
ORIGINAL INVESTIGATION

Chronic administration of ketamine mimics the perturbed sense
of body ownership associated with schizophrenia

Jinsong Tang & Hannah L. Morgan & Yanhui Liao & Philip R. Corlett &
Dong Wang & Hong Li & Yanqing Tang & Jindong Chen & Tieqiao Liu &

Wei Hao & Paul C. Fletcher & Xiaogang Chen

Received: 4 March 2014 /Accepted: 20 October 2014 /Published online: 19 November 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract
Rationale Subanaesthetic ketamine infusion in healthy volun-
teers induces experiences redolent of early psychosis, includ-
ing changes in the experience of one’s own body. It is not
clear, however, whether repeated self-administration of keta-
mine has a sustained effect on body representation that is
comparable to that found during acute administration.

Objectives We sought to establish whether chronic ketamine
use resulted in disturbances to sense of body ownership.
Methods Following on from our work on the effects of acute
ketamine infusion, we used the rubber hand illusion (RHI) to
experimentally manipulate the sense of body ownership in
chronic ketamine users, compared to healthy controls.
Results Chronic ketamine users experienced the RHI more
strongly and reported more body-image aberrations, even
though they had not recently taken the drug.
Conclusions These findings suggest that the chronic ketamine
model for psychosis models more long-lasting changes in
sense of ownership, perhaps more akin to schizophrenia.

Keywords N-methyl-D-aspartate (NMDA) . Body
ownership . Rubber hand illusion . Ketamine . Psychosis

Introduction

The N-methyl-D-aspartate (NMDA) receptor antagonist keta-
mine has, in recent years, gained credence as a useful for
model for psychosis (Corlett et al. 2007, 2011; Krystal et al.
1994). Controlled subanaesthetic infusion of the drug in
healthy, drug-naïve, volunteers results in a transient psycho-
pathology reminiscent of both the positive and negative symp-
toms of schizophrenia (Javitt and Zukin 1991). In particular,
ketamine infusion has a profound impact on cognitive pro-
cessing, causing elements of thought disorder and
disorganisation (Adler et al. 1998; Krystal et al. 1994;
Malhotra et al. 1996) and aberrant executive functioning
(Krystal et al. 2000). Furthermore, acute ketamine impacts
upon memory processing (see Newcomer and Krystal 2001
for a thorough review), specifically, verbal working memory
(Adler et al. 1998; Honey et al. 2003, 2004), spatial working
memory (Rowland et al. 2005) and the encoding of source
memory (Honey et al. 2005, 2006).
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Acute ketamine also induces profound disturbances in
perceptual experience (Duncan et al. 2001; Oye et al. 1992;
Stone et al. 2006) having an impact, for example, on the
experience of visual illusions (Stone and Pilowsky 2006),
the experience of objects (for example, sharpness and defini-
tion) and colours, such as increased brightness or blurring
(Pomarol-Clotet et al. 2006) and the perceptual salience of
objects in the environment (Krystal et al. 1994; Oye et al.
1992; Vollenweider et al. 1997a, b). It affects, moreover, the
perception of time (Coull et al. 2011; Pomarol-Clotet et al.
2006; Stone and Pilowsky 2006) and of one’s body and its
movement (Pomarol-Clotet et al. 2006) with a corresponding
disturbance in the sense of agency over one’s actions (Moore
et al. 2011, 2013) and ownership (Morgan et al. 2011). More-
over, ketamine elicits feelings of depersonalisation and unre-
ality (Duncan et al. 2001), general dissociation (Stone and
Pilowsky 2006) from one’s body (Oye et al. 1992) and a
breakdown in the sense of self (Vollenweider et al. 1997b).

While these observations were made in controlled, clinical,
environments, they are consistent with reports of dissociative
feelings during recreational use. At their most profound condi-
tion, these entail feelings of detachment from reality (the ‘k-
hole’) and hallucinations. It is harder to establish the impact of
repeated ketamine use on cognitive processing and bodily
experience with experimenter-administered ketamine in healthy
volunteers, given ethical and safety concerns. The research that
does exist was completed outside of a controlled clinical setting
and examines chronic (frequent users over a sustained period of
time) and recreational (infrequent users, usually in a social
context) ketamine users (Morgan and Curran 2012).

Repeated ketamine abuse appears to have long-lasting
cognitive effects, for example, on episodic memory, even with
cessation or reduction of drug use (Curran and Morgan 2000;
Morgan et al. 2004a). Similarly, schizophrenia-like symptoms
are present even without recent administration of the drug,
although effects may vary (Uhlhaas et al. 2007) that showed
that delusional ideation was higher in ketamine users com-
pared to controls at a 3-day follow-up, but dissociative expe-
riences were not. Furthermore, both schizophrenia-like and
dissociative symptoms were elevated in ketamine users 3 days
after taking the drug, in comparison to polydrug users (Curran
and Morgan 2000). Three years later, these participants had
reduced their ketamine use, and their symptoms had overall
reduced, yet they still scored higher than polydrug controls on
measures of psychosis-like experiences, perceptual alterations
and bodily symptoms but not on a dissociative experiences
scale (Morgan et al. 2004a). In contrast, another study by
Morgan and colleagues reported no differences between keta-
mine users and polydrug controls for either schizophrenia-like
or dissociative experiences, at a 3-day follow-up, despite an
initial difference (Morgan et al. 2004b). Thus, the existing
literature does not provide an obvious or precise picture of the
long-term impact of ketamine on the presence of symptoms

and behaviour. Rather, it appears that ketamine has a differen-
tial impact upon dissociative symptoms and delusional idea-
tion, both immediately after taking the drug and at follow-up.
Moreover, this impact could vary dependent upon the frequen-
cy of ketamine use and the specific symptom that is assessed.

