
927

Schizophrenia Bulletin vol. 47 no. 4 pp. 927–937, 2021 
doi:10.1093/schbul/sbab024
Advance Access publication 12 April 2021

© The Author(s) 2021. Published by Oxford University Press on behalf  of the Maryland Psychiatric Research Center.
All rights reserved. For permissions, please email: journals.permissions@oup.com

Altered Peripersonal Space and the Bodily Self in Schizophrenia: A Virtual 
Reality Study

Hyeon-Seung Lee1, Seok-Jin J. Hong1, Tatiana Baxter1, Jason Scott1, Sunil Shenoy1, Lauren Buck2, 
Bobby Bodenheimer2, and Sohee Park*,1

1Department of  Psychology, Vanderbilt University, Nashville, TN, USA; 2School of  Engineering, Vanderbilt University, 
Nashville, TN, USA

*To whom correspondence should be addressed; Wilson Hall 213, Nashville, TN 37240, USA; tel: +1-615-322-3435, e-mail: sohee.park@
vanderbilt.edu

Self-disturbances such as an anomalous perception of one’s 
own body boundary are central to the phenomenology of 
schizophrenia (SZ), but measuring the spatial parameters 
of the hypothesized self–other boundary has proved to be 
challenging. Peripersonal space (PPS) refers to the imme-
diate zone surrounding the body where the self interacts 
physically with the environment; the space that corresponds 
to hypothesized self–other boundary. PPS is represented by 
enhanced multisensory integration and faster reaction time 
(RT) for objects near the body. Thus, multisensory RT tasks 
can be used to estimate self–other boundary. We aimed 
to quantify PPS in SZ using an immersive virtual reality 
visuotactile RT paradigm. Twenty-four participants with 
SZ and 24 demographically matched controls (CO) were 
asked to detect tactile vibration while watching a ball ap-
proaching them, thrown by either a machine (nonsocial con-
dition) or an avatar (social condition). Parameters of PPS 
were estimated from the midpoint of the spatial range where 
the tactile RT decreased most rapidly (size) and the gradient 
of the RT change at this midpoint (slope). Overall, PPS was 
smaller in participants with SZ compared with CO. PPS 
slope for participants with SZ was shallower than CO in the 
social but not in nonsocial condition, indicating an increased 
uncertainty of self–other boundary across an extended zone 
in SZ. Social condition also increased false alarms for tac-
tile detection in SZ. Clinical symptoms were not clearly as-
sociated with PPS parameters. These findings suggest the 
context-dependent nature of weakened body boundary in 
SZ and underscore the importance of reconciliating objec-
tive and subjective aspects of self-disturbances.

Key words:   self-disturbance/multisensory processing/ 
social distance/self–other distinction

