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Abstract

Abnormally widened spatial and temporal binding windows (SBW/TBWs; length of space/

time whereby stimuli are considered part of the same percept) are observed in schizophre-

nia. TBW alterations have been associated with altered sense of agency (hereafter referred

to as agency), and an associative relationship between embodiment (body ownership) and

agency has been proposed. SBWs/TBWs are investigated separately, but no evidence

exists of these being separate in mechanism, system or function. The underlying neural sub-

strate of schizophrenia remains unclear. The literature claims either pro-psychotic or anti-

psychotic effects of Δ9-Tetrahydrocannabinol (THC) in patients and healthy individuals, but

major support for cannabis in the aetiology of schizophrenia is associative, not causal. To

clarify if THC is pro- or anti-psychotic, this single-blind, placebo-controlled within-subjects

cross-over study tested several hypotheses. 1) Competing hypotheses that a synthetic THC

analogue, Nabilone (NAB, 1–2 mg), would alter measures of agency and embodiment in

healthy volunteers (n = 32) similarly, or opposite, to that of in patients with schizophrenia. 2)

That there would be significant associations between any NAB-induced alterations in indi-

vidual agency and embodiment measures in the Projected Hand Illusion (PHI). 3) That there

is a unitary spatio-temporal binding window (STBW). A large proportion of individuals did

not experience the PHI. Multimodal and bi-directional effects of NAB on the PHI were

observed. Evidence of a unitary spatio-temporal binding window (STBW) was observed.

NAB widened the STBW in some but narrowed it in others as a function of space and delay.

No associations were found between agency and embodiment.
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Introduction

Perceptual binding is the process by which sensory information from multiple modalities are

bound together within representations of ecological events or objects, and is proposed to be

critical to perception [1]. Despite the importance of the mechanism(s) underlying this process,

it is poorly understood. One approach to investigate the underlying mechanism is through

perceptual illusions such as the rubber hand illusion (RHI) [2] or projected hand illusion

(PHI) [3,4]. These illusory paradigms enable indirect assessment of the limits by which percep-

tual binding may occur, either under normal circumstances, in drug models, or in endogenous

states of disorders that feature abnormal perception–such as in schizophrenia.

Previous evidence from the RHI and variants have shown that self-representations are mal-

leable–particularly in terms of body ownership–and may be overwritten by external informa-

tion in a limited manner. For instance, it has been observed that eliciting stimuli of the RHI

must exhibit sufficient spatial [5], temporal [6–8], or conceptual [9] congruence in order for

the illusion to occur. The perceptual binding limits for spatially and temporally separate sti-

muli have been described as the spatial and temporal binding windows (SBW/TBW,

respectively).

It was previously determined that the RHI TBW exists between 300–500 ms under normal

circumstances [6–8]. Although there is a paucity of research in the spatial domain, one study

had suggested that the SBW for the RHI exists prior to 30 cm under normal circumstances [5].

By establishing the perceptual binding limits under normal circumstances, these perceptual

illusions enable important comparisons to disorders that feature abnormal perception, such as

in schizophrenia [10,11].

Patients with schizophrenia have been reported to experience the RHI and it’s variant, the

PHI, at greater frequencies than matched controls when eliciting stimuli were presented asyn-

chronously (exceeding the normal TBW) [3,12]–demonstrating that the TBW is widened in

schizophrenia. There are also similar findings with judgements of simultaneity (TBW) in

patients. In the case of unimodal binding, patient TBWs are widened by tens of milliseconds

[13–15] and in the case of multimodal binding, extended by hundreds of milliseconds for audi-

tory-visual [15] and auditory-tactile [13] stimuli over those of controls. Additionally, patient

difficulty with timing in perception extends beyond explicit judgements, and have been

reported with implicit tasks [16–19]. An important distinction regarding timing would be that

the perception of time and timing of perception are related but separable concepts, and are

often confused in the literature. Perception of time refers to the subjective experience of the

passage of time, whereas timing of perception refers to the temporal resolution in processing

events. Impaired binding processes have also been demonstrated in patients that were associ-

ated with spatial working memory (SWM) deficits [20], although this association is not consis-

tent [21]. Available literature supports that inappropriate BW capacity could contribute to or

underlie disordered perception–with inappropriately narrowed perceptual BWs and abnormal

perceptual experience observed in Parkinson’s disease and attention deficit/hyperactivity dis-

order [22–24], as well as inappropriately widened BWs and abnormal perceptual experience in

schizophrenia [3,12]. These are in line with phenomenological-based suggestions that altered

perceptual binding may underlie perceptual abnormalities in schizophrenia [25–27], with evi-

dence that a widened TBW is liked to increased severity of hallucinations in patients [15] and

disorganization symptoms [14], which may occur such that inappropriately increased ability

to bind temporally or spatially-separated perceptual information allows contextually inappro-

priate or irrelevant information (‘noise’) to be bound within a percept. It remains unclear if

the same associations may hold for the SBW, as most of the evidence regarding BW deficits in

schizophrenia are related to the temporal.
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Furthermore, while many studies have investigated the TBW and SBW separately, there is

no evidence to suggest that they are indeed separate in mechanism, system, or function. It is

possible that these BWs simply reflect the spatial and temporal capacities of a unitary percep-

tual binding mechanism. If this is the case, it may be that there is a single functional

impairment that underlies disorganised perceptual binding, and consequently, perception in

schizophrenia. Such a finding would further our understanding of the mechanism(s) of per-

ceptual binding, which has yet to be adequately established in the literature.

The sense of agency (‘agency’)

A closely related concept to that of self-representations is of the sense of agency (hereafter

referred to as ‘agency’). Agency can be described as the sense of authorship over one’s own

actions and their ecological consequences [28,29]. There are assertions that body ownership,

such as what is assessed in the RHI/PHI, and the sense of agency, assessed in the PHI, are both

critical to the consciousness and perception of the self [28–33]. While the two may be inher-

ently coupled in everyday experiences of the self (e.g. “I wrote this sentence”), there is evidence

that agency and body ownership are dissociable constructs [4,29,34,35].

Available research supports the existence of TBWs for agency experiences [34,36]. Studies

utilizing the PHI demonstrate that an inter-stimulus interval (ISI) of 500 ms was sufficient to

significantly attenuate agency experiences in healthy individuals [3,4,37], similar to that of

body ownership in the RHI. It is unclear if SBWs for agency exist, although we may infer from

the function of the TBW that there could be a similar mechanism governing perceptual bind-

ing for agency within the spatial domain. It is unlikely that there is no SBW for agency, as one

would be unable to discriminate between self- and other-agency over actions and their ecologi-

cal consequences as a function of space.

With regards to schizophrenia, patients have failed to exhibit the expected reductions in

agency ratings in the PHI from synchronous to asynchronous (500 ms) presentation of elicit-

ing stimuli when compared to matched controls [3,37]. These are similar findings to that of

body ownership in the PHI and RHI in schizophrenia as a function of delay [3,12], which sup-

ports that agency TBWs are abnormally lengthened in the disorder. The underlying cause(s) of

inappropriate perceptual binding in schizophrenia remains unclear.

Lastly, a relationship beyond the conceptual may exist between body ownership and agency.

One study that utilized the moving RHI paradigm reports that embodiment (body ownership)

over the rubber hand modulated agency experiences in healthy individuals, such that stronger

agency experience occurred when the rubber hand was perceived as belonging to the partici-

pant’s body [35]. On the other hand, a subsequent study with the PHI failed to replicate this

interaction [4], although the reason for the difference is unclear. If it is the case that body own-

ership modulates agency, we may expect significant associations between these two constructs

of self-perception and awareness. Any such association might extend further to the capacities

of embodiment and agency BWs, whereby alterations in one may modulate alterations in the

other.

Is cannabis pro- or anti-psychotic?

A point of contention in schizophrenia research concerns the underlying neural substrate(s) of

the disorder. While the dopamine hypothesis remains the most robust and longest-standing

theory [38], there has been a resurgence of interest in how cannabis may be involved in the

aetiology of the disorder. Much of this evidence purports an association between cannabis use

and conferred risk of developing schizophrenia. It has been observed that a large proportion of

patients also report lifetime or daily usage of cannabis [39–46]. A meta analysis of 35 such
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studies reported that approximately 25% of patients were diagnosed with concurrent cannabis

use disorders [41]. It is further suggested that cannabis may confer greater risk of schizophre-

nia in those that are male, and those that are younger [39,42,47].

On the contrary, careful interpretation of demographic data suggests that there is greater

use of stimulants (amphetamine, cocaine) over that of cannabis in patients with schizophrenia.

The opposite is observable in the general population, where there is greater cannabis use

reported over stimulants [48,49]. These data instead suggest a greater association between

stimulants and schizophrenia, in line with the dopamine hypothesis [38]. Only one of the

aforementioned studies had acknowledged that the relatively high conferral of risk by cannabis

use may be an artefact of concurrent use of other drugs (such as stimulants) in patients [43],

and is otherwise unaccounted for in the others.

Furthermore, these studies appear to assume that cannabis use is a formative element of

schizophrenia, despite uncertainty in the associative relationship. There are suggestions that

components of this association may relate to self-medication in patients with cannabis where

anti-psychotic actions of cannabis have been described [50–53]. A PET study by Bloomfield

and colleagues supports this interpretation, where it was found that DA synthesis capacity in

the striatum was reduced significantly in regular cannabis users who experienced psychotic-

like symptoms on the drug, when compared to non-user, age, and sex-matched controls [54].

These improvements may also relate to the supposed anti-psychotic actions of cannabidiol

[55–57], another component of cannabis. A more appropriate approach towards establishing

an associative link would be to assess of the rate of schizophrenia in cannabis users, rather

than the incidence of past/current cannabis use in patients. This may prove difficult to achieve

in practice. More studies are needed to clarify the possibility of an association, although the

data do not rule cannabis use out as a contributing factor in the aetiology of the disorder.

Pro-psychotic effects of cannabis likely relates to actions of it’s principal psychoactive com-

ponent, Δ9-Tetrahydrocannabinol (THC), at the cannabinoid CB1-receptor (CB1-R) as a par-

tial agonist [58,59]. These CB1-Rs exist in many notable brain regions. In order of highest to

lowest, these are the: substantia nigra reticulata, globus pallidus, putamen, dentate gyrus

molecular layer, cingulate cortex, caudate nucleus, amygdala, hippocampal field CA1, cerebel-

lum molecular layer, and medial hypothalamus [60,61].

