
Vol.:(0123456789)1 3

Exp Brain Res (2018) 236:161–173 
https://doi.org/10.1007/s00221-017-5115-0

RESEARCH ARTICLE

Peripersonal space boundaries around the lower limbs

K. D. Stone1  · M. Kandula1 · A. Keizer1 · H. C. Dijkerman1 

Received: 9 June 2017 / Accepted: 27 October 2017 / Published online: 2 November 2017 
© The Author(s) 2017. This article is an open access publication

integration in the lower limbs, and add to the current body 
of knowledge on PPS representations.
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Introduction

In daily life, we encounter many instances where we must 
interact with objects in the space near our bodies. For 
instance, one might swat an approaching (buzzing) fly away 
from his face, or retract the foot from an oncoming wave on 
the beach shore. Intriguingly, early neurophysiological stud-
ies in non-human primates have shown that there are special 
fronto-parietal neurons that respond not only to an object 
touching a body part but also the presence of an object near 
that same body part (Graziano et al. 1994, 1997; Fogassi 
et al. 1996; Graziano and Cooke 2006). These neurons are 
bi- and tri-modal in nature; their tactile receptive fields over-
lap with visual and/or auditory receptive fields that extend 
into space around the body. The product of these extended 
receptive fields is known as peripersonal space (PPS; Riz-
zolatti et al. 1981a), a predictive multisensory integration 
zone around the body (Kandula et al. 2015). Noteworthily, 
this system is particularly sensitive to dynamic, compared 
to static, stimuli (Fogassi et al. 1996). And specifically, it 
is more responsive to stimuli approaching the body than to 
stimuli receding away from the body (Colby et al. 1993; Gra-
ziano and Gross 1995; Fogassi et al. 1996; Graziano et al. 
1997; Duhamel et al. 1998). This space ultimately serves 
as a defense network (Cooke and Graziano 2003, 2004; 
Graziano and Cooke 2006) and sensorimotor interaction 
area for the body (Rizzolatti et al. 1997; Makin et al. 2008; 
Brozzoli et al. 2010). Thus, in the PPS network, the same 
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neurons exist that respond to touch on the body and visual 
(and/or auditory) stimuli near the body. The receptive fields 
of these neurons extend into space around the body, pro-
ducing a zone wherein multisensory information is readily 
integrated. This space around the body, known as periper-
sonal space (PPS), has also been investigated behaviour-
ally in humans. Some studies have focused on how far into 
depth the spatial boundaries of PPS extend. Most of these 
investigations have focused on the upper body (e.g., hands, 
face, trunk), while little is known about the size of PPS 
for the lower body (i.e. legs and feet). Thus, the aim of the 
current study was to delineate a PPS boundary around the 
lower limbs in healthy participants using a multisensory 
interaction task. Participants made speeded responses to 
the presence of vibrations applied to the toes while a task-
irrelevant visual stimulus approached towards (Experiment 
1) or receded from (Experiment 2) the feet. Participants 
responded significantly faster to tactile stimuli when the 
visual stimulus was within approximately 73 cm from the 
feet, but only when it approached (and not receded from) the 
legs. This is the first study, to our knowledge, to outline the 
size of PPS for the lower limbs. These findings could pro-
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neuron that responds to the buzzing fly touching your face 
also responds to the buzzing fly approaching your face. How 
far the receptive fields of these neurons extend into depth 
provides insight into the size of the PPS representation for 
different body parts. The edge of this representation is where 
the boundary between PPS and extrapersonal space (EPS: 
outside of PPS) lies. In monkeys, PPS extends (usually) to 
approximately 30 cm for the upper (head, hands, arms, upper 
torso) body, but can range between 5 and 100 cm (Colby 
et al. 1993; Graziano et al. 1994, 1999; Graziano and Gross 
1995). In other words, once an approaching object arrives 
within 30 cm of the body, the discharge rate of these bimodal 
neurons is enhanced (Graziano et al. 1997). In turn, the size 
of the PPS representation for a body part can be defined by 
the activity of these neurons. However, the PPS representa-
tion can also be defined using behavioural paradigms.

For example, behavioural and imaging studies have sug-
gested a similar fronto-parietal PPS network in humans, con-
sisting mostly of the superior parietal, temporo-parietal and 
ventral premotor areas (Bremmer et al. 2001; Makin et al. 
2007; Serino et al. 2011; Gentile et al. 2011; Brozzoli et al. 
2012a, 2013; Cléry et al. 2015; Grivaz et al. 2017). We can 
examine the PPS representation behaviourally in humans 
using multisensory interaction paradigms. Using these types 
of paradigms, it has been shown that tactile detection (in 
terms of sensitivity, accuracy, and speed) on a body part is 
enhanced when a visual (or auditory) stimulus is presented 
near, as opposed to far from, the body. Evidence for this 
arises from studies involving stroke patients with tactile 
extinction (i.e., the inability to detect tactile stimuli on the 
contralesional side of the body when another stimulus is 
presented simultaneously on the ipsilesional side). Lada-
vas and colleagues have shown that extinction of a tactile 
stimulus on the contralesional side can be diminished (i.e., 
participants are more accurate at detecting the tactile stimu-
lus) when a visual stimulus is also presented near that same 
side, but only when it is presented near, and not far from, the 
body [Làdavas et al. 1998, but see Làdavas et al. (2001) for 
a case with auditory information]. Similarly, in the healthy 
participants, Salomon et al. (2017) recently showed that the 
presence of irrelevant (and even consciously invisible) visual 
stimuli within, but not outside of, one’s PPS can enhance 
sensitivity to noisy, near-threshold, tactile stimulation on 
the body. Again, this highlights how tactile detection is 
enhanced within PPS.

