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Abstract

Background The acute and delayed effect of analgesic-range doses of ketamine on neurocognitive and behavioural outcomes is
understudied. Using a non-controlled open-labelled design, three (1-h duration) increasing intravenous (IV) ketamine infusions
comprising (i) 30 mg bolus of ketamine + 8 mg/h IV infusion, (ii) 12 mg/h IV infusion and (iii) 20 mg/h infusion were
administered to 20 participants (15 male, 5 female, mean age = 30.8 years). Whole-blood ketamine and norketamine concentra-
tions were determined at each treatment step and post-infusion. Methods The Cambridge Neuropsychological Test Automated
Battery (CANTAB) was used to assess reaction/movement time (RTI, Simple and 5-Choice), visuospatial working memory
(SWM), spatial planning (SOC) and subjective effects (visual analogue scale; VAS) during treatment and at post-treatment.
Results Significant main effects were reported for time (dose) on CANTAB RTI 5-Choice reaction (F(4,18)=3.41, p=0.029)
and movement time (F(4,18)=4.42, p=0.011), SWM (¥(4,18) =4.19, p= 0.014) and SOC (F(4,18)=4.13, p=10.015), but not
RTI Simple reaction or movement time. Post hoc analyses revealed dose-dependent effects for both RTT 5-Choice reaction and
movement time (all p < 0.05). Post-treatment performance on all neurocognitive and behavioural tasks returned to baseline levels.
Regression analyses revealed a weak positive linear association between SWM ‘strategy” score (R*=0.103, p <0.001), all
performance-based CANTAB VAS items (R* range 0.005-0.137, all p < 0.05) and ketamine blood concentrations.

Discussion The open-label, non-controlled trial design somewhat precludes the ability to adequately account for random treat-
ment effects. Notwithstanding, these results suggest that analgesic doses of ketamine produce acute, selective, dose-dependent
deficits in higher-order neurocognitive and behavioural domains.
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Introduction infusion), division of the thalamo-neocortical regions
and the limbic system occur, resulting in a rapid, state-

Ketamine is an N-methyl-D-aspartate (NMDA) receptor  reversible ‘dissociative’ form of anaesthesia (White et al.

antagonist utilised in critical care medicine as an adjunct
therapy to optimise and maintain analgesia and anaesthe-
sia (Bristow and Orlikowski 1989). At doses indicated for
pain relief, ketamine inhibits NMDA activity, inducing an
analgesic effect (Hirota and Lambert 1996). At higher
doses (between 0.5 and 1.5 mg kg ' intravenous
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1982). Even at subanaesthetic doses, administration of
ketamine induces a clinical syndrome characterised by
marked impairments in memory (Wong et al. 2016),
neurocognition (Olofsen et al. 2012), and psychomotor
performance (Krystal et al. 1994) and elicits potent psy-
chotomimetic effects (Bowdle et al. 1998).
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Ketamine affects various aspects of neurocognitive and
behavioural ability via NMDA receptor hypo-function,
specific disruption of long-term potentiation initiation
within the hippocampus and the cerebral cortex
(Malhotra et al. 1996; Moghaddam et al. 1997,
Newcomer et al. 1999), and via targeted NMDA-
receptor blockade (Anis et al. 1983; Guillermain et al.
2001). Dose-dependent, additive effects (Guillermain
et al. 2001) are observed on tasks assessing balance, sim-
ple psychomotor speed (Carter et al. 2013) and reaction
time (Rogers et al. 2004). Deficits in foreperiod duration
(skills relevant to motor preparation) under ketamine con-
ditions have also been observed in extended assessment
protocols (Micallef et al. 2004); however, examination as
to these behavioural effects at analgesic-range doses, par-
ticularly under acute conditions, is comparatively
understudied. Disruption to working memory-specific
processes, particularly those involving mental manipula-
tion (but not maintenance), has similarly been observed
(Honey et al. 2003). Importantly, these effects appear dif-
ferentially targeted by ketamine depending on dose
(Harborne et al. 1996), task and/or drug timing (Honey
et al. 2003), as some inconsistencies remain with regard
to the exact domains affected. Finally, ketamine-induced
NMDA receptor dysfunction in the frontal cortex has been
shown to elicit marked deficits in several executive cog-
nition abilities, including procedural learning (Krystal
et al. 2000) and processing speed (Morgan et al. 2003).
However, these findings are somewhat limited in their
application due the often high-range dosing regimen used
and the specific contextualisation of impairment within
the schizophrenic syndrome only. As such, it is unclear
if these effects are similarly represented at lower, analge-
sic doses, or whether more general executive function
abilities are affected.

