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Abstract
The space surrounding the body in which individuals interact with the environment is known as the peripersonal space (PPS). 
Previous studies have reported that PPS has multisensory nature. However, the relationship between the multisensory nature 
of PPS and an individuals’ defensive actions has not been fully clarified to date. We investigated this relationship by examin-
ing the multisensory representation of PPS under situations in which visual feedback of body movements was delayed by 
using a virtual reality system. The results indicated that body-movement delays extended the multisensory PPS, suggesting 
that body-movement delays increased the potential threat of distant objects because it was necessary to prepare defensive 
actions sooner. The previous findings can be interpreted that PPS is modulated by the spatio-temporal relationship between 
people and external stimuli. This view may provide evidence of interactions between defensive and nondefensive functions 
of the multisensory PPS.
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Introduction

The peripersonal space (PPS) is the space surrounding the 
body, in which people physically interact with the environ-
ment through body movement (Rizzolatti et al., 1997). PPS 
is encoded differently from other spatial representations by 
multisensory neurons in the frontoparietal area, especially in 
the ventral premotor cortex (vPMC) and the intraparietal sul-
cus (IPS). Previous studies have suggested that PPS supports 
defensive action (for review, see de Vignemont & Iannetti, 
2015; Graziano & Cooke, 2006; Hunley & Lourenco, 2018) 
represented by “fight or flight” instincts. When humans and 
other animals encounter potentially threatening objects, they 
choose to fight or maintain their distance from the threat-
ening object by keeping them away from their safe area. 
People also take defensive action such as dodging, evading, 
or catching to prevent even an intrinsically nonthreatening 

object coming close to their body from hitting them, which 
is essential for their survival.

Behavioral studies have shown that PPS is related to 
defensive functions. The hand blink reflex (HBR) is a defen-
sive reflex eye blink response observed when a hand pre-
sented in front of the face is electrically stimulated. Sambo 
et al. (2012) showed that HBR is stronger when the hand 
is presented near the face than when the hand is presented 
far from the face. HBR has been used as a measurement 
of face-centered defensive PPS because of this spatially 
dependent response. However, it remains unknown whether 
neural mechanisms of HBR are included or are related to 
the multisensory frontoparietal network of PPS. Then, HBR 
might rely on a mechanism other than the multisensory PPS 
(for a review, see Hunley & Lourenco, 2018; Serino, 2019).

There is some evidence that trait anxiety might affect the 
size of PPS. Lourenco et al. (2011) demonstrated that indi-
viduals with high claustrophobic traits have a larger PPS, 
and Sambo and Iannetti (2013) indicated that individual 
variability in trait anxiety is related to individual differences 
in PPS extension, although the study showed no relation-
ship between PPS and claustrophobia. Similarly, Taffou and 
Viaud-Delmon (2014) demonstrated that participants with 
high cynophobia show extended multisensory representa-
tions of PPS when hearing a barking dog.

 * Daisuke Mine 
 mine@cyber.t.u-tokyo.ac.jp

1 Graduate School of Interdisciplinary Information Studies, 
The University of Tokyo, Tokyo, Japan

2 Department of Psychology, The University of Tokyo, Tokyo, 
Japan

/ Published online: 28 December 2021

Attention, Perception, & Psychophysics (2022) 84:576–582

http://orcid.org/0000-0002-4564-6310
http://crossmark.crossref.org/dialog/?doi=10.3758/s13414-021-02425-8&domain=pdf