Introduction

Weakened or porous sense of self is a fundamental fea-
ture of schizophrenia (SZ).1–3 First-person accounts4,5 and 
empirical evidence2,6,7 suggest that blurred self–other dif-
ferentiation and an unstable sense of bodily self in SZ are 
phenomenologically salient and interfere with social func-
tioning.2,3,8,9 For adaptive interpersonal interactions to 
occur, it is necessary to have a tacit understanding of one’s 
own body as a unified entity with fixed boundaries that 
allows one to distinguish self from other. Yet, despite the 
importance of bodily self-disturbance and its negative im-
pact on social outcome, parameters of self-other boundary 
have not been extensively examined. Disrupted self–other 
distinction may be understood as the manifestation of ab-
normal representation of the body in relation to the regions 
of space that mark the perceptual border between self and 
others.3,10–14 This buffer zone that immediately surrounds 
the body is known as the peripersonal space (PPS) where 
the physical interaction between the self and objects in 
the environment occurs.7,15,16 To achieve the everyday mir-
acle of moving through the world without colliding with 
objects or people while protecting ourselves from poten-
tial harm, the brain continuously integrates multisensory 
exteroceptive and proprioceptive signals to predict the 
self-location with respect to the environment.17,18,19,20 This 
ability to estimate the PPS, the buffer zone between self  
and other, is closely related to our capacity for self–other 
distinction.21,22 Importantly, our experience of direct phys-
ical contact with objects including social agents occurs in 
the PPS.23–25 Thus, PPS is the core spatial component of 
self-consciousness that allows us to act upon the world and 
represents a protective zone such that when PPS bound-
aries are breached, alarm signals may be triggered.19
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Neurophysiological studies of  nonhuman primates 
indicate that PPS is encoded by multisensory neurons 
in the ventral premotor26–28 and the posterior parietal 
cortex.29,30 In humans, PPS-related multisensory proc-
essing is associated with the frontoparietal cortical net-
work.31–34 Multisensory neurons integrate inputs from 
tactile stimulation of specific parts of  the body (eg, hand, 
face, or abdomen) with auditory or visual stimuli when 
they are presented close to the same body part. Thus, the 
estimated size of  the PPS is thought to be directly related 
to the receptive fields of  these multisensory neurons.32 
These neurons do not respond when the exteroceptive 
stimuli are presented far away from the PPS.24,35–37 Thus, 
it is possible to infer the limits of  the self-space from the 
firing patterns of  these neurons in frontoparietal regions. 
In other words, spatially sensitive coding represents the 
PPS in the brain.24,28,35

Within the PPS, auditory, visual, and tactile integra-
tion occurs much faster than in the extrapersonal space. 
Therefore, adaptive facilitation of multisensory integra-
tion that occurs within the PPS boundary can be lev-
eraged to measure the extent of the PPS.31–33 A  typical 
multisensory method to estimate the PPS involves asking 
participants to detect a tactile stimulation (eg, vibration) 
on a specific body part while a task-irrelevant auditory 
or visual stimulus is presented as approaching the partic-
ipant. Tactile reaction time (RT) drops sharply when the 
stimulus is perceived to be near the body (ie, entering the 

PPS) due to the facilitation of multisensory integration 
within the PPS. This RT facilitation is optimally fitted to 
a sigmoidal function, and the size (ie, central point) and 
shape (ie, slope) of the PPS can be estimated from the sig-
moid function by identifying the inflection point where 
multisensory facilitation occurs32,38,39 (figure 1). This ap-
proach, grounded in neurophysiology, offers an implicit 
route to quantify self–other boundary by estimating the 
parameters of PPS from low-level multisensory-motor 
input. Importantly, the size and the slope of the PPS are 
malleable, depending on the types of environment or in-
teraction. Modification of the PPS has been observed 
with respect to anxiety40 and interoceptive accuracy,41 as 
well as the types of interaction.33,35,36,42–45

The existing literature on the PPS of SZ based on the 
multisensory approach described above is sparse. An 
auditory-tactile RT study using dynamic approaching 
sounds and tactile vibration found contracted PPS and 
a steeper gradient of slope in individuals with SZ com-
pared with controls (CO).46 In contrast, a visuotactile 
RT task using LED lights and tactile vibration found no 
group difference in PPS parameters.47 These divergent 
outcomes might stem from the differences in the sensory 
modality of the tasks but how auditory vs visual inputs 
lead to these discrepancies remains to be understood.

Space surrounding the self  has also been investigated 
with social cognitive paradigms such as the stop-distance 
task that explicitly requires participants to indicate 

Fig. 1.  Estimating PPS from the sigmoidal fitting of visuotactile RTs. (a) Sigmoidal fitting of the mean tactile RTs. The mean RTs are 
represented by 5 black dots. The blue line represents the sigmoidal function fitted to data. The dotted line represents the slope and the 
dashed line represents the central point. (b) Schematic representation of the PPS sizes (xc) from small (blue) to large (red). (c) Schematic 
representation of the PPS slopes (b) ranging from shallow (blue) to steep (red). PPS, peripersonal space; RT, reaction time.
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preferred interpersonal distance when another person 
approaches them.48–50 Interpersonal distance increases 
under threat and decreases in friendly interactions. Stop-
distance studies indicate increased preferred interper-
sonal distance in SZ51–56 and this effect is associated with 
negative symptoms.53,55,57 Moreover, increased variability 
of social distance judgment is associated with disorgan-
ized symptoms of SZ.58