Measures of higher-order neurocognitive functioning
and behavioural abilities are pivotal in the planning, ini-
tiation, sequencing and monitoring of complex goal-
directed behaviours (Jurado and Rosselli 2007), and eval-
uation of functional capacity remains an important com-
ponent of acute and longer-term patient care (Crisp et al.
2000). At present, some discrepancy remains with regard
to the effect of analgesic-range doses of ketamine where
select higher-order neurocognitive skills (Morgan and
Curran 2006), or behavioural abilities, are assessed
(Harborne et al. 1996). Indeed, much of the existing liter-
ature examines abstract or nonrepresentational aspects of
neurocognitive and behavioural functioning under high-
range dosing paradigms only (i.e. contextualised as path-
ophysiological model of schizophrenia only), and thus it
is unclear whether these effects are transferable to more
applied aspects of functioning, and if these deficits occur
at doses indicated for analgesia. Many of these effects are
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observed to be dose-dependent and are elicited under
stepped-administration (clinical) protocols (Malhotra
et al. 1997). Thus, examination as to whether deficits in
neurocognitive and behavioural abilities are similarly ob-
served using this dosing paradigm has the potential to
inform both clinical and adjunct treatment practices for
those receiving ketamine at these therapeutically indicat-
ed, analgesic doses.

This study therefore aims to examine the effect of three
stepwise, increasing analgesic doses of intravenously admin-
istered ketamine on a range of neurocognitive and behavioural
functions in a sample of healthy adults. This study incorpo-
rates aspects of lower- and higher-order cognitive and behav-
ioural performance assessed at each treatment step and at post-
treatment in order to identify specific acute and extended def-
icits in these domains. It is anticipated that these analgesic-
range doses of ketamine will induce dose-dependent impair-
ments in reaction time and will disrupt the target domains of
executive function and working memory.

Methods
Participants

A total of 20 volunteers comprising 5 females and 15 males,
aged between 23 and 40 years (mean age 30.8, SD = 4.8, mean
weight 79.2 kg, SD +12.3) attended a single session in a
designed-for-purpose areca at the Monash Health
Translational Research Precinct, Melbourne. All participants
indicated previous use of sedating-type medications with no
known allergic or adverse reactions and were screened prior to
participation to ensure that they had no history of significant
cardiovascular, respiratory, endocrine, gastrointestinal, bleed-
ing, neurological or renal disorders; current or past diagnosis
of substance abuse; and other medical illness. Current use of
any psychiatric medication was a proxy indicator of signifi-
cant psychiatric history and was considered cause for exclu-
sion. Alcohol consumption was prohibited 24 h preceding the
tests, and caffeine was prohibited on the morning of the study.
Prior to testing, participants were screened for evidence of
recent use of drugs [amphetamine/d-methamphetamine, 3,4-
methylenedioxymethamphetamine (MDMA), cocaine, canna-
bis (delta-9-tetrahydrocannabinol), opiates and ketamine]
using the Securetec DrugWipe 6s device (Aberl and
VanDine 2005). Positive results were cause for exclusion from
the study. The research was approved by Monash Health
Human Research Ethics committee (approval number:
HREC/16/MonH/240). All participants provided written in-
formed consent prior to commencing any study procedures.
This study was registered on the Australia and New Zealand
Clinical Trials registry (www.anzctr.com.au); trial number
ACTRN12616001485426.
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Acute drug administration and biological sampling

Ketamine solution was infused via a cannula placed in a
cubital fossa vein in the non-dominant arm. Whole-blood
samples were similarly extracted from this single cannula.
S(+)-ketamine was added to 0.9% NaCl to produce 100 mL
(200 mg ketamine in 100 ml NaCl=2 mg/mL) solution and
was delivered using a volumetric infusion pump (Volumat
MC Agilia; Fresenius Kabi Norge AS, Norway). The use of
a stepwise dosing paradigm, dosing amount and treatment
timing was selected with the goal of simulating therapeutically
indicated levels of ketamine commonly utilised for analgesic
purposes (Jouguelet-Lacoste et al. 2015; Kurdi et al. 2014).
This approach further facilitates attainment of a series of
steady blood concentrations during a single experimental ses-
sion. The treatment steps comprised of an initial (i: step 1)
30 mg bolus of ketamine infusion, plus 8 mg/h IV infusion,
followed by (ii: step 2) 12 mg/h IV infusion and, finally, (iii:
step 3) 20 mg/h infusion. The average bolus dose provided
was 0.38 mg/kg, and the max infusion was 0.25 mg/kg/h.
Each infusion step lasted 1 h, for a total infusion time of 3 h.
Venous blood (4 mL) was drawn using a vacuum tube from
the cannula at approximately 5 min post-conclusion of each
infusion, and again at approximately 1.5 h post-cessation of
treatment (see Fig. 1). Discard volume of blood (5 mL) was
drawn before each blood collection to preclude any contami-
nation of the IV line with the saline solution. Once the sample
was taken, the line was again flushed with 5 mL 0f0.9% saline
and the IV was reconnected. Blood samples were immediately
stored at — 80 °C as whole-blood samples without centrifuge.

