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The effects of ketamine and risperidone on eye movement
control in healthy volunteers
A Schmechtig1, J Lees2, A Perkins1, A Altavilla3, KJ Craig4, GR Dawson4, JF William Deakin2, CT Dourish4, LH Evans3, I Koychev2,
K Weaver1, R Smallman2, J Walters5, LS Wilkinson3,5, R Morris6, SCR Williams1 and U Ettinger7

The non-competitive N-methyl-D-aspartate receptor antagonist ketamine leads to transient psychosis-like symptoms and
impairments in oculomotor performance in healthy volunteers. This study examined whether the adverse effects of ketamine on
oculomotor performance can be reversed by the atypical antipsychotic risperidone. In this randomized double-blind, placebo-
controlled study, 72 healthy participants performed smooth pursuit eye movements (SPEM), prosaccades (PS) and antisaccades (AS)
while being randomly assigned to one of four drug groups (intravenous 100 ngml− 1 ketamine, 2 mg oral risperidone, 100 ngml–1

ketamine plus 2 mg oral risperidone, placebo). Drug administration did not lead to harmful adverse events. Ketamine increased
saccadic frequency and decreased velocity gain of SPEM (all Po0.01) but had no significant effects on PS or AS (all P⩾ 0.07). An
effect of risperidone was observed for amplitude gain and peak velocity of PS and AS, indicating hypometric gain and slower
velocities compared with placebo (both P⩽ 0.04). No ketamine by risperidone interactions were found (all P⩾ 0.26). The results
confirm that the administration of ketamine produces oculomotor performance deficits similar in part to those seen in
schizophrenia. The atypical antipsychotic risperidone did not reverse ketamine-induced deteriorations. These findings do not
support the cognitive enhancing potential of risperidone on oculomotor biomarkers in this model system of schizophrenia and
point towards the importance of developing alternative performance-enhancing compounds to optimise pharmacological
treatment of schizophrenia.
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INTRODUCTION
There is a continuing debate in schizophrenia research about the
effectiveness of currently available antipsychotic drugs. This
concerns, amongst other issues, the treatment of cognitive
deficits; one of the core features of schizophrenia that has been
suggested to be an important treatment target, which can predict
functional outcome.1 Hence, there is an increasing demand to
develop new and more effective drugs to overcome observed
treatment resistance and to improve deficits in different cognitive
domains.2

One approach to achieve a better understanding of the
underlying pathophysiological mechanisms is to investigate
pharmacological model systems such as the amphetamine,
phencyclidine or ketamine. Ketamine is a non-competitive
antagonist of N-methyl-D-aspartate (NMDA) glutamate receptors,
which also has dopaminergic and serotonergic agonist
properties.3 The compound has become increasingly popular
following the discovery that its administration can mimic key
symptoms of schizophrenia.4 Ketamine has been found to display
a broad range of psychotomimetic effects in healthy volunteers
and has also been reported to induce cognitive impairments
similar to those seen in schizophrenia.5 These include, for

example, impairments on tasks that require executive functions,
such as working memory6,7 or the Wisconsin Card Sorting Test.8

Together, these findings offer a promising perspective in which
ketamine administration could represent a potential pharmacolo-
gical model mimicking aspects of cognitive and frontal lobe
functioning in schizophrenia.2,8,9

Pharmacological models are often investigated in combination
with biomarkers as translational neurobehavioral indices of
pharmacological effects.10 Eye movements have been proposed
to be especially promising biomarkers in drug development and
the evaluation of treatment effects.10,11 The use of eye move-
ments in this approach is supported by findings that oculomotor
performance is impaired in schizophrenia patients, schizotypal
personality and in psychometric schizotypy, thus representing
neural abnormalities underlying the schizophrenia spectrum.12–16

The well-known neural correlates, high reliability and simple
application of oculomotor paradigms make them ideally suited to
study pharmacological effects in healthy volunteers and patient
populations.10 The most commonly studied procedures include
prosaccades (PS), a simple measure of stimulus-driven overt
attentional shifts, which often provides a useful baseline condi-
tion,17 antisaccades (AS), a measure of the integrity of volitional
control of behaviour (for review see Hutton and Ettinger 200613)
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and smooth pursuit eye movements (SPEM), measuring atten-
tional and motion processing functions.18,19

Some studies have explored the influence of ketamine on eye
movement control in healthy volunteers and experimental
animals.20–24 These studies reported ketamine-induced SPEM
impairments resembling those seen in schizophrenia with
decreases in smooth pursuit gain,22 impairments in eye
acceleration23 and an increase in saccadic frequency.20,22 Results
concerning AS suggest increased error rates following ketamine
administration in monkeys21 but not in humans.22