Considering the data reviewed above, it could be inferred that
the delusional ideation associated with ketamine use is more
persistent than the dissociative experiences, which are more
transitory. However, one study reported above focuses specifi-
cally on subjective and bodily experience (measured using the
Subjective Effects Scale) as separate to general dissociative
experiences scores (assessed by the Clinician-Administered Dis-
sociative States Scale) and reports that body symptoms persist
but dissociative experiences scores do not (Morgan et al. 2004a).
This is an important distinction to make particularly in light of
more recent findings that the frequency of lifetime ketamine use
correlates with changes to bodily experience and, in particular,
the sensation that one feels disconnected from one’s body (Wil-
kins et al. 2011, 2012). It is likely then that persistent bodily
alterations linked to ketamine, distinct from general symptoms
of dissociation, arise following a long period of (frequent) drug
abuse perhaps more akin to chronic schizophrenia than the
prodromal period that acute ketamine is thought to model. By
this explanation, dissociative experiences would not persist in
recreational or infrequent users when not on the drug, reflected
in the research findings summarised above. Moreover, this dif-
ferential impact of acute ketamine from chronic use is consistent
with the argument that acute ketamine impacts upon inferential
processing (i.e. transient dissociative effects), whereas chronic
ketamine use results in disrupted learning mechanisms (longer
term disturbances to one’s behavioural model about their body)
similar to acute episodes of schizophrenia and chronic schizo-
phrenia, respectively.

The exact nature of the relationship between ketamine use
and its psychotomimetic symptoms, as reported to date, thus
remains unclear. It is possible that the psychotomimetic prop-
erties of ketamine when taken recreationally are not as tran-
sient as those observed in a clinical setting, but the dissociative
effects are, and this is modulated by the frequency of drug use.
Frequent users are also largely unconcerned by the potential
implications of ketamine for schizotypal behaviours and there-
by could be unaware of such behaviours. This reveals an
inherent problem to the existing data, namely, it is largely
subjective. In this study, therefore, we aim to address this issue
by making use of a paradigm that investigates bodily experi-
ence both objectively and subjectively (the rubber hand illu-
sion) as well as self-report measures of symptoms.

The rubber hand illusion (RHI) is a simple paradigm in
which a fake rubber hand is felt to be one’s own handwhen the
real hand is hidden from view. The illusion is induced using
synchronous visual and tactile stimulation to the index finger
of both the rubber hand and the real hand, applied using
brushstrokes. Hence, what the participant sees matches what
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they feel, and they come to report that the fake hand could be
their own. Consequently, temporal asynchrony between the
two percepts attenuates the illusion (Tsakiris and Haggard
2005) indicating that sense of ownership (the knowledge that
my body is my own), captured by the RHI, is reliant upon
coherence between multisensory inputs and consistency with
existing body representations: Using a wooden block, for
example, abolishes the illusion (Costantini and Haggard
2007; Tsakiris 2010). The illusion is commonly measured
using self-report measures of subjective experiences as well
as a more objective measure of accuracy in hand localisation.

Of particular importance is that the RHI is elicited more
strongly and quickly in patients with schizophrenia (Peled
et al. 2000, 2003; Thakkar et al. 2011) and, more recently, in
healthy participants with schizotypal personality traits
(Germine et al. 2013). In the case of Thakkar et al. (2011),
one patient even reported an out-of-body experience during
the RHI session. Furthermore, following subanaesthetic infu-
sion of ketamine in healthy participants, the RHIwas felt more
strongly than placebo infusion (Morgan et al. 2011). These
findings give us strong justification for using the RHI as a tool
to investigate bodily disturbances in psychosis. An initial
question is whether chronic ketamine users also experience
the RHImore strongly, even when they are not under the acute
influence of the drug. We therefore explored this question in
the current study using a case-control design.

Methods and materials

Participants

Ketamine group 26 participants (two female) with a mean age
of 25.1 years (SD=2.2) were recruited from three drug rehabil-
itation centres: theKangdaVoluntaryDrugRehabilitationCentre
(Hunan Province), the Department of Addiction Medicine (Hu-
nan Brain Hospital) and the Guangzhou Baiyun Psychological
Hospital. All participants met criteria for lifetime ketamine de-
pendence as determined through the Structured Clinical Inter-
view and were diagnosed using the Diagnostic and Statistical
Manual of Mental Disorders—IV—TR (DSM-IV-TR) (Ameri-
can Psychiatric Association 2000). Exclusion criteria were co-
morbid substance dependence (any polydrug use approximated
fewer than 10 occasions and thus did not meet criteria for
dependence), including solvent abuse or intravenous drug infu-
sion for medical purposes, but excluding nicotine. In total,
88.5 % of the ketamine group reported smoking an average of
15.6 cigarettes per day for an average of 9 years (SD 5.05). It has
been shown that nicotine does not impact upon the effect of
ketamine in humans (D’Souza et al. 2012; Mathalon et al. 2014;
Knott et al. 2012; Deroza et al. 2012); hence, this factor is not
entered into analysis. Prior to the testing session, participants
were required to abstain from ketamine use for 24 h although