One’s boundary between peri- and extra-personal space 
can be approximated by asking participants to respond to 
tactile input while in the presence of irrelevant looming audi-
tory or visual information (Canzoneri et al. 2012, 2013b; 
Noel et al. 2015; Serino et al. 2015; de Haan et al. 2016; 
Kandula et al. 2017), as the PPS network is particularly sen-
sitive to dynamic (especially approaching) sensory infor-
mation. In such a paradigm, a tactile stimulus (vibration) 

is applied to the participants’ limb at different time points 
along the trajectory of a looming auditory or visual stimulus, 
and participants are asked to respond (as quickly as possible) 
to the tactile stimulus only. Many studies have shown that 
tactile detection (in terms of speed and sometimes sensitiv-
ity) is modulated by the proximity of the approaching (albeit 
irrelevant) visual (or auditory) stimulus to the body (even 
though the participant is asked to ignore the visual (auditory) 
information). In these tasks, the relationship between the 
location of the visual stimulus and the tactile reaction times 
is usually sigmoidal in nature. That is, there is a point in 
space (i.e., the central point of the sigmoid) wherein tactile 
reaction times are suddenly reduced during the approach-
ing trajectory of a visual or auditory stimulus. This ‘spatial 
limit’ where tactile reaction times are sped up is defined as 
the PPS boundary (Canzoneri et al. 2012). Critically, these 
reaction times within the approximated PPS are significantly 
faster than reaction times to unimodal tactile stimulation 
(i.e., when no visual stimulus is presented in conjunction 
with the tactile stimulus). Notably, when the stimulus instead 
recedes from the body, this sigmoidal relationship (usually) 
disappears (Canzoneri et al. 2012; Teneggi et al. 2013; Noel 
et al. 2015; Serino et al. 2015).This aligns with the afore-
mentioned neurophysiological studies that have shown that 
neurons in the PPS network preferentially respond to stimuli 
approaching (in contrast to receding from) the body (Colby 
et al. 1993; Graziano and Gross 1995; Fogassi et al. 1996; 
Graziano et al. 1997; Duhamel et al. 1998).

Most investigations concerning the size of the PPS rep-
resentation in humans have focused on the upper body 
(hands, head, trunk). The boundary between PPS and EPS 
for these body parts has been approximated to be around 
30–50 cm for the hands and 60 cm for the head using the 
paradigm described above [see Serino et al. (2015) for a 
comprehensive examination of body part-centered PPSs]. 
With respect to the trunk (i.e., upper back/chest), its PPS 
representation tends to extend much further into space 
when compared to the hands or head, ranging from 65 to 
100 cm. The representation extends even further (up to 
166 cm from the body) when participants walk on a tread-
mill during the task [thus, also engaging their lower limbs 
(Noel et al. 2015)]. This not only suggests an intimate 
relationship between the representation of peri-trunk and 
peri-leg/foot space but also reminds us that movement (or 
use) of the legs is almost always associated with a visually 
‘looming’ environment, which is particularly relevant for 
the PPS network. It is not surprising, however, that the 
trunk PPS is modulated also by movement of the legs, as 
both body parts are involved in full-body actions. Serino 
et  al. (2015) speculate that body parts responsible for 
“whole-body actions” might have tactile-receptive fields 
with size-appropriate overlapping visual (or auditory)-
receptive fields that extend even further into space than 
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body parts whose action space is more confined (e.g., 
hands are confined to arm space). In other words, it seems 
that the size of the PPS around a body part is (at least 
partly) related to the action produced by the specific body 
part, rendering PPS not only a defensive space but also an 
action space [see de Vignemont and Iannetti (2015) for a 
stimulating discussion on the matter]. But what remains 
unknown, however, is precisely how far the PPS extends 
into space for the lower limbs.

No study, to our knowledge, has investigated the bound-
ary between PPS and EPS for the lower limbs (i.e., legs/
feet) specifically. However, recently, Stettler and Thomas 
(2016) showed that participants responded significantly 
faster to visual stimuli that were near (within stepping dis-
tance) as opposed to far (outside stepping distance) from 
the feet, alluding to the presence of a boundary between 
PPS and EPS for the feet. Yet, as only static visual stimuli 
were used, and tactile detection was not assessed, it was not 
specified at what point in space multisensory integration 
(i.e., the boundaries of PPS) might occur around the feet. 
Certainly, some investigations have focused on the integra-
tion of visual and tactile information within PPS around 
the feet (Schicke and Röder 2006; Schicke et al. 2009; Van 
Elk et al. 2013; Scandola et al. 2016). For example, Schicke 
et al. (2009) were one of the first groups to show (behaviour-
ally) that a PPS representation around the feet exists using a 
crossmodal congruency task. In this paradigm, participants 
are asked to make judgements about the elevation of tactile 
input on two points of one body part, while ignoring station-
ary visual stimuli that simultaneously appear in the same 
or different location (albeit still near the body’s surface) as 
the tactile input. Tactile processing, measured via reaction 
times, is boosted when the visual and tactile information 
appear at the same location, at the same time (suggesting 
that the brain, indeed, cannot simply ignore the visual infor-
mation), known as the crossmodal congruency effect (CCE). 
When the visual stimulus is spatially incongruent with the 
tactile stimulus, then tactile reaction times are significantly 
slowed. The results of Schicke and colleagues revealed that 
the feet exhibit a CCE that is of similar magnitude to that 
of the hands, suggesting that PPS around the feet indeed 
exists. Further evidence for a lower limb PPS representa-
tion comes from the work of Noel and Wallace (2016). Par-
ticipants were asked to judge the order of stimulation for 
vibrations applied to both ankles (while they were crossed 
or uncrossed) under normal and sensory-deprived (i.e., no 
vision, no auditory, or no vision and auditory) conditions. 
They showed that depriving participants of audio and visual 
information (albeit irrelevant to the task) impaired spatial 
localization of tactile information on the feet, particularly 
when the legs were crossed, suggesting that spatial locali-
zation of the lower body critically depends on multisensory 
integration. These findings provide compelling evidence that 

a peri-foot representation exists, and thus suggest that map-
ping its size is a feasible aim.

It is surprising that very few investigations have focused 
on the size of the PPS representation for the lower limbs. 
For instance, one of the main proposed functions of PPS is 
to ‘provide a margin of safety’ around the body (Graziano 
and Cooke 2006). If someone intrudes this margin of safety 
(i.e., comes too close to us), we will usually step away from 
the individual to re-establish this boundary (Graziano and 
Cooke 2006). The stepping action is directly guided by the 
lower limbs, and perhaps it is modulated by their (or the 
whole body’s) PPS representation. But while Graziano et al. 
(1997) suggested that ‘foot-centered’ PPS neurons likely 
exist, PPS boundaries around the lower limbs were never 
(neurophysiologically) investigated. One possibility (as 
alluded to) is that the lower limb PPS representation aligns 
with the trunk’s PPS representation, as both the trunk and 
the feet are intimately linked to full body actions (such as 
walking or balance). Still, the lower limbs, although anatom-
ically connected to, are physically distinct from the trunk. 
Furthermore, they have a larger, more flexible action space 
when compared to the trunk, and this might be reflected in 
the size of their PPS representation. In any case, an investi-
gation of the size of PPS around the lower limbs is lacking 
in the current literature.