The aims of the present study were (1) to replicate the
observation of eye movement deficits in the ketamine model and
(2) to explore whether administration of the well-established
antipsychotic risperidone can offer prophylaxis from the expected
effects of ketamine. Atypical antipsychotics linked to 5-HT2A
receptors have been suggested to play a role in the NMDA
receptor antagonist model25,26 and ketamine has been reported
to be a reliable assay to investigate pharmacological pre-
treatment with risperidone on the neural level.27 Enhancing
effects of risperidone on eye movement control have been
observed in schizophrenia patients,28,29 making this compound a
prime candidate for investigation in a pharmacological model of
schizophrenia.
We hypothesised, based on the previous literature, that

ketamine would lead to decreased velocity gain and increased
saccadic frequency during SPEM compared with placebo. We
additionally re-examined the effects of ketamine on AS perfor-
mance and explored whether risperidone, a clinically effective
atypical antipsychotic with beneficial effects on oculomotor
performance in schizophrenia, would act prophylactically in
attenuating ketamine-induced impairments.

MATERIALS AND METHODS
Subjects
A total of 72 volunteers were recruited as part of a multisite study
(University of Manchester, Cardiff University, King’s College London) from
May 2010 to December 2010. Recruitment was performed through
advertisements placed around the universities, the local communities
and online. Volunteers were invited to fill in an online version of the
Schizotypal Personality Questionnaire.30 Given known associations

between oculomotor performance and schizotypy,31–33 participants were
only invited if they had a score on the Schizotypal Personality
Questionnaire between 8 and 36, representing the normal range on the
Schizotypal Personality Questionnaire. Approval of the local ethics
committee at each site was obtained and volunteers provided written
informed consent before entering the study.

Screening procedure
A telephone interview was conducted with individuals who expressed
interest in participating in the study. If all inclusion criteria were met, they
were invited for a screening visit. On the screening visit, information was
collected on age, gender, intelligent quotient assessed with the National
Adult Reading Test (NART),34 handedness and ethnicity. A medical
screening was carried out including blood tests, vital sign checks,
electrocardiographical recording and a physical examination by a study
doctor confirming that all participants were fit for inclusion into the study.
Suitable individuals were invited for the study day within 6 weeks of the
screening visit. Figure 1 describes the eligibility criteria of the study in
more detail.
On the study day, participants underwent pre-dose, drug metabolism

and testing phases. More details about the study day procedures can be
found in Figure 2.

Study design and implementation
The pharmacological part of the study employed a double-blind,
randomised, placebo-controlled, parallel groups design. Equal numbers
of participants were randomly assigned to one the following four study
arms on the study day (that is, the ratio was 1:1:1:1):
Arm 1: Placebo capsule and saline infusion: PLA_SAL
Arm 2: Placebo capsule and ketamine infusion (100 ngml–1): PLA_KET
Arm 3: Risperidone capsule (2 mg) and saline infusion: RIS_SAL
Arm 4: Risperidone capsule (2 mg) and ketamine infusion (100 ngml–1):

RIS_KET.
On the basis of similar studies33,35 it was estimated that a sample size of

18 participants per study arm should be sufficient. Randomisation was
computer generated. For each site, a pharmacist implemented an
allocation schedule generated by P1vital. Adequate allocation conceal-
ment procedures were in place to avoid treatment effect biases.
Researchers conducting the study were blinded and had no involvement
in generating the randomisation schedule or allocating participants to the
different drug arms.
All participants received a risperidone or placebo capsule 90min before

the start of the biomarker test battery based on previously reported

Figure 1. Inclusion and exclusion criteria. BMI, body mass index; DSM-IV, Diagnostic and Statistical Manual, Fourth Edition;72 ICD-10,
International Classification of Disease and Related Health Problems, 10th Revision;73 MINI, Mini International Neuropsychiatric Interview;74

SPQ, Schizotypal Personality Questionnaire.30
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TMax.
36–40 A subclinical dose range of risperidone was chosen on the basis

of reported tolerability41 and previously described study ranges.42 Each
participant also received an intravenous infusion of ketamine or saline,
which began 10min before the start of the biomarker test battery and was
continuous for the duration of the battery.4

The ketamine solution was prepared by a pharmacist and consisted of a
2-mgml–1 ketamine by 0.9% saline dilution supplied in a BD 50ml
Plastipak syringe. The targeted ketamine plasma concentration was 100 ng
ml–1 for the active ketamine arms. A continuous infusion paradigm was
carried out using a Graseby 3500 infusion pump (Smith Medical Int. Ltd,
Luton, UK). The pump was programmed to a default ketamine concentra-
tion of 100 ngml–1. In order to determine the correct infusion rate,
additional information on subjects’ weight (in kg) and the confirmation of
a 2-mgml–1 ketamine solution was provided. Infusion procedures were
conducted according to an infusion protocol based on the three-
compartment model by Domino et al.43