Seemingly inconsistent findings in the literature may 
stem from differences in how self–other boundary is con-
ceptualized and measured. Differences in the sensory 
modality of the approaching stimuli (eg, auditory vs 
visual) or task demands (eg, sensory RT vs social deci-
sion-making) may tap into different aspects of the spa-
tial self. Clearly defined PPS is essential for making fast, 
adaptive decisions to approach or withdraw (ie, expand 
or contract protective space).25 The plasticity of the PPS 
in response to fast changes in the environment helps pro-
tect the self  as we go about our daily lives.42 The inter-
personal distance regulation as assessed by stop-distance 
paradigms depends upon multiple factors including past 
experiences, personality traits, culture, and social–emo-
tional factors.59 Larger preferred social distance in SZ53 
may be driven by differential effects of social stressors 
or social stimuli on individuals with SZ compared with 
CO.60–63

Clinical relevance of  preferred interpersonal distance 
to SZ is easy to grasp. A larger social distance between 
self  and others may indicate discomfort and anxiety.53 
Indeed, preference for greater physical distance from 
others is associated with poor social functioning and 
negative symptoms in SZ.53,55 Positive symptoms such as 
paranoia could also play a role in interpersonal distance 
regulation but effects of  paranoia are nuanced. Preferred 
interpersonal distance increases under paranoid threat 
but decreases when one experiences paranoid power 
through grandiose delusions.64 In both cases, altered in-
terpersonal space is nevertheless associated with social 
difficulties, which could lead to isolation. In turn, per-
ceived social isolation has been implicated in bodily self-
aberrations10,65,66 and related psychotic symptoms.45,63,65,67

Clinical and social relevance of multisensory-motor 
PPS is also significant. The PPS can be conceptualized 
as a buffer zone that allows us to avoid collisions with 
external objects and agents as we move through the en-
vironment.25,42 When external objects or people breach 
this protective zone, alarm signals are thought to be gen-
erated to protect the body. Faulty PPS estimation could 
lead to unwanted contact with the world and contribute 
to a heightened perception of threat. Moreover, unclear 
self–other boundary could interfere with the capacity to 
respond adaptively to approaching agents or objects by 
over-estimating or under-estimating the self–other dis-
tance. Over time, such difficulties with distinguishing self  
from other in space are likely to play an important role in 
social outcome.3,68

In this study, we examined the nature of self–other 
boundary alterations in SZ by estimating the size and the 
shape of PPS with a visuotactile RT task.22 By simulating 
the social and nonsocial environment in virtual reality 
(VR), we also sought to elucidate the potential impact of 
social agents on PPS. A recent study that used a nonsocial 
visuotactile RT paradigm reported comparable PPS for 
individuals with SZ and CO.47 Accordingly, we expected 
similar PPS parameters for individuals with SZ and CO 
when they interact with objects. However, we expected a 
group difference between individuals with SZ and CO in 
PPS to emerge under a simulated interpersonal condi-
tion. Lastly, we explored the relationship between clinical 
and psychological variables and PPS.

Methods

Participants

Twenty-four participants with SZ were recruited from 
a community mental health center in Nashville, United 
States. All were taking antipsychotic medication. Twenty-
five age-matched CO were recruited from the Nashville 
area. The Structured Clinical Interview for DSM-569 was 
administered to verify the diagnosis of SZ and to confirm 
that CO had no history of DSM-5 disorders. Exclusion 
criteria for both groups were history of head injury or 
seizures, neurological diseases, substance use or abuse, 
and IQ level below 85. All participants provided written 
informed consent and were paid, as approved by the 
Vanderbilt Institutional Review Board. Demographic 
and clinical information is summarized in table 1.