this was not objectively verified. Self-reported ketamine use, for
all participants, ranged from four times per week up to 8 times
per day for the past month. Those 21 participants who reported
using ketamine on a daily basis had a mean craving level of 5.03
(using a scale of 0–10 and with a range of 0–10 reported). The
experimenter and participant also made an estimate in grams of
the total ketamine use over the participant’s lifetime (mean
4,688.38 g, SD 4,542.08).

Healthy controls 20 participants (two female) with a mean
age of 24.4 years (SD=2.9) were recruited using targeted site
sampling, poster advertisement and snowball sampling refer-
rals. Exclusion criteria included as follows: being of a minor-
ity ethnic group (rather than Han Chinese), diagnosis of a
learning disability, current or previous diagnosis of disorder
of the central nervous system, any medical condition or dis-
ease which might have impacted upon the central nervous
system, previous head injury with skull fracture or loss of
consciousness for longer than 10 min, any physical disorder
that might impact upon the study, family history of psychiatric
disorder and current or previous recreational use of psycho-
active drugs excluding alcohol (and prescription drugs but
including substance abuse or dependence). Healthy controls
(45 %) reported smoking an average of 10 cigarettes per day,
for an average of 6.4 years (SD 2.55).

Personality traits

All participants completed the Chapman scales of Magical
Ideation (Eckblad and Chapman 1983) and Perceptual Aber-
ration (Chapman et al. 1978) and the Peters Delusions Inven-
tory—21 items (Peters et al. 2004). These are typically used to
measure the presence of schizotypal thoughts or behaviours in
healthy people.

This studywas approved and conducted in accordancewith
guidelines issued by the Second Xiangya Hospital of the
Central South University Review Board.

The rubber hand illusion set-up

The participant sat at a table with their right hand hidden from
view in an open-side box that was placed on the table, with the
life-sized rubber hand placed 15 cm to the left side of the
participant’s real hand. Participants wore a blue latex glove on
their right hand, to match the visual appearance of the rubber
hand, which also wore a blue latex glove. A black cloak was
draped over their shoulder, occluding their right arm from
view thereby preventing the participant from gaining any
information as to the position of their real hand. An electric
motor was used to power two revolving paintbrushes, posi-
tioned to apply brushstrokes to the right index fingers of both
hands at a consistent rhythm of approximately 1 Hz. These
two brushes moved either synchronously in time, i.e. the
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observed touch on the rubber hand matched the felt touch on
the real hand (synchronous condition), or asynchronously, such
that the participant observed touch every other second to feel-
ing touch thereby creating a notable temporal delay. The rubber
hand was hidden until the experimental condition was started.

Experimental design

All participants experienced one block of synchronous, and
one of asynchronous, visuotactile stimulation presented in
counterbalanced order. Each block of stimulation comprised
a 2-min induction period followed by 3 min in which partic-
ipants made judgments about hand location. Two measures of
the illusion were used: proprioceptive drift and subjective
experience.

Proprioceptive drift Before seeing the rubber hand or receiv-
ing stimulation, participants made a baseline judgment about
the location of their hand, followed by four further judgments
at 1-min intervals. Judgments of location were verbal reports
made in relation to a ruler, placed on top of the box. Drift was
calculated as the change in perceived location from the base-
line measurement.

Subjective experience Following each condition, participants
responded to nine statements that describe perceptual experi-
ences (including ‘I felt as if the rubber hand were my hand’, ‘It
seemed as if I were feeling the touch of the paintbrush in the
location where I saw the rubber hand touched’ and ‘It seemed
as though the touch I felt was caused by the paintbrush touch-
ing the rubber hand’) thought to capture the rubber hand
illusion (Botvinick and Cohen 1998). Responses were made
using a scale of 1 (disagree completely) to 5 (agree completely).

Measures of symptoms

All participants completed a number of questionnaires that
assessed their current symptoms, in particular, dissociative ex-
periences. In keeping with Morgan et al. (2011), we used the
Clinician-Administered Dissociative States Scale (CADSS)
(Bremner et al. 1998) and Brief Psychiatric Rating Scale
(BPRS) (Overall and Klett 1972). For the CADSS scale, the
ketamine groupwas asked tomake two responses, first, based on
their current state (‘current’) and, second, based upon retrospec-
tive evaluation of their ketamine-induced state (‘ketamine’).

Results

All statistical tests were two tailed unless accompanied by a
strong a priori hypothesis (where one-tailed tests were used
and this is indicated accordingly). Bonferroni corrections were

not used as it was felt that the interdependence of the measures
used would have made this an unnecessarily stringent correc-
tion; therefore, an alpha level of p<.001 is applied.