Eye movements
Recording. The eye movement tasks were acquired as part of a biomarker
test battery. Eye movements were recorded using a combined pupil and
corneal reflection tracker at 1000 Hz sampling rate (Eyelink 1000, SR
Research, Kanata, ON, Canada). Participants were seated 57 cm from a 17-
in monitor with their head resting on a chinrest. The target was a 0.3°
diameter black dot on a light grey background. A 9-point calibration was
carried out before the beginning of each task. Practice trials were carried
out before the PS and AS tasks. The order of tasks was PS, AS, SPEM for all
subjects.
A PS trial started with the black dot in the central position of the screen

(0°) for a random duration of 1000–2000ms. The target then jumped to
one of four possible peripheral positions (±7.25°, ±14.5°) where it remained
for 1000ms. There were 60 trials, with 15 for each location, arranged in
pseudorandom order. Participants were instructed to follow the target as
fast and accurately as possible.
The settings for the AS task were the same as for the PS task. However,

participants were asked to look at the target while in the centre and to
avoid looking at it when it jumped to the side. Instead, they were asked to
look at the exact mirror image position of the peripheral target as fast and
accurately as possible. The acquisition time for each of the two tasks was
~4 min.
In the SPEM task, the target moved horizontally across the screen

(between ±14.5°) in a sinusoidal waveform at three different target
velocities (0.25, 0.5 and 0.75 Hz), starting at −14.5°. For each of the target
velocities, the target completed 10 full cycles. Participants were told to
keep their eyes on the target as closely as possible. The durations of these
tasks were 40, 20 and 13.3 s, respectively.

Analysis. The analysis of saccades and SPEM was carried out by a single
rater blind to drug group.
PS and AS data were analysed using DataViewer software (SR Research).

Inclusion of saccades was based on minimum amplitude (1°) and minimum
latency (100ms) criteria. Trials where a saccade or an eye blink occurred
between 100ms before and after target movement were excluded.
Primary outcome measures for PS and AS tasks were as follows:
Directional error rate describes the percentage of error trials (that is,

trials where the participant’s first included saccade is away from (PS trials)
or towards (AS trials) the target) over the total number of included trials
(that is, error trials plus correct trials, excluding eye blink trials).
Latency is defined as the time (ms) from target appearance to initiation

of the first directionally correct saccade in each trial (calculated as mean
per subject).
Amplitude gain (percentage) was determined for the first directionally

correct, included saccade in each trial. It was obtained by dividing saccade
amplitude by target amplitude and multiplying the result by 100
(calculated as mean per subject).
Peak velocity (degree per second) was determined from the first

directionally correct, included saccade in each trial (calculated as mean per
subject).
SPEM analysis was carried out using purpose written routines in LabView

(National Instruments Corporation, Austin, TX, USA). The following primary
outcome measures were derived.
First, velocity gain was calculated by dividing mean eye velocity by

target velocity for segments of pursuit in the central half of each ramp
excluding saccades and eye blinks. Velocity gain scores of segments of
pursuit for each target velocity were time weighted and subsequently
averaged. Second, saccadic frequency (N s–1) was measured across the
entire pursuit task at each target velocity.

Questionnaires
As a secondary measure, after completing the oculomotor assessment
(however, still during infusion), all participants were assessed on the
Clinician Administered Dissociative States Scale (CADSS),44 and the Brief
Psychiatric Rating Scale Expanded Version,45,46 by trained raters to
investigate the range of pharmacologically induced psychotomimetic
symptoms and side effects. Participants also completed the Launay–Slade
Hallucinations Scale (LSHS)47 to capture the presence of psychotic
symptoms at the time of infusion.

Statistical analysis
Data pre-screening. Data pre-screening was carried out using SPSS 20.0
(http://www.ibm.com/spss). Demographic data were compared across

Figure 2. Overview of procedures on the study day. KET, ketamine; PLA, placebo; RIS, risperidone; SAL, saline; UKU, Udvalg for Kliniske
Undersøgelser side effect rating scale.75

Ketamine, risperidone and eye movements
A Schmechtig et al

3

© 2013 Macmillan Publishers Limited Translational Psychiatry (2013), 1 – 10

www.ibm.com/spss


drug groups using univariate analyses of variance (ANOVA) for continuous
variables such as age, years in full time education and NART.34 For
categorical data such as gender, handedness and ethnicity, χ2-tests were
performed to examine their distribution across drug and schizotypy
groups. An outlier analysis and an analysis of normality were performed
using frequency tables, box plots and Kolmogorov–Smirnov tests.

Data analysis. Inferential statistical analysis was carried out using SPSS
20.0. In all models, gender was included as a factor based on previous
findings about gender-specific differences in ketamine challenge.48

For saccade latency, amplitude gain and peak velocity, a repeated
measures ANOVA model was calculated including Task (AS, PS) as within-
subject factor and Ketamine (ketamine or saline infusion), Risperidone
(risperidone or placebo capsule) and Gender (male, female) as between-
subject factors.
For AS error rate as well as correction rate, a univariate ANOVA model

was carried out including Ketamine (ketamine or saline infusion),
Risperidone (risperidone or placebo capsule) and Gender (male, female)
as fixed factors. This was done because directional errors (and subsequent
corrections) are rarely observed on the PS task.
For SPEM, velocity gain and saccadic frequency were investigated using

separate repeated measures ANOVA with Velocity (14.5, 29 and 43.5 ° s− 1)
as within-subject factor and Ketamine (ketamine or saline infusion),
Risperidone (risperidone or placebo capsule) and Gender (male, female) as
between-subject factors.