We focused on whether adaptation to temporally delayed 
movements in a virtual environment affects the multisen-
sory system of PPS. Objects further away might become a 
threat when body movements are delayed than when they 
are not because people must act sooner to dodge, knock-
down, or catch distant objects. If PPS supports defensive 
movements, PPS might become extended when a person’s 
movements are delayed. Most studies investigating defensive 
PPS have adapted HBR tasks, which, as described above, 
might rely on different mechanisms from the multisensory 
PPS. Therefore, we used a different multisensory task devel-
oped by Serino and his colleagues (e.g., Serino et al., 2017) 
that only a few studies have used for investigating the effect 
of threatening stimuli on PPS (Poliakoff et al., 2007; Taf-
fou & Viaud-Delmon, 2014). Taffou and Viaud-Delmon 
(2014) demonstrated PPS extensions in a multisensory task 
with participants having high cynophobia using auditory 
stimuli of a barking dog. Previous studies have reported 
that approaching images of threatening stimuli are judged 
to arrive sooner than normal stimuli (Vagnoni et al., 2012; 
Vagnoni et al., 2015). This finding suggests that the location 
of threatening stimuli might be perceived closer than nor-
mal stimuli because threatening stimuli are perceived sooner 
(i.e., the modulation of the perception of threatening stimuli 
itself, but not PPS boundaries). Threatening stimuli are also 
more salient than normal stimuli. Therefore, saliency differ-
ences might affect reaction times to visuo-tactile or audio-
tactile stimuli. As a result, the use of threatening stimuli in 
multisensory tasks might involve several confounding fac-
tors. This study used a neutral object (a white ball) as a vis-
ual stimulus. As described above, humans must be prepared 
to take specific actions to prevent an object coming close to 
our body from hitting us. We hypothesized that if PPS has a 
defensive function, body-movement delays will extend PPS 
even if the approaching visual stimulus is unthreatening.

Methods

Participants

We recruited healthy, right-handed, paid volunteers with 
normal or corrected-to-normal stereo vision as participants 
(N = 20, mean age, 20.7 years; age range: 19–25 years). 
The sample size was derived from the power analysis of 
previous studies (Noel et al., 2015; Taffou & Viaud-Delmon, 
2014). They gave their written informed consent for partici-
pation before the experiments. The experiments and all the 
procedures were approved by the ethics committee of the 
Department of Psychology at the University of Tokyo. The 
experiments were conducted according to the principles and 
guidelines of the Declaration of Helsinki.

Apparatus and stimuli

Participants were shown a virtual environment from a 
first-person perspective through a head-mounted display 
(HTC VIVE, displaying a stereoscopic image at a resolu-
tion of 2,160 × 1,200). A right-hand virtual avatar moved 
in the virtual environment, either synchronously or after 
an approximate 440-ms delay from the participant's right-
hand movements. The virtual world was developed using 
Unity3D and run on a Windows PC (Level Infinity by iiy-
ama: Intel core i7-7700HQ at 2.8 GHz, 16 GB RAM, and 
NVIDIA GeForce GTX 1060), and the participants’ hand 
movements were tracked using an HTC VIVE controller.

The visual stimulus was a white ball having a 10-cm 
diameter shown in the virtual environment. It originated 
300 cm from the participants and approached the partici-
pants at a velocity of 75 cm/s. The tactile stimulus con-
sisted of vibrations of 80 Hz for 200 ms delivered from the 
controller held in the participant’s right hand. The control-
ler itself vibrated. Therefore, the controller provided the 
tactile stimulus to a participant's entire hand rather than 
to a specific part of the hand.

Procedure

The experiment was split and conducted over two days. 
The participants performed a unisensory task, an adapta-
tion task, and a multisensory task each day. The virtual 
right-hand avatar’s movements were perfectly synchro-
nized with the participants’ right-hand movements during 
the adaptation and the multisensory tasks (no-delay condi-
tion) on one of the two days, whereas there was a delay of 
approximately 440 ms (the delay condition) on the other 
day. Half of the participants were assigned to the No-Delay 
condition on the first day and the Delay condition on the 
second day, whereas the other half were vice versa. In 
contrast, the unisensory task was identical on both days.