Participants

Although global cognition was not independently assessed,
the years of education for each participant were recorded. On
average, the ketamine group received 11.6 years (SD 2.5,
range 8–16, 95 % confidence interval (CI) 10.52,12.58),
whilst the healthy control group received 12.5 years (SD
2.3, range 9–16, 95 % CI 11.37,13.53). The means did not
significantly differ, paired t test t (19)=1.056, p=.304 (95 %
CI −2.683,0.883), so no further analysis was conducted. The
demographic characteristics and the questionnaires are sum-
marized in Table 1.

Preliminary analysis: baseline accuracy of hand position
estimation

The purpose of this analysis was to determine whether keta-
mine users were less accurate in locating their hand prior to the
onset of the illusion-inducing stimulation and thus whether
there might be an impact of non-specific localisation difficul-
ties on the accuracy of the drift measure. This was assessed in
two ways. First, the difference between the experimenter’s
estimate of baseline location and that of the participant was
assessed across both participant groups. The root-mean-
square difference for the control group (standard error of the

Table 1 The demographic characteristics and results of the
questionnaires

Ketamine group Control group p value
(mean/SD) (mean/SD)

Male/Female 24/2 18/2 0.783

Age (years) 25.1±2.2 24.4±2.9 0.358

Education (years) 11.6±2.5 12.5±2.3 0.511

PDI 9.3±4.6 3.8±2.4 <0.001

PDI-D 25.0±14.7 7.8±7.0 <0.001

PDI-P 28.7±16.1 9.7±8.1 <0.001

PDI-C 32.3±18.7 10.4±8.4 <0.001

CADSS-C 1.8±3.2 1.3±2.9 0.614

CADSS-K 25.6±9.9 – –

Chapman 1 11.7±7.1 8.6±4.5 0.080

Chapman 2 12.0±7.8 6.0±3.2 0.001

BPRS 38.0±9.1 20.4±3.6 <0.001

PDI Peters Delusions Inventory, PDI-D subscale of feelings of distress,
PDI-P subscale of preoccupation,PDI-C subscale of conviction,CADSS-
C CADSS based on their current experience (‘current’), CADSS-K
CADSS based on retrospective evaluation of their ketamine experience
(‘ketamine’)
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mean (SEM); synchronous 0.196 and asynchronous 0.209),
p=.088, and the ketamine group (SEM; synchronous 0.195
and asynchronous 0.192), p=.834, did not significantly differ
from each other prior to stimulation, t test. Furthermore, the
difference in the ketamine group was not greater than controls
in either the synchronous condition, p=.142, or the asynchro-
nous condition, p=.630. Second, we investigated whether this
difference in baseline estimate (i.e. a measure of initial inac-
curacy) was correlated with the total drift recorded. No sig-
nificant correlation was found in either the control group or
the ketamine group, for either stimulation condition. Any
change in perceived hand location can thus be attributed to
experimental manipulation and not to a non-specific difficulty
in hand localisation in the ketamine users.

The rubber hand illusion

The data violated assumptions for normality; hence, non-
parametric tests (Mann-Whitney U to compare the groups
and Wilcoxon signed-ranks to compare stimulation condi-
tions) are reported; however, to investigate whether an inter-
action was present, parametric analyses (mixed analysis of
variance (ANOVA)) are also reported.

Proprioceptive drift

The change in perceived hand location over time is presented
in Fig. 1. This shows the magnitude of drift to increase over
time. Consequently, the final drift measure was entered into
analysis on the assumption that this represented the total
magnitude of drift.

First, a 2×2×2 (within-subject factor of stimulation,
between-subject factors of group and stimulation order) mixed
ANOVA was conducted. A main effect of stimulation, F (1,
42)=32.098, p=.000 (partial eta-squared .433), and of group,
F (1, 42)=52.488, p=.000 (partial eta-squared .556), is report-
ed with a significant interaction between the two factors.
There was neither a main effect of stimulation order, F (1,
42)=.936, p=.339 (partial eta-squared .022), nor stimulation
× stimulation order, F (1, 42)=4.428, p=.041 (partial eta-
squared .095), nor a group by stimulation order interaction,
F (1, 42)=.252, p=.252 (partial eta-squared).

The total drift was bigger in the ketamine group compared
to the control group for the synchronous, Mann-Whitney U=
69.500, Z=4.252, p=.000, and asynchronous, Mann-Whitney
U=21.00, Z=5.330, p= .000, conditions. The Wilcoxon
signed-ranks test showed that the total drift was greater fol-
lowing synchronous rather than asynchronous stimulation in
the control group, Z=3.23, p=.001, and the ketamine group,
Z=4.13, p=.000.

Subjective experience

The subjective experience was assessed using the traditional
questionnaire comprising nine statements describing percep-
tual experiences and sensations. Agreement with each state-
ment was recorded on a scale of one (disagree entirely) to five
(agree entirely). The mean across all nine questions (overall
index) was calculated along with a more focused subscale of
statements 1 to 3 (illusion index). These are represented in
Fig. 2. Both parametric and non-parametric analyses were
again conducted.