Questionnaires. Questionnaires and rating scales were analysed using
non-parametric tests such as the Mann–Whitney test as they violated
assumptions of normality and homogeneity of variances.49

RESULTS
Pre-screening
In total, 72 healthy participants (mean age= 22.51 years; s.
d. = 4.17; 35 male/37 female) were randomly allocated to one of
the four drug groups. Descriptive statistics of demographic
variables are displayed by drug group in Table 1.
Pre-screening of the data revealed that the following variables

were significantly skewed according to Kolmogorov–Smirnov
statistics and subsequently transformed to obtain normality: AS
and PS amplitude gain (both log transformed), SPEM velocity gain
at 14.5, 29 s and 43.5° s–1 (all square transformed), age (log
transformed).

Results for the main analysis
Descriptive statistics for oculomotor measures can be found in
Table 2. Details of results (F, df, P) as well as a short description of
the observed effects are summarised in Table 3.

Antisaccade error rate and correction rate. No significant main
effects of ketamine or risperidone and no ketamine by risperidone

interactions were observed for the AS error rate and
correction rate.

Saccadic latency. A main effect of task was observed, indicating
faster latencies for PS than AS. No other significant main effects or
interactions were found.

Saccadic amplitude gain. Reduced amplitude gain was observed
for risperidone-treated groups compared with the other groups.
No other significant main effects or interactions were observed.

Saccadic peak velocity. A main effect of task was observed
indicating faster peak velocities for PS compared with AS.
Risperidone slowed peak velocity compared with placebo. A task
by risperidone interaction was also found, indicating a higher
sensitivity of the AS peak velocity compared with PS peak velocity
to the influence of risperidone. No other significant main effects or
interactions were observed.

Smooth pursuit saccadic frequency and velocity gain. Both SPEM
velocity gain and saccadic frequency showed an effect of velocity
with worse performance at faster velocities. In addition, the
ketamine-treated groups showed worse performance on both
SPEM velocity gain and saccadic frequency compared with
placebo. A velocity by ketamine interaction was also observed
for both SPEM measures, indicating a smaller difference between
ketamine and placebo in saccadic gain and frequency for the
fastest velocity.

Gender effects
For the AS error rate, a main effect of gender was found, with
females displaying higher error rates than males. A trend for a
ketamine by gender interaction was observed, indicating higher
error rates in males but not females under the influence of
ketamine.
For SPEM gain and saccadic frequency, an effect of gender was

observed with men showing more accurate velocity gain
performance and higher saccadic frequencies than women. A
velocity by gender interaction was found for saccadic frequency,
indicating performance differences for males and females in the
two faster velocities but not for the slowest velocity.

Ketamine by risperidone interaction
None of the ketamine by risperidone interactions were found to
be significant (all P>0.26).

Table 1. Descriptive statistics for demographic variables by drug

Drug Statistical test

PLA_SAL, N=19 PLA_KET, N=17 RIS_SAL, N= 18 RIS_KET, N= 18

Age in years 22.05 (3.22) 21.59 (1.94) 23.89 (5.37) 22.50 (5.12) F (3,71)= 1.00, P= 0.39
NART score 116.90 (4.97) 114.39 (5.12) 116.18 (5.67) 114.76 (6.76) F(3,71)= 0.79, P= 0.50
YoE 15.84 (1.26) 16.59 (2.06) 16.33 (1.71) 15.72 (1.87) F(3,71)= 0.97, P= 0.41
SPQ 18.74 (7.18) 17.18 (7.29) 18.18 (8.16) 16.06 (6.31) F(3,67)= 0.48, P= 0.70
Height in cm 171.42 (7.17) 173.64 (7.25) 173.39 (7.94) 170.5 (9.12) F(3,71)= 0.66, P= 0.58
Weight in kg 71.16 (10.89) 67.23 (8.7) 69.1 (11.45) 71.39 (10.51) F(3,71)= 0.61, P= 0.61
N male (%) 9 (12.50) 10 (13.90) 9 (12.50) 7 (9.70) χ2= 1.42, df= 3, P= 0.70
Ethnicity Caucasian (%) 17 (23.60) 15 (20.83) 16 (22.22) 17 (23.61) χ2= 3.73, df= 6, P= 0.71