Procedure

Participants presented to the hospital at 8:00 a.m. to com-
plete the baseline assessments and remained on-site under
observation until discharge at 4:00 p.m. (Fig. 1). The cog-
nitive battery (see “Cognitive assessment”) took approxi-
mately 35 min to complete. Task order was non-

randomised throughout. Following baseline assessment,
participants’ vital signs were assessed (blood pressure,
pulse, 0, saturation and temperature) and they were can-
nulated (as per “Acute drug administration and biological
sampling” above). The infusion was commenced at
9:00 a.m. Cognitive performance was assessed thereafter
at each treatment step. Vital signs were monitored at half-
hourly intervals throughout the infusion period. The infu-
sion was discontinued at 12:00 p.m. and participants were
provided with light refreshments. The post-treatment as-
sessments occurred at approximately 1:30 p.m. (Fig. 1).
Participants’ vital signs were monitored at half-hourly in-
tervals by nursing staff until discharge.

Ketamine and norketamine analysis

Venous whole-blood samples (0.25 mL) were analysed by
Forensic Science South Australia for ketamine and
norketamine. Drug quantification was performed by spik-
ing ketamine and norketamine (sourced from Cerilliant,
USA) to drug-free whole blood (0.25 mL) obtained from
the Australian Red Cross Blood Service. A concentration
range of 0.01-4.00 mg/L was used for each analyte using
D4-ketamine and D4-norketamine (Cerilliant, USA), each
at 0.40 mg/L. The relative response was linear within this
range, and the limit of quantitation was set at 0.01 mg/L.
Whole-blood samples (0.25 mL) were diluted with
1.5 mL of MilliQ water™ and concentrated ammonia so-
lution (0.25 mL; 30% w/v). The samples were vortexed
and butyl chloride (5 mL) was added. The vials were
rolled for 15 min prior to centrifugation at 3000 rpm for
10 min. The organic layer was evaporated to dryness un-
der N, gas at 40 °C and reconstituted in ethanol
(0.10 mL). Samples were analysed in duplicate.

Two microlitres of each sample extracts were analysed
using an Agilent 1200 LC liquid chromatograph in combina-
tion with an Agilent 6520 Q-TOF, in AutoMSMS mode with
an electrospray ionisation source. Separation of the drugs was

{¢ 'CANTAB i« CANTAB .e CANTAB e CANTAB T CANTAB
: o VAS : o VAS : o VAS o VAS : i o VAS :
o RTI : o RTI : o RTI o RTI o RTI
: o SWM : o SWM o SWM o SWM o SWM :
o SOC : o SOC : o SOC : o SOC : : o SOC :
i i e Blood sample i e Bloodsample : e Blood sample : i e Blood sample !
: : 9:55a.m : 10:55a.m : 11:55a.m : : 1:55p.m :
8:00a.m 9:00.a.m 10:00.a.m 11:00.a.m 12:00p.m 1.00p.m 2.00p.m 3:00p.m 4:00p.m
| Baseline Treatment Step 1 ~ Treatment Step 2 Treatment Step 3 Post Treatment Observation period

Fig. 1 The timeline of experimentation. CANTAB, Cambridge Neuropsychological Test Automated Battery; VAS, visual analogue scale; RTI, reaction

time task; SWM, spatial working memory; SOC, Stockings of Cambridge
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obtained using a Waters Acquity BEHC18 1.7 um x 3.0 mm X

50 mm column fitted with a Phenomenex C18 4.0 x 3.0 mm
guard cartridge. The mobile phase consisted of a gradient of
(a) 0.1% v/v formic acid in water and (b) acetonitrile over
12 min. Analytes were identified by retention time, accurate
mass and MS/MS spectral match to a standard. Quantification
was achieved by measuring the relative response of the M + H
ion for each drug to its respective internal standard.

Cognitive assessment

Neurocognitive and behavioural ability was evaluated
using a subset of the well-validated computerised tasks
from the Cambridge Neuropsychological Test Automated
Battery (CANTAB). The primary endpoint with respect to
the neurocognitive and behavioural outcomes was the do-
main scores of each individual task (defined below) at
each treatment step and post-treatment when compared
to baseline. The CANTAB battery consisted of the visual
analogue scale (VAS), reaction/movement time (RTI)
(Simple and 5-Choice) task, visuospatial working memory
(SWM) and spatial planning task, as assessed by the
Stockings of Cambridge (SOC).