Fig. 1 Line graph to show the change in proprioceptive drift over time.
Judgments were taken at 1-min intervals. Error bars represent 95 %
confidence intervals

Fig. 2 Bar graph to show the mean overall subjective experience score
(index) and the mean responses to key statements about the illusion
(index) for both stimulation conditions and participant groups. Error
bars reflect 95 % confidence intervals
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A repeated-measures ANOVA (stimulation × group × stim-
ulation order) showed a main effect of stimulation, F (1, 42)=
80.03, p=.000 (partial eta-squared .656). There was no main
effect of stimulation order, F (1, 42)=.000, p=.987 (partial
eta-squared .000) but there was of group, F (1, 42)=42.239,
p=.000 (partial eta-squared .501). There was neither group ×
stimulation order interaction, F (1, 42)=.016, p= .900 (partial
eta-squared .000), nor group × stimulation interaction, F (1,
42)=.053, p=.820, nor a stimulation × stimulation order in-
teraction, F (1, 42)=5.302, p=.026 (partial eta-squared .112).

The Mann-WhitneyU test showed that the ketamine group
reported a stronger illusion than the control group for the
overall score, synchronous U=19.500, Z=5.341, p=.000
and asynchronous U=49.500, Z=4.682, p=.000, and the illu-
sion score, synchronous U=40.000, Z=4.951, p=.000 and
asynchronous U=79.000, Z=4.037, p=.000.

The Wilcoxon signed-ranks test showed that the overall
index was higher in the synchronous condition for the keta-
mine group, Z=4.189, p=.000, and the control group, Z=
3.251, p=.000. The same was true for the illusion index in
the ketamine group, Z=4.207, p=.000, and the control group,
Z=3.425, p=.000.

Ketamine use and the illusion

During their clinical interview, the participant made an esti-
mate of the total ketamine used (in g), together with the
experimenter. This value was entered into correlation analysis
(using non-parametric tests because data were not normally
distributed) with both measures of the illusion. Adhering to a
1 % level of significance, total ketamine use did not signifi-
cantly correlate with any measure of the illusion although total
drift approached significance for the synchronous, p=.538,
p=.005, and the asynchronous, ρ=.509, p=.008, conditions.

The ketamine users also reported the frequency of use for
the 30 days prior to the testing session. Frequency per week
was calculated, with a range of 4.5 times per week to 28 times
per week and a mean of 16.8 times per week. Again, using a
1 % level of significance, none of these relationships was
statistically significant.

Psychosis proneness and the illusion

Peters Delusions Inventory Participants made yes/no responses
to 21 items that were then converted to a total score out of 21.
The Mann-Whitney U test was used to compare scores between
the two groups. The ketamine group (mean score 9.3, SD 4.6)
scored significantly higher than controls (mean score 3.8, SD
2.4), U (46)=73.5, Z=−4.152, p<.001. For all ‘yes’ responses,
participants rated their feelings of distress, preoccupation and
conviction with that belief on a scale of 1–5, giving a total
possible score of 1–5 for each subscale. Ketamine users (mean
score 25.0, SD 14.7) scored higher on the distress (mean score

7.8, SD 7.0), U (46)=57.0, Z=−4.504, p<.001, preoccupation,
U (46)=60.0, Z=−4.435, p<.001, and conviction subscales U
(46)=68.5, Z=−4.247, p<.001.

Chapman scales For both scales, participants made true/false
responses that were converted to a score of ‘1’ for true and ‘0’
for false, for loaded statements. The Mann-Whitney U test
was used to compare total scores.

Chapman Magical Ideation The total score was not signifi-
cantly different between the groups, U (46)=181.5, Z=
−1.745, p=.081.

Perceptual Aberration Ketamine users scored higher than
controls, U (46)=86.5, Z=−3.855, p<.001.

Symptoms

CADSS scores were analysed using comparison of (1) the
control group responses with those made by the ketamine
group based on their current experience (current), (2) controls
with ketamine users’ retrospective evaluation of their ketamine
experience (ketamine) and (3) current with ketamine scores.

1. The sum of responses to 19 statements, made on a scale of
0–4, was calculated as the total CADSS score for each
group (maximum possible score of 76). AMann-Whitney
U test showed that the total score did not significantly
differ between groups, U (46)=242.0, Z=−502, p=.615.
A total score was calculated for subscales of derealisation,
depersonalisation and amnesia. No significant differences
were found between groups; hence, this score is not
entered into further analysis.

2. Ketamine users gave a retrospective evaluation of their
ketamine state. Items 12 (does this interview seem to be
taking much longer than you would have expected?) and
14 (have there been things which have happened during
this interview that you cannot account for?) were exclud-
ed as these related to the current experience. A total score
for controls and the ketamine group (ketamine) using the
remaining 17 items was calculated (maximum possible
score of 68). The Mann-Whitney U test showed that the
ketamine score was significantly higher than the control,

3. Wilcoxon signed-ranks showed that the ketamine scores
were significantly higher than the current (17 items). No
further analysis of the subscales was carried out due to the
reduced items in the scale.

Correlations between RHI experience and CADSS

We explored the relationship, using Spearman’s rho (two
tailed), between the total CADSS score and the measures of
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the illusion. There were a number of statistically significant
findings; however, closer inspection of scatterplots means that
we cannot be confident that these are not driven by outliers.
For example, in many cases, 75 % or more of the participants
had a score less than 0. As such, we report those correlations
showing a clear spread of data.