Clinical and Psychological Assessments

The Brief  Psychiatric Rating Scale72 and the Scales for 
the Assessment of Positive Symptoms (SAPS)73 and 
Negative Symptoms (SANS)74 were conducted to assess 
the severity of symptoms in SZ. Schizotypal Personality 
Questionnaire75 was administered to assess schizotypy in 
CO. Revised version of Green Paranoid Thought Scale 
(R-GPTS)74 was administered to all participants to as-
sess ideas of reference and persecution.77 Lifetime self-
disturbances were assessed with the Body Disturbance 
Inventory (BODI),65 which yields frequency, distress, 
and vividness scores of bodily disturbances. The UCLA 
Loneliness Scale78 was used to measure perceived social 
isolation. Intelligence was estimated using the North 
American Adult Reading Test—revised.70

Procedure for the PPS Experiment

A well-established visuotactile RT task43 was administered 
in immersive VR to incorporate the visual context of so-
cial interactions. After informed consent and psycholog-
ical assessments, participants were given instructions for 
the PPS experiment. Before starting the task, participants 
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stood at the center of the room (marked on the floor by red 
tape) and put VR tracker devices on their heads, bodies, 
and feet. The Steam VR software (Valve Corporation) 
was run to check the signal strength on all 8 sensors (ie, 
the headset: HTC Vive, 2160  × 1200, 1080  × 1200 per 
eye, FOV 110° diagonally; the belt, 2 handheld control-
lers, both shoes, and 2 base station cameras). Participants 
were asked to press a trigger on one handheld controller 
to be calibrated to the self-avatar (Orion-IKINEMA) to 
achieve full immersion in the VR environment, and famil-
iarized themselves. They were instructed to stand at the 
red tape at the center of the VR environment during the 
PPS task to fix the self-location. Presentation of stimuli 
and recording of responses were implemented by Unity. 
After practice trials, the experiment began.

At each trial, participants were asked to respond as 
quickly as possible to tactile stimulation (vibration) on 
their hands while watching a ball approaching them. 
The ball was thrown at them either by a ball launcher 
(nonsocial condition) or an avatar (social condition). The 
ball always approached the participant at 75 cm/s, which 
approximates the average human walking speed.31 The 
duration of the ball’s complete trajectory was 2600  ms 
and the distance between the participant and the ball 
launcher or avatar was fixed at 2 m in VR. After each trial, 
the screen cleared and there was a 2000 ms fixation time.

Tactile vibrations were delivered when the ball was at 
one of 5 distances in a randomized order: 0.3 m (D1), 0.6 
m (D2), 1 m (D3), 1.3 m (D4), or 1.6 m (D5). Participants 
responded to the tactile vibration by pulling the trigger. In 

contrast to the previous study43 in which the ball continued 
moving even after reaching the participant, in this study, 
the ball disappeared immediately when the participant 
pulled the trigger. If participants pulled the trigger before 
the vibration, it was recorded as a commission error (false 
alarm). There were 100 trials (50 trials per condition). The 
order of the presentation of conditions was counterbal-
anced (see figure 2 for the material and procedures).

Estimation of PPS Parameters

Mean RT to tactile stimulation was collected at different 
distances (D1–D5). The RT data were optimally fitted to 
a sigmoidal function31,43,46,79 following the equation,

y (x) =
ymin + ymax × e(x−xc)/b

1 + e(x−xc)/b

x represents the distance at which the vibration was 
delivered (ie, independent variable). y represents the pre-
dicted RT (ie, dependent variable). The ymin and ymax values 
were assigned a priori as parameters denoting the min-
imum and maximum RT of each individual dataset, re-
spectively, and saturated at the lower and upper bounds 
of the sigmoidal function.31,43,46 xc is the value of the 
abscissa where

y =
(ymin + ymax)

2

Table 1.  Demographic and Clinical Information

SZ (n = 24) CO (n = 24)

Test P valueMean (SD) Mean (SD)