Abbreviations: NART, National Adult Reading Test;34 PLA_KET, placebo capsule and ketamine infusion; PLA_SAL, placebo capsule and saline infusion; RIS_KET,
risperidone capsule and ketamine infusion; RIS_SAL, risperidone capsule and saline infusion; SPQ, Schizotypal Personality Questionnaire;30 YoE, years spent in
full time education. Data represent means (s.d.) unless otherwise stated.
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Questionnaire data
CADSS total scores and the subscales of amnesia, and derealisa-
tion were significantly higher in the ketamine-treated groups
compared with the placebo groups (all Po0.01). Ketamine did not
have an influence on LSHS total scores (P= 0.14). No effect of
risperidone was observed (all P>0.13).
Effect sizes for the comparison of placebo/saline vs placebo/

ketamine-treated groups as well as placebo/ketamine vs keta-
mine/risperidone-treated groups are displayed in Tables 2 and 4.

DISCUSSION
Summary of main findings
This study aimed to replicate the deteriorations in oculomotor
performance following ketamine administration. It was also
investigated, for the first time, whether the atypical antipsychotic
risperidone would act prophylactically by attenuating the
expected ketamine-induced deteriorations.
As hypothesised, a highly significant effect of ketamine was

observed for both measures of SPEM performance, indicating a
slowing of the eye in the pursuit of the target and higher saccadic
frequencies.20,22 However, ketamine did not have any main effects
on the AS error rate, a performance measure known to be
substantially impaireded in schizophrenia.13 Ketamine also did not
have any effects on other saccadic measures such as latency, gain
or velocity.
Risperidone administration had a significant effect on saccadic

amplitude gain, a measure of spatial accuracy. Participants in the
risperidone-treated groups undershot the target more strongly
compared to participants in the placebo groups. Risperidone also
lead to a general slowing in saccadic peak velocity, a well-
established biomarker of sedation,11 consistent with a recent
independent study of our group.33

None of the interactions between ketamine and risperidone
were found to be significant. This indicates that risperidone did
not attenuate any ketamine effects. Instead, as suggested by its
main effects described above, this clinically effective antipsychotic
led to further deteriorations in different parameters.

Ketamine and smooth pursuit
The observed effects of ketamine on SPEM performance are in line
with previously reported findings of a decrease in pursuit gain and
an increase in saccadic frequency following ketamine
administration.20,22

A neural circuitry involving the cerebellum has been proposed
to have a central role in integrating and coordinating SPEM and
saccadic information. It could be argued that NMDA receptor
blockage in areas involved in frontal-thalamic-cerebellar circuits
such as frontal eye fields, thalamus and cerebellum50 would be
likely to cause disruption in SPEM.22 The results of this study could
indicate a shared cerebellar pathophysiology as a potential cause
for SPEM impairments in schizophrenia and during ketamine
challenge.20 An involvement of a glutamatergic imbalance in
cortical-subcortical-cerebellar circuits underlying the integrative
theory of cognitive dysmetria may be assumed.51

It should, however, be noted that ketamine also has agonistic
effects on the dopamine and serotonin systems.3 Therefore, the
observed effects on smooth pursuit could also be the result of
more complex effects of ketamine on other neurotransmitter
receptor sites within the above neural circuits.

The role of gender
Females displayed higher AS error rates and worse SPEM velocity
gain compared with males in this study. Those results are
comparable to previous findings of AS performance differences
between men and women.52 In prepulse inhibition, another
sensitive neurophysiological schizophrenia spectrum marker,
gender differences have also been observed with females in
general displaying less prepulse inhibition and hence more
‘psychosis-like’ behaviour on this task.53,54

The trend for the interaction between ketamine and gender
indicates that ketamine may have detrimental effects on
performance in males but not in females. This is in line with
previous reports of greater performance deterioration in cognitive
tasks in males compared with females under the influence of
ketamine.55 Protective and neuromodulatory effects of oestrogen
in females have been proposed to have a role.48,56 The need to

Table 2. Descriptive statistics and effect sizes of oculomotor measures

Drug group Effect size (Cohen’s d)

PLA_SAL, N= 19 PLA_KET, N=17 RIS_SAL, N= 18 RIS_KET, N= 18 PLA_SAL− PLA_KET PLA_KET− RIS_KET

AS
Error rate (%) 41.83 (22.81) 45.73 (20.65) 47.58 (29.48) 45.28 (22.30) 0.18 0.02
Correction rate (%) 98.99 (2.77) 99.58 (1.22) 98.34 (3.20) 97.24 (4.33) 0.27 0.75
Latency (ms) 291.21 (48.07) 314.28 (52.34) 304.57 (47.51) 329.49 (69.07) 0.47 0.20
Amplitude gain (%) 101.16 (21.42) 114.89 (29.47) 98.68 (28.48) 119.15 (58.58) 0.55 0.09
Peak velocity (° s− 1) 307.76 (73.41) 278.39 (50.53) 224.74 (47.24) 224.00 (61.06) 0.47 0.99