The participants sat at a table in a laboratory. They were 
instructed to adjust the head-mounted display and hold a 
controller in the right hand. Before starting the experi-
ment, they placed their chin on a chin rest attached to the 
table to prevent head movements. Then, the virtual right-
hand avatar was presented in the virtual environment. The 
participants first performed the unisensory task in which 
the ball was presented 300 cm in front of them, which dis-
appeared when the experimenter pressed a button. After 
the ball disappeared, only the tactile stimulus was intro-
duced to their right hand following a randomized interval 
of 1.53 s, 1.93 s, 2.33 s, 2.73 s, or 3.13 s. The participants 
reacted to the tactile stimulus by pressing a button with 
their left index fingers. The reaction time to the unisensory 
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(tactile) stimulus was considered the baseline reaction 
time of each participant. The unisensory task consisted 
of 24 trials, including four catch trials in which no tactile 
stimuli were presented.

After the unisensory task, the participants performed the 
adaptation task, in which a cube repeatedly moved from side 
to side in the virtual environment facing the participants. 
The participants were instructed to reach for the cube as 
accurately as possible with the right-hand avatar. Before 
the adaptation task started, the participants were instructed 
to extend their arm forward, then the cube position was 
adjusted to the hand position. This procedure was done to 
reduce the variabilities of the reaching direction between 
participants because this study focused on the extension of 
PPS in the forward direction only. The participants could 
reach the target by moving their arms in oblique directions 
if the distance to the target were short enough because the 
target cube was moving from side to side facing the partici-
pants. The cube disappeared when the hand avatar touched 
the cube, and the subsequent trial was initiated. The adapta-
tion task consisted of 144 trials that participants completed 
in an average of 15 minutes. (Neither moving kinematics nor 
reaching scores for the task were recorded.)

Finally, the participants performed the multisensory 
task (see Fig. 1), in which each trial was divided into an 
adaptation task and a multisensory stimuli reaction task. 
After a single adaptation task trial, the visual stimulus (the 
white ball) appeared 300 cm in front of the participants and 
approached them at a velocity of 75 m/s when the experi-
menter pressed a button. The tactile stimulus was also pre-
sented for either 1.53 s, 1.93 s, 2.33 s, 2.73 s, or 3.13 s after 

the onset of the visual stimulus. The tactile stimulus pres-
entation onset corresponded to the spatial dimensions of the 
visual stimulus at 185 cm (D1), 155 cm (D2), 125 cm (D3), 
95 cm (D4), or 65 cm (D5), respectively. Participants were 
instructed to react to the tactile stimulus by pressing a button 
as fast as possible with their left index finger while ignoring 
the visual stimuli. The screen went dark after a participant 
pressed the button, and the subsequent trial was initiated. 
The participants performed 120 trials: visual stimulus posi-
tion [D1 to D5] × 20 repetitions and 20 catch trials with no 
tactile stimuli.

Results

The multisensory facilitation effect was defined as the dif-
ference between the reaction time to the unisensory stimulus 
(no visual stimulus) and the reaction time to multisensory 
stimuli. A negative value indicates the facilitation of the 
reaction to tactile stimuli caused by presenting the visual 
stimuli. The multisensory facilitation effect was calculated 
for each participant under each condition. We defined out-
liers as reaction times exceeding 1,000 ms or three times 
the standard deviation of each participant’s mean reaction 
time under each condition, excluded from the analysis (2.9% 
of trials). All analyses were conducted using the statistical 
software Package R. Figure 2 displays the results of Experi-
ment 1.

A two-way repeated-measures analysis of variance 
(ANOVA) indicated a significant main effect of the visual 
stimulus position, F(4, 76) = 54.31, p < .001, ηp = .741, 

Fig. 1  The multisensory task setup in the virtual environment. Partic-
ipants were first instructed to reach for a target (a red cube) with the 
hand avatar. The white ball appeared after the hand avatar touched the 
target, which then approached the participants. The tactile stimulus 

was delivered to the participants’ right hand when the ball was either 
at D1, D2, D3, D4, or D5. The time shown next to each visual stimu-
lus position indicates the time when the tactile stimulus was delivered 
after the white ball started approaching. (Color figure online)
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and a significant interaction between the delay and visual 
stimulus distance, F(4, 76) = 2.54, p = .0468, ηp = .118. 
However, the main effect of the delay was not significant, 
F(1, 19) = 2.41, p = .137, ηp = .113.