Demographic
  Age (years) 48.42 (9.24) 47.96 (9.38) t = 0.17 .87
  Gender M/F 13/11 11/13 χ 2 = 0.33 .56
  Education (years) 12.83 (1.71) 15.83 (2.04) t = −5.53 <.01
Cognitive
  IQ (NART) 103.13 (8.00) 111.16 (8.48) t = −3.37 <.01
Clinical
  Years of illness 27.04 (9.70)   
  No. of hospitalization 11.50 (21.92)   
  CPZ equivalent dose 311.31 (209.54) N/A  
  BPRS 18.83 (11.12)   
  SAPS 36.29 (13.64)   
  SANS 22.67 (19.37)   
  SPQ    
    Total  10.75 (11.44) N/A
    Positive  4.25 (5.72)  
    Negative N/A 5.50 (5.70)  
    Disorganized  2.21 (2.69)  

Note: NART, North American Adult Reading Test70; CPZ, chlorpromazine equivalent dose (mg/day)71; BPRS, Brief  Psychiatric Rating 
Scale72; SAPS, Scale for the Assessment of Positive Symptoms73; SANS, Scale for the Assessment of Negative Symptoms74; SPQ, Schizo-
typal Personality Questionnaire.75; SZ, participants with schizophrenia.
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which is equivalent to the central point of  the sigmoid; 
this allows us to estimate the PPS size.32,79 The gradient 
of  the PPS slope at xc is represented by b, capturing the 
multisensory facilitation effect in RTs; this estimate is 
a measure of  the (un)certainty of  the PPS boundary.12 
Note that the slope estimate (b) is inverted in the for-
mula; a larger b value represents a shallower (ie, fuzzier 
or diffuse) PPS boundary and vice versa. Both xc and 
b are not fixed; they change with the shape of  the sig-
moid (see figure 1 and supplementary material for fur-
ther details).

Data Analysis

Participants sometimes made anticipatory responses 
(pressing the trigger before the vibration presentation). 
These trials were not included in the mean RTs for com-
puting PPS parameters but instead, we classified them as 
false alarms or commission errors. Commission errors 
were defined as the % of the trials where participants 
pressed the trigger before the vibration was presented. 
Multivariate analysis of variance (MANOVA) was con-
ducted to test for group differences in commission errors 
and the effect of social vs nonsocial conditions.

MANOVA was also conducted to compare PPS param-
eters (ie, the central point, xc; and the slope, b, respec-
tively) between groups and conditions. After examining 
the main effects and interactions, Tukey’s post hoc tests 

were conducted. Correlations were computed to explore 
relationships between PPS estimates and clinical or psy-
chological variables. False discovery corrected alpha (P < 
.05) was applied to minimize Type I errors.80 All analyses 
were conducted using SPSS 23.0.

Results

Data from one CO were excluded because of the very low 
goodness of fit (R2 < 0.3; see supplementary material for 
the computation of R2) resulting in a dataset of 24 par-
ticipants with SZ and 24 CO. For further details, please 
refer to supplementary tables 1–7.

Commission Errors

There was a significant main effect of diagnosis (F1, 46 =  
3.95, P < .05) with increased false alarm rate in parti-
cipants with SZ than CO regardless of condition (sup-
plementary figure  1). There was no main effect of the 
condition (F1, 46 = 0.33, P = .57) but there was a significant 
diagnosis-by-condition interaction (F1, 46 = 4.20, P = .04). 
Contrast analyses showed an elevated commission error 
rate in participants with SZ (M = 6.67%, SD = 7.61) com-
pared with that in CO (M = 2.33%, SD = 4.57) for the 
social (F1, 46 = 6.95, P = .011) condition but there was no 
group difference in the nonsocial condition (F1, 46 = 0.01, 
P = .91.