PS
Latency (ms) 176.25 (18.51) 174.82 (21.02) 173.49 (17.13) 184.17 (26.43) 0.07 0.40
Amplitude gain (%) 106.04 (5.87) 104.83 (8.16) 94.57 (13.15) 93.60 (16.39) 0.18 0.88
Peak velocity (° s− 1) 333.51 (54.99) 289.74 (44.72) 269.23 (46.54) 253.97 (61.22) 0.89 0.68

SPEM
Velocity gain 14.5° s− 1 (%) 90.96 (9.92) 77.76 (19.24) 91.41 (16.57) 68.81 (21.77) 0.90 0.45
Velocity gain 29° s− 1 (%) 82.44 (16.01) 61.36 (26.30) 79.32 (21.75) 47.12 (27.15) 1.01 0.55
Velocity gain 43.5° s− 1 (%) 62.51 (16.12) 39.58 (26.26) 57.70 (19.54) 24.18 (21.85) 1.06 0.66
Saccadic frequency 14.5° s− 1 (N s− 1) 0.94 (0.44) 1.40 (0.58) 0.65 (0.33) 1.42 ( 0.52) 0.93 0.04
Saccadic frequency 29° s− 1 (N s− 1) 1.55 (0.63) 2.01 (0.54) 1.47 (0.55) 1.83 (0.72) 0.80 0.29
Saccadic frequency 43.5° s− 1 (N s− 1) 2.27 (0.65) 2.39 (0.83) 2.18 (0.72) 1.92 (0.81) 0.17 0.59

Abbreviations: PLA_KET, placebo capsule and ketamine infusion; PLA_SAL, placebo capsule and saline infusion; RIS_KET, risperidone capsule and ketamine
infusion; RIS_SAL, risperidone capsule and saline infusion. Data represent untransformed means (s.d.) of the eye movement measures by drug unless
otherwise stated.
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Table 3. Overview of main effects and their interactions for pro- and antisaccades and smooth pursuit

Eye movements Effects

Main effects F p Description

Saccades
AS error rate Ketamine F(1,64)= 0.02 P= 0.88

Risperidone F(1,64)= 0.22 P= 0.64
Gender F(1,64)= 4.92 P= 0.03 Higher error rates in females than in males.
Ketamine by
risperidone

F(1,64)= 0.39 P= 0.53

Ketamine by gender F(1,64)= 3.55 P= 0.06 Trend for higher error rates in females compared with males under placebo.
Higher error rates in males but not in females under the influence of ketamine.

All other interactions All
P⩾ 0.08

AS
correction

rate

No main effects and no
interactions

All
P⩾ 0.07

Latency Task F(1,63)= 439.10 Po0.01 Faster latencies for PS than AS.
Ketamine F(1,63)= 3.21 P= 0.08
Risperidone F(1,63)= 0.87 P= 0.35
Gender F(1,63)= 1.44 P= 0.23
Ketamine by
risperidone

F(1,63)= 0.05 P= 0.82

All other interactions P⩾ 0.48

Gain Task F(1,63)= 0.59 P= 0.44
Ketamine F(1,63)= 1.01 P= 0.32
Risperidone F(1,63)= 4.22 P= 0.04 Lower amplitude gain values for participants on risperidone compared with

placebo.
Gender F(1,63)= 0.23 P= 0.63
Ketamine by
risperidone

F(1,63)= 0.06 P= 0.81

All other interactions P⩾ 0.11

Velocity Task F(1,63)= 38.91 Po0.01 Faster peak velocities for PS compared with AS.
Ketamine F(1,63)= 3.26 P= 0.08
Risperidone F(1,63)= 22.04 Po0.01 Slowing of peak velocities under the influence of risperidone compared with

placebo.
Gender F(1,63)= 0.96 P= 0.33
Ketamine by
risperidone

F(1,63)= 1.28 P= 0.26

Task by risperidone F(1,63)= 4.86 P= 0.03 AS peak velocity more sensitive to the influence of risperidone compared with
prosaccade peak velocity.

All other interactions P⩾ 0.14

SPEM
Gain Velocity F(2,128)= 346.08 Po0.01 Lower velocity gain with faster velocities.

Ketamine F(1,64)= 28.84 Po0.01 Lower velocity gain under the influence of ketamine compared with placebo.
Risperidone F(1,64)= 1.37 P= 0.25
Gender F(1,64)= 6.11 P= 0.02 More accurate velocity gain performance in males compared with females.
Ketamine by
risperidone

F(1,64)= 0.68 P= 0.41

Velocity by ketamine F(2,128)= 3.22 P= 0.04 Reduced influence of ketamine on velocity gain performance for the fastest
velocity.

All other interactions P⩾ 0.13

Saccadic
frequency

Velocity F(2,128)= 85.50 Po0.01 General increase in saccadic frequency with faster velocities.

Ketamine F(1,64)= 9.18 Po0.01 Higher saccadic frequencies under the influence of ketamine compared with
placebo.