Studies administering THC in healthy individuals have observed transient induction of sev-

eral schizophrenia symptoms, such as impaired cognition and attention, altered perception,

motivation and judgement, hallucinations, psychomotor disturbances, and increased inci-

dence of psychotic episodes [62–65]. Some have also shown that cannabis may exacerbate

symptoms of schizophrenia and psychotic illness [66–68], although one study had demon-

strated antipsychotic effects of a THC analogue in patients with a history of improvement with

cannabis [69]. As it stands, it is unclear how cannabis may contribute towards perceptual dis-

organisation in schizophrenia, but if THC acts as a pro-psychotic agent, then we could expect

to observe pro-psychotic effects on perception in drug models of THC and THC-like sub-

stances in healthy individuals.

Nabilone (NAB; Cesamet) is a synthetic THC analogue demonstrating similar chemical

structure to that of THC. Both are dibenzopyrans which feature similar dimethyl and hydroxyl

positioning, although NAB has an additional dimethylheptyl side chain in the 3 position, a

ketone group in the 9 position (instead of a methyl group), and a saturated ring [70]. NAB has

also been found to be more potent than THC [71], found to elicit cannabis-like effects compa-

rable to THC in human subjects [72], and have a slower time to peak effect when compared to

a THC formulation (dronabinol) accompanied by greater dose-related effects in human sub-

jects [71]. Laboratory studies comparing NAB to THC in animals also demonstrate similar

behavioural and physiological responding to the compounds [73,74].
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A previous study on the substitution profile of NAB found that the 2 mg (PO, b.i.d.) dosage

recommended for NAB usage as an antiemetic in adults generalized to that of the 10 mg rec-

ommended dosage of THC as an antiemetic in the same group on measures of THC appropri-

ate responding in a drug discrimination task [75], although it remains unclear what effects on

perception and perceptual binding NAB could elicit.

Aims and hypotheses

The aims of this study were threefold.

Firstly, to investigate if a synthetic THC analogue, NAB, would elicit pro- or anti-psychotic

effects in healthy individuals on measures of self-perception (‘embodiment’ and ‘agency’) in

the PHI paradigm. We tested the competing hypotheses that: a) NAB would induce pro-psy-

chotic effects in healthy volunteers and extend embodiment and agency TBWs and SBWs

(similar to that of in patients with schizophrenia), or b) NAB would elicit anti-psychotic effects

in healthy volunteers and narrow embodiment and agency TBWs and SBWs (opposite to what

is observable in schizophrenia).

Secondly, to investigate if there would be associations between embodiment and agency

experiences in the PHI as a consequence of NAB challenge in healthy volunteers. A previous

study with the moving RHI had suggested that embodiment may modulate agency experiences

[35], although this interaction could not be replicated in a later study with the PHI [4]. We

hypothesised that alterations in subjective embodiment and agency experiences would be asso-

ciable in healthy volunteers given NAB. If embodiment and agency are associated, or if one

modulates the other, we expect to observe significant associations between ratings of the two

following NAB challenge in healthy volunteers.

Finally, to investigate if the TBW and SBW are separate entities in mechanism, system and

function. Previous studies have investigated these BWs separately [5,7,8], although there is no

evidence to suggest that this is the case. We tested the competing hypotheses that the TBW and

SBW a) are separate entities in mechanism, system and function, or b) represent the temporal

and spatial capacities of a unitary perceptual binding mechanism. If the latter proves to be the

case, we expect to observe no additive or cumulative effects of exceeding the SBW after the

TBW, or vice versa, on individual subjective PHI ratings on placebo. If not, we expect to see

significant cumulative effects of exceeding the SBW after the TBW, and vice versa, which

would suggest that the TBW and SBW are separate.

Materials and methods

Participants

This study was conducted in 32 healthy volunteers (See Table 1 for demographic information).

Volunteers provided written informed consent, witnessed by investigators, following a full

brief of the study procedure. Recruitment period was from 01/01/2019–16/12/2020. Volun-

teers were provided transport to and from the testing site (the University of Western Australia)

but received no financial incentives or compensation for participation. A high-fat breakfast

and lunch were provided to improve oral uptake of administered NAB. We included those

that were between the ages of 18 and 59 (inclusive of 18 and 59), and those that were using

contraceptives if female, sexually active, and fertile. We excluded those under the age of 18 and

above 60 (inclusive of 60), pregnant or breastfeeding individuals, those on prescription medi-

cation other than oral contraceptive or acne medication, those that used over the counter med-

ication within 48 hours of testing, those with severe heart or blood vessel diseases, high blood

pressure, tics, degenerative nervous system disease(s), hyperthyroidism, epilepsy, neurological

disorders, self or familial history of Tourette’s syndrome or psychiatric illness, those receiving
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treatment for substance abuse, those with history of hypersensitivity to cannabinoids, and

those with a familial history (first-degree relative) of schizophrenia.

Ethics approval and clinical trial registration

This study was registered with the Australia and New Zealand Clinical Trials Registry

(ACTRN12618001292268) and the Therapeutic Goods Administration (TGA Clinical Trial

Repository CT-2018-CTN-02561-1). Ethics approval was granted by the University of Western

Australia Human Ethics Committee (RA/4/20/4558). This study was conducted in accordance

with the clinical standards of the University of Western Australia Human Ethics Committee,

and with the Helsinki Declaration of 1975 (revised in 1983).

General procedure

This study employed a within-subjects, double-blinded, placebo-controlled, balanced cross-

over design. Participants attended two separate test sessions, with a minimum drug wash-out

of 7 days between sessions. Due to incidence of adverse effects (nausea, orthostatic hypoten-

sion, syncope, or emesis) in some participants, the initially chosen dose of 2 mg (PO, b.i.d.) of

NAB was reduced to 1 mg (PO, b.i.d.) for subsequent participants. Some participants (n = 4)

completed the study on the initial 2 mg dose, with the remainder participating in the study on

1 mg (n = 28). Participants were administered gelatine capsules containing either NAB (2 or 1

mg, PO, b.i.d.) or placebo (2 or 1 mg glucose powder, PO, b.i.d.). The 2 mg NAB dosage was

chosen initially due to it being the standard anti-emetic dose used in chemotherapy patients.

Participants dropping out due to adverse effects were not included in the final study data.

Additional information on the study is provided (see S1–S3 Files).

McNemar’s Chi-squared test revealed that a significant proportion of participants (87.5%)

were able to accurately guess that they were administered NAB on the NAB testing day

(chisq = 14.7, p< 0.001), meaning that participant blinding was not achieved. Investigators

remained blinded to the administered treatment on both testing days. Although participant

blinding was not achieved, there were no significant differences in PHI responses between

those who guessed correctly vs. incorrectly at any experimental condition (see S4 Supplemen-

tary Materials Figs 1–4 in S4 File).

Permuted block randomisation of participant drug treatment order ensured that no more

than 4 participants in a row received the same starting treatment. Each block of 4 included 2 of

each starting treatment (see Fig 1). Participants were administered first dose of NAB or pla-

cebo at 0915 hrs (0-minutes post-treatment), and second dose at 1245 hrs (210-minutes post-

Table 1. Participant demographic information (n = 32).

Age (years; mean ± SD) 25.34 ± 7.01; Range: 19–57

Gender 20 (62.5%) Male, 12 (37.5%) Female

Weight (kg; mean ± SD) 73.13 ± 15.31; Range: 43.00–121.30

Height (cm; mean ± SD) 174.42 ± 9.56, Range: 151.4–193.7

BMI 23.88 ± 4.05, Range: 18.40–39.90

NAB dose administered

(mg; mean ± SD)

1.13 ± 0.34, Range: 1.00–2.00

Lifetime cannabis users (individual instances> 10 times total)* 23 lifetime, 9 casual

* Participants reporting cannabis use within the exclusionary period (< 48 hours prior to the study) were excluded.

Individuals reporting > 10 individual instances of cannabis use were considered lifetime users. NAB dose is reported

as PO, b.i.d., as administered within the study.

https://doi.org/10.1371/journal.pone.0309614.t001
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Fig 1. CONSORT (2010) flow diagram.

https://doi.org/10.1371/journal.pone.0309614.g001
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treatment), per session. The Chief Investigator was responsible for generating the allocation

sequence, and assigning participants to interventions.

The projected hand illusion (PHI)

The PHI was conducted at 1455 hrs (340-minutes post-treatment). The PHI was conducted as

part of a battery of experiments, although the current study only reports on NAB effects on the

PHI. Equipment used in this study was kept consistent with previous iterations of the PHI

[3,37]. Participants were positioned in front of a desk, facing a video monitor (horizontally

placed, relative to the body), and their right hand was hidden from view with a cloth partition.

The partition extended from the right-hand side to cover the bottom-most (closest to the par-

ticipant) and bottom-right borders of the screen, in order to give the impression that the pro-

jected image of the participant’s hand could belong to their own body. The variant of the PHI

used in this experiment was the active-passive movement paradigm, which involved the partic-

ipant’s right index finger secured to a two-lever mechanism. Depression of the levers occurred

when either lever was pressed. Depending on the condition (active or passive movement), the

participant or the investigator depressed the levers, and the participant observed the action on

the video monitor in front of them. The comparison of the effects of active or passive move-

ment was intended to assess the effects of agency on individual PHI experience.

Distance between the participant’s right hand and the projected image (measured index fin-

ger to index finger) was 15 cm in the control, and 30 cm in the experimental condition. Video

playback was delayed by 500 ms in the asynchronous ISI condition, but simultaneous in the

synchronous (< 10 ms playback delay due to hardware limitations). These distance and ISI

intervals were chosen as they have been previously suggested to exceed the TBW and SBW of

the RHI [5,7,8] and PHI [3,4,37] under normal circumstances. These distance and ISI condi-

tions were included to asses widening of individual SBWs and TBWs following NAB challenge

in healthy individuals.

The PHI was assessed with a pre-trial measurement, following approximately 10 seconds of

stimulation, and a post-trial measurement, following 3 minutes of stimulation. Pre-trial scores

were subtracted from post-trial scores to account for individual baseline susceptibility to the

PHI procedure. At the end of both pre- and actual 3-min trials, a 23-item 7-point Likert-scale

questionnaire assessing agency/loss in agency over the participant’s own hand, and embodi-

ment/disembodiment of the image was completed by the participant. Questionnaire items

were rated from -3 (strongly disagree) to +3 (strongly agree), and were adapted from previous

experiments utilizing the RHI and PHI [37,76]. Conditions were presented as up-staircase (15

cm 0 ms> 30 cm 0 ms> 15 cm 500 ms> 30 cm 500 ms) in order to preserve comparisons to

previous iterations of the PHI, and RHI conducted with both dexamphetamine (DEX) and

NAB, in order to best identify BW limits.