Subjective effects (visual analogue scale) The CANTAB
VAS was used to assess performance-based subjective ef-
fects among participants at each treatment step and at
post-treatment (Bond and Lader 1974). This included the
following: alertness (0 =alert, 100 =drowsy), clear-
headedness (0 = clear headed, 100 = muzzy), coordination
(0 =well-coordinated, 100 = clumsy), mental ability (0=
quick witted, 100 = mentally slow), attention (0 = atten-
tive, 100 =dreamy) and proficiency (0 = proficient,
100 = incompetent).

Reaction/movement time (Simple and 5-Choice) task The
RTI comprises two main tasks: Simple and 5-Choice re-
action and movement time. For both tasks, participants
are required to respond directly to the stimuli presented
on the touch screen (reaction time), or press and hold a
button and react in response to the visual stimuli (move-
ment time). The task is divided into five stages, which
require increasingly complex chains of responses. The
four outcome measures report reaction and movement
times (ms), and accuracy.

Visuospatial working memory task This CANTAB sub-test
assesses the ability to retain and manipulate information
in working memory, and requires participants to search
among a spatial array of on-screen boxes in order to lo-
cate the box with the blue tokens hidden within.
Participants are instructed that only one taken will be
present at any one time for each set, and that once they
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have found a blue token in a box, it will not be in that box
again for the rest of that set. Outcome measures are the
following: ‘between-search’ errors, recorded when partic-
ipants revisit the boxes which have already been found to
contain a token; and ‘strategy’, an estimate of the use of
the most efficient heuristic search sequence.

Spatial planning: Stockings of Cambridge task The SOC task
is a modified version of the Tower of London (Shallice
1982), which evaluates aspects of spatial planning and
problem-solving ability. In this task, participants are re-
quired to move the balls in the bottom display window to
match those presented at the top of the screen.
Participants are encouraged to plan the sequence in which
they will execute the move. The task consists of problems
increasing in difficulty, from two, three, four, to five
moves. The primary outcome measure is ‘problems solved
in the minimum number of moves’.

Statistical analysis

A participant pool of N=20 was selected for comparison to
similar cohorts for this type of assessment (Honey et al. 2003).
Demographic characteristics are presented as summary statis-
tics for categorical variables only (1, %). Neurocognitive, be-
havioural and subjective VAS data derived from the CANTAB
task was analysed using separate linear fixed-effects models.
A compound symmetry covariance structure was interpreted
as to be the best fit for the data. Time (dose) was entered into
the model as the repeated measures factor (CS covariance
structure) and CANTAB VAS and neurocognitive and behav-
ioural domain scores were included as the outcome variable.
Where a main effect was observed, post hoc paired ¢ tests with
Bonferroni correction for multiple comparisons were conduct-
ed to contrast each time point (treatment step 1, 2 and 3 and
post-treatment phase) to baseline scores. Linear regression
models were used to assess associations between whole-
blood concentrations of both ketamine and norketamine and
performance on target CANTAB variables. All statistical anal-
yses were conducted with the use of SPSS 24.0 (SPSS Inc.,
USA), and tests are two-tailed with a conventional level of
significance of p < 0.05.

Results
Demographics

Demographic information for the sample is presented in
Table 1. A large proportion (95%) of the sample identified
as being Caucasian, with the majority of participants speaking
English as first language (94.7%). Over half of the sample
held a diploma/some tertiary education and were currently
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employed on a full-time (55%) or part-time basis (10%). All
participants (100%) had reported previous (lifetime history)
use of any sedating-type analogues (including ketamine). A
large proportion (80%) also reported previous (lifetime) use of
cannabis, amphetamines, MDMA and cocaine.

Table 1 Demographic characteristics of all participants included for
analyses (N =20) presented as n (%)
Number (n=20) Percent (100%)
Demographics
Age group
Below 25 years 2 10
25-34 years 12 60
35-44 years 6 30
Gender
Male 15 75
Female 5 25
Ethnicity
Caucasian 19 95
Asian 1 5
African American - -
Aboriginal/Torres Strait Islander — -
Other/mixed - -
Handedness
Left handed 4 20
Right handed 16 80
Education level*
Primary school - -
Secondary school 5 26.3
Some tertiary/diploma 10 52.6
Postgraduate 4 21.1
Employment status*
Student/studying 4 21.1
Part-time/casual 2 10.5
Full-time employment 11 57.9
Unemployed 2 10.5
Retired -
Drug-use history®
Alcohol 20 100
Cannabis 18 80
Amphetamines 18 80
MDMA (ecstasy) 18 80
Cocaine 18 80
Heroin 1 5
Inhalants 4 20