Therefore, the goal of the current study was to investi-
gate the size of the PPS representation for the lower limbs. 
Specifically, we aimed to delineate a boundary between 
peri- and extra-personal space for the lower limbs using a 
multisensory (visuo-tactile) interaction paradigm. To inves-
tigate the role of (stationary) tactile and (dynamic) visual 
information in outlining the PPS representation, we con-
ducted two experiments. In Experiment 1, participants made 
judgements about the presence of a tactile stimulus while 
irrelevant visual stimuli approached the lower limbs (i.e., the 
feet). In Experiment 2, participants made judgements about 
the presence of a tactile stimulus while an irrelevant visual 
stimulus receded away from the lower limbs. We expected 
that the size of the PPS representation for the lower limbs 
would be larger than for the upper body (as reported in 
previous studies), as the lower limbs are directly involved 
in moving the whole body. Moreover, we expected to find 
a boundary (i.e., sigmoidal relationship between reaction 
times and the location of the visual stimulus) for approach-
ing, but not receding, visual stimuli as neurophysiological 
and behavioural studies have shown that the PPS network is 
particularly sensitive to looming stimuli.

Methods: Experiment 1 and Experiment 2

Note that methods for Experiment 1 and Experiment 2 are 
presented together.
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Materials and procedures

Participants

Experiment 1 Eighteen participants (16 female) between 
the ages of 19 and 33 (M = 23.3 years, SD = 3.7) took part. 
The average height of participants was 170 cm (SD = 7.1) 
with an average foot length of 23.9 cm (SD = 1.4). All par-
ticipants had normal or corrected-to-normal vision, and 
reported having normal tactile sensitivity. Tactile sensitiv-
ity was assessed by asking the participant if he/she felt the 
vibrations during the practice trials. One additional partici-
pant was tested, but was removed from the dataset as he had 
an injured foot, and failed to respond to the tactile stimulus 
in > 10% of the trials.

Experiment 2 Nineteen participants (16 female) between 
the ages of 19 and 34 (M = 25.0 years, SD = 4.3) took part. 
The average height of participants was 170.5 cm (SD = 5.8) 
with an average foot length of 24.5  cm (SD  =  1.1). All 
participants had normal or corrected-to-normal vision, 
and reported having normal tactile sensitivity. One addi-
tional participant was tested, but 35% of his responses were 
beyond two standard deviations for each tactile time point, 
and thus the data were not included in the analyses.

Visuotactile‑interaction task

Experiment 1 To measure PPS boundaries, we used a 
visuo-tactile interaction task using dynamic visual stimuli 
[similar to the audio–visual interaction tasks in Canzoneri 
et al. (2012) and Serino et al. (2015) and to investigations 
in our lab: Kandula et al. (2017) and de Haan et al. (2016)]. 
The task and stimuli were designed and controlled by a cus-
tom MATLAB script. Tactile stimuli consisted of a 100 Hz 
vibration (duration of 100 ms) produced by an 8 mm vibro-
tactile motor (Precision Microdrives, model: 308–00). Vis-
ual stimuli consisted of a 5 cm (diameter) red opaque circle 
that was projected onto the floor in front of the participant. 
Participants were instructed to respond (as quickly as possi-
ble) to tactile stimuli on their toes while the visual stimulus 
approached the toes.

Prior to task initiation, participants removed their shoes 
and socks. They were then seated comfortably at a chair 
with their knees bent at a 90° angle and with their feet rest-
ing on a piece of black cloth (to provide comfort, ~ 1 cm 
off of the floor). In front of the feet laid a rectangular board 
covered with a large opaque black cloth. A large mirror 
(100 cm L × 150 cm W, attached to 80 cm H legs), bent 
towards the floor at a 40° angle, stood perpendicular (on 
the left side of the participant) to the rectangular board. 
Across from the mirror (165 cm away) stood a projector 
(model: SANYO ProXtraX, positioned on a stand, 110 cm 

H from the floor) which was responsible for stimulus projec-
tion (projection site: 60 cm W × 143.5 cm L). The stimuli 
were projected directly ahead into the bent mirror, and the 
mirror reflected the stimuli onto the cloth-covered rectan-
gular board on the floor, directly in front of the participant. 
Therefore, we could create the illusion that visual stimuli 
were approaching towards (Experiment 1) or receding away 
(Experiment 2) from the feet. To reduce the possibility that 
participants might react to the sound, instead of the feeling, 
of the vibrating motors, participants listened to white noise 
via headphones for the duration of both experiments.

After the participant was seated, the experimenter 
attached two vibro-tactile motors to the surface of the par-
ticipants’ right and left big toes, respectively, on the skin 
directly below the toenails. The big toes were positioned 
30 cm apart, as specified by two indicator dots projected 
onto the floor on the edge of the board on the floor. The 
motors were attached to a motor response box, positioned 
on a platform on the right side of the participant (60 cm H). 
Participants rested their right hands on the box during the 
experiment, and were instructed to press a button on the 
box (as quickly as possible) using the index finger whenever 
they felt a vibration on either toe. The total duration of each 
trial was 8000 ms. Before each trial began, participants were 
instructed to fixate on a cross presented in the center of the 
projection site (67 cm from the toes), which was present for 
700–1000 ms. The fixation cross subsequently disappeared, 
and the projection remained blank for 2000 ms. Then, a red 
circle starting moving (at 33.5 cm/s) from the far edge of 
the display (i.e., 138.5 cm from the toe). Once the center of 
the circle reached within 5 cm of the tip of the toe (i.e., after 
4000 ms of travel), it disappeared. This was followed again 
by 2000 ms of a blank projection. In 50% of the trials, there 
was the possibility that the participant could receive one 
vibration (per trial) at 1 of 7 different time points. The first 
possible vibration could occur after the first 1000 ms (before 
the visual stimulus appeared on the screen). This vibration 
was coded as a unimodal tactile stimulus (because the stimu-
lus occurred in absence of the visual stimulus). Thereafter, 
once the visual stimulus started moving, a single vibra-
tion could occur during one of the following time points: 
2666.67, 3333.33, 4000, 4666.67 and 5333.33 ms (or, in 
distance, corresponding to every 22.23 cm of approaching 
movement). Thereafter, the final possible vibration could 
occur 1000 ms (at time point 7000 ms) after the disappear-
ance of the visual stimulus. This vibration was also coded as 
a unimodal tactile stimulus. Thus, a tactile stimulus could be 
administered in the presence of the moving visual stimulus 
at 1 of 5 possible locations (timepoints) from the feet (i.e., 
D5: 111.15 cm, D4: 88.92 cm, D3: 66.69, D2: 44.46 cm, 
or D1: 22.23 cm) or in the absence of the visual stimulus 
(unimodal trials) at 1 of 2 possible time points (i.e., at the 
beginning or end of the trial). The unimodal trials were used 
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to calculate a baseline for tactile reaction times. This base-
line was used to investigate if tactile reaction times were 
facilitated by the visual stimulus in the visual–tactile trials. 
In the remaining 50% of the trials, no tactile stimulus was 
given (catch trials). The reason for this manipulation was to 
control for the effects of expectancy during the task, which 
has been shown to modulate the activity of cortical sensori-
motor areas [thereby affecting response times; e.g. Haegens 
et al. (2011)]. Moreover, recent investigations in our lab have 
revealed that the optimal ratio of real to catch trials in this 
paradigm is 1:1 (Kandula et al. 2017). The real and catch 
trials were intermixed throughout the experiment, and ran-
domized between participants. Participants completed 168 
(84 trials per foot) trials, separated into 3 separate blocks 
(56 trials/block). Additionally, participants completed ten 
practice trials (not included in the analysis) before the ini-
tiation of the experiment to become familiarized with the 
task. Therefore, participants received six tactile stimuli per 
time point, per foot. See Fig. 1 for visualization of the proce-
dures. As we were interested in PPS around the lower limbs 
in general, the reaction times were collapsed across foot. 
Analyses comparing reaction times per foot are included in 
the supplementary material.