A single Principal Components Analysis (PCA; See Table 2) was conducted with varimax

rotation to facilitate the use of component scores as dependent variables in further analysis, as

such components are orthogonal (uncorrelated). PCA was conducted on PHI questionnaire

items to reduce the number of variables measured (i.e. for data reduction purposes), rather

than as a formal PCA. More formal PCA have been previously conducted by our lab in a com-

munity sample, albeit with a differently composed PHI questionnaire [4]. Questionnaire items

are fully listed in the PCA (Table 2). A mean question score per individual (n = 32) was used

for this analysis resulting in an n = 736 (32 x 23). Change in pre–post-test difference scores

from NAB to placebo were chosen to assess the individual effects of NAB challenge on SBWs

and TBWs of the PHI. ‘Embodiment’ (body ownership) over the image was chosen to indi-

rectly represent perceptual BWs, as it is the main outcome measure of both the RHI and PHI
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(i.e. ‘this rubber/projected hand is part of my body, and the tactile sensations I feel originate

from it’).

Statistics

Statistical analysis and data modelling were conducted in analysis software ‘R’, version 4.0.5 (R

Core Development Team, 2021). The ‘ez’ (ver. 4.4–0), ‘ggplot2’ (ver. 3.3.6), ‘plyr’ (ver. 1.8.7),

‘sm’ (ver. 2.2–5.7), ‘stats’ (ver. 4.2.0), ‘psych’ (ver. 2.4.3), and ‘rstatix’ (ver. 0.7.0) packages were

used in the analyses. The following statistical tests were conducted as part of the current study:

‘sm.density.compare’ (package ‘sm’); PCA (‘psych’ package ‘principal’); Kruskal-Wallis test

(‘stats’ package, ‘kruskal.test’), Shapiro-Wilk Normality test (‘stats’ package ‘shapiro.test’);

Spearman’s rank correlation test (‘stats’ package ‘cor.test’); Wilcoxon Signed-Rank test (‘stats’

package ‘wilcox.text’, and ‘rstatix’ package ‘wilcox_effsize’); Power analysis (‘MKpower’ pack-

age ‘sim.ssize.wilcox.test’); and McNemar’s Chi-squared test for count data (‘stats’ package

‘mcnemar.test’). Cohen’s definition of effect sizes were used to interpret output from ‘wilcox_-

effsize’ [77].

Table 2. PCA performed on PHI questionnaire data (n = 736)–Component loadings, % variance and eigenvalues are listed. Questionnaire items with no loadings

failed to load onto any component as part of the PCA and were left out of the interpretation.

It seemed like. . . Embodiment of
Projected Hand

Disembodiment of own
hand

Loss in
agency–Self

Agency–
Self

Communalities

1. The image began to resemble my hand. 0.80 1.4

2. The image was my actual hand, rather than an image. 0.83 1.1

3. That the image was part of my body. 0.81 1.1

4. That I had more than one right hand. 0.62 0.50 2.3

5. My hand was in the location where the image was. 0.81 1.2

6. The image was in the location where my hand was. 0.50 0.66 2.2

7. I couldn’t really tell where my hand was. 0.63 1.5

8. My hand had disappeared. 0.76 1.4

9. I had the sensation of pins and needles in my hand. -0.50 -0.59 2.4

10. I had the sensation that my hand was numb. 0.55 -0.48 2.3

11. The experience of my hand was less vivid than normal. 0.52 0.42 -0.42 3.1

12. My hand was more rubbery. 0.83 1.2

13. I could feel the sensation of movement through the image on the
screen (in terms of sensations in the muscle/skin).

0.72 1.4

14. I could feel the sensation of movement through my actual fingers
(in terms of sensations in the muscle/skin).

0.74 1.1

15. I was in control of the image (of the hand) on the screen. -0.64 0.59 2.1

16. Whenever my fingers moved, I expected the fingers in the image
to move in the same way.

-0.67 1.1

17. The movements of the image were identical to the movements of
my fingers.

2.8

18. I could have moved my fingers if I had wanted. 0.63 1.8

19. I was in control of the movements of my actual fingers. -0.39 0.69 1.6

20. My fingers were copying the movements of the image. 0.62 1.5

21. Something else was forcing my fingers to move. 0.80 1.1

22. Something else was forcing the fingers on the screen to move. 0.33 0.37 -0.53 2.5

23. Like the image was someone else’s hand. -0.36 -0.71 1.6

Eigenvalues 5.88 3.47 2.31 2.74

% Variance 26 15 10 12 Total Variance:

63%

https://doi.org/10.1371/journal.pone.0309614.t002
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Choice of non-parametric analyses

Kernel density estimates (KDEs) were generated with the ‘sm.density.compare’ function in

order to compare the distribution of our observed data to that of a normal distribution. Nor-

mal distributions were generated with the means and standard deviations of the observed data.

Permutations were set to n = 1000 for these KDE comparisons. The KDE technique produces

smooth estimates of the probability function from all sample point locations, and is able to bet-

ter suggest multimodality than conventional histograms, which suffer from subjectivity issues

that are inherent to ‘data binning’ [78].

The ‘sm.density.compare’ KDE function generates both a graphical representation of the

data and a formal permutation test of equality for every comparison. A reference band for

equality between the two compared distributions is generated for every comparison (95% con-

fidence interval), which is centred between the compared KDEs. The reference band is created

from the upper and lower endpoints for equality between the distribution functions. For the

sake of pairwise comparisons, we considered only the x-axis points that both exceed the 95%

confidence interval for interpretation.

From the results of this KDE, it was clear that our data was not normally distributed

(p< 0.001, Fig 2). A Shapiro-Wilk test (W = 0.704, p< 0.001) supports that our data were

non-normal. Our data were derived from a 7-point Likert scale, which classified our data as

ordinal. Together, these violate two assumptions of non-parametric statistical method–that the

data are derived from a continuous scale, and that the data are normally distributed [79–81].

On the other hand, non-parametric statistics do not assume the distribution of data, and

therefore are better suited to assess non-normal data distributions [80,81] such as is the case

with our data. Non-parametric methods may result in a loss in power (equating to a 5% loss in

sample size) when compared to the optimal parametric test [81], but the use of parametric

analysis for non-normal data distributions also increases the family-wise error rate of the

study [80,81].

Fig 2. The observed frequency distributions of individual PHI responses on placebo, against the null hypothesis normal distribution.

The ‘normal’ null hypothesis distribution was generated with the mean and standard deviation of the observed data. Data are presented as

distribution of individual component responses (solid red line) vs the null hypothesis normal distribution (black dotted line) of the

component. Both x-axis points of the observed and null hypothesis KDE distributions were only considered for interpretation when they

exceeded the 95% confidence interval (denoted in light blue shading), alongside p-value conventions Note that (+) corresponds to a

positive and (-) a negative in component response under the placebo condition.

https://doi.org/10.1371/journal.pone.0309614.g002
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Consistent with this, we believe that we are justified in our choice of non-parametric score

distribution analyses for our data, which were multimodal and non-normally distributed (see

Figs 2 and 4–7). We assert that in our study, where we assess the competing hypotheses that

NAB would act as either a pro-psychotic or anti-psychotic agent on individual perception, it is

inappropriate to impose directionality with parametric analyses (towards a group mean/

median, and consequently on the comparison of group means/medians) on the data. Doing so

would fundamentally bias the analyses toward one or the other outcome, which may obscure

individual differences in response of participants towards NAB challenge.

KDE (‘sm.density.compare’) comparisons were chosen to graphically and formally assess

the departure of our data from the null hypothesis distribution, once non-parametric score

distribution analyses were determined to be most appropriate. These would allow for a more

nuanced approach to determining the effects of NAB on the individual. Individual NAB–pla-

cebo difference scores were used in the analyses as these forcibly imposed within-subjects con-

siderations (i.e. difference scores) on the ‘sm.density.compare’ function, which does not

account for paired data by default. The null hypothesis distributions used for the KDE compar-

isons were generated with a mean of 0, and the standard deviation of the observed sample

using ‘rnorm’ (‘stats’ package ver. 4.2.0). Comparisons of individual PHI component scores

between the 30 cm 500 ms condition of the PHI, and the 30 cm 0 ms or 15 cm 500 ms condi-

tions were conducted using ‘sm.density.compare’ KDE comparisons similarly to the previous

examples, although with the observed data of each condition instead. These were conducted to

analyse and illustrate the effects (or lack thereof) of exceeding the spatial binding limit of the

STBW after the temporal, and vice versa.

Wilcoxon Signed-Rank tests were determined to be most appropriate for non-parametric

paired comparisons [80–82], and were used to support KDE comparisons. These acted to

assess the effects of distance, ISI and active/passive movement conditions on PHI components.

Spearman’s rank correlation tests were run on individual change in agency and embodiment

responses following NAB, and were used to assess if there were significant associations

between change in embodiment and change in agency (both ‘self and loss in’) after NAB–

determined to be most appropriate as it does not require a linear relationship between our

compared data, and due to the ordinality of said data [83,84]. Exact Bonferroni corrections

were applied to all multiple comparisons to control for increases in type I family-wise error

rates. Power analysis for paired Wilcoxon Signed-Rank tests was conducted prior to the study

with power level set to 0.8, samples set to “paired”, and significance level to 0.05 –yielding an

n = 32 for adequate power in the current study. One consideration is that power analyses rely

on the use of group means/medians and standard deviations, which is not appropriate for

non-parametric data which features multimodality and bidirectionality in the data such as

what we find in the current study, therefore somewhat invalidating the practice of power anal-

ysis (with no practical alternatives for multimodal, non-parametric data). Regardless, the n

(n = 32) for adequate power is included for transparency. This is the same argument for effect

size calculations as done specifically for the paired Wilcoxon Signed-Rank tests.

Results

Principal components analysis (PCA) of PHI questionnaire

A single PCA (see Table 2) was performed on the PHI questionnaire data, inclusive of all con-

ditions. The PCA revealed four components of the PHI, which accounted for 63% of the total

observed variance. Component 1 was classified as embodiment of the projected hand (referred

to as ‘embodiment’) and accounted for 26% of the total variance. Questions 1–5, 10–13, and 20

loaded onto embodiment, and comprised items related to feeling as if the projected hand was
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part of the participant’s own body, in addition to loss of sensation in the participant’s own

hand.

Component 2 was classified as disembodiment of one’s own hand (‘disembodiment’),

accounting for 15% of the total variance, and was made up of questions 6–8, and 15–16. These

questions related to localisation of the image onto the participant’s own body, feelings of the

participant’s own hand disappearing, and negatively loaded items relating to agency over the

image. The loadings for ‘disembodiment’ revealed that as disembodiment of one’s own hand

increased, ratings of control (agency) over the projected hand decreased.