We tested the simple main effect of delay at each visual 
stimulus position to identify the source of the interaction 
between the delay and the positions of the visual stimulus, 
which indicated that the multisensory facilitation effect 
was significantly higher at D1 and D2 in the delay condi-
tion than in the no-delay condition—D1: F(1, 19) = 5.51, 
p = .0299, ηp = .225; D2: F (1, 19) = 4.49, p = .0474, ηp 
= .191. However, there was no significant multisensory 
facilitation effect at D3, D4, or D5 in the delay condition 
compared with the no-delay condition—D3: F(1, 19) = 
0.51, p = .480, ηp = .027; D4: F(1, 19) = 1.95, p = .178, ηp 
= .093; D5: F(1, 19) = 0.964, p = .339, ηp = .048. A post 
hoc Holm’s corrected multiple comparison tests (corrected 
for five comparisons in each condition) indicated that par-
ticipants in the no-delay condition had significantly higher 
multisensory facilitation effect compared with zero (i.e., 
faster responses to multisensory stimuli than to unisensory 
stimuli) at D2, D3, D4, and D5, but not at D1—D1: t(19) 
= 0.519, d = 0.12, p = .610; D2: t(19) = 3.81, d = 0.85, p 
= .0012; D3: t(19) = 5.75, d = 1.29, p < .001; D4: t(19) = 
6.21, p < .001, d = 1.39; D5: t(19) = 5.14, p < .001, d = 
1.15. Conversely, participants showed higher multisensory 
facilitation effect compared with zero at all visual stimulus 
positions in the delay condition—D1: t(19) = 2.98, p = 
.0078, d = 0.67; D2: t(19) = 6.17, p < .001, d = 1.38; D3: 
t(19) = 6.64, p < .001, d = 1.49; D4: t(19) = 7.24, p < 
.001, d = 1.62; D5: t(19) = 5.45, p < .001 d = 1.22.

Discussion

This study demonstrated higher multisensory facilitation 
in far spaces when participants adapted to delayed move-
ments than to no delay was presented, suggesting that the 
multisensory PPS representation extended after the adap-
tation to body-movement delays. A model in which PPS 
is divided into defensive and working PPS at functional, 
sensory, and motor levels was developed by de Vignemont 
and Iannetti (2015). They suggested that the working PPS, 
sometimes called “the reaching space,” is more closely 
related to goal-directed actions, whereas the defensive 
PPS, sometimes referred to as “the safety margin,” is more 
closely associated with its protective actions.

We demonstrated an extension of the PPS caused by a 
body movement delay. To what extent did the PPS exten-
sion observed in this study reflect defensive functions? It 
is possible that PPS extension in this study did not reflect 
defensive functions at all. No threatening objects were 
used as visual stimuli in this study because threatening 
stimuli might introduce confounding variables, such as 
saliency and time perception distortions. As a result, we 
ignored the role of emotions in this experiment, which 
might have limited the study’s findings because defensive 
actions often involve specific emotional states such as 
fear, anxiety, anger, and excitement. Several studies have 
shown that emotions affect spatial perception and atten-
tion (for a review, see Zadra & Clore, 2011). However, 
body movement delay has more significant consequences 
in defensive than in nondefensive situations because body 
movement delay affects the onset of action. People are 
forced to detect approaching potential threats sooner (i.e., 
at a more distant location) and begin protective actions 
earlier because of body-movement delays. Moreover, 
body-movement delays affect the onset of a motion, but not 
the spatial limits of participants’ activities with the body 
(such as reaching). Thus, action delays are crucial when 
reacting to approaching stimuli than to static stimuli. Our 
findings might be related to more global functions of PPS 
in guiding actions when reacting to approaching objects, 
which can be defensive or nondefensive, rather than being 
specifically related to the defensive PPS. However, defen-
sive responses to approaching, nonthreatening stimuli 
have been observed in various animal species, including 
humans (Schiff, 1965), suggesting that merely approach-
ing the body might lead to defensive actions. Therefore, 
findings of this study have substantial implications for the 
defensive functions of PPS.