Experiment 2 Materials and procedures were the same 
as Experiment 1, except that the visual stimulus instead 
receded away from the toes rather than approached the toes.

Data analysis

Experiment 1

Data were analyzed using MATLAB (version R2015b) and 
SPSS (version 23). Normality was assessed by conducting 
Shapiro–Wilk tests, and by examining the skewness and kur-
tosis of each set. For normally distributed data, the mean is 
reported and variability is expressed as standard error of the 
mean (SE). For non-normally distributed data, the median 
is reported and variability is expressed as the interquartile 
range (IQR). Partial eta-squared values were used to show 
effect sizes (η2). When the assumption of sphericity was 
violated, the Greenhouse–Geisser correction was applied. 
Reaction times greater than two standard deviations from 
the individuals’ mean reaction time for each tactile location 
were removed from the analysis. Moreover, trials wherein 
participants failed to respond to the tactile stimulus were 
not included in the analyses. Approximately, 6.8% of tri-
als (wherein a response was required) were removed from 
the analyses. Moreover, a Pearson’s correlation was run to 
assess the relationship between foot size and PPS size (i.e., 
the central point of each fitted sigmoid), given that PPS is 
body part-centered and could be related to limb size. Mean 
reaction times were fitted to two mathematical functions 
(sigmoidal and linear, equations described in next section) 
to examine which function described the data better using 
the Curve Fitting Toolbox in MATLAB. Furthermore, 

Fig. 1  Bird’s eye view of stimulus set up. The large grey rectangle 
represents the stimulus projection site. The horizontal grey-dashed 
arrow indicates the visual stimulus (red circle) trajectory for Experi-
ment 1 (approaching) and Experiment 2 (receding). The vertical 
white-dashed lines enclose the area in which the visual stimulus was 

on screen. The stars represent possible points in which a tactile stimu-
lation to the toe could be given. D represents visual stimulus distance 
from the toe and T represents time in milliseconds from the start of 
the trial. For Experiment 2, the T’s are reversed. Please note that D’s 
and T’s have been rounded to the nearest whole number
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repeated measures ANOVAs were conducted on the base-
line-corrected reaction times for both experiments. To apply 
the baseline correction, we subtracted the tactile reaction 
time at each visual location from the individuals’ fastest 
unimodal reaction time [as in Noel et al. (2015) and Serino 
et al. (2015)], to take the most conservative approach in 
comparing the reaction times to baseline. These compari-
sons to baseline allowed for an investigation of multisensory 
facilitation, a phenomenon where tactile reaction times are 
(significantly) sped up by the presence of visual information 
at different distances when compared to baseline. That is, the 
visual information facilitates the reaction times, depending 
on its proximity to the body.

Experiment 2

Analyses were the same as in Experiment 1. Similar to 
Experiment 1, approximately 6.2% of trials were removed 
from the analyses due to outliers and failed button presses.

Results

Note that results for Experiment 1 and Experiment 2 are 
presented together.

Visuotactile‑interaction task

Curve fitting

To examine the relationship between tactile response times 
and visual stimulus location, we fitted the mean reaction 
times to both linear and sigmoidal functions [mimicking 
the analyses of Canzoneri et al. (2012), Ferri et al. (2015a, 
b), Serino et al. (2015), Kandula et al. (2017), and Taffou 
and Viaud-Delmon (2014)]. The fits of these functions 
were then compared to evaluate which function better 
described the data. If the data were better described by 
a linear function, with the x-axis representing the visual 
stimulus distance for the feet and the y-axis representing 
tactile reaction times, then this suggests that participants 
(consistently) responded faster to the tactile stimulus as 
the visual stimulus got closer (producing a diagonal line) 
or it suggests that participants consistently responded to 
the tactile stimulus at the same rate (regardless of the 
location of the visual stimulus), producing a horizontal 
line. In either case, no clear boundary between peri- and 
extra-personal space can be extracted. Alternatively, if the 
data is better described by a sigmoidal function, then this 
suggests that there was a point in space along the visual 
stimulus’ approaching trajectory wherein reaction times 
to tactile stimulus are not consistently but instead sud-
denly enhanced, creating an s-shaped curve. This point in 

space (i.e., the central point of the sigmoid, or the ‘switch 
point’) is the location where the boundary between peri- 
and extra-personal space presumably lies.

The equation for the linear function was as follows:

where y represents the reaction time to the tactile stimu-
lus (in milliseconds), a represents the slope, x represents 
the location of the visual stimulus, and b represents the 
y-intercept.

The equation for the sigmoidal function was as follows:

where y represents the reaction time to the tactile stimulus 
(in milliseconds), b represents the slope, x represents the 
location of the visual stimulus, and a represents the central 
point of the sigmoid.

In both models, we constrained the parameters so that 
there were only two that were free to vary: that is, slope 
and intercept. This allowed for direct (and fair) compari-
son between the two mathematical models. Goodness of fit 
was evaluated by comparing the root mean-squared errors 
(RMSEs) and R2 values between both fitted functions. As 
these data were not normally distributed in both experi-
ments, Wilcoxon signed-rank tests were conducted.