Component 3, classified as loss in agency of one’s own hand (‘loss in agency–self’),

accounted for 10% of the total variance and was made up of questions 9, 21 and 23. The ques-

tionnaire item that loaded positively (question 21) onto this component described a reduction

in the sense of agency over the participant’s own hand, with items assessing loss in sense of

agency over the projected hand and loss of sensation in the participant’s own hand negatively

loaded onto the component. Component loadings for ‘loss in agency–self’ revealed that as

items related to loss in agency over the participants hands increased, ratings of items assessing

loss in sense of agency over the projected hand and sensation in the participant’s own hand

decreased.

Component 4, classified as agency of one’s own hand (ref: ‘agency–self’), accounted for 12%

of the total variance and was made up of questions 14, 18, 19 and 22. Question items relating

to ‘agency–self’ described sensation in one’s own hand, control over one’s own hand, and neg-

ative loadings on the item describing loss in control over the image of the projected hand. The

loadings for ‘agency–self’ reveal that as agency and sensation in one’s own hand increased, loss

in sense of agency over the projected hand decreased.

Active vs passive movement conditions of the PHI following NAB

challenge

Exact Bonferroni corrections were applied to both ‘sm.density.compare’ plots and Wilcoxon

Signed-Rank tests in the case of multiple comparisons, in order to control for type I error rate.

KDE comparisons of individual difference scores following NAB challenge (NAB–placebo

response) between active and passive movement conditions for the ‘embodiment’, ‘disembodi-

ment’, ‘agency–self’ and ‘loss in agency–self’ components of the PHI failed to achieve statistical

significance. Wilcoxon Signed-Rank tests similarly revealed no significant differences in PHI

component responses between the active and passive movement conditions, on either NAB or

placebo days. Individual difference scores following NAB challenge on each listed component

were averaged across both movement conditions (by individual) due to lack of differences

between either condition, and comprise the results described in the remaining text.

Effects of drug, distance and ISI on ‘agency–self’ (agency of one’s own

hand)

Wilcoxon Signed-Rank tests did not reveal significant main effects of distance, ISI, or condi-

tion on individual agency–self responses on either NAB or placebo (see Fig 3A–3D). There

were no significant differences between participants guessing the correct treatment on the

NAB testing day or administered NAB dose (1/2 mg NAB) on individual change in agency–

self responses (see S4 Supplementary Materials Figs 1 and 5 in S4 File). Baseline distribution of

agency–self response is also provided (see S4 Supplementary Materials Figs 9B in S4 File).

KDE comparisons for the 15cm 0ms (‘agency–self’ component) condition of the PHI

revealed a significant increase in frequency of positive difference scores (NAB–placebo) within

the +0.45 to +1.05 range, a reduction in and rightward shift of the middle and largest mode
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with the ascending arm within the -0.2 to +0.05 range and descending arm within the +0.3 to

+0.45 range, as well as increased frequency of negative difference scores between the -0.4 to

-1.05 range against the null hypothesis distribution (Fig 4A, p< 0.001).

Plots for the 15cm 500ms condition revealed significantly increased frequency of positive

difference scores between the +0.3 to +0.7 and +0.95 to +1.25 ranges, reduction in 0-scoring

(no change in response from NAB to placebo) between the -0.25 to +0.15 range, and increased

frequency of negative difference scores between the -0.35 to -0.9 range against the null hypoth-

esis distribution (Fig 4B, p< 0.001).

Plots for the 30cm 0ms condition revealed a significant increase in frequency of positive dif-

ference scores between +0.4 to +1.2, a reduction in 0-scoring between -0.2 to +0.15, and

increased frequency of negative difference scores between the -0.3 to -0.65 range against the

null hypothesis distribution (Fig 4C, p< 0.001).

Plots for the 30cm 500ms condition revealed a reduction in, and associated rightward shift

of the middle and largest mode, with the ascending arm within the -0.15 to +0.15 range and

descending arm within the +0.25 to +0.65 range, alongside an increase in frequency of negative

Fig 3. The effect of a) distance condition on placebo, b) distance condition on NAB, c) ISI condition on placebo, and d) ISI

condition on NAB on median PHI component scores. Data are presented as median component score ± semi-interquartile

range. Data were non-normal and significance between experimental conditions were determined with Kruskal-Wallis and

confirmed with post-hoc exact Bonferroni-corrected Dunn tests. p< 0.05, ** p< 0.01, *** p< 0.001. Significance between the

15 and 30 cm, or 0 and 500 ms, experimental conditions were presented in the following order: Agency (self), loss in agency

(self), embodiment of the projected hand, disembodiment of one’s own hand (*/*/*/*). Lack of significant effects were denoted

by a ‘-‘.

https://doi.org/10.1371/journal.pone.0309614.g003
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difference scores between the -0.35 to -1.05 range against the null hypothesis distribution

(Fig 4D, p< 0.001).

Effects of drug, distance and ISI conditions on ‘loss in agency–self’ (loss in

agency of one’s own hand)

Wilcoxon Signed-Rank tests did not reveal significant main effects of distance, ISI, or condi-

tion on individual loss in agency–self responses on either NAB or placebo (see Fig 3A–3D).

There were no significant differences between participants guessing the correct treatment on

the NAB testing day or administered NAB dose (1/2 mg NAB) on individual change in loss in

agency–self responses (see S4 Supplementary Materials Figs 2 and 6 in S4 File). Baseline distri-

bution of loss in agency–self response is also provided (see S4 Supplementary Materials Fig 9D

in S4 File).

KDE comparisons for the 15cm 0ms (‘loss in agency–self’ component) condition of the

PHI revealed a significant increase in frequency of positive difference scores (NAB–placebo)

Fig 4. The effect of Nabilone (NAB: 1mg, PO, b.i.d.; reduced from 2mg, PO, b.i.d.) on frequency density of individual change in

measures of agency–self in the a) 15cm 0ms, b) 15cm 500ms, c) 30cm 0ms and d) 30cm 500ms conditions of the PHI. Data are

presented as frequency density of individual difference scores (NAB–placebo scores) following NAB challenge (red, solid line) in

healthy volunteers, versus the null hypothesis distribution (denoted by the dotted black line). The null hypothesis distribution

was generated with a mean of 0 and the standard deviation of the observed data. Both x-axis points of the observed and null

hypothesis KDE distributions were only considered for interpretation when they exceeded the 95% confidence interval (denoted

in light blue shading), alongside p-value conventions. Exact Bonferroni corrections were applied in the case of multiple

comparisons to control for type I error. Note that (+) corresponds to a increase and (-) a reduction in agency—self response,

following NAB challenge.

https://doi.org/10.1371/journal.pone.0309614.g004
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within the +0.25 to +0.9 range, a reduction in 0-scoring between the -0.15 to +0.15 range, and

increased frequency of negative difference scores between the -0.3 to -0.5 range against the

null hypothesis distribution (Fig 5A, p < 0.001).

Plots of the 15cm 500ms condition revealed significantly increased frequency of positive

difference scores between +0.4 to +0.9, a reduction of 0-scoring between the -0.15 to +0.15

range, and increased frequency of negative difference scores between the -0.25 to -0.85 range,

against the null hypothesis distribution (Fig 5B, p< 0.001).

Plots of the 30cm 0ms condition revealed significantly increased frequency of positive dif-

ference scores between the +0.35 to +0.55 and the +0.7 to +0.95 ranges, a reduction and left-

ward shift of the middle and largest mode with the descending arm falling within the -0.1 to

+0.15 range, and significantly increased frequency of negative difference scores between the

-0.3 to -0.85 range, against the null hypothesis distribution (Fig 5C, p< 0.001).

Plots of the 30cm 500ms condition revealed significantly increased frequency of positive

difference scores between the ranges of +0.35 to +0.55 and +0.6 to +0.75, reduction in

Fig 5. The effect of Nabilone (NAB: 1mg, PO, b.i.d.; reduced from 2mg, PO, b.i.d.) on frequency density of individual change in

measures of loss in agency–self in the a) 15cm 0ms, b) 15cm 500ms, c) 30cm 0ms and d) 30cm 500ms conditions of the PHI.

Data are presented as frequency density of individual difference scores (NAB–placebo scores) following NAB challenge (red,

solid line) in healthy volunteers, versus the null hypothesis distribution (denoted by the dotted black line). The null hypothesis

distribution was generated with a mean of 0 and the standard deviation of the observed data. Both x-axis points of the observed

and null hypothesis KDE distributions were only considered for interpretation when they exceeded the 95% confidence interval

(denoted in light blue shading), alongside p-value conventions. Exact Bonferroni corrections were applied in the case of multiple

comparisons to control for type I error. Note that (+) corresponds to a increase and (-) a reduction in loss in agency—self

response, following NAB challenge.

https://doi.org/10.1371/journal.pone.0309614.g005
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0-scoring between -0.1 to +0.15, and increased frequency of negative difference scores between

-0.25 to -0.65, against the null hypothesis distribution (Fig 5D, p< 0.001).

Effects of drug, distance and ISI conditions on ‘embodiment’ (embodiment

of the projected hand)

Wilcoxon Signed-Rank tests revealed a significant but small main effect of distance condition

on NAB (V = 3956, p = 0.021, r = 0.204) and placebo (V = 4166, p < 0.001, r = 0.276) (Fig 3A–

3D), and a significant but small main effect of ISI condition on placebo (V = 3405, p = 0.047,

r = 0.168) on individual ‘embodiment’ responses. There were no significant differences

between participants guessing the correct treatment on the NAB testing day or administered

NAB dose (1/2 mg NAB) on individual change in embodiment responses (see S4 Supplemen-

tary Materials Figs 3 and 7 in S4 File). Baseline distribution of embodiment response is also

provided (see S4 Supplementary Materials Fig 9A in S4 File).

KDE comparisons of the 15cm 0ms (‘embodiment’ component) condition of the PHI

revealed significantly increased frequency of positive difference scores (NAB–placebo) within

the +0.55 to +0.8, a reduction and slight rightward shift in the middle and largest mode

between the -0.1 to +0.1 range, and significantly increased frequency of negative difference

scores between the -0.25 to -0.85 range against the null hypothesis distribution (Fig 6A,

p< 0.001).

In order to facilitate the discussion on low base rate on false positive, negative and floor

effects, the percentages of those who experienced embodiment in the PHI (+ve and -ve) at

baseline (15 cm 0 ms–the condition with the greatest magnitude of +ve and -ve responses/

change in responses) and those who did not is included here. 4 individuals did not experience

any embodiment (n = 4, 12.5% of the cohort), 2 individuals had negative embodiment

responses (n = 2, 6.25% of the cohort), and 26 individuals had positive embodiment responses

(n = 26, 81.25% of the cohort). Supplementary comparisons of the effects of low baseline (in

the 15 cm 0 ms condition of the PHI on placebo) embodiment response (those with less than

or equal to 0 embodiment response) and high baseline embodiment responses (those greater

than 0 in embodiment response) show that NAB appeared to enhance the responses already

present in individuals at baseline. Those with negative or 0 baseline embodiment responses do

not increase in embodiment but decrease, and those with positive baseline embodiment

responses do not decrease in embodiment but increase, as demonstrated by magnitiude of

negative and positive change in embodiment, respectively (see S4 Supplementary Materials Fig

11 in S4 File).