*n =1 missing value

#Positive indication of ‘ever used’ only

Biological data
Ketamine

Mean whole-blood concentrations of ketamine recorded at
each time point are presented in Fig. 1. Baseline ketamine
concentrations are based on n =2 observations. Whole-blood
concentrations of ketamine increased rapidly from following
ketamine infusion at treatment step 1 (8 mg/h IV infusion +
one-off 30 mg bolus of ketamine) to treatment step 2 (12 mg/h
IV infusion of ketamine), where blood concentrations rose
from a mean concentration of 0.34 to 0.48 mg/L, respectively.
This concentration was observed to peak at a maximum
(Cmax) of 0.82 mg/L following administration of treatment
step 3 (20 mg/h IV infusion ketamine). Blood concentrations
decreased rapidly following cessation of the treatment to a
concentration nadir of 0.21 mg/L at 2-h post-treatment. A
weak positive linear association was observed between blood
levels of ketamine and CANTAB SWM strategy score (R” =
0.103, p<0.001), and all CANTAB VAS items (R’ range
0.005-0.137, all p <0.05).

Norketamine

Mean whole-blood concentrations of norketamine are record-
ed at each time point is presented in and Fig. 1. Blood con-
centrations of norketamine increased from a mean of 0.06 mg/
L following the administration of treatment step 1 (8§ mg/h IV
infusion + one-off 30 mg bolus of ketamine) to a mean con-
centration of 0.07 mg/L at step 2. Blood concentrations further
increased to a mean peak concentration (Cpay) of 0.09 mg/L
following treatment step 3 (20 mg/h IV infusion ketamine).
Levels dropped to a mean of 0.07 mg/L post-treatment. No
correlations were deemed significant (Fig. 2).

Cognitive tasks

Reaction/movement time (Simple and 5-Choice) task
Summary data for all CANTAB outcomes for each testing
time point are provided in Table 1. Linear fixed-effects model
analyses failed to indicate any main effects of time (dose) on
the CANTAB RTI Simple accuracy score (F(4,18)=0.46, p =
0.763), RTI Simple reaction time (F(4,18)=1.23, p=0.332)
or RTI Simple movement time (F(2,18)=0.494, p =0.740).
Linear fixed-effects model analyses indicated a significant
main effect of time (dose) for both CANTAB RTI 5-Choice
reaction time (F(4,18)=3.41, p= 0.03) and RTI 5-Choice
movement time (F(4,19)=4.42, p=0.011), but not for the
RTI 5-Choice accuracy score (F(4,18)=1.96, p=0.141).
Post hoc analyses for RTI 5-Choice reaction time revealed
significant differences from baseline for treatment step 1,
treatment step 2 and treatment step 3 (all p < 0.05). No signif-
icant difference from baseline was noted for RTI 5-Choice
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Fig. 2 Mean whole-blood concentrations of (i) norketamine and (ii) ke-
tamine, plotted against the sample collection time point in 20 healthy
volunteers. Error bars represent standard error (+SEM). Baseline levels
0f 0.00 mg/L are derived from n =2 observations only

reaction time at post-treatment. Post hoc analyses for RTT 5-
Choice movement time indicated significant differences from
baseline for treatment step 1, treatment step 2 and treatment
step 3 (all p < 0.05). No difference from baseline was noted for
RTT 5-Choice movement time at time point 4 (post-treatment).

Visuospatial working memory task Linear fixed-effects model
analyses indicated a significant main effects of time (dose) for
the CANTAB SWM ‘between-search’ error score (F(4,18) =
4.19, p=0.014), but not the SWM ‘strategy’ score (F(4,19) =
1.68, p=0.195). Post hoc analyses did not indicate any sig-
nificant group differences from baseline.

Spatial planning: Stockings of Cambridge task Linear fixed-
effects model analyses indicated a significant effect for time
(dose) for the CANTAB SOC ‘problem solved in minimum
moves’ score (F(4,18)=4.13, p=0.015). Post hoc analyses
did not indicate any significant group differences from
baseline.

Subjective effects (VAS) Summary data for subjective ratings
from the performance-related CANTAB VAS scores across
for testing session are provided in Table 2. Linear fixed-
effects model analyses indicated a significant main effect for
time for alertness (F(4,18)=6.51, p=0.002), clear-
headedness (F(4,19)=10.0, p<0.001), coordination
(F(4,18)=13.75, p<0.001), mental ability (F(4,18)=5.37,
p=0.005), attention (F(4,18)=12.71, p<0.001) and profi-
ciency (F(4,18)=9.13, p<0.001). Post hoc analyses for
VAS scores revealed significant differences from baseline
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for all self-reported performance variables following treatment
step 1 (all p< 0.05). This remained significant at treatment
step 2 for coordination, mental ability and proficiency (all p
< 0.05), at treatment step 3 for coordination and proficiency
(both p < 0.05). At post-treatment, this was sustained for self-
reported proficiency only (p < 0.05) (Table 3).