Experiment 1 (approaching stimuli) Wilcoxon signed-
rank tests revealed that the RMSEs for the sigmoidal 
fits  (Medsig  =  10.95  ±  7.4–21.2 IQR) were significantly 
lower than for the linear fits  (Medlin  =  11.98  ±  9.7–
25.5 IQR; z  =  −  2.1, p  =  0.03), suggesting that the data 
were better described by the sigmoid function. Moreo-
ver, R2 values were significantly higher for the sigmoidal 
 (Medsig = 0.55 ± 0.05–0.94 IQR) when compared to the lin-
ear fits  (Medlin = 0.45 ± 0.05–0.77 IQR; z = − 1.9, p = 0.04), 
again, suggesting that the data were better explained by the 
sigmoid function. The mean of the central points of the indi-
vidually fitted sigmoids was, therefore, used to determine 
the approximate boundary between PPS and EPS. The esti-
mated boundary lies around 73.14 cm ± 5.6 SE from the 
feet (i.e., between distance 3 and distance 4). See Table 1 
for values. See Fig. 2 for depiction of best fitting sigmoid at 
the group level. 

Experiment 2 (receding stimuli) Wilcoxon signed-rank 
tests revealed no difference between the RMSEs for the 
sigmoidal  (Medsig  =  19.94  ±  14.6–28.6 IQR) and lin-
ear  (Medlin  =  22.22  ±  14.8–27.9 IQR) fits (z  =  −  0.6, 
p = 0.52). There was no difference between the R2 values 
for the sigmoidal (Msig = 0.11 ± 0.03–0.23 IQR) and linear 
 (Medlin = 0.12 ± 0.03–0.25 IQR) fits (z = − 0.6, p = 0.54). 
See Table 1.

y(x) = a × x + b,

y(x) = ymin +

(

(ymax−ymin)

(1 + e((a−x)×b))

)

,
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Multisensory facilitation

To complement the curve-fitting analyses, we also analyzed 
the baseline-corrected reaction times to allow for an inves-
tigation of multisensory facilitation between tactile reac-
tion times and the different locations of the visual stimulus. 
Multisensory facilitation occurs when the tactile reaction 
times are significantly faster than baseline (e.g., Serino et al. 
2015; Noel et al. 2015), suggesting that the tactile reaction 
times are facilitated by the visual information. This can be 
assessed for each distance (from near to far), and the dis-
tance wherein the corrected reaction times are no longer 
significantly different from baseline suggest that the PPS 
boundary lies somewhere between the previous (signifi-
cantly different) distance and the distance that is not different 
from baseline. To reiterate, to apply the baseline correction, 
we subtracted the tactile reaction time at each visual location 
from the individuals’ fastest unimodal reaction time [mim-
icking Noel et al. (2015) and Serino et al. (2015)].

Experiment 1 (approaching stimuli) Baseline-cor-
rected reaction times were subject to a repeated meas-
ures ANOVA, with distance (D1–D5) as the within-sub-
jects factor. There was, indeed, a main effect of distance 
(F(4,68) = 5.0; p = 0.007, η2 = 0.228), indicating that tac-
tile reaction times decreased as the visual stimulus got 
closer to the feet. To further investigate at which of these 
distances multisensory facilitation occurred, Bonferroni-
corrected one-sample t tests (critical p  =  0.01) compar-
ing the reaction times to baseline (i.e., 0 ms) revealed that 
reaction times to the tactile stimulus were significantly 
faster than unimodal baseline at D1 (22 cm, p = 0.001), 
D2 (44 cm, p = 0.001), and D3 (67 cm, p = 0.006), but 
not at D4 or D5 (p > 0.09). Thus, this suggests that the 
boundary between peri- and extra-personal space for the 
lower body lies between D3 (67  cm) and D4 (89  cm). 
These results indeed complement the results of the curve 
fitting. See Fig. 3.

Table 1  Medians of RMSE, R2, and slope values for sigmoidal and linear fits in Experiment 1 and Experiment 2

Experiment 1: asterisks denote significant differences between sigmoidal and linear fits (i.e., for RMSE, R2 values). Experiment 2: no significant 
differences were found between the two fits. Note the significant differences (*) between Experiment 1 and Experiment 2 on all parameters
*p < 0.05, denotes significant differences between sigmoid and linear fits (RMSE and R2 values), within Experiments
(*) p < 0.05, denotes significant differences between RMSE, R2, and slope values between Experiment 1 and Experiment 2

Experiment 1

Approaching Sigmoid Linear

RMSE 10.95* 11.98
R2 0.55* 0.45
Slope 1.19 5.65

Experiment 2

Receding Sigmoid (*) Linear (*)

RMSE 19.94 22.22
R2 0.11 0.12
Slope 0.18 1.77

Fig. 2  Best fitting sigmoid at 
the group level for Experiment 
1 (approaching data). The plot 
represents group mean tactile 
reaction times for each visual 
stimulus location with respect 
to the toes (RMSE = 1.0, 
R2 = 0.99). Error bars represent 
standard error of the mean



168 Exp Brain Res (2018) 236:161–173

1 3

Experiment 2 (receding stimuli) Baseline-corrected 
reaction times were subjected to a repeated measures 
ANOVA, with distance (D1–D5) as the within-subjects 
factor. There was no main effect of distance (F(4,72) = 2.3; 
p = 0.058, η2 = 0.117), however, the data revealed a reli-
able trend towards significance. To further investigate if 
there was multisensory facilitation at any of the distances, 
Bonferroni-corrected (critical p = 0.01) one-sample t tests 
comparing the reaction times to baseline (i.e. 0 ms) sug-
gested multisensory facilitation at D1 (22 cm, p = 0.03, 
however, note that this did not survive the correction), but 
not at D2 (p  =  0.1), nor at D3 or D5 (p  >  0.19). Inter-
estingly, however, there was facilitation at D4 (89  cm, 
p = 0.005). No clear estimated boundary, therefore, was 
found for receding stimuli. See Fig. 3.

Correlation between foot size and PPS size

There was no correlation between foot size and PPS size 
for participants in Experiment 1 [r(18) = 0.38, p = 0.11], 
nor between foot size and PPS size for participants in 
Experiment 2 [r(19) = 0.36, p = 0.13].

Visuotactile‑interaction task: comparison 
between Experiment 1 and Experiment 2

To investigate whether stimulus direction influenced tactile 
reaction times as a function of visual location, we ran two 
additional analyses comparing Experiment 1 and Experi-
ment 2.

Curve fitting

We conducted separate Mann–Whitney U tests comparing 
the RMSE, R2, and slope values between the approaching 
(Experiment 1) and receding (Experiment 2) groups for 
both sigmoidal and linear fits. The analysis revealed that 
RMSEs for the sigmoidal fit were significantly lower for 
the approaching group compared to the receding group 
(U = 94.0, p = 0.01). Moreover, R2 values for the sigmoidal 
fit were significantly higher for the approaching compared 
to the receding group (U = 96.0, p = 0.02). In addition, the 
slopes for the sigmoidal fit were significantly steeper for 
the approaching compared to the receding group (U = 93.0, 
p = 0.01). In line with this, RMSEs for the linear fit were 
also significantly lower for the approaching group compared 
to the receding group (U = 106.0, p = 0.04). Moreover, R2 
values for the linear fit were also significantly higher for 
the approaching compared to the receding group (U = 98.0, 
p = 0.02). In addition, the slopes of the linear fit were sig-
nificantly steeper for the approaching group compared to the 
receding group (U = 99.0, p = 0.03). See Table 1.