Plots for the 15cm 500ms condition revealed significantly increased frequency of positive

difference scores between the +0.2 to +0.6 range, a reduction of 0-scoring between -0.1 to +0.1,

and increased frequency of negative difference scores between -0.15 to -0.35 against the null

hypothesis distribution (Fig 6B, p< 0.001).

Plots for the 30cm 0ms condition revealed significantly increased frequency of positive dif-

ference scores between the +0.2 to +0.5 and +0.7 to +0.85 ranges, a reduction in 0-scoring

between -0.12 to +0.1, and increased frequency of negative difference scores between -0.35 to

-0.58 over the null hypothesis distribution (Fig 6C, p< 0.001).

Plots for the 30cm 500ms condition revealed significantly increased frequency of positive

difference scores between the +0.25 to +0.5 range, a reduction and rightward shift of the mid-

dle and largest mode with the descending arm within the -0.1 to +0.08 range, and increased

frequency of negative difference scores between the -0.2 to -0.5 range over the null hypothesis

distribution (Fig 6D, p < 0.001).
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KDE plots comparing the effects of increasing distance condition after time, and vice versa,

failed to achieve statistical significance (see S4 Supplementary Materials Fig 10 in S4 File). Fur-

thermore, Wilcoxon Signed-Rank tests of individual embodiment responses between the 30

cm 500 ms condition to the 30 cm 0 ms condition, and of the 30 cm 500 ms condition to the

15 cm 500 ms condition, failed to achieve statistical significance.

Effects of drug, distance and ISI conditions on ‘disembodiment’

(disembodiment of one’s own hand)

Wilcoxon Signed-Rank tests failed to find significant main effects of distance, ISI, or condition

on individual disembodiment responses on either NAB or placebo (Fig 3A–3D). There were

no significant differences between participants guessing the correct treatment on the NAB test-

ing day or administered NAB dose (1/2 mg NAB) on individual change in disembodiment

responses (see S4 Supplementary Materials Figs 4 and 8 in S4 File). Baseline distribution of dis-

embodiment response is also provided (see S4 Supplementary Materials Fig 9C in S4 File).

Fig 6. The effect of Nabilone (NAB: 1mg, PO, b.i.d.; reduced from 2mg, PO, b.i.d.) on frequency density of individual change in

measures of embodiment in the a) 15cm 0ms, b) 15cm 500ms, c) 30cm 0ms and d) 30cm 500ms conditions of the PHI. Data are

presented as frequency density of individual difference scores (NAB–placebo scores) following NAB challenge (red, solid line) in

healthy volunteers, versus the null hypothesis distribution (denoted by the dotted black line). The null hypothesis distribution

was generated with a mean of 0 and the standard deviation of the observed data. Both x-axis points of the observed and null

hypothesis KDE distributions were only considered for interpretation when they exceeded the 95% confidence interval (denoted

in light blue shading), alongside p-value conventions.. Exact Bonferroni corrections were applied in the case of multiple

comparisons to control for type I error. Note that (+) corresponds to a increase and (-) a reduction in agency–self response,

following NAB challenge.

https://doi.org/10.1371/journal.pone.0309614.g006
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KDE comparisons of the 15cm 0ms (‘disembodiment’ component) condition of the PHI

revealed significantly increased frequency of positive difference scores (NAB–placebo) within

the +0.3 to +0.5 range, a reduction and leftward shift of the middle largest mode with the peak

and descending arm falling within the -0.15 to +0.15 range, and increased frequency of nega-

tive difference scores between -0.25 to -0.7 against the null hypothesis distribution (Fig 7A,

p< 0.001).

Plots of the 15cm 500ms condition revealed significantly increased frequency of positive

difference scores within the +1.05 to +1.3 range, a rightward shift of the middle largest mode

with the descending arm within the +0.25 to +0.6 range, the ascending arm within the -0.15 to

+0.15 range, and increased frequency of negative difference scores between the -0.35 to -0.7

range over the null hypothesis distribution (Fig 7B, p< 0.001).

Plots of the 30cm 0ms condition revealed significantly increased frequency of positive dif-

ference scores between the +0.85 to +0.95 and +0.25 to +0.65 ranges, a reduction in 0-scoring

between the -0.12 to +0.12 range, and increased frequency of negative difference scores

between the -0.25 to -0.7 range against the null hypothesis distribution (Fig 7C, p< 0.001).

Fig 7. The effect of Nabilone (NAB: 1mg, PO, b.i.d.; reduced from 2mg, PO, b.i.d.) on frequency density of individual change in

measures of disembodiment in the a) 15cm 0ms, b) 15cm 500ms, c) 30cm 0ms and d) 30cm 500ms conditions of the PHI. Data

are presented as frequency density of individual difference scores (NAB–placebo scores) following NAB challenge (red, solid

line) in healthy volunteers, versus the null hypothesis distribution (denoted by the dotted black line). The null hypothesis

distribution was generated with a mean of 0 and the standard deviation of the observed data. Both x-axis points of the observed

and null hypothesis KDE distributions were only considered for interpretation when they exceeded the 95% confidence interval

(denoted in light blue shading), alongside p-value conventions. Exact Bonferroni corrections were applied in the case of multiple

comparisons to control for type I error. Note that (+) corresponds to a increase and (-) a reduction in disembodiment response,

following NAB challenge.

https://doi.org/10.1371/journal.pone.0309614.g007
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Plots of the 30cm 500ms condition revealed significant increases in positive difference

scores between the +0.25 to +0.7 range, a decrease in 0-scoring between -0.15 to +0.15, and

increased frequency of negative difference scores between -0.25 to -0.7 against the null hypoth-

esis distribution (Fig 7D, p< 0.001).

Associations between agency and embodiment components of the PHI

Spearman’s rank correlation tests between individual embodiment and agency difference

scores (NAB–placebo) failed to achieve statistical significance overall, and at every distance

and ISI condition of the PHI. Likewise, ‘sm.density.compare’ KDE plots comparing both

change in individual embodiment split by if participants increased or decreased in agency fol-

lowing NAB, and change in individual agency split by if participants increased or decreased in

embodiment following NAB failed to achieve statistical significance.

This study therefore found no associations or group effects of individual agency component

difference scores (‘agency–self’ and ‘loss in agency–self’) on individual embodiment difference

scores as a function of experimental condition, and vice versa, following NAB challenge.

Discussion

There were three main hypotheses of this study.

Firstly, we tested the competing hypotheses that NAB-challenge would elicit either: a) pro-

psychotic effects on individual PHI component responses and extend TBWs and SBWs, or b)

anti-psychotic effects on individual PHI component responses and reduce TBWs and SBWs,

in healthy volunteers. Secondly, we tested the hypothesis that embodiment and agency experi-

ences would be associable, or modulate one another, in healthy volunteers administered NAB.

Third, we tested the competing hypotheses that the TBW and SBW a) are separate entities in

mechanism, system and function, or b) instead represent the temporal and spatial capacity of a

unitary perceptual binding mechanism.

Statistics

We demonstrated that there are significant bi-directional effects of NAB challenge in healthy

volunteers on subjective PHI experiences, with increases, decreases or no changes in embodi-

ment or agency measures occurring in a manner dependent on the individual. Additionally, it

appears that a large subpopulation does not experience the illusion either on placebo or after

NAB challenge (see Figs 2 and 4–7), which may indicate the same in the healthy population

under normal circumstances. Deleterious effects of the parametric statistical method would

have ensured that such multimodality and bidirectionality in the distribution of individual

change in PHI component responses following NAB would have been lost during analysis.

Further rationale for our decision to employ non-parametric methods are described in the

methods section of the paper.

One consideration for the use of within-subjects difference scores in the current study is

that of unreliability of data, which may derive from participant biases towards the potential

effects of NAB (e.g. a participant may be predisposed to believe that NAB may elicit a pro/anti-

psychotic effect), or to individual differences in baseline susceptibility to the PHI at baseline.

We opted for the use of within-subjects (NAB-placebo) difference scores to circumvent several

potential issues relating to the variability of responding at baseline and following experimental

conditions (NAB challenge, distance, and timing conditions) as we focus only on the change

in component response in each individual from placebo to drug. A further consideration is

that the use of such a within-subject difference score addresses a concern with ‘sm.density.

compare’ KDEs, which is that it does not assume paired data by default–thus forcibly imposing
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this within-subject consideration on the abovementioned analyses. An example of such vari-

ability in individual responding may be referred to (see S4 Supplementary Materials Figs 9A–

9D in S4 File), in which we expect to observe individual differences in responding due to the

abovementioned factors in participant response to an illusory paradigm.

An additional issue we were concerned about with randomization of PHI conditional pre-

sentation order was that of latent inhibition [85] occurring in certain participants (as opposed

to the up-staircase method used in the current study)–in particular, those presented with lon-

ger distance/ISI conditions prior to the control condition. Briefly, latent inhibition describes

the phenomena whereby pre-exposure to a cue (in this case longer separation of stimuli in the

PHI) impairs response/learning to the cue when it is paired with a biologically (perceptually)

salient event, such that those presented with longer spatial and temporal intervals first losing

their response to the baseline condition of the PHI.

Conversely, ‘sm.density.compare’ KDE comparisons appear to be a more appropriate ana-

lytical tool for drug discrimination studies with non-normal within-subjects data, as these pre-

serve the actual individual effects of the drug during analysis both visually, and formally, with

an attached permutation test of equality between distributions. A drawback of finding these

multimodal distributions in change in PHI responses following NAB challenge is that large

samples are the most appropriate for the analysis. We partially overcame this limitation by

using a within-subjects design (where every participant undergoes every condition), although

future studies may consider larger sample sizes than that of the current study.

No significant differences in agency measures between active/passive

movement conditions

Contrary to predictions and previous research [37], we observed no significant differences

between the active and passive movement conditions on any component of the PHI, on either

NAB or placebo. We are therefore unable to comment on if NAB may elicit reductions in the

ability of healthy individuals to make judgements of agency over the self, similar to what is

expected of patients with schizophrenia [37]. Questionnaire items that were adapted from pre-

vious studies (e.g. “It seemed like I was in control of moving my finger” and “It seemed like

something else was forcing my finger to move”) [3,4] loaded onto the same agency compo-

nents as the previous studies. While it was possible that the differences in the findings between

our study and the previous were related to the use of weightings for questionnaire items

(derived from the PCA) in the current study, supplementary Wilcoxon Signed-Rank tests

failed to find any significant differences between non-weighted and weighted component data

with regards to movement conditions.