Body schema, composed of visual and proprioceptive 
inputs, provides spatial information about the body’s or 
body part’s position in external space. Many studies have 
examined spatial overlaps between PPS and body schema 

Fig. 2  Multisensory facilitation effect under each condition. Error 
bars indicate standard errors. Asterisks indicate significant differ-
ences in multisensory facilitation effects between the delay and the 
no-delay conditions at each visual stimulus position (p < .05)

579Attention, Perception, & Psychophysics  (2022) 84:576–582



(for a review, see Cardinali et al., 2009); on the other hand, 
several studies have implied a dissociation between PPS 
and body schema. A remotely controlled mouse cursor 
or a virtual-hand avatar can modulate PPS representa-
tion (Bassolino et al., 2010; Mine & Yokosawa, 2021a, 
2021b). However, it is unclear whether body schema 
changes when using tools or avatars disconnected from 
the body. The current findings could be evidence of the 
dissociation between PPS and body schema. Serino et al. 
(2015) demonstrated that synchronous tactile stimuli 
delivered to a participant’s hand and auditory stimuli 
presented in far space leads to PPS extensions without 
using tools. Noel et al. (2015) showed that walking on a 
treadmill extends PPS into the forward space. Likewise, 
Amemiya et al. (2019) indicated that the walking-like sen-
sations induced by vibrations to the sole extend PPS into 
the forward space. These studies have assumed that body 
schema does not change because the participants’ body 
or body parts did not move forward, although PPS was 
extended. The present findings also provide evidence of a 
dissociation between PPS and body schema because the 
action delay manipulation did not extend the limitation 
of reaching space, and it was assumed that body schema 
did not extend to the forward space, even though PPS was 
extended. However, neither the previous studies described 
above, nor the present study measured body schema. We 
suggest that future works should directly compare PPS 
and body schema under identical conditions to this study.

The relationship between body ownership and PPS has 
been investigated in several studies (see Makin et al., 2008, 
for a review). A previous study has indicated that body own-
ership disappears approximately after more than 300-ms 
delays, whereas the sense of agency is maintained to some 
extent after approximately less than 500 ms delays (Ismail 
& Shimada, 2016). These findings indicate that participants 
probably did not feel ownership of the virtual-hand avatar 
when there was a 440-ms delay, although they might have 
felt a sense of agency for the hand avatar. It is known that 
people feel body ownership of a rubber hand or a virtual-
hand avatar moving concurrently with their own hand if the 
rubber hand or the virtual-hand avatar is placed near their 
own hand such that it is within PPS of their hand (Lloyd, 
2007; see Blanke et al., 2015, for a review). The spatial 
properties of PPS determine body ownership’s spatial lim-
its; however, PPS and body ownership do not have identical 
spatial mapping. Many previous studies have reported that 
hand-held, stick-like tools that are not considered to induce 
body ownership, can extend the hand-centered PPS to the 
tooltip (e.g., Farnè et al., 2005; Guterstam et al., 2018; Iriki 
et al., 1996; Maravita & Iriki, 2004; Serino et al., 2007). 
Therefore, spatial limits of PPS might depend more on how 
people can control their body or tools than the ownership of 
the body or tools. As a result, it is not problematic whether 

this study did not induce body ownership of the virtual-hand 
avatar. The delay in the virtual-hand avatar’s movement was 
consistent throughout the experiment, and participants could 
easily understand how they could control the virtual-hand 
avatar.