Multisensory facilitation

Baseline-corrected reaction times were subject to a 5 × 2 
repeated measures ANOVA with distance (D1–D5) as the 
within-subjects factor and direction (approaching, receding) 
as the between-subjects factor. It should be noted that there 
were no significant differences in unimodal reaction times 
between Experiment 1 and Experiment 2 (p > 0.1 for both 
near and far administered tactile stimuli).

Results revealed a main effect of distance (F(4,140) = 4.3; 
p  =  0.002, η2  =  0.111), indicating that participants 
responded faster to the tactile stimulus when the visual 
stimulus was closer (rather than farther) from the feet. There 
was no main effect of direction (F(1,35) = 1.3; p = 0.24, 
η2 = 0.038), indicating that overall, reaction times were 
not significantly different between the two experiments. 
However, the interaction between distance and direction 
was significant (F(4,140) = 3.7; p = 0.006, η2 = 0.097). Fol-
low-up Bonferroni-corrected paired samples t tests (criti-
cal p = 0.0125) revealed that the nature of this interaction 
likely arose from the differences observed between D4 and 
D5 for the receding group [t(18) = − 3.1, p = 0.005; mean 
difference = − 20.8 ms], but not for the approaching group 

Fig. 3  Multisensory facilitation (in ms) for the approaching group 
(Experiment 1, in red), and for the receding group (Experiment 2, in 
blue). Negative values indicate that reaction time for the visuo-tactile 
trials were faster than reaction times for the participants’ fastest tac-
tile only trials. Asterisks indicate significant differences from baseline 
(dashed line, 0 ms). D1–D5 denote the proximity of the visual stimu-
lus to the foot. For sake of clarity, distances are rounded to the near-
est whole number. Note the significant difference for the approaching 
group at D1, D2, and D3 (but not at D4 or D5) suggesting that the 
PPS boundary lay between D3 and D4. Moreover, this demonstrates a 
relationship between the proximity of the visual stimulus and the tac-
tile reaction times. Note also the significant difference for the reced-
ing group at D4. However, there is no clear relationship between the 
proximity of the visual stimulus and the tactile reaction times. Error 
bars represent standard error of the mean
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[t(17) = − 0.4, p = 0.66; mean difference = − 3.8 ms]. This 
curious decrease in reaction times at D4 in the receding 
group is visualized in Fig. 3.

Discussion

In the current study, we sought to uncover (and outline the 
size of) the peripersonal space representation for the lower 
body (legs and feet). Participants were asked to respond to a 
vibro-tactile stimulus on the toes which was administered at 
different time points during the trajectory of an approaching 
(Experiment 1) or receding (Experiment 2) visual stimu-
lus. We found that reaction times to the tactile stimulus, 
for approaching visual stimuli only, showed a systematic 
decrease that was related to visual stimulus location. That 
is, the presence of the approaching visual stimulus boosted 
tactile processing within 73 cm (but multisensory facilitation 
remained present in the range of 67–89 cm) from the toes. 
Thus, we were able to uncover a boundary between PPS 
and extrapersonal space (EPS). These findings extend our 
knowledge about PPS representations, and provide insight 
into multisensory integration around the feet.

Many studies that have examined PPS in humans have 
focused on the upper body (Canzoneri et al. 2012; Teneggi 
et al. 2013; Ferri et al. 2015a, b; Serino et al. 2015; Kandula 
et al. 2015, 2017; de Haan et al. 2016). This is logical as the 
early neurophysiological investigations in monkeys mainly 
focused on the PPS network governing the upper body (e.g., 
Cooke and Graziano 2003, 2004; Fogassi et al. 1996; Gra-
ziano 1999; Graziano et al. 1997, 1999; Rizzolatti et al. 
1981b). However, neurons with receptive fields that extend 
into space for the whole body have also been identified 
(Hyvärinen 1981; Duhamel et al. 1998; Jiang et al. 2013). 
Further, some neurophysiological evidence in monkeys sug-
gests that the dorsal areas of the ventral premotor cortex 
(Muakkassa and Strick 1979; Kurata et al. 1985; Kurata 
1989) and medial regions of area 7 (Hyvärinen 1981) might 
be responsible for a ‘foot-centered’ PPS network, though 
an investigation using dynamic sensory stimuli was never 
formally reported. Thus, behavioural studies have uncovered 
the presence of PPS around the legs and feet (Schicke and 
Röder 2006; Schicke et al. 2009; Van Elk et al. 2013; Pozeg 
et al. 2015; Scandola et al. 2016; Stettler and Thomas 2016), 
but no study, to the best of our knowledge, has specifically 
examined how far PPS extends for the lower body.

There is indeed one recent study that looked at the 
influence of visual stimulus location on the spatial 
extent of foot PPS, though a metrically defined boundary 
between PPS and EPS was not delineated (Stettler and 
Thomas 2016). In this study, participants were asked to 
make speeded responses to the presence of a stationary 
visual stimulus (i.e., a square) which was positioned near 