Fig. 2.  The visuotactile RT task in VR: stimuli and procedure. (a) PPS experiment setup (left) and what the participant sees in VR 
(upper-right for the non-social condition, and lower-right for the social condition). (b) Overview of the experimental procedure. (c) 
VR environment for the non-social condition. The participant stands at the red line. (d) VR environment for the social condition. The 
participant stands at the red line. PPS, peripersonal space; RT, reaction time; VR, virtual reality.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab024#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab024#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab024#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab024#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab024#supplementary-data
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Computation of PPS Variables From Tactile RTs

PPS Central Point (xc) and Shallowness (b) 
Estimates.  We computed the central point (xc) and 
slope (b) for participants with SZ and CO for both social 
and nonsocial conditions. Figure 3 displays the PPS size 
and slope in participants with SZ and CO for both con-
ditions. Larger xc indicates larger PPS size, while larger b 
indicates shallower PPS slope.
Size of the PPS (Central Point, xc).  There was a signif-
icant main effect of diagnosis (F1, 46 = 4.82, P = .03); PPS 
size was smaller in participants with SZ than in CO overall. 
There was no main effect of condition (F1, 46 = 0.40, P = .53) 
or diagnosis-by-condition interaction (F1, 46 = 0.20, P = .66). 
Although the diagnosis-by-condition interaction was not 
significant, PPS size in participants with SZ (M = 1.04 m, 
SD = 0.16) was significantly smaller than CO (M = 1.15 m, 
SD = 0.15) in the social condition (F1, 46 = 5.90, P = .019) 
but not in the nonsocial condition (F1, 46 = 1.67, P = .20).
Gradient of the PPS Slope (b).  There was no main effect of 
diagnosis (F1, 46 = 0.42, P = .52). The main effect of condi-
tion (F1, 46 = 9.29, P = .004) and the diagnosis-by-condition 
interaction (F1, 46 = 6.02, P = .018) were significant. The 

b was similar across the group in the nonsocial condition 
(F1, 46 = 1.16, P = .29) but the group difference was signifi-
cant in the social condition (F1, 46 = 4.29, P = .04) with the 
mean b values of 0.22 (SD = 0.09) for participants with 
SZ and 0.16 (SD = 0.10) for CO.

Relationships Among PPS, Symptoms, and 
Psychological Measures

All correlations were corrected for false discovery.77 PPS 
parameters were not significantly correlated with overall 
clinical symptoms in SZ or schizotypy in CO (supplemen-
tary material) except for a significant association of hal-
lucination subscore of SAPS and PPS slope in the social 
condition, such that steeper gradient was associated with 
the severity of hallucinations (r = −0.47, P = .02).

Participants with SZ scored higher than CO on 
BODI (t = 2.28, P =  .03), GPTS-r (t = 5.70, P < .01), 
and Loneliness (t = 2.47, P = .02). But PPS parameters 
were not associated with overall BODI, GPTS-r, or 
Loneliness scores (supplementary material). However, 
in the nonsocial condition, PPS size of participants with 

Fig. 3.  PPS size and slope estimates for SZ and CO groups. Error bar: ±SE (standard error). (a) Fitted RT data for the nonsocial 
condition. xc for CO (black dashed line) > xc for SZ (blue dashed line). (b) Fitted RT data for the social condition. The difference 
between xc for CO (black dashed line) and xc for SZ (blue dashed line) is larger than in the nonsocial condition. The slope at xc for 
SZ is flatter than that for CO. (c) Group difference in xc is significant for the social condition but not for the nonsocial condition. (d) 
Shallowness of the slope is represented by b at xc. PPS slope is shallower for SZ than CO in the social condition. Note that the b is 
inverted in the sigmoidal function. PPS, peripersonal space; RT, reaction time; SZ, participants with schizophrenia; CO, controls.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab024#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab024#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab024#supplementary-data
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SZ was associated with increased loneliness (r = −0.46, 
P = .03) and negative symptoms (r = −0.51, P < .01).

Discussion

We investigated spatial aspects of the self  to further un-
derstand the nature of self-disturbances in SZ. The con-
cept of PPS allows for a systematic investigation of the 
self–other boundary in relation to social contexts. The 
present study utilized a visuotactile task in immersive VR 
to estimate the size and slope of the PPS, associated with 
the extent of the uncertainty of the self–other boundary.