We showed that adaptation to a delay in body movement 
caused an extension of PPS. Many studies have shown that 
PPS extends under different situations, including both defen-
sive and nondefensive situations, and has considered mecha-
nisms behind PPS extension. These findings on PPS exten-
sions and their functions can partially contribute to explain 
the mechanisms underlying the current findings. Magosso 
et al. (2010) developed a neural network model mimicking 
the human multisensory representation system representing 
PPS’s plasticity. This model includes feedforward and feed-
back interactions between unimodal (visual and tactile) and 
multisensory areas of the ventral premotor cortex (vPMC). 
Moreover, the model generated the hypothesis that nearly 
identical PPS extensions will be observed with or with-
out tools. Serino et al. (2015) tested this hypothesis. They 
demonstrated that PPS extended without tool use after syn-
chronous audio-tactile training and suggested that visual or 
auditory stimuli presented in distant areas and tactile stimuli 
delivered to the hand could be integrated by the Hebbian rule 
through synchronous audio-tactile or visuo-tactile training. 
These studies suggest that repeated, simultaneous, audio-tac-
tile/visuo-tactile stimulation increases the synaptic efficacy 
between multisensory and unisensory neuronal responses to 
visual and auditory stimuli. This view, which presupposes 
highly established neural mechanisms in the brain, however, 
cannot explain the present results, because there was no syn-
chronous visuo-tactile stimulation in this study. Many other 
studies have shown that PPS extends without synchronous 
audio-tactile/visuo-tactile training. Bassolino et al. (2010) 
demonstrated that using a computer mouse could extend 
PPS toward a display showing a cursor that moved synchro-
nously with a mouse if participants often used computers 
in daily life. However, these participants did not experience 
audio-tactile/visuo-tactile training before the multisensory 
facilitation task. Several other studies have shown that PPS 
can be extended by walking on a treadmill or a foot-sole 
vibrator generating walking-like sensations in the absence 
of audio-tactile/visuo-tactile training (Amemiya et al., 2019; 
Noel et al., 2015). These findings suggest that extensions of 
auditory (or visual) receptive fields of multisensory neurons 
depend on knowledge of the spatio-temporal relationship 
between people and external stimuli (i.e., when and where 
people can interact, even not physically, with external stim-
uli). Synchronous audio-tactile/visuo-tactile training makes 
people understand the concurrence of events between dis-
tant positions where visual stimuli are presented and a body 
part where tactile stimuli are delivered. It does not involve 
physical interaction, but the visual stimuli in the distant area 
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become a reference of the tactile stimulation on the body 
part, and vice versa. Walking on a treadmill extends PPS 
based on when people are expected to collide with visual or 
auditory stimuli. The multisensory neurons' receptive fields 
are determined by synchronous multisensory stimulation and 
the spatio-temporal relationship between people’s bodies (or 
body parts) and external stimuli. This plasticity helps pre-
pare appropriate defensive or goal-directed actions before 
colliding with external objects. This perspective is sup-
ported by Fogassi et al. (1996), which showed that the visual 
receptive field sizes of monkey’s multisensory neurons are 
modulated according to the velocity of approaching visual 
stimuli. In the case of the present study, multisensory neu-
rons anchored to the hand must integrate tactile (and senso-
rimotor) information around the hand and visual information 
about external stimuli positioned in more distant areas than 
usual when there is a delay in the hand movements to con-
duct appropriate actions on external stimuli, which resulted 
in the PPS extension. From this perspective, defensive and 
nondefensive functions of PPS might be supported by a com-
mon system that includes the spatio-temporal relationship 
between people’s bodies (or body parts) and external stimuli 
(see Bufacchi & Iannetti, 2018).

In sum, this study demonstrated that PPS extends when 
body movements are delayed, which is a finding that has 
substantial implications for the multisensory nature of the 
defensive PPS. On the other hand, many studies have shown 
that multisensory PPS extends in nondefensive situations 
(e.g., Bassolino et al., 2010). Therefore, the facilitation of 
reactions to tactile stimuli caused by visual or auditory stim-
uli near the body is probably related to both defensive and 
nondefensive functions of PPS. Although de Vignemont and 
Iannetti (2015) suggested that there is an apparent dissocia-
tion between defensive and nondefensive action, the findings 
of visuo-tactile and audio-tactile facilitation in defensive and 
nondefensive contexts might be evidence of common sys-
tems and interactions between defensive and nondefensive 
PPS (see Hunley & Lourenco, 2018, about this issue).
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