It is also possible that these lack of differences in PHI component responses between move-

ment conditions are related to a difference in average participant age between the current and

previous study. The current cohort (see Table 1) differed in average age by around 18–20 years

to the previous [37], and was appreciably younger. One possibility as to why this younger

cohort did not exhibit significant differences in agency (or any other component) responses

between active and passive movement conditions is that individuals in early adulthood may

exhibit a more flexible self-perception mechanism when compared to those in later life [4,86],

likely due to a greater need for flexible self-perception during development.

Another possibility is the effect of an associative or Bayesian learning mechanism on the

construction of self-perception [4]. Some suggest that prior experiences partially determine

the ability of an individual to bind-together spatially- or temporally-incongruent perceptual

information [2,87,88]. It could be that the larger pool of perceptual experiences–and presum-

ably greater volume of accurate perceptual binding experience in older individuals–may
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reduce the likelihood of experiencing perceptual illusions such as the PHI, where inappropri-

ate stimuli matching, or binding is required to experience the illusion. Taken together, these

age-related factors could explain why our relatively young cohort could not effectively discrim-

inate between active or passive movement conditions for agency or embodiment experiences.

The effects of NAB challenge on the PHI depend on the individual

Consistent with our hypothesis, NAB challenge was observed to elicit pro-psychotic effects on

PHI component responses in healthy volunteers, as a function of both distance and ISI condi-

tions. However, NAB was also observed to elicit effects consistent with an anti-psychotic effect.

Significant subpopulations were observed to either a) not change, b) increase, or c) decrease in

PHI component responses following NAB, on every experimental condition, in a manner

dependent on the individual.

We observed significant reductions in individual embodiment responses from the 15 to the

30 cm distance conditions on both NAB and placebo, indicative of the cohort SBW for

embodiment existing at or prior to 30 cm. This finding is consistent with suggestions that the

RHI SBW exists in a similar spatial window (prior to 30 cm) [5], of which the PHI is adapted

from. We also observed a significant reduction in embodiment responses on placebo from the

0 to the 500 ms condition (see Fig 3C), indicating that the embodiment TBW existed at or

prior to 500 ms for our cohort, similar to that of the RHI TBW [6–8].

NAB was able to reduce median embodiment responses over distance (15 cm vs 30 cm)

similar to placebo, but not over time (0 ms vs 500 ms). This may be interpreted to suggest that

NAB has differential effects on time and spatial perception, although could instead be related

to the relatively large effect of distance on median embodiment responses at placebo when

compared to that of time. Importantly, the Wilcoxon-Signed Rank tests that were used to

determine these results were based on cohort median scores, and when we interpret the ‘sm.

density.compare’ KDEs for change in PHI embodiment response, we instead observe a reduc-

tion in magnitude and density of negative embodiment response from the 15 cm 0 ms to the

15 cm 500 ms conditions of the PHI, accompanied by increases in the magnitude and density

of positive change in embodiment responses (see Fig 6A and 6B). We also observe a similar

occurrence with the comparison between 15 cm 0 ms to the 30 cm 0 ms (see Fig 6A and 6C)–

such that some demonstrate an increase, some a decrease, and some ‘no-change’ in embodi-

ment responses on the PHI as a consequence of NAB challenge and increasing distance/time.

Rather than replacing the Wilcoxon-Signed Rank tests with KDE comparisons, we suggest that

they are instead complementary statistical analyses that future studies could consider to better

compare and contrast group and individual effects of a particular protocol.

Another consideration is that of the relatively small main effect sizes of distance and ISI

conditions on both NAB and placebo on the embodiment component of the PHI. This is not

particularly unexpected as we specifically excluded those with a history of mental illnesses (e.g.

schizophrenia, psychosis, etc) and that our cohort consisted mostly of healthy, younger indi-

viduals. For instance, previous research has shown a positive relationship between illusory sus-

ceptibility and schizotypal traits [89], and positive psychosis-like characteristics [90]. A further

consideration is that of the administered NAB dose for a majority (n = 28) of the cohort (1 mg,

PO, b.i.d.) did not generalize to that of that of the effects of THC in a previous drug discrimi-

nation study, although 2 mg (PO, b.i.d.) did–equivalent to approximately 10 mg (PO, b.i.d.) of

THC [75], likely accounting for a reduction in any effects of NAB challenge on perceptual out-

comes in the PHI and consequently a reduction in main effect size on NAB.

A lack of significant differences between distance or ISI conditions for agency components

of the PHI (‘agency–self’, ‘loss in agency–self’), alongside a lack of associations between agency
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and embodiment components, disproved our hypothesis that there would be significant asso-

ciations or modulatory effects of agency on embodiment, or vice versa, as a consequence of

NAB challenge. Our findings were contrary to those of the previous study by Kalckert and

Ehrsson [35], who suggested that embodiment modulated agency experiences. Our results

were reminiscent of the subsequent study [37], which found no such associations in the PHI.

More research is needed to establish an associative/modulatory relationship (or lack thereof)

between these two constructs of self-awareness and perception, in a range of illusory

paradigms.

Statistically significant increases in the frequency of positive change in subjective embodi-

ment experiences in the 30 cm, 500 ms, and 30 cm 500 ms conditions were indicative of a

NAB-induced widening of both the embodiment SBW and TBW for the PHI in some, exceed-

ing previously-reported normal perceptual binding limits [5,7,8] and the normal BWs of our

cohort. These were always accompanied by significant increases in the frequency of negative

change in subjective embodiment under the same conditions, indicating that NAB narrowed

both the embodiment SBW and TBW in others. Occasionally the middle and largest mode

would shift towards either positive/negative change following NAB, but these NAB–placebo

difference score distributions were generally centred on 0 and reduced over the null hypothesis

distribution. These findings support that NAB challenge only affects illusory perception and

perceptual binding in some individuals, and that a majority of individuals do not experience

perceptual illusions (see Figs 2 and 4–7).

Our findings were consistent with both sides of the literature. One body of evidence sup-

ports that THC and THC analogues act as pro-psychotic agents [62–68]. There is another

body of evidence in nonhuman animals that indicate that antipsychotic drugs and cannabi-

noid agents share many effects in common [91–93], studies in people with schizophrenia

which show reductions in symptoms with THC treatments [69,94], and evidence from imag-

ing studies [95–97].

Taken together with the literature, our data can be interpreted to suggest that there is a con-

sideration for individual baseline susceptibility to the effects of NAB and THC, or individual

baseline CB1-R activity. This may occur such that there is an ‘optimal’ range of CB1-R under

normal circumstances, with deviation from such a range of ‘optimal’ CB1-R activity resulting

in deficits in perceptual binding. This interpretation is based on the “inverse-U” model of DA

effects on performance [2,3,12,22,23,98–105], with DEX effects proposed to be dependent on

if individuals were in the low DA (towards ADHD), middle-normal DA, or higher and schizo-

phrenia-like levels of DA. If this is the case, it could be that increases in CB1-R activity (as a

result of NAB challenge) may also improve perceptual binding depending on the individual.

In order to investigate this possibility, future studies may consider determining the ‘optimal’

range of CB1-R activity, or the effect of CB1-R agonists on perceptual binding in those with

lower vs. higher baseline CB1-R activity.

The mechanisms by which NAB challenge elicits these changes in self-perception and

agency in healthy individuals are unclear, although it may relate to the actions of the CB1-R in

modulating the release of acetylcholine, GABA, noradrenaline, and L-glutamate [106]. While

there do not appear to be CB1-R mRNA on DA receptors [107–109], indirect effects of canna-

binoid agonists on DA neurons likely occur due to interactions with other neurotransmitter

systems, especially glutamate, GABA and acetylcholine.

Finally, we failed to find any additive or compounding effects of increasing ISI on distance

conditions, or distance on ISI conditions, on individual PHI embodiment responses. These

findings supported that the TBW and SBW represent the temporal and spatial capacities of a

unitary binding mechanism (see S4 Supplementary Materials Fig 10 in S4 File). This was con-

sistent with our hypothesis that the TBW and SBW are not separate entities in mechanism,
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system or function. Here, we refer to this unitary binding mechanism as the spatio-temporal

binding window (STBW). If it were the case that they were separate in mechanism, system and

function, we would have expected to observe significant additive/compounding effects of

exceeding the SBW on the TBW, or the TBW on the SBW. We are only able to confirm that

the STBW exists for embodiment in the PHI, as there were no main effects of distance or ISI

on other PHI components (‘agency–self’, ‘loss in agency–self’, and ‘disembodiment’).

A consideration for NAB dose

Adverse effects that occurred on the 2 mg NAB dose (PO, b.i.d) which were eliminated on the

1 mg NAB dose (PO, b.i.d) could have been related to the greater potency of NAB in compari-

son to THC. A previous drug discrimination study reported that 2 mg NAB (PO, b.i.d) gener-

alized to approximately 10 mg of THC (PO, b.i.d) on a drug-discrimination procedure [75],

with another suggesting that comparable doses (0, 1, and 3 mg of NAB) were well tolerated in

humans [72], although these studies were conducted in previous or current cannabis/mari-

juana users. Given that our cohort was recruited primarily from university students, it may

have been that the 2 mg dose of NAB initially administered was too great to be well tolerated

in those that were drug or cannabis naïve.

Considerations for reliability based on cohort

Several considerations were made for reliability of our cohort data on PHI responding. We

focus here on the embodiment component of the PHI, which has supporting data from previ-

ous experiments featuring the RHI, which the current PHI methodology is derived from.

Firstly, we wished to address possible floor and ceiling effects, in which data derived from

methods which have ‘hard’ limits such as ours (-3, and +3 from the 7-point Likert scale) may

not adequately demonstrate magnitude of responding. To illustrate, in the control condition

of the PHI (15 cm 0 ms, placebo), we observed a maximum negative embodiment response of

-0.8, and positive embodiment response of +1.42. Maximum negative change in embodiment

following NAB in the same condition was -0.9, and maximum positive change in embodiment

was +1.15. Even if the minimum/maximum baseline scores were taken, NAB challenge would

not have elicited any floor or ceiling effects. Therefore, we did not observe any floor or ceiling

effects of the 7-point Likert scale in responding, even in the condition featuring the greatest

magnitude of change in embodiment response.