The PPS size was contracted in individuals with 
SZ overall. Thus, the border between the self  and the 
extrapersonal space seems to be pulled closer toward the 
body in individuals with SZ than in CO. Smaller size of the 
PPS in individuals with SZ is consistent with the reports 
of contracted PPS from an audio-tactile RT study46 and 
reduced personal space in a VR-based social interaction 
experiment81 but somewhat inconsistent with the findings 
of a recent study that used a nonsocial visuotactile task 
and found no group differences in the PPS size.47 The 
latter study used an array of LED lights to induce an illu-
sion of an approaching or receding stimulus (ie, apparent 
motion), whereas our current experiment simulated an 
immersive experience of interacting with the environ-
ment. It is interesting that under more ecologically valid 
simulation conditions individuals with SZ showed altered 
PPS whereas under a laboratory environment devoid of 
any social context,47 there was no group difference in PPS 
parameters. However, further research is needed to disen-
tangle the effects of task conditions.

Given the importance of social context in self-processing, 
and based on past findings,12,82 we expected the PPS variables 
to change in response to a social agent. We observed a shal-
lower PPS slope in individuals with SZ compared with CO 
only in the social condition, which indicates a broader zone 
of uncertainty where the self–other boundary is ambiguous 
in individuals with SZ (figure 4). A shallower gradient of 
PPS from self to other is consistent with a weakened, dif-
fuse, and more variable representation of the bodily self.12 
Furthermore, shallower PPS slope in the social condition, 
which implies an extended zone of ill-defined self–other 
border, is consistent with the proneness to keep others at bay 
as a safety strategy, as documented by studies of preferred 
interpersonal distance in individuals with SZ.53,55

In contrast to our results, Di Cosmo et  al46 found 
a steeper PPS slope in individuals with SZ using an 
auditory-tactile RT task. A steeper slope suggests a faster 
transition from self-space to the external world and a clear 
self–other boundary in individuals with SZ, at least in the 
auditory modality. Well-defined self–other boundary in 
the auditory domain may be interpreted in the context of 
auditory hallucinations. Auditory hallucinations are asso-
ciated with the tendency toward attributing and locating 
self-generated experiences to extrapersonal space (ie, 

beyond PPS). It is possible that repeated experience of au-
ditory hallucination may help define the PPS because the 
“voices” provide spatial cues as to where the self-boundary 
is. Although Di Cosmo et al46 did not examine the impact 
of hallucination of auditory-tactile PPS in their study, our 
results, albeit preliminary, hint at this possibility.

Psychotic symptoms, such as hallucinations, have been pro-
posed to stem from multisensory perceptual incoherence13,83 
but what is the nature of the relationship between hallucin-
ations and PPS? In healthy participants, transient sensory 
deprivation results in a shallower PPS slope and an increased 
tendency to report hallucination or self-disorganization.84 
Thus, temporary induction of a fuzzy self–other boundary 
increases the likelihood of experiencing “felt presence” or 
attributing self-generated actions to “other” in healthy par-
ticipants. In contrast, within the SZ group, we found an 
association of steeper PPS slope with increased severity of 
hallucinations. Thus, in chronic SZ, felt presence or auditory 
hallucinations might serve to define and sharpen the self–
other boundary because “voices” and felt presence are per-
ceived to belong to the “other” located in the extrapersonal 
space. In other words, self–other border may be experienced 
more clearly when voices or felt presence as social agents 
provide spatial cues to define “others.” However, this con-
jecture has not been empirically tested. Future studies are 
needed to disentangle the complex relationships among self-
disturbances, social behavior, and clinical syndromes.