(directly adjacent to the inner edge of the foot) or far (dis-
placed approximately 20 cm laterally from the inner edge 
of the foot) from the foot. Participants responded signifi-
cantly faster when the visual stimulus was near the foot, 
compared to when it was located at the ‘far’ adjacent side 
of the computer screen. Stettler and Thomas’s study pro-
vides evidence for a lower limb PPS that is sensitive to vis-
ual stimulus location, a finding that was further reinforced 
in our current study. However, and in critical comparison 
to the current study, the direction (lateral to the feet vs. 
anterior to the feet), motion-related properties (stationary 
vs. dynamic) and number of investigated locations (2 vs. 6) 
of the visual stimulus differed. It is worth noting that PPS 
in the lateral direction is much less studied, and might be a 
fruitful avenue for upcoming research. Stettler and Thomas 
conclude that stimuli within ‘stepping/kicking distance’, 
although not explicitly measured or metrically defined in 
their report, are processed differently than those beyond 
this space. While we probably more often step forward, 
rather than in the lateral direction, the idea that stepping 
distance is relevant in delineating the size of PPS is an 
interesting proposal to also entertain in our current study. 
While we did not measure stepping distance in our sample, 
observations in adults of average weight and height have 
revealed that a typical step length is around 75 cm (Sekiya 
et al. 1997; Terrier and Schutz 2003; Terrier et al. 2005; 
Shorter et al. 2017). Remarkably, this distance aligns with 
the size of the PPS representation revealed in our study. 
While this idea requires a more thorough investigation, it 
lends strength to the proposal that PPS is, at least partly, 
a “multisensory motor-interface for body–object interac-
tion” and is dependent upon a body part’s ‘action space’ 
(Serino et al. 2009, 2015; Brozzoli et al. 2012b). There 
is at least one investigation that has focused on how the 
legs’ ‘potential for action’ modulates their PPS represen-
tation. In this study, participants with spinal cord injury 
(SCI), who could not feel or move their legs, completed 
a crossmodal congruency task wherein vibrations were 
administered to the hands, and light flashes appeared near 
the feet (Scandola et al. 2016). To obtain a crossmodal 
congruency effect (CCE) in this case, the expectation is 
that tactile reaction times are facilitated when the visual 
stimulus is ipsilateral (congruent) to the tactile location, 
and conversely, hindered when the visual stimulus occurs 
contralateral (incongruent) to the tactile stimulus. Results 
revealed that individuals with SCI failed to show a CCE 
for the feet, but showed a normal CCE (and therefore 
PPS representation) for the hands. This finding suggests 
a retracted and/or absent PPS representation for their 
lower limbs. What is more, passively moving the partici-
pants’ legs back and forth for only 15 min was enough to 
“reactivate” the PPS representation—as measured by the 
CCE—around their lower limbs. This remarkable finding 
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highlights the role of the motor-related aspects in shaping 
PPS and also emphasizes the importance of studying the 
intricate mechanisms involved in how the brain represents 
the lower body. Although we cannot conclude that our cur-
rent study supports, nor opposes, the proposal that lower 
limb PPS functions as a sensorimotor interaction zone, 
we hope that it, at least, adds further merit to this grow-
ing literature on lower limb representations and their PPS 
networks.

How does the size of the lower limb PPS representation 
revealed in the current study compare to the size of other 
body part-centered PPS representations? We found that the 
approximate boundary between PPS and EPS was located 
around 73 cm from the feet. As mentioned, most previous 
reports on PPS using behavioural paradigms have focused 
on the size of the peri-hand representation. This usually 
ranges between 30 and 50 cm from the hand (Canzoneri 
et al. 2013a; Serino et al. 2015; Kandula et al. 2017), but 
can be extended using a tool (Cardinali et al. 2009; Bas-
solino et  al. 2010; Canzoneri et  al. 2013b) or retracted 
after immobilizing the body part (Bassolino et al. 2014) or 
following an amputation (Canzoneri et al. 2013a). There-
fore, how does the hand PPS representation compare to the 
lower body PPS representation? In one study, van Elk et al. 
(2013) showed that the foot PPS (as measured by a visuo-
tactile crossmodal congruency task) is mostly unaffected 
by factors such as limb posture and the congruency of a 
fake limb placed nearby, whereas the hand PPS is sensi-
tive to these factors. In addition, other studies suggest that 
the lower limbs are slower (when compared to the hands) 
at remapping tactile information (e.g., Schicke and Röder 
2006). So it might not be surprising that the lower limb 
PPS size differs from the upper limb PPS size. One pos-
sibility is that these subtle differences between upper and 
lower body multisensory integration are related to the type 
of sensory-guided actions carried out by these limbs. As 
PPS is an action space, it is plausible that the body part’s 
main action repertoire influences its PPS representation. For 
example, as acknowledged by Van Elk et al. (2013), visual 
information is, on a daily basis, more often coupled with 
proprioceptive information for the hands than for the legs 
(e.g., reaching to grasp a cup vs. walking). Reaching to grasp 
a cup requires vision (towards the hand and cup), touch, and 
proprioception, whereas walking does not require vision of 
the legs, but rather relies mainly on lower limb touch and 
proprioceptive feedback. In addition, many directed move-
ments of the hands require precise attention and fine motor 
skills, whereas locomotion is guided by more gross, auto-
matic movements, sometimes done in tandem with other 
body parts making goal-directed movements. For example, 
using the same paradigm as in the current study, Kandula 
et al. (2017) displayed a PPS boundary around the hands 
that was approximately 41 (± ~ 7 SD) cm. As we observe a 

larger (but more variable) PPS representation for the lower 
body 73 (± ~ 24 SD) cm, we might speculate that these dif-
ferences are partly reflective of the properties of the actions 
(e.g., precise vs. gross) conducted in these spaces.

In addition to peri-hand space, a few behavioural inves-
tigations have also focused on the size of peri-trunk space. 
The size of the peri-leg/foot space representation reported 
in the current study appears to be similar to that of the peri-
trunk space (~ 72 cm, but ranging 65–100 cm), as reported in 
previous studies (Noel et al. 2015; Serino et al. 2015). This 
is perhaps not surprising as the legs are physically connected 
and in direct line with the trunk. Movement of the legs, 
for example, during locomotion, simultaneously produces 
movement of the trunk whereas movement of the hands can 
occur independently from the rest of the body. Moreover, 
both the trunk and the legs are implicated in full-body object 
interactions (Noel et al. 2015; Serino et al. 2015). At first 
glance of our findings, it might appear that the trunk and 
lower limbs have a shared PPS. Serino et al. (2015) showed 
that body part-centered PPS depends on the body part’s dis-
tance from the trunk. Utilizing a similar paradigm employed 
in our study, when the hand was positioned in the front and 
center of the trunk, the hand PPS was encapsulated by the 
trunk PPS. However, as the hand moved laterally away from 
the body, the hand PPS became smaller (and independent of 
the trunk’s PPS), while the trunk PPS remained unchanged. 
It is possible that we captured both the trunk PPS and the 
lower limb PPS in the current study. It is noteworthy that in 
the current study, the lower limbs were not displaced later-
ally from the trunk but were indeed displaced in the ante-
rior direction. The paradigm was designed so that the first 
point of possible collision of the visual stimulus with the 
body (and the site of vibro-tactile stimulation) was the toes. 
Because participants were sitting at a chair, with the feet 
slightly extended forward, the approximate anterior distance 
between the average participants’ trunk and the tip of his/her 
toes was 75 cm. Therefore, it is possible that the lower limb 
and trunk PPS (which has been measured while participants 
are standing) have similar metric distances, but separate PPS 
representations. What is more, locomotive movement of the 
legs has been shown to increase the size of the PPS (up to 
1.66 m) for the trunk (Noel et al. 2015). And although the 
authors mainly discuss these findings in terms of PPS plas-
ticity, one might also entertain the possibility that the lower 
limb PPS network was also engaged during their task, and 
contributed to the noted PPS expansion. The activation of a 
PPS for paralyzed limbs following passive movement of only 
the legs in the report by Scandola and colleagues also sug-
gests a lower limb PPS that is distinct from that of the trunk. 
However, as lower limb PPS has been seldom invested, these 
claims are merely speculative. In any case, we have shown 
that there is special space around the toes wherein visuo-
tactile processing is facilitated. Future investigations could 
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focus on further disentangling these body part-centered PPS 
representations (e.g., hand vs. foot, or trunk vs. foot).