Risperidone F(1,64)= 1.96 P= 0.17
Gender F(1,64)= 5.50 P= 0.02 Higher saccadic frequencies in males compared with females.
Ketamine by
risperidone

F(1,64)o0.01 P= 0.95

Velocity by ketamine F(2,128)= 7.59 Po0.01 Reduced influence of ketamine on saccadic frequency for the fastest velocity.
Velocity by gender F(2,128)= 4.86 Po0.01 Performance differences for males and females in the two faster velocities,

which was not observed for the slowest velocity.
All other interactions P⩾ 0.12

Abbreviations: AS, antisaccade; SPEM, smooth pursuit eye movements.
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consider these gender differences and their interactions, espe-
cially when investigating pharmacological challenges and treat-
ment effects should be highlighted for future studies.

Effects of risperidone
Successful attenuation of ketamine-induced deteriorations has
been described for typical and atypical antipsychotics such as
haloperidol, clozapine and olanzapine,57,58 anti-epileptics such as
lamotrigene and LY354740, a glutamate agonist.59,60 Risperidone
treatment has previously been shown to improve antisaccade
performance in schizophrenia patients after switching from typical
antipsychotics to risperidone and in antipsychotic naive first-
episode patients.28,29 In our study, risperidone did not reverse or
attenuate ketamine-induced oculomotor impairments. In fact,
further deterioration in performance was observed in participants
receiving ketamine in combination with risperidone on some
parameters (see effect sizes in Table 2). For the AS error rate, the
most obvious reason for the lack of enhancing effects of
risperidone in this study may be the observation that it was not
affected by the ketamine challenge overall.
With regards to smooth pursuit performance, no beneficial

effects of risperidone on ketamine-induced SPEM deficits were
found. Some studies have investigated the effects of antipsycho-
tics on SPEM in first episode and chronic schizophrenia patients
(for review see Reilly et al.10). No treatment effect on predictive

pursuit in first-episode patients61,62 but a worsening in SPEM
performance in antipsychotic-treated, chronic schizophrenia
patients compared with non-treated chronic patients has been
observed.61 Hence patients' pursuit performance deficits seem to
persist despite pharmacological treatment possibly even repre-
senting cumulative adverse effects of typical and atypical
antipsychotics on the pursuit system.10

With regards to the present study, it should be pointed out that
the acute administration design cannot be equated with long-
term antipsychotic treatment studies of schizophrenia patients.
Therefore, although a single dose of risperidone did not offer
prophylaxis from the effects of ketamine in this study, reversal of
negative effects may well have been seen with longer-term
treatment with risperidone, as in the patient studies.28,29 However,
this was not possible in the present study.

Psychotomimetic effects of ketamine
In addition to oculomotor impairments, the infusion of ketamine
also caused some symptom related effects in this study.
Participants showed higher total scores on CADSS under the
influence of ketamine. From the subscales, it could be observed
that ketamine produced amnesia and derealisation. For further
subscales, medium effect sizes could be observed (see Table 4 for
details).

Table 4. Descriptive statistics and effect sizes of the questionnaire data

Drug Statistical
test

Drug Statistical
test

Effect size (Cohen’s d)