Discussion

This study reports the acute and residual effect of three in-
creasing analgesic-range doses of ketamine on measures of
neurocognitive and behavioural performance. Results indicate
that these increasing doses of ketamine elicit acute, dose-
dependent and transient effects on tasks engaging typically
‘higher-order’ neurocognitive functions necessitating com-
plex behavioural execution (reaction time). The effect on as-
pects of higher-order cognitive ability, including visuospatial
working memory and spatial planning, was evident; however,
the effect of dose was somewhat less clear. Observed correla-
tions between blood levels of ketamine and subjective indica-
tors of competency highlight the potential additional role of
perceived capability in executing complex tasks at these doses
of ketamine. These findings support the targeted effect of ke-
tamine on neurocognition and behaviour, and provide addi-
tional information as to the functional implication of the drug
for patients receiving this medication at therapeutic
(analgesic) doses.

Ketamine elicits an additive pattern of effects on compo-
nent measures of neurocognitive and behavioural perfor-
mance (Guillermain et al. 2001; Micallef et al. 2004;
Micallef et al. 2002). Results from the present study outline
acute and selective dose-dependent effects on measures of
complex psychomotor-based performance, attention, response
inhibition, cognitive flexibility and processing speed (5-
Choice RTTI task). This expands previous observations of
ketamine-induced impairments on tasks necessitating higher
cognitive load (Guillermain et al. 2001). Mechanistically, be-
havioural impairments resulting from ketamine use are con-
sidered to reflect acute ketamine-induced blockade of NMDA
receptors (Guillermain et al. 2001); however, the secondary
stimulation of x-amino-3-hydroxy-5-methylisoxasole-4-
proprionic acid and activation of glutamatergic neurotransmis-
sion at kainate receptors have also been potentiated (Micallef
et al. 2004). The resulting increase in dopamine release in the
pre-frontal cortex (Rao et al. 1989) may exert effects on be-
havioural competency on the types of tasks sensitive to these
neurochemical alterations (such as 5-Choice reaction)
(Robbins 2002). In the current study, no significant effect
was detected for the proportion of correct responses
(accuracy) as a function of treatment for the 5-Choice RTI
task. This supports previous observations of retention of func-
tional specificity (Lofwall et al. 2006) and indicates the
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Table2 Mean scores (+ S.D) and linear mixed-model F-ratio for CANTAB

neurocognitive tasks each at baseline, at 8 mg/h + 30 mg Bolus ketamine

infusion, 12 mg/h ketamine infusion and 20 mg/h ketamine infusion, and at post-treatment time points

Measure Baseline, 8 mg/h+30mg 12 mg/hketamine, 20 mg/h ketamine,  Post-treatment, ~ F valueqr  p value
mean (SD) Bolus ketamine, mean (SD) mean (SD) mean (SD)
mean (SD)

Reaction time task (RTT)

Simple accuracy 8.80 (0.4) 8.32(2.1) 8.74 (0.8) 8.63 (0.7) 8.79 (0.5) 0.46(4 13, 0.763
score

Simple reaction 316.02 (58.1) 320.21 (55.4) 317.21 (49.5) 339.72 (61.4) 318.64 (45.0) 1.234,18) 0.332
time (ms)

Simple 495.18 (118.3)  500.70 (175.5) 494.82 (113.9) 499.44 (114.8) 484.74 (115.6)  0.49(4 13, 0.740
movement time
(ms)

5-Choice 7.90 (0.3) 7.42 (1.8) 7.90 (0.31) 8.10 (0.4) 7.80 (0.4) 1.96(4.15) 0.141
accuracy score

5-Choice 311.65 (47.3) 333.08 (42.1)* 337.75 (61.3)* 336.02 (55.2)* 324.30 (57.9) 341418 0.029
reaction time
(ms)

5-Choice 323.28 (45.9) 350.80 (47.2)* 347.57 (49.7)* 350.90 (58.4)* 331.43 (63.7) 4.42419) 0.011
movement time
(ms)

Visuospatial working memory (spatial working memory task)

Between search 19.30 (19.1) 26.05 (19.5) 26.50 (19.9) 28.60 (19.4) 30.60 (7.2) 4.194.13) 0.014
errors

Strategy 28.95 (7.7) 30.47 (8.6) 31.05(7.3) 31.55(6.8) 30.60 (7.2) 1.68(4.18) 0.195