We showed that visual stimulus direction seemed to play 
a critical role in defining the PPS boundaries for the lower 
limbs. In Experiment 1 (approaching visual stimuli), we 
found that the relationship between tactile reaction times and 
visual stimulus distance was better explained by a sigmoidal 
(s-shaped) function when compared to a linear function. This 
relationship was further confirmed by looking at the critical 
spatial distances from the feet where multisensory facilita-
tion occurred, which allowed us to identify an approximate 
boundary between PPS and EPS. In general, the pattern 
of our data aligns with several previous reports that have 
identified a boundary between PPS and EPS for the hands 
(Canzoneri et al. 2012; Ferri et al. 2015a, b; Serino et al. 
2015; Kandula et al. 2017), face (Sambo and Iannetti 2013; 
Teneggi et al. 2013; Serino et al. 2015), or the trunk (Galli 
et al. 2015; Noel et al. 2015; Serino et al. 2015). In contrast 
to Experiment 1, in Experiment 2 (receding visual stimuli), 
we found that neither the sigmoidal nor the linear function 
better described the relationship between tactile reaction 
times and visual stimulus distance. We were unable to iden-
tify a clear division between PPS and EPS when the visual 
stimulus receded away from the body. These findings not 
only match those of previous behavioural investigations on 
PPS size, but they also correspond with the neurophysiologi-
cal studies that show that PPS neurons prefer to respond to 
approaching, over receding, stimuli (Colby et al. 1993; Gra-
ziano and Gross 1995; Fogassi et al. 1996; Graziano et al. 
1997; Duhamel et al. 1998). And while some behavioural 
studies show that the peri-hand space is sensitive to stimuli 
approaching and receding from the hand (Canzoneri et al. 
2012), PPS representations for other parts of the body, such 
as the face (Teneggi et al. 2013; Serino et al. 2015) or trunk 
(Serino et al. 2015) are diminished (or sometimes abolished) 
when stimuli recede away from the body part. However, 
and to our surprise, we did observe multisensory facilita-
tion (i.e., significantly faster tactile reaction times compared 
to baseline) when the receding visual stimulus was located 
around 89 cm from the toes. Figure 3 (blue line) provides 
a visualization of this u-shaped dip, wherein reaction times 
significantly decreased from 67 to 89 cm from the body, and 
increased back to baseline from 89 to 111 cm. This curious 
decrease in reaction times from 67 to 89 cm is strikingly 
reminiscent of the boundary between PPS and EPS that we 
found in Experiment 1. One might argue that, even when a 
stimulus is moving away from the body, it is still relevant 
to monitor its location with respect to the body [see Serino 
et al. (2015) for a brief point on this matter regarding inter-
actions with the upper body]. After all, such as the arms, the 
legs are also important effectors for action. Not only do we 
interact with objects with the intent to move them away from 
our legs (e.g., kicking a ball) but, and maybe more rarely, we 

also make retracting movements with our legs (think of pull-
ing the ball towards you in a game of soccer, or withdrawing 
the foot from an approaching spider). Perhaps the influence 
of receding stimuli on PPS representations is partly depend-
ent on the level of bi-directionality of that body part (i.e., as 
we observed a limited effect of receding stimuli on the peri-
leg space, which also has limited bi-directionality). Thus, it 
is plausible that the PPS network can be reactive to sensory 
information near, or on the cusp of, the boundary between 
PPS and EPS, regardless of stimulus direction. Of course, 
the brain must be able to distinguish between PPS and EPS 
to even formulate a boundary. Neuroimaging data shows that 
individual PPS boundaries can be predicted from intertrial 
variability in the BOLD signal for the premotor cortex when 
auditory stimuli are looming towards the hand, but only 
when the sounds are still located EPS (Ferri et al. 2015a). 
In other words, the PPS network is attentive to stimuli far 
from the body, before it even reaches PPS. So it is possible 
that reaction times to tactile stimuli are particularly sensi-
tive around the PPS/EPS border, as the brain must maintain 
a representation of both spatial zones. Such a speculation 
could be challenged in future imaging studies, with the use 
of looming and receding stimuli.

Finally, it is worth acknowledging that we found a large 
spatial range that defined the boundary between PPS and 
EPS for approaching stimuli. The average slope from PPS 
to EPS was not sharp per se, but gradual. In other words, 
the switch from slower to faster reaction times, as the vis-
ual stimulus got closer, was elongated. This reflects the 
variability in PPS boundaries (or switch points) within the 
current sample. Studies have shown that individual differ-
ences in brain activity (Ferri et al. 2015a) and emotional 
states such as anxiety (Sambo and Iannetti 2013) or fear 
(Taffou and Viaud-Delmon 2014; Ferri et al. 2015b; de 
Haan et al. 2016), and also anxiety disorders such as claus-
trophobia (Hunley et al. 2017) can contribute to the vari-
ability observed in PPS boundaries. Although we did not 
specifically investigate this, it is possible that individual 
traits contributed to the large variability in our sample. But 
it is equally likely that the fluidity of the lower limb PPS 
boundary is also reflective of the frequency in which vis-
ual and tactile information are coupled for the lower body 
(Van Elk et al. 2013). As noted earlier, rarely do we need 
to look at our feet while walking, whereas we quite often 
look at our hand while making a grasp. Noel et al. (2016) 
showed that the window of time between two consecutive 
sensory stimuli that people judge them as occurring simul-
taneous is larger within PPS than outside of PPS. It would 
be interesting to compare these simultaneity judgements 
across body parts, particularly for the legs, to see if visual 
and tactile information are indeed integrated at a different 
rate. If so, this might affect the extent and precision of the 
PPS boundary around the lower body.
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To conclude, we believe we have uncovered a boundary 
between peri- and extra-personal space for the lower limbs 
using dynamic sensory stimuli. We hope that these find-
ings lend insight into lower body multisensory processes 
and stimulate a plethora of new investigations involving 
the legs and feet. For instance, it would be interesting to 
compare these processes in individuals who experience the 
lower body differently from the general population (e.g., 
lower limb amputees, individuals with spinal cord injury, 
individuals with body integrity identity disorder).
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