The overall index reported by the ketamine group in the
asynchronous condition showed a weak correlation for the
ketamine total CADSS score, ρ (26)=.494, p=.010 (Fig. 3) as
well as for the illusion index, ρ=.453, p=.020 (Fig. 3).

The magnitude of drift and the total CADSS ketamine
score approached significance for the synchronous, ρ=.499,
p=.009, and asynchronous, ρ=.548, p=.004, conditions (see
Fig. 4).

Ketamine use and psychosis proneness

The scores for measures of psychosis proneness were entered
in correlation analysis with the total ketamine use over the
participant’s lifetime as well as frequency of use in the 30 days
prior to testing. The ketamine CADSS score and ketamine
frequency, ρ=.540, p=.004, and ketamine used, ρ=.564,
p=.003, r (26)=.495, p=.010, approached significance.

Discussion

It was hypothesised that chronic ketamine users would expe-
rience a stronger RHI, compared with healthy controls, even
when not having recently taken the drug. As expected, chronic
ketamine users scored higher on measures of schizophrenia-
like behaviours and of dissociative symptoms, compared with

healthy controls. The RHI was experienced more strongly by
the ketamine group for both synchronous and asynchronous
stimulation conditions, for both measures of proprioceptive
drift and subjective experience. Finally, it appears that the
greater the presence of dissociative symptoms when on keta-
mine, the stronger the RHI when off ketamine.

The rubber hand illusion

Previously, we have found that ketamine administered intra-
venously to healthy controls resulted in larger changes in
perceived hand location compared to when participants re-
ceived placebo infusion, for both synchronous and asynchro-
nous stimulation (Morgan et al. 2011). A similar pattern is
again revealed with chronic ketamine use; proprioceptive drift
was bigger, irrespective of synchrony, than in healthy controls.
Nonetheless, although ketamine users demonstrated reduced
sensitivity to mismatches between multisensory inputs,
changes were still greater when inputs were synchronous than
when they were asynchronous. Hence, it appears that the
discrepancy in visuotactile experience, caused by temporal
asynchrony, is not so subtle that it is not distinguished by
ketamine users at all but perhaps attenuated such that they
show some degree of the illusion even when such a discrep-
ancy occurs. Likewise, ketamine users reported more illusory
changes captured by the subjective experience measure than
controls, for both synchronous and asynchronous stimulation.
Within groups, the illusion was stronger when stimulation was
synchronous. Again, this pattern is reminiscent of our findings
for acute ketamine.

These findings are particularly intriguing because they
directly contradict the hypothesis that the RHI, and thus

Fig. 3 Scatterplot depicting the correlation between the ‘ketamine’ total
CADSS score and the overall index (rho=.494) and the illusion index
(rho=.453)

Fig. 4 Scatterplot depicting the correlation between the ‘ketamine’ total
CADSS score and the total drift in the asynchronous (rho=.548) and
synchronous (rho=.499) conditions
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ownership, depends largely upon temporal congruity between
multiple sensory inputs (Botvinick and Cohen 1998; Tsakiris
and Haggard 2005). Given these consistent findings across the
objective and subjective indices of the illusion, it is likely that
multisensory integration is still key to the RHI, but, in schizo-
phrenia and with ketamine, the way in which multiple sensory
inputs are processed is altered. As a result, the RHI is induced
when not expected for the healthy population, and ownership
is more easily manipulated in schizophrenia, even in the
asynchronous condition, for example, Thakkar et al. (2011).
The question remains, however, as to how this occurs.

Irrespective of the RHI, ketamine induces dissociative ex-
periences that alter the experience of the self and of the body
(Duncan et al. 2001; Oye et al. 1992; Pomarol-Clotet et al.
2006; Stone and Pilowsky 2006; Vollenweider et al. 1997a). It
is possible therefore that the findings reported here arise due to
a non-specific effect of ketamine that renders the user incapa-
ble of accurately locating their body and thus more likely to
incorporate a false hand into their body schema. We used two
different analyses to address this potential confounder and to
ascertain if our findings are specific to the illusion. In both
cases, ketamine users were capable of locating their body prior
to the onset of the illusion. We can therefore be confident that
any changes in perceived location of their hand arise due to
manipulations of the illusion and not a non-specific effect of
ketamine. Hence, there must be another, more precise expla-
nation for how ketamine alters bodily related processing and
thus what we observe on the RHI.

It is possible that the visual representation of tactile expe-
rience is made more salient by ketamine, and consequently, a
visual capture of touch occurs (Pavani et al. 2000). In the case
of the asynchronous condition, this means that the error signal
between the visual representation of the brushstroke and the
actual tactile experience of that touch, created by mismatches
in timing, is reduced. Consequently, the own-hand experience
is recalibrated to the position of the rubber hand and bigger
drift is recorded. By this explanation, there are clear changes
to the parameters that usually govern bottom-up sensory pro-
cesses, i.e. visuotactile integration or a visual enhancement of
touch (Longo et al. 2008). Multisensory integration by itself
though is not sufficient to induce the illusion in healthy people
(rotating the hand reduces the illusion, for example, Costantini
and Haggard (2007); hence, other, more top-down processes
are also important.