Spatial planning (Stocking of Cambridge)

Problems solved 8.95(1.5) 9.00 (1.7) 9.25(1.6) 9.45(1.9) 10.10 (1.8) 4.13(4.18) 0.015
in minimum
moves

*Significant difference in mean scores from baseline, post hoc paired # test analyses with Bonferroni adjustment at p < 0.05

Significant main effects (p < 0.05) for time (dose) are indicated using italicised text

potential lack of effect on stimulus selection and pre-cognitive
processing abilities. Preservation of performance on tasks of
simple reaction/movement time under ketamine conditions is
noted elsewhere (Krystal et al. 1994), and thus the observed
lack of effect on this outcome may reflect limited impairment

Table 3

in general psychomotor speed at these doses. A transience of
behavioural effect was observed for all affected domains, with
performance returning to baseline levels at the post-treatment
assessment phase. Remission of psychomotor effects post-
treatment has been noted by others (Ghoneim et al. 1985;

Mean scores (+ S.D) and linear-mixed model F-ratio for performance-based CANTAB VAS scores each at baseline, at 8 mg/h + 30 mg Bolus

ketamine, 12 mg/h ketamine and 20 mg/h ketamine, and at post-treatment time points

VAS measure Baseline, 8 mg/h + 12 mg/h 20 mg/h Post- F p value
mean (SD) 30 mg ketamine, ketamine, treatment, value gy

Bolus mean (SD) mean (SD) mean (SD)

ketamine,

mean (SD)
Alertness (0 = alert, 100 = drowsy) 25.25(23.5) 56.16 (22.8)** 44.15(25.9) 45.50(33.0) 29.40 (26.9) 6.51418 0.002
Clear-headed (0 = clear-headed, 100 = muzzy) 27.95 (23.6) 68.47 (25.1)** 48.85(23.1) 53.20 (29.0)* 34.10 (21.7)  10.004,19, < 0.001
Coordination (0 = well-coordinated, 100 = clumsy) 20.75 (23.7) 70.00 (22.4)** 48.30 (25.2)* 51.85 (28.6)* 27.55(22.0) 13.754,45) < 0.001
Mental ability (0= quick witted, 100 = mentally 27.50 (16.5) 58.58 (25.9)* 48.60 (23.6)* 50.30 (30.4) 36.75 (21.0) 53748  0.005

slow)

Attention (0 = attentive, 100 = dreamy) 28.40 (20.7) 70.68 (22.3)** 47.05(25.8) 53.55(31.5) 36.85(25.3) 127145  0.001
Proficiency (0 = proficient, 100 = incompetent) 16.95 (14.0) 52.84 (25.1)** 37.55(22.0)* 41.65 (28.5)* 28.90 (20.0)*  9.13¢4,5,  0.001

*Significant difference in mean scores from baseline, post hoc paired # test analyses with Bonferroni adjustment at p < 0.05

*Significant difference in mean scores from baseline, post hoc paired # test analyses with Bonferroni adjustment at p < 0.001

Significant main effects for time (dose) (p < 0.05) are indicated in using ifalicised text
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Lofwall et al. 2006) and may reflect the short half-life and
rapid pattern of metabolic elimination of ketamine when ad-
ministered intravenously (Clements and Nimmo 1981).
Indeed, whole-blood concentrations of ketamine and
norketamine measures here demonstrated a steady increase
relative to treatment dose, and featured rapid metabolic elim-
ination post-treatment consistent with a re-distribution rate of
2.5 h (Wieber et al. 1975). Thus, further examination of these
behavioural effects under treatment schedules which utilise
alternate administration protocols (such as intramuscular
route) may lend information to the direct role of ketamine
metabolism on performance outcomes during the acute and
post-treatment phase.

Findings pertaining to the neurocognitive domains of
SWM and spatial planning (SOC) were somewhat inconclu-
sive. A significant main effect for time (dose) was noted for
these tasks; however, no specific differences were noted from
baseline during post hoc analyses. A similar lack of definitive
evidence to reflect true domain-specific impairments in these
neurocognitive abilities using comparable tasks has been not-
ed elsewhere (Honey et al. 2003). Indeed, inconsistencies in
tasks necessitating select higher-order cognitive skills
(Morgan and Curran 2006), or measures of applied
neurocognitive abilities (Harborne et al. 1996), are reported
by others. This is perhaps further evidenced by the presence of
a single weak positive association noted between whole-blood
levels of ketamine and cognitive performance only (SWM
strategy score). Limited studies similarly indicate an absence
of association between blood levels and cognitive perfor-
mance on comparable test parameters (Honey et al. 2003),
suggesting that blood concentrations may also not accurately
reflect the degree of cognitive impairment observed. This
preservation of neurocognitive abilities suggests that NMDA
receptor hypo-function induced by ketamine does not nega-
tively impact these specific domains; however, it must be not-
ed that not all conceivable domains were examined, and so it
is unclear if other peripherally related functional domains
might be implicated. Measures of higher-order neurocognitive
functioning are pivotal in the planning, initiation, sequencing
and monitoring of complex goal-directed behaviours (Jurado
and Rosselli 2007), and thus further examination of acute and
residual neurocognitive deficits in a treatment context, and
among potentially at-risk patient groups, may be of high clin-
ical importance with respect to longer-term treatment
outcomes.

