vet. Pharmacol. Ther. 2008, 31, 446–455. [CrossRef] [PubMed]
40. Larenza, M.P.; Peterbauer, C.; Landoni, M.F.; Levionnois, O.L.; Schatzmann, U.; Spadavecchia, C.; Thormann, W. Stereoselective

pharmacokinetics of ketamine and norketamine after constant rate infusion of a subanesthetic dose of racemic ketamine or
S-ketamine in Shetland ponies. Am. J. Vet. Res. 2009, 70, 831–839. [CrossRef] [PubMed]

41. Gaspar, F.; Terrier, J.; Favre, S.; Gosselin, P.; Fontana, P.; Daali, Y.; Lenoir, C.; Samer, C.F.; Rollason, V.; Reny, J.L.; et al. Population
pharmacokinetics of apixaban in a real-life hospitalized population from the OptimAT study. CPT Pharmacomet. Syst. Pharmacol.
2023, 12, 1541–1552. [CrossRef] [PubMed]

42. Lixoft. Inter Occasion Variability. Monolix Documentation Version 2023. Available online: https://monolix.lixoft.com/statistical-
model/individual-model/iov-2/ (accessed on 15 September 2023).

43. Bailey, J.M. Context-sensitive half-times: What are they and how valuable are they in anaesthesiology? Clin. Pharmacokinet. 2002,
41, 793–799. [CrossRef]

44. Grant, I.S.; Nimmo, W.S.; Clements, J.A. Pharmacokinetics and analgesic effects of i.m. and oral ketamine. Br. J. Anaesth. 1981, 53,
805–810. [CrossRef]

45. Shimoyama, M.; Shimoyama, N.; Gorman, A.L.; Elliott, K.J.; Inturrisi, C.E. Oral ketamine is antinociceptive in the rat formalin
test: Role of the metabolite, norketamine. Pain. 1999, 81, 85–93. [CrossRef] [PubMed]

46. Holtman, J.R., Jr.; Crooks, P.A.; Johnson-Hardy, J.K.; Hojomat, M.; Kleven, M.; Wala, E.P. Effects of norketamine enantiomers in
rodent models of persistent pain. Pharmacol. Biochem. Behav. 2008, 90, 676–685. [CrossRef] [PubMed]

47. Yang, C.; Kobayashi, S.; Nakao, K.; Dong, C.; Han, M.; Qu, Y.; Ren, Q.; Zhang, J.C.; Ma, M.; Toki, H.; et al. AMPA Receptor
Activation-Independent Antidepressant Actions of Ketamine Metabolite (S)-Norketamine. Biol. Psychiatry 2018, 84, 591–600.
[CrossRef]

48. Leung, A.; Wallace, M.S.; Ridgeway, B.; Yaksh, T. Concentration-effect relationship of intravenous alfentanil and ketamine on
peripheral neurosensory thresholds, allodynia and hyperalgesia of neuropathic pain. Pain 2001, 91, 177–187. [CrossRef] [PubMed]

49. Berry, S.H. Injectable anesthetics. In Veterinary Anesthesia and Analgesia: The Fifth Edition of Lumb and Jones, 5th ed.; Grimm, K.A.,
Lamont, L.A., Tranquilli, W.J., Greene, S.A., Robertson, S.A., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2015; pp. 283–287.

50. Short, B.; Dong, V.; Galvez, V.; Vulovic, V.; Martin, D.; Bayes, A.J.; Zarate, C.A.; Murrough, J.W.; McLoughlin, D.M.; Riva-Posse,
P.; et al. Development of the Ketamine Side Effect Tool (KSET). J. Affect. Disord. 2020, 266, 615–620. [CrossRef] [PubMed]

https://doi.org/10.2460/ajvr.2005.66.2034
https://doi.org/10.1016/j.chroma.2016.07.060
https://www.ncbi.nlm.nih.gov/pubmed/27485149
https://doi.org/10.1016/j.rvsc.2017.05.005
https://www.ncbi.nlm.nih.gov/pubmed/28521255
https://doi.org/10.1016/j.vaa.2019.06.007
https://www.ncbi.nlm.nih.gov/pubmed/31401049
https://doi.org/10.1016/j.vaa.2019.08.048
https://doi.org/10.1097/00000539-199507000-00013
https://www.ncbi.nlm.nih.gov/pubmed/7598284
https://doi.org/10.1002/elps.200600820
https://www.ncbi.nlm.nih.gov/pubmed/17600844
https://doi.org/10.1002/elps.200900703
https://doi.org/10.1016/j.rvsc.2009.12.004
https://www.ncbi.nlm.nih.gov/pubmed/20053414
https://doi.org/10.32614/RJ-2016-042
https://doi.org/10.2307/2531595
https://www.ncbi.nlm.nih.gov/pubmed/3203132
https://doi.org/10.1002/1097-0142(1950)3:1%3C32::AID-CNCR2820030106%3E3.0.CO;2-3
https://www.ncbi.nlm.nih.gov/pubmed/15405679
https://doi.org/10.2460/ajvr.70.6.777
https://www.ncbi.nlm.nih.gov/pubmed/19496669
https://doi.org/10.1111/j.1365-2885.2008.00972.x
https://www.ncbi.nlm.nih.gov/pubmed/19000264
https://doi.org/10.2460/ajvr.70.7.831
https://www.ncbi.nlm.nih.gov/pubmed/19566468
https://doi.org/10.1002/psp4.13032
https://www.ncbi.nlm.nih.gov/pubmed/37723920
https://monolix.lixoft.com/statistical-model/individual-model/iov-2/
https://monolix.lixoft.com/statistical-model/individual-model/iov-2/
https://doi.org/10.2165/00003088-200241110-00001
https://doi.org/10.1093/bja/53.8.805
https://doi.org/10.1016/S0304-3959(98)00269-3
https://www.ncbi.nlm.nih.gov/pubmed/10353496
https://doi.org/10.1016/j.pbb.2008.05.011
https://www.ncbi.nlm.nih.gov/pubmed/18586315
https://doi.org/10.1016/j.biopsych.2018.05.007
https://doi.org/10.1016/S0304-3959(00)00433-4
https://www.ncbi.nlm.nih.gov/pubmed/11240090
https://doi.org/10.1016/j.jad.2020.01.120
https://www.ncbi.nlm.nih.gov/pubmed/32056935


Animals 2024, 14, 1012 13 of 13

51. Highland, J.N.; Farmer, C.A.; Zanos, P.; Lovett, J.; Zarate, C.A., Jr.; Moaddel, R.; Gould, T.D. Sex-dependent metabolism of
ketamine and (2R,6R)-hydroxynorketamine in mice and humans. J. Psychopharmacol. 2022, 36, 170–182. [CrossRef] [PubMed]

52. Saland, S.K.; Kabbaj, M. Sex Differences in the Pharmacokinetics of Low-dose Ketamine in Plasma and Brain of Male and Female
Rats. J. Pharmacol. Exp. Ther. 2018, 367, 393–404. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/02698811211064922
https://www.ncbi.nlm.nih.gov/pubmed/34971525
https://doi.org/10.1124/jpet.118.251652
https://www.ncbi.nlm.nih.gov/pubmed/30213876

	1
	Materials and Methods 
	Animal Ethics 
	Animals and Data Collection 
	Plasma Level Analysis 
	Pharmacokinetic Modelling 
	Prediction 
	Behavioural and Antinociceptive Data 
	Statistical Analysis 

	Results 
	Plasma Concentrations 
	Pharmacokinetic Analysis and Prediction 
	Behavioural Scores 

	Discussion 
	Conclusions 
	References