Ketamine is thought to alter the balance between top-down
and bottom-up bodily processing. Specifically, top-down con-
trol (depending on stored representations of one’s body) is
weakened by the drug making the body schema more mallea-
ble which, coupled with increased salience of bottom-up
sensory percepts (like the visual representation of touch),
mean that the rubber hand is more readily incorporated into
bodily experience. Thus, a stronger RHI is reported irrespec-
tive of synchrony, for both measures. Whilst this explanation

is theoretically feasible, it does not account for the specific
mechanisms underpinning these processes and what is it ex-
actly about multisensory integration that drives these changes.

It has been reported that the amplitude of gamma-band
oscillations is augmented with acute ketamine administration
(Hong et al. 2010) and in the rubber hand illusion, particularly
for synchronous stimulation (Kanayama et al. 2007, 2009).
We suggested previously (Morgan et al. 2011) that this spe-
cific brain activity provides a tentative mechanism by which
the illusion is elicited to a greater degree on ketamine, a
behavioural finding that we replicate here. In contradiction,
there is evidence to suggest that chronic schizophrenia is
characterised by reduced electrical activity in the gamma band
(Kocsis et al. 2013). Nonetheless, the critical consensus is that
the cognitive deficits observed in schizophrenia could be
underpinned by altered gamma-band oscillations (Díez et al.
2014; Tan et al. 2013; Perez et al. 2013) and that gamma-band
activity is functionally relevant for cognitive processing in-
cluding perceptual integration (Bosman et al. 2014; Moratti
et al. 2014; Başar 2013). One particular finding, for example,
reports that gamma-band oscillations predicted the strength of
audiovisual integration (Hipp et al. 2011).

Furthermore, in schizophrenia, somatosensory evoked po-
tentials over multisensory processing areas were altered in
comparison to healthy controls, during the RHI (Peled et al.
2003). It is possible then that gamma-band oscillations that are
implicated in multisensory integration are fundamentally al-
tered in acute and in chronic ketamine such that distinct
sensory inputs are processed together even with temporal
mismatches between these inputs such as in the asynchronous
condition. We recognise that this hypothesis is highly specu-
lative, but we argue that it provides an intriguing hypothesis
for understanding changes to bodily experience with ketamine
administration.

There are two potential confounding factors worth noting.
The first potential confounding factor is polysubstance use. In
our sample, we have carefully excluded comorbid substance
dependents (any polydrug use approximated fewer than 10
occasions and thus did not meet criteria for dependence). The
second one is nicotine use. In the present study, nicotine use
does differ between groups in terms of the proportion of
smokers (about twice as many in the ketamine group) and of
use within the subgroup of smokers in each group (ketamine
users who smoke do so more than controls who smoke). The
effects of nicotine are complex and are not concluded. There
are some studies that implicate a role for nicotinic receptors in
regulating thalamo-cortical gamma-band oscillations and po-
tential relations to hallucinatory phenomena (see review
Behrendt 2003; Behrendt and Young 2004). However, there
are also some studies that show a lack of an effect of nicotinic
manipulations on the effects of acute ketamine (D’Souza et al.
2012) and this on the independence of ketamine and nicotine
effects on electrophysiology (Mathalon et al. 2014).
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It may be then that patients with schizophrenia or ketamine
users aberrantly integrate multiple, distinct, sensory inputs due
to altered time perception (underpinned by gamma-band os-
cillations). Recently, for example, Foucher et al. (2007) found
that patients with schizophrenia can only perceive two sensory
stimuli (visual and auditory) as separate if they are further
apart in time than for healthy controls. In the RHI, patients
with schizophrenia may require a visual and a tactile percept
to be further apart in time than healthy controls. As a result,
they experience the illusion even in asynchronous conditions
due to hyper-binding of distinct sensory inputs, a mechanism
underpinned by gamma-band oscillations. Moreover, the tac-
tile experience to their own hand is bound to the visual
representation of the rubber hand due to greater reliability of
visual input in multisensory processing more generally (hence
a visual capture of touch). Ketamine administration may sim-
ilarly impact upon the multisensory processing in the RHI
thereby accounting for the findings that we report here.

At a sensory level then, the long-term impact of ketamine
could be to augment gamma-band oscillations, in conjunction
with a wider window for multisensory integration. The result
is that altered sensory processing manipulates bodily experi-
ence more easily, accounting for the dissociative symptoms
associated with ketamine and disturbances in the self in
schizophrenia. The ownership-specific effects captured by
the RHI follow from both altered sensory processing and less
robust pre-existing body representations. Here, even without
recent ketamine administration, we observe behaviours redo-
lent of schizophrenia and acute ketamine experience. To be
precise, top-down processes such as belief formation appear
altered resulting in higher delusional ideation more generally
(akin to subjectively experiencing a fake hand as one’s own)
and bodily experience aberrations (such as the sensory repre-
sentation of a fake hand as one’s own). Let us now consider
the implications for a broader model for psychosis and, in
particular, our understanding of disrupted ownership in
schizophrenia.