Subjective feelings of performance-based functional capac-
ity decreased as a function of treatment dose, and some resid-
ual effects were also observed (for self-rated proficiency on-
ly). Existing literature has evaluated psychotomimetic
(Bowdle et al. 1998) or abstract subjective effects related to
mood only (Mortero et al. 2001). This research, therefore,
provides additional insight as to the subjective effects of ther-
apeutically indicated, analgesic doses of ketamine,

@ Springer

particularly for those skills relating to perceived functional
ability. Positive linear associations were also observed across
all subjective indexes as a function of ketamine-blood concen-
trations, suggesting close association between objective levels
of sedation and subjective symptomology. Similar, albeit
stronger, effects of subjective intoxication under ketamine
conditions have been noted by others (Bowdle et al. 1998);
however, these were related largely to subjective psychotomi-
metic, not performance-based effects. Poorer perception of
functional capacity is associated with poor outcomes post-
treatment, particularly among older individuals (Lou et al.
2004). Thus, evaluating self-rated functional or
performance-based capacity is likely clinically useful when
considering the longer-term follow-up requirements for those
undergoing treatment with these doses of ketamine.

Results from the current study are to be considered in light
of'a few key limitations. The absence of a comparative con-
trol group precludes the ability to adequately control for ran-
dom treatment effects. Nonetheless, the use of a within-
subjects design which utilises a stepwise, increasing admin-
istration protocol is likely highly clinically relevant due to
the similarities with existing treatment protocols using keta-
mine at similar doses (Petrenko et al. 2003). Somewhat con-
versely, the open-label, cumulative-dose design used in the
trial may have inadvertently impacted the results. It is possi-
ble that patients may have anticipated the sequenced dose
and altered their responses accordingly. However, given that
effects were consistently observed on some (butnotall) ofthe
outcomes, and marked changes were noted in VAS scores
(which were related to blood concentrations), we do not an-
ticipate that this approach has significantly impacted the
findings. By extension, repeated use of the CANTAB battery
at each treatment step may have inadvertently induced some
practice or learned effects. However, specific effects often
vary with task difficulty and have not yet been reported for
the specific tasks used here (Lowe and Rabbitt 1998). It is
worthwhile considering a potential NMDA adaptation ef-
fect, which may hinder some of the interpretations of the
neurocognitive and behavioural data. Preclinical studies in-
dicate a degree of NMDA receptor adaptation following
chronic administration of select anti-depressant medications
(such as imipramine and citalopram) (Skolnick et al. 1996).
To our knowledge, however, no such effect has yet been re-
ported under ketamine conditions (in neither anti-depressant
nor analgesic context), nor when examined under an acute
treatment protocol. Thus, given the acute dosing paradigm
employed, we do not consider this to have significantly in-
fluenced our findings. The negative value (0.00 mg/L) of
ketamine and norketamine blood concentrations at baseline
are somewhat implied, as data for this time point was only
collected for n = 2 participants due to late-stage protocol var-
iations. Although highly unlikely, we cannot exclude the
possibility that some participants may have recorded some



Psychopharmacology (2018) 235:1273-1282

1281

blood concentrations of ketamine and norketamine metabo-
lites at baseline. To address this, the use of validated oral-
fluid (saliva) drug detection was employed at baseline, and
no positive tests were returned.

In conclusion, these three increasing analgesic-range
doses of intravenously administered ketamine produced
selective, transient, and dose- and time-related effects on
several neurocognitive and behavioural domains. Specific
additive ketamine-induced deficits were observed for
skills relating to complex behavioural planning and exe-
cution (reaction time); however, further characterisation is
required to elucidate how these doses and treatment regi-
men impair visuospatial working memory and spatial
planning at these doses. Acute impairments evidenced
on these tasks have potential clinical implications for pa-
tients receiving ketamine infusion at these doses, particu-
larly for individuals who report poorer self-rated compe-
tence post-treatment. Additionally, longer-term research
may assist in defining the natural course of association
between these objective and subjective indicators and
global functional health outcomes, particularly among at-
risk patient groups.
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