Another concern may be that of base rate affecting accuracy of our results. We previously

reported the base rate of non-responders in the baseline condition of the PHI for embodiment

to be 12.5% in the current cohort, which is within and somewhat in agreement with previous

iterations of the RHI. Previous studies from this lab had reported a non-responder rate (base-

line) of 5–10% (n = 1-2/20) on embodiment in the RHI [2], 17.3% (n = 11/52) on embodiment

in the RHI [110], and another lab with 21.1% on the RHI (n = 11/52) [5]- although this final

study classified non-responders as anybody who did not answer with +2 or +3 on a singular

question derived from Longo’s 28-item questionnaire [76] (‘It seemed as though the touch I

felt was caused by the experimenter touching the rubber hand’). Our base non-responder rate

(12.5%) was well within the range of non-responders in similar studies in the PHI/RHI series

of 5–10% to 17.3% (conservative) or 21.1% (less conservative), which was in line with expected

non-response to the PHI at baseline. It is also worth noting that there are a number of other

factors that determine how many in a cohort might experience the illusion: patients with

schizophrenia exhibit greater susceptibility to the RHI or PHI [3,5,111,112]; significant associ-

ations between those with schizotypal traits [89], positive psychosis-like characteristics [90],

and sensory suggestibility [113] with RHI experience, to name a few–which may ultimately
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affect the base rate of RHI/PHI experiences in different samples. Our current base rate is in

agreement with the base non-responding rate in other similar studies. The base rate of NAB

responding/non-responding has not been established previously in the literature, although we

observed a base non-responding rate of 9.37% (n = 3/32) on NAB at baseline conditions (15

cm 0 ms, NAB) of the PHI.

Limitations

A major limitation of our study was that of a relatively small (n = 32) sample size and as such

our conclusions should be considered a cautious interpretation of the available data, although

this was somewhat overcome by the use of a within-subjects study design. Further testing in

larger samples should be conducted to corroborate our findings. Another limitation is that a

lower dosage of NAB was administered than desirable–the lowered 1 mg (PO, b.i.d.) dosage

due to adverse effects (on 2 mg [PO, b.i.d.]) does not generalize at all (0%) to THC’s respond-

ing levels [75], which may have resulted in different effects than that of a cohort fully adminis-

tered 2 mg NAB.

The current study employed an up-staircase experimental condition presentation, which

may have influenced participant responses in conditions following the control (15 cm 0 ms).

Future studies may consider randomizing treatment order to account for this possibility,

although any such effects would have been consistent across participants. In addition, rando-

mised order may lead to differential order effects across participants when the sample size is

not in the thousands. It is conceivable that those with less effective illusion conditions first

(e.g., down staircase method) or with a randomisation may have latent learning effects reduc-

ing the number of participants experiencing the illusion. Although participant blinding was

not achieved, analyses did not reveal any significant differences in PHI responding between

those who accurately guessed the experimental treatment condition vs. those who did not.

This study primarily assessed agency over the participant’s own hand but not over the pro-

jected hand–a consequence of our PCA weightings. This limited our conclusions to the rela-

tionship between agency of the self and individual perceptual BWs. It may be that there are

different relationships between agency and loss in agency of the projected hand (i.e. agency of

the ‘other’), and perceptual BW processes that are unaccounted for in the present study. In

addition, effects of NAB may be restricted to the PHI. It is unclear if NAB may influence only

visuo-somatosensory illusions, or BWs in some but not all illusions, or if these effects are spe-

cific to the PHI. Furthermore, PCA was conducted for data reduction purposes and did not

meet sampling adequacy (n = 736), which may have affected reliability of the question loadings

onto each PHI component identified. Future studies should employ larger datasets for PCA or

refer to previous formal PCA or multiple factor analysis on the PHI [4] when determining

question loadings. Although this is the case, a majority of questionnaire items loaded onto the

same components as in the previous study.

No objective measure of agency, or direct measure of perceptual BWs were used to support

our findings. Furthermore, the self-report questionnaire was developed and adapted from pre-

vious literature [4,37,76] and questions items included are unsupported by reliability data.

Conclusions

We demonstrated that there are multimodal and bi-directional effects of NAB challenge in

healthy individuals on subjective PHI experiences. Increases, decreases, or no change in

TBWs/SBWs appeared to depend on the individual. It is possible that direction and magnitude

of change in PHI component measures relates to individual baseline susceptibility to NAB and

other cannabinoid agents, or baseline CB1-R activity.
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The multimodal and bi-directional effects of NAB challenge represent a consideration that

is largely unaccounted for in conventional parametric statistical methods, whereby measure-

ments of central tendency obfuscate or even eliminate the ability to assess individual effects of

drug challenge in healthy individuals, or in endogenous disorder states. Our results demon-

strate that a majority of individuals do not experience perceptual illusions, which support the

case for individual assessment of drug effects on perceptual illusions with non-parametric

score distribution analyses.

Secondly, our results failed to demonstrate significant associations between measures of

body ownership and self-representation, and measures of agency in healthy individuals admin-

istered NAB. This is contrary to literature that suggests that body ownership modulates agency

[35], but is consistent with literature that suggests otherwise [4]. It may be that alterations in

self-representations and agency are independently present in individuals undergoing NAB

challenge, but that they do not modulate one another.

Lastly, we established the presence of a unitary STBW for embodiment in the PHI, rather

than separate TBW/SBWs. From these findings, it is likely that observations of altered TBWs

or SBWs in the literature (following drug challenge, or in people with schizophrenia) instead

describe alterations in the spatial/temporal capacity of the unitary STBW.
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41. Koskinen J, Löhönen J, Koponen H, Isohanni M, Miettunen J. Rate of cannabis use disorders in clinical

samples of patients with schizophrenia: a meta-analysis. Schizophrenia bulletin. 2010; 36(6):1115–

30. https://doi.org/10.1093/schbul/sbp031 PMID: 19386576

42. Veen ND, Selten J-P, van der Tweel I, Feller WG, Hoek HW, Kahn RS. Cannabis use and age at onset

of schizophrenia. American Journal of Psychiatry. 2004; 161(3):501–6. https://doi.org/10.1176/appi.

ajp.161.3.501 PMID: 14992976

43. Zammit S, Allebeck P, Andreasson S, Lundberg I, Lewis G. Self reported cannabis use as a risk factor

for schizophrenia in Swedish conscripts of 1969: historical cohort study. Bmj. 2002; 325(7374):1199.

https://doi.org/10.1136/bmj.325.7374.1199 PMID: 12446534

44. Manrique-Garcia E, Zammit S, Dalman C, Hemmingsson T, Andreasson S, Allebeck P. Cannabis,

schizophrenia and other non-affective psychoses: 35 years of follow-up of a population-based cohort.

Psychological medicine. 2012; 42(6):1321–8. https://doi.org/10.1017/S0033291711002078 PMID:

21999906

45. Di Forti M, Quattrone D, Freeman TP, Tripoli G, Gayer-Anderson C, Quigley H, et al. The contribution

of cannabis use to variation in the incidence of psychotic disorder across Europe (EU-GEI): a multicen-

tre case-control study. The Lancet Psychiatry. 2019; 6(5):427–36. https://doi.org/10.1016/S2215-

0366(19)30048-3 PMID: 30902669

46. Hjorthøj C, Compton W, Starzer M, Nordholm D, Einstein E, Erlangsen A, et al. Association between

cannabis use disorder and schizophrenia stronger in young males than in females. Psychological

medicine. 2023:1–7. https://doi.org/10.1017/S0033291723000880 PMID: 37140715

47. Arseneault L, Cannon M, Poulton R, Murray R, Caspi A, Moffitt TE. Cannabis use in adolescence and

risk for adult psychosis: longitudinal prospective study. Bmj. 2002; 325(7374):1212–3. https://doi.org/

10.1136/bmj.325.7374.1212 PMID: 12446537

48. Health USDo Abuse HSS, Studies MHSAOoA. National Survey on Drug Use and Health, 2009. Inter-

university Consortium for Political and Social Research [distributor]; 2015.

49. Mueser KT, Yarnold P, Bellack A. Diagnostic and demographic correlates of substance abuse in

schizophrenia and major affective disorder. Acta Psychiatrica Scandinavica. 1992; 85(1):48–55.

https://doi.org/10.1111/j.1600-0447.1992.tb01441.x PMID: 1546548

50. Khantzian EJ. The self-medication hypothesis of addictive disorders: focus on heroin and cocaine

dependence. The cocaine crisis. 1987:65–74.

51. Archie S, Boydell KM, Stasiulis E, Volpe T, Gladstone BM. Reflections of young people who have had

a first episode of psychosis: what attracted them to use alcohol and illicit drugs? Early intervention in

psychiatry. 2013; 7(2):193–9. https://doi.org/10.1111/j.1751-7893.2012.00355.x PMID: 22404861

52. Hall W, Degenhardt L. Cannabis use and psychosis: a review of clinical and epidemiological evidence.

Australian & New Zealand Journal of Psychiatry. 2000; 34(1):26–34.
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between cannabis and psychosis: reasons for use and associated clinical variables. Psychiatry

research. 2015; 229(1–2):70–4. https://doi.org/10.1016/j.psychres.2015.07.070 PMID: 26235479

54. Bloomfield MA, Morgan CJ, Egerton A, Kapur S, Curran HV, Howes OD. Dopaminergic function in

cannabis users and its relationship to cannabis-induced psychotic symptoms. Biological psychiatry.

2014; 75(6):470–8. https://doi.org/10.1016/j.biopsych.2013.05.027 PMID: 23820822

55. Bhattacharyya S, Morrison PD, Fusar-Poli P, Martin-Santos R, Borgwardt S, Winton-Brown T, et al.

Opposite effects of Δ-9-tetrahydrocannabinol and cannabidiol on human brain function and psychopa-

thology. Neuropsychopharmacology. 2010; 35(3):764–74.

56. Boggs DL, Surti T, Gupta A, Gupta S, Niciu M, Pittman B, et al. The effects of cannabidiol (CBD) on

cognition and symptoms in outpatients with chronic schizophrenia a randomized placebo controlled

trial. Psychopharmacology (Berl). 2018; 235(7):1923–32. Epub 2018/04/06. https://doi.org/10.1007/

s00213-018-4885-9 PMID: 29619533.