PLA_SAL,
N= 19

PLA_KET,
N= 17

PLA_KET,
N= 17

RIS_KET,
N= 18

PLA_SAL− PLA_KET PLA_KET− RIS_KET

BPRS total 15.76 21.56 U= 109.50;
Z= 1.76;
P= 0.04

17.38 18.58 U= 142.50;
Z=− 0.35;
P= 0.36

0.29 0.06

BPRS thinking
disorder

15.24 22.15 U= 99.50;
Z=− 2.24;
P= 0.01

17.82 18.17 U= 150.00;
Z=− 0.10;
P= 0.46

0.37 0.02

BPRS withdrawal 14.79 22.65 U= 91.00;
Z=− 2.60;
P= 0.005

16.68 19.25 U= 130.50;
Z=− 0.76;
P= 0.22

0.43 0.13

BPRS anxiety 18.30 18.73 U= 157.50;
Z=− 0.17;
P= 0.45

16.50 19.42 U= 127.50;
Z=− 1.02;
P= 0.15

0.03 0.17

BPRS hostility 18.39 18.62 U= 159.50;
Z=− 0.12;
P= 0.45

18.50 17.53 U= 144.50;
Z=− 0.58;
P= 0.28

0.02 0.10

BPRS activity 16.74 20.47 U= 128.00;
Z=− 1.19;
P= 0.11

18.15 17.86 U= 150.50;
Z=− 0.09;
P= 0.46

0.20 0.02

CADSS total 13.18 24.44 U= 60.50;
Z=− 3.31;
P= 0.0005

19.71 16.39 U= 124.00;
Z=− 0.97;
P= 0.16

0.55 0.16

CADSS amnesia 13.66 23.91 U= 69.50;
Z=− 3.19;
P= 0.0005

19.03 17.03 U= 135.50;
Z=− 0.62;
P= 0.27

0.53 0.10

CADSS
depersonalisation

16.50 20.73 U= 123.50;
Z=− 1.53;
P= 0.06

18.44 17.58 U= 145.50;
Z=− 0.29;
P= 0.38

0.26 0.05

CADSS derealisation 14.16 23.35 U= 79.00;
Z=− 2.88;
P= 0.002

19.38 16.69 U= 129.50;
Z=− 0.81;
P= 0.21

0.48 0.14

LSHS total 20.26 16.53 U= 128.00;
Z=− 1.08;
P= 0.14

19.94 16.17 U= 120.00;
Z=− 1.12;
P= 0.13

0.18 0.19

Abbreviations: BPRS-E, Brief Psychiatric Rating Scale Expanded Version;45,46 CADSS, Clinician Administered Dissociative States Scale;44 PLA_KET, placebo
capsule and ketamine infusion; PLA_SAL, placebo capsule and saline infusion; RIS_KET, risperidone capsule and ketamine infusion;44 LSHS: Launay–Slade
Hallucinations Scale.47 Threshold after Bonferroni correction: P⩽ 0.004; data represent mean ranks of Mann–Whitney tests unless otherwise stated.
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These psychotomimetic effects of ketamine have been
described in the previous literature5,63 and confirm the broad
range of symptom dimension that can be induced by this
pharmacological challenge, thereby validating the ketamine
model of psychosis in this study.
Interestingly, risperidone did not attenuate these psychotomi-

metic effects of ketamine. We interpret this negative result as
confirming our above argument that the beneficial effects of
risperidone are not observed prophylactically after a one-off
administration but likely require longer-term treatment to become
apparent, at the clinical as well as the oculomotor level.

The predictive value of the ketamine model and oculomotor
biomarkers
The acute administration of NMDA receptor antagonists has been
found to affect a wide range of cognitive domains known to be
disrupted in schizophrenia. On the basis of these and other
findings, NMDA receptor antagonism has been proposed to
represent a predictively valid model of cognitive dysfunction in
schizophrenia64 as well as a reliable model of neurotransmitter
dysfunction in healthy volunteers.65

Here we observed that SPEM performance displays a remark-
able sensitivity to the influence of ketamine. Hence, we propose
that future studies should investigate alternative compounds such
as metabotropic glutamate receptor agonists in order to attempt
to reverse ketamine-induced SPEM impairments.66 This approach
offers a promising starting point to enhance the mechanistic
understanding of glutamatergic agonists and potentially the
development of a new generation of antipsychotic treatment for
schizophrenia.
Ketamine, however, did not significantly influence the AS error

rate, latency or amplitude gain, measures which are frequently
observed to be impaired in schizophrenia.67 It could be
hypothesised that the observed impairments in schizophrenia
patients might not be directly mediated by underlying glutama-
tergic pathophysiology but that dysregulations of other neuro-
transmitter systems, such as the dopaminergic system could be
reflecting such impairments.68

Limitations
Certain limitations of our study have to be taken into considera-
tion. First, our study may have benefitted from a within-subject
design in which the oculomotor performance of each participant
on placebo is compared with their performance on the study
drug.69 It should be noted, however, that the between-subjects
design in our study circumvented problems of repeated
measurement such as practise effects.35,70 Second, no measures
of plasma levels were obtained. However, testing times were
arranged to account for absorption rates for risperidone36,37 and
the targeted ketamine concentration over an extended testing
period.4,71 A pre-planned randomisation schedule for the test
battery was applied to account for interindividual variances in
metabolism, peak plasma concentrations and fatigue. Finally, our
study involved a one-off administration of risperidone only, which
cannot be compared with the therapeutic effects of the drug in
longer-term treatment of schizophrenia patients. Therefore,
conclusions about the potential of the drug to reverse effects of
ketamine administration remain speculative.24

Summary: ketamine challenge as a schizophrenia model
Overall, the ketamine challenge appears to represent an adequate
pharmacological model to mimic several aspects of schizophrenia
symptoms and their pathophysiology. However, based on the
current study, the model is not fully comprehensive, as some
oculomotor dysfunctions that are present in schizophrenia were
not observed under the influence of ketamine. We confirmed that

SPEM parameters are especially sensitive to ketamine administra-
tion, which could indicate that SPEM impairment in schizophrenia
might be mediated by dysregulations of glutamatergic neuro-
transmission in frontal-thalamic-cerebellar circuits (but note the
possible role of dopaminergic and serotonergic transmission
mentioned above). Risperidone did not attenuate ketamine-
induced deterioration, highlighting the need for the development
of new compounds, for example, those targeting glutamatergic
receptors. Finally, we interpret our results as a promising indicator
that oculomotor measures could be used as valuable translational
biomarkers in future pharmacological investigations.
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