The RHI experience for chronic ketamine users is reminis-
cent of the acute ketamine experience; thus, we have
employed a similar explanation using top-down/bottom-up
alterations (Morgan et al. 2011). The difference is that in this
case, the RHI experience is elicited even without recent ad-
ministration of the drug. One explanation for this is that acute
ketamine disrupts inferential reasoning, whilst repeated keta-
mine use alters learning (Corlett et al. 2011), such that learned
priors are aberrantly updated (hence are weaker) thereby
resulting in a greater reliance on sensory information. More
precisely, reduced top-down modulation by learned prior in-
formation means that internal body representations are much
more malleable even without recent administration of the
drug. Together with alterations in sensory processing, bodily
experience is disrupted and a rubber hand is adopted into the
body schema, reminiscent of delusional beliefs in

schizophrenia. Furthermore, the presence of temporary disso-
ciative effects (that are not body specific and so might not
drive the same updating of prior information) could reveal a
propensity to body-specific changes captured in the RHI
through repeated ketamine use.

To address this hypothesis, we measured the presence of
dissociative symptoms and the interaction between symptoms
and RHI experience. Using the CADSS, Ketamine users were
asked tomake two responses to each CADSS item providing a
lifetime score and a ketamine state score. Drift in both condi-
tions was found to be greater in those ketamine users who
reported more dissociative symptoms when on ketamine. The
presence of dissociative symptoms in the ketamine state also
made it more likely that ketamine users would experience a
strong subjective RHI illusion, both for the overall score and
illusion-specific effect in the asynchronous condition. More-
over, the overall RHI experience was strongest for those who
report dissociative symptoms even in their lifetime score. This
provides further support that sensory processing in chronic
ketamine users is altered, and this has body-specific effects
such as the likelihood of incorporating a fake hand (albeit
temporarily) into the body schema.

It is worth noting that we cannot establish whether the
behaviours reported above were driving factors in ketamine
use initially, i.e. a tendency to report odd experiences might
indicate pleasure-seeking behaviour (and thus drug use) more
generally. As such, ketamine users may demonstrate traits that
are reminiscent of schizophrenia in much the way that non-drug
users also do. However, there is evidence to suggest that the
frequency and amount of ketamine used have a direct impact on
the delusional behaviours reported. Consequently, the signifi-
cant correlation between the RHI and dissociative experiences
means that the relationship between trait behaviours, state
symptoms and RHI remains of value and interest to us.

Psychosis proneness

Existing findings indicate that delusional ideation is higher in
ketamine users even when ketamine has not recently been
administered, at a 3-day follow-up (Curran and Morgan
2000; Morgan et al. 2004a; Uhlhaas et al. 2007). Consistent
with this, chronic ketamine users in this study scored higher
on a measure of delusional ideation even after abstaining from
ketamine for the 24 h prior to the testing session. The ketamine
group members were also notably more affected by their
beliefs than healthy controls, as would be expected in schizo-
phrenia (Peters et al. 2004). In contrast, another measure of
unusual beliefs or belief-like experiences, the Magical Idea-
tion scale (Eckblad and Chapman 1983), elicited higher scores
for the ketamine group, but these were not statistically signif-
icant. This could simply be a result of different items in these
two scales. Overall, these findings support the premise that
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ketamine use elevates tendencies to develop odd beliefs and
experience unusual perceptions.

Chronic ketamine users also reported more odd perceptual
experiences, captured using a measure that was developed
specifically for body-image aberration in schizophrenia but
has also been applied to non-clinical populations (Chapman
et al. 1978). This included items such as ‘I have felt as though
my head or limbs were somehow not my own’. It is a measure
that has not been used in chronic ketamine users to date (that
we are aware of) and is a more precise measure of trait bodily
alterations than general state dissociative experiences that
have been captured using the Dissociative Experiences Scale
(Morgan et al. 2010) or the CADSS (Curran and Monaghan
2001). The existing findings with these measures suggest that
dissociative experiences are transient but might predict body-
specific changes as suggested above, whilst delusional idea-
tion is more persistent. Here, however, even without recent
administration of the drug, ketamine users report more
body aberrations than controls consistent with our RHI
findings. This is consistent with reports that the fre-
quency of ketamine use correlates with out-of-body
experiences on ketamine (Wilkins et al. 2011), indicat-
ing that repeated ketamine use can result in more long-
lasting changes to bodily experience.

As well as body-specific changes (and in an effort to
demonstrate consistency with the existing literature),
dissociative symptoms were measured using the
CADSS. Our findings support the notion that general
dissociative symptoms are transient as CADSS scores
were only higher when the ketamine group members
imagined having taken the drug and not when in their
ketamine-free state. There is thus a distinction between
body-specific dissociative alterations that are evident in
the ketamine-free state and non-specific dissociation that
is exclusive to the ketamine state. Importantly, however,
these scores were correlated with the RHI experience
suggesting that the presence of general dissociative ex-
periences could be a precursor to more persistent, bodily
specific alterations.

Summary

In conclusion, we sought to establish whether repeated keta-
mine use resulted in bodily disturbances, measured using self-
report and the rubber hand illusion, akin to those following
acute ketamine administration. We found that chronic keta-
mine users experienced the RHI more strongly and reported
more body-image aberrations even when they have not re-
cently taken the drug. These findings suggest that the chronic
ketamine model for psychosis models more long-lasting
changes, perhaps more akin to schizophrenia.
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