PLOS ONE Multi-modal and bi-directional effects of Nabilone on spatio-temporal binding windows

PLOS ONE | https://doi.org/10.1371/journal.pone.0309614 September 9, 2024 28 / 31

https://doi.org/10.1093/schbul/sbp006
http://www.ncbi.nlm.nih.gov/pubmed/19325164
https://doi.org/10.1007/s00406-002-0366-5
http://www.ncbi.nlm.nih.gov/pubmed/12111342
https://doi.org/10.1093/schbul/sbp031
http://www.ncbi.nlm.nih.gov/pubmed/19386576
https://doi.org/10.1176/appi.ajp.161.3.501
https://doi.org/10.1176/appi.ajp.161.3.501
http://www.ncbi.nlm.nih.gov/pubmed/14992976
https://doi.org/10.1136/bmj.325.7374.1199
http://www.ncbi.nlm.nih.gov/pubmed/12446534
https://doi.org/10.1017/S0033291711002078
http://www.ncbi.nlm.nih.gov/pubmed/21999906
https://doi.org/10.1016/S2215-0366%2819%2930048-3
https://doi.org/10.1016/S2215-0366%2819%2930048-3
http://www.ncbi.nlm.nih.gov/pubmed/30902669
https://doi.org/10.1017/S0033291723000880
http://www.ncbi.nlm.nih.gov/pubmed/37140715
https://doi.org/10.1136/bmj.325.7374.1212
https://doi.org/10.1136/bmj.325.7374.1212
http://www.ncbi.nlm.nih.gov/pubmed/12446537
https://doi.org/10.1111/j.1600-0447.1992.tb01441.x
http://www.ncbi.nlm.nih.gov/pubmed/1546548
https://doi.org/10.1111/j.1751-7893.2012.00355.x
http://www.ncbi.nlm.nih.gov/pubmed/22404861
https://doi.org/10.1016/j.psychres.2015.07.070
http://www.ncbi.nlm.nih.gov/pubmed/26235479
https://doi.org/10.1016/j.biopsych.2013.05.027
http://www.ncbi.nlm.nih.gov/pubmed/23820822
https://doi.org/10.1007/s00213-018-4885-9
https://doi.org/10.1007/s00213-018-4885-9
http://www.ncbi.nlm.nih.gov/pubmed/29619533
https://doi.org/10.1371/journal.pone.0309614


57. Davies C, Bhattacharyya S. Cannabidiol as a potential treatment for psychosis. Therapeutic advances

in psychopharmacology. 2019; 9:2045125319881916. https://doi.org/10.1177/2045125319881916

PMID: 31741731

58. Huestis MA, Gorelick DA, Heishman SJ, Preston KL, Nelson RA, Moolchan ET, et al. Blockade of

effects of smoked marijuana by the CB1-selective cannabinoid receptor antagonist SR141716.

Archives of general psychiatry. 2001; 58(4):322–8. https://doi.org/10.1001/archpsyc.58.4.322 PMID:

11296091

59. Wise LE, Thorpe AJ, Lichtman AH. Hippocampal CB 1 receptors mediate the memory impairing

effects of Δ 9-tetrahydrocannabinol. Neuropsychopharmacology. 2009; 34(9):2072–80.

60. Herkenham M, Lynn AB, Little MD, Johnson MR, Melvin LS, De Costa BR, et al. Cannabinoid receptor

localization in brain. Proceedings of the national Academy of sciences. 1990; 87(5):1932–6. https://

doi.org/10.1073/pnas.87.5.1932 PMID: 2308954

61. Herkenham M, Lynn AB, Johnson MR, Melvin LS, de Costa BR, Rice KC. Characterization and locali-

zation of cannabinoid receptors in rat brain: a quantitative in vitro autoradiographic study. Journal of

Neuroscience. 1991; 11(2):563–83. https://doi.org/10.1523/JNEUROSCI.11-02-00563.1991 PMID:

1992016

62. Bossong MG, Jansma JM, van Hell HH, Jager G, Oudman E, Saliasi E, et al. Effects of δ9-tetrahydro-

cannabinol on human working memory function. Biological psychiatry. 2012; 71(8):693–9.

63. D’Souza DC, Perry E, MacDougall L, Ammerman Y, Cooper T, Wu Y-tet al. The psychotomimetic

effects of intravenous delta-9-tetrahydrocannabinol in healthy individuals: implications for psychosis.

Neuropsychopharmacology. 2004; 29(8):1558–72. https://doi.org/10.1038/sj.npp.1300496 PMID:

15173844

64. Emrich HM, Leweke FM, Schneider U. Towards a cannabinoid hypothesis of schizophrenia: cognitive

impairments due to dysregulation of the endogenous cannabinoid system. Pharmacology Biochemis-

try and Behavior. 1997; 56(4):803–7. https://doi.org/10.1016/s0091-3057(96)00426-1 PMID: 9130308

65. Solowij N, Michie PT. Cannabis and cognitive dysfunction: parallels with endophenotypes of schizo-

phrenia? Journal of Psychiatry & Neuroscience. 2007. PMID: 17245472

66. D’Souza DC, Abi-Saab WM, Madonick S, Forselius-Bielen K, Doersch A, Braley G, et al. Delta-9-tetra-

hydrocannabinol effects in schizophrenia: implications for cognition, psychosis, and addiction. Biologi-

cal psychiatry. 2005; 57(6):594–608. https://doi.org/10.1016/j.biopsych.2004.12.006 PMID: 15780846

67. Knudsen P, Vilmar T. Cannabis and neuroleptic agents in schizophrenia. Acta Psychiatrica Scandina-

vica. 1984; 69(2):162–74. https://doi.org/10.1111/j.1600-0447.1984.tb02482.x PMID: 6142585

68. Negrete JC, Knapp WP, Douglas DE, Smith WB. Cannabis affects the severity of schizophrenic symp-

toms: results of a clinical survey. Psychological medicine. 1986; 16(3):515–20. https://doi.org/10.

1017/s0033291700010278 PMID: 3489951

69. Schwarcz G, Karajgi B, McCarthy R. Synthetic Δ-9-tetrahydrocannabinol (dronabinol) can improve the

symptoms of schizophrenia. Journal of clinical psychopharmacology. 2009; 29(3):255–8.

70. Preedy VR. Handbook of cannabis and related pathologies: Biology, pharmacology, diagnosis, and

treatment: Academic Press; 2016.

71. Bedi G, Cooper ZD, Haney M. Subjective, cognitive and cardiovascular dose-effect profile of nabilone

and dronabinol in marijuana smokers. Addict Biol. 2013; 18(5):872–81. Epub 2012/01/21. https://doi.

org/10.1111/j.1369-1600.2011.00427.x PMID: 22260337; PubMed Central PMCID: PMC3335956.

72. Lile JA, Kelly TH, Hays LR. Separate and combined effects of the cannabinoid agonists nabilone and

Δ9-THC in humans discriminating Δ9-THC. Drug and alcohol dependence. 2011; 116(1–3):86–92.

73. Stark P, Dews P. Cannabinoids. I. Behavioral effects. Journal of Pharmacology and Experimental

Therapeutics. 1980; 214(1):124–30. PMID: 6771386

74. Stark P, Dews P. Cannabinoids. II. Cardiovascular effects. Journal of Pharmacology and Experimental

Therapeutics. 1980; 214(1):131–8. PMID: 6771387

75. Lile JA, Kelly TH, Hays LR. Substitution profile of the cannabinoid agonist nabilone in human subjects

discriminating δ9-tetrahydrocannabinol. Clinical neuropharmacology. 2010; 33(5):235–42.

76. Longo MR, Schuur F, Kammers MP, Tsakiris M, Haggard P. What is embodiment? A psychometric

approach. Cognition. 2008; 107(3):978–98. Epub 2008/02/12. https://doi.org/10.1016/j.cognition.

2007.12.004 PMID: 18262508.

77. Cohen J. Statistical power analysis for the behavioral sciences: Routledge; 2013.

78. Węglarczyk S, editor Kernel density estimation and its application. ITM Web of Conferences; 2018:

EDP Sciences.

79. Corder GW, Foreman DI. Nonparametric statistics for non-statisticians. John Wiley & Sons, Inc.;

2011.

PLOS ONE Multi-modal and bi-directional effects of Nabilone on spatio-temporal binding windows

PLOS ONE | https://doi.org/10.1371/journal.pone.0309614 September 9, 2024 29 / 31

https://doi.org/10.1177/2045125319881916
http://www.ncbi.nlm.nih.gov/pubmed/31741731
https://doi.org/10.1001/archpsyc.58.4.322
http://www.ncbi.nlm.nih.gov/pubmed/11296091
https://doi.org/10.1073/pnas.87.5.1932
https://doi.org/10.1073/pnas.87.5.1932
http://www.ncbi.nlm.nih.gov/pubmed/2308954
https://doi.org/10.1523/JNEUROSCI.11-02-00563.1991
http://www.ncbi.nlm.nih.gov/pubmed/1992016
https://doi.org/10.1038/sj.npp.1300496
http://www.ncbi.nlm.nih.gov/pubmed/15173844
https://doi.org/10.1016/s0091-3057%2896%2900426-1
http://www.ncbi.nlm.nih.gov/pubmed/9130308
http://www.ncbi.nlm.nih.gov/pubmed/17245472
https://doi.org/10.1016/j.biopsych.2004.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15780846
https://doi.org/10.1111/j.1600-0447.1984.tb02482.x
http://www.ncbi.nlm.nih.gov/pubmed/6142585
https://doi.org/10.1017/s0033291700010278
https://doi.org/10.1017/s0033291700010278
http://www.ncbi.nlm.nih.gov/pubmed/3489951
https://doi.org/10.1111/j.1369-1600.2011.00427.x
https://doi.org/10.1111/j.1369-1600.2011.00427.x
http://www.ncbi.nlm.nih.gov/pubmed/22260337
http://www.ncbi.nlm.nih.gov/pubmed/6771386
http://www.ncbi.nlm.nih.gov/pubmed/6771387
https://doi.org/10.1016/j.cognition.2007.12.004
https://doi.org/10.1016/j.cognition.2007.12.004
http://www.ncbi.nlm.nih.gov/pubmed/18262508
https://doi.org/10.1371/journal.pone.0309614


80. Hopkins S, Dettori JR, Chapman JR. Parametric and nonparametric tests in spine research: Why do

they matter? Global spine journal. 2018; 8(6):652–4. https://doi.org/10.1177/2192568218782679

PMID: 30202720

81. Fregni F, Lopes F, Matsubayashi SR. Non-Parametric Statistical Tests. In: Suemoto CK, Lee C, Fregni

F, Fregni F, Illigens BMW, editors. Critical Thinking in Clinical Research: Applied Theory and Practice

Using Case Studies: Oxford University Press; 2018. p. 0.

82. Turner R, Samaranayaka A, Cameron C. Parametric vs nonparametric statistical methods: which is

better, and why? New Zealand Medical Student Journal. 2020;(30):61–2.

83. Hauke J, Kossowski T. Comparison of values of Pearson’s and Spearman’s correlation coefficients on

the same sets of data. Quaestiones geographicae. 2011; 30(2):87–93.

84. Schober P, Boer C, Schwarte LA. Correlation coefficients: appropriate use and interpretation. Anes-

thesia & analgesia. 2018; 126(5):1763–8. https://doi.org/10.1213/ANE.0000000000002864 PMID:

29481436

85. Lubow RE. Latent inhibition. Psychological bulletin. 1973; 79(6):398. https://doi.org/10.1037/

h0034425 PMID: 4575029
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