Beyond hallucinations, PPS slope and size were not as-
sociated with the overall severity of clinical symptoms as 
assessed by SANS and SAPS. This lack of relationship 
may be partly due to the long illness duration of our par-
ticipants. Self-disturbances are clearly evident in the prod-
romal phase and predict future psychosis2,3,45,68,85 as well as 
functional outcome,8,86–89 but with increasing chronicity, 
the potential association between self-disturbances and 
DSM-based clinical symptoms may weaken. If clinical 
symptoms fluctuate over time but self-disturbances remain 
stable, correlations between the symptoms and PPS would 
also wax and wane. Furthermore, people acquire adaptive 
coping skills over time that help mitigate the negative im-
pact of hallucinations90 and self-disturbances.3,68 Thus, 
while bodily self-disturbances may be present throughout 
the course of illness, many learn to live with these experi-
ences. Therefore, it may be important to examine PPS 
across all phases of SZ to elucidate the relationships among 
symptom severity, coping skills, and self-disturbance.

Lastly, the importance of social context was observed in 
the patterns of commission errors. Social condition tended to 
elicit more commission errors in individuals with SZ compared 
with CO. As the virtual ball approaches, the participant’s an-
ticipation of possible contact22,91 may elicit a preparatory re-
action (eg, attempting to catch the ball).42,92–95 The presence 
of a social “other” (especially a stranger) who throws an ob-
ject into the protective zone of PPS might trigger an expecta-
tion of negative consequences of physical contact and thus 
increase the likelihood of anticipatory false alarms.19,84,96
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There are caveats. First, the adjustment of RT using 
baseline performance was not applied in our study. Some 
investigators measure baseline RTs from unimodal trials 
to account for the facilitation effect from multisensory 
processing and the temporal expectancy effect.22,43,97 
However, to reduce the temporal expectancy effect, we 
made the ball disappear immediately after the partici-
pant responded to the vibration, and we counted all pre-
vibration responses (false alarms) as commission errors. 
In future studies, both approaches could be applied. 
Second, our social condition was rudimentary, consisting 
of an athletic male avatar throwing a ball at the partic-
ipant. Richer representation of interactional partners 
and scenarios in VR could help elucidate the flexibility 
of PPS in response to social situations. Third, qualitative 

and phenomenological measures were beyond the scope 
of this study, but future studies should strive to integrate 
the subjective and objective aspects of self-disturbances. 
Nevertheless, our findings of altered PPS representation 
in SZ are consistent with the broader literature bridging 
the gap between incoherent multisensory processing and 
self-disturbances.3,13,83,98–100

To summarize, we simulated social and nonsocial en-
vironment in immersive VR to investigate the size and 
the shape of the self–other boundary in individuals with 
SZ. PPS was plastic and responsive to the nature of the 
interactional environment. The size of the PPS was con-
tracted in individuals with SZ overall, but the behavioral 
and clinical implications of reduced PPS size remain to 
be fully elucidated. Individuals with SZ also experienced 

Fig. 4.  Schematic representation of PPS in individuals with schizophrenia. Ellipses or circles around the body represent the size of 
the PPS along the x-axis. The gradient of the PPS slope is represented by shading along the y-axis. Darker shades correspond to 
steeper slopes and more distinct self–other boundary. Lighter shades correspond to shallower gradient from self  to other (fuzzier 
self–other boundary). CO participants are placed at the center of the figure. Small PPS size (xc) and shallow slope (b) of the SZ group 
are represented at the top left. This figure may be used to visualize hypothesized PPS for other neuropsychiatric conditions associated 
with anomalous self–other boundary, such as autism (eg, small size and steep gradient of the slope). PPS, peripersonal space; SZ, 
schizophrenia; CO, controls.
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increased uncertainty of the extent of the self–other 
boundary in the social condition, as indicated by shallower 
PPS slope. Incoherent and blurry bodily self-boundary 
could undermine adaptive interactions with the external 
world. Difficulties with self–other distinction in space are 
salient features of SZ but rarely targeted for interven-
tion. Systematic efforts to specify multisensory roots of 
self-disturbances could pave the way for integrating bod-
y-centered approaches to treatments and bring us closer 
to elucidating the etiology of schizophrenia.
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Supplementary material is available at Schizophrenia 
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