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Recent studies have demonstrated that the representation of peri-personal space (PPS) can
be strongly modulated by the intention to execute a spatially-directed hand-movement.
However, the question of whether analogous motor-induced PPS modulations can be
observed during the planning and execution of goal-directed lower limbs movements has
been scarcely investigated. Here we asked whether changes in the visuo-tactile PPS maps
occur during the planning of a goal directed foot-movement. We asked participants to
respond to the location of a tactile stimulus delivered to the index finger (top) or the thumb
(bottom) of the right hand while ignoring a visual distractor presented at congruent or
incongruent elevations, either close to the foot or close to the goal of the foot movement.
This version of the cross-modal congruency task was performed under two different
experimental conditions, as a baseline (static task, no movement involved) and embedded
into a dual-task in which participants also had to plan and execute a goal-directed foot
movement (dynamic task). In the static task, comparable cross-modal congruency effects
(CCE) were present near the foot and near the movement goal. In the dynamic task, the CCE
near the foot shrank considerably, whereas a sizable CCE was present near the movement
goal. This anticipatory reweighting of the multisensory representation of near-space
demonstrates that PPS is modulated by the intention to perform a goal-directed foot
movement, with a weakened representation of the space around the currently occupied
foot location when a movement is imminent.
© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The ability to interact with objects or navigate around obsta-
cles is closely dependent upon the ability to consistently
register where the body is positioned in space as well as its
spatial relations with neighbouring objects. To support this
endeavour, the primate brain does not represent the space
surrounding the body as a single unitary map. Instead, space
is encoded in multiple maps, based not only on the relative
spatial proximity between the body and neighbouring objects,
but also on the distinct movements the body can perform with
different effectors upon those objects (e.g., Rizzolatti et al,,
1983, 1997, 2014). The representation of peripersonal space
(PPS) - often defined as the space immediately surrounding
the bodies of primates and humans (e.g., Clery et al., 2015; di
Pellegrino & Ladavas, 2015; Serino, 2019) — is considered
crucial for the multisensory processing of information which
allows body—objects interactions.

Seminal neurophysiological studies with non-human pri-
mates provided early evidence that the representation of
space around the body is mediated by distinct networks of
functionally interconnected neural regions, including the
intraparietal sulcus, the premotor cortex and the subcortical
putamen, characterized by spatial, multisensory and motor
properties (Duhamel et al., 1998; Graziano & Gross, 1993, 1995;
Gross & Graziano, 1995; Rizzolatti et al., 2002). Located within
these regions are populations of bimodal visuo-tactile neu-
rons whose receptive fields are in spatial register with each
other. While the tactile receptive fields are anchored to a
specific body part, the depths of the visual receptive fields are
restricted to specifically encompass a limited portion of the
space surrounding that body part (Graziano & Gross, 1993,
1995), ‘as if the cutaneous space extends into the visual space
adjacent to it (peripersonal space, PPS)’ (Rizzolatti et al., 1997).
Thatis, these neurons show strong responses to visual stimuli
only when these are presented close to the body part to which
their tactile receptive fields are anchored. Physiological work
with macaque monkeys has further revealed that the orien-
tations of the visual receptive fields shift in parallel with
changes in body position rather than the position (or the
movements) of the eyes, thereby ensuring that near-space
stimuli are consistently registered within a body-centred
reference frame (e.g., Graziano et al., 1994).

Beyond the primate brain, functional neuroimaging work
has established that the PPS representations in humans are
grounded in a homologous fronto-parietal network which
overlaps substantially with neural regions governing the body
schema (e.g., Bremmer et al., 2001; Brozzoli et al., 2011; Makin
et al.,, 2007; Quinlan & Culham, 2007). These findings imply a
close connection between spatial and body representations
(e.g., Cardinali et al., 2009). Importantly, evidence for a PPS
representation in humans has been provided by a growing
body of behavioural studies investigating patterns of cross-
modal interactions, occurring at varying spatial distances
from the body as a proxy measure for the multisensory dy-
namics of PPS. A popular paradigm for this purpose is the
crossmodal congruency task (e.g, Maravita et al., 2003;
Spence, Pavani, & Driver, 2004; Spence, Pavani, Maravita, &
Holmes, 2004) which typically involves the presentation of a

visual distractor from one of two lights positioned on the top
or bottom of a hand-held foam cube and the simultaneous
presentation of a tactile target to the index finger or thumb
holding the cube. Participants are required to respond to the
elevation of the tactile target (top or bottom elevation for
stimuli to the index or thumb, respectively) while ignoring the
visual distractor. Response times and accuracies are
compared across trials in which target and distractor are
spatially congruent (e.g., top visual distractor and top tactile
target, i.e., to the index finger) or incongruent (e.g., top visual
distractor and bottom tactile target, i.e., to the thumb). Typi-
cally, worse performance is observed on incongruent
compared to congruent trials (the crossmodal congruency
effect or CCE) due to the conflicting information between the
locations of tactile target and visual distractor. This implies
that a visual distractor presented in spatial proximity to a
tactually stimulated limb cannot be ignored and significantly
influences the speed and accuracy of the tactile localization.
Crucially, these crossmodal interactions indexed by the size of
the visuo-tactile congruency effects show magnitude re-
ductions when the visual distractor is presented increasingly
away from the body (e.g., Gherri et al., 2022; Holmes, 2012;
Ladavas et al., 1998; Holmes & Spence, 2004; Spence, Pavani,
Maravita, & Holmes, 2004).

The CCE represents a discrete measure of PPS because
crossmodal interactions in space are typically probed at a
reduced number of locations, with visual distractors often
presented either near the body or far away from it. This
discrete PPS measure is likely to have contributed to defini-
tions of PPS as an ‘all-or-nothing’ sensorimotor interface with
well-defined spatial boundaries marking the transition from
peri-personal to extra-personal space (see Bufacchi & Iannetti,
2018a, 2018b; for an extended discussion on this topic). A
similar clear-cut distinction between stimuli within and
outside PPS is also often implicit in the commonly used defi-
nition of PPS as ‘reaching space’ (but see Zanini et al., 2020,
2021; for recent evidence suggesting systematic differences
between these spatial representations). However, more
recently, PPS has been conceptualized as a gradient (e.g,
Longo & Lourenco, 2006, 2007) or a field (e.g., Bufacchi &
Iannetti, 2018a, 2018b), whereby the pattern of multisensory
interactions decreases gradually as a function of the
increasing distance between the body and the external visual
(or auditory) stimuli. To map peri-personal space in a more
continuous way, a multisensory detection task has been
recently developed in a series of behavioural studies (e.g.,
Canzoneri et al., 2012; Teneggi et al., 2013; Serino et al., 2015).
Participants were asked to detect as quickly as possible a
tactile target presented to the hand (or to other body parts)
while ignoring a looming or receding auditory distractor.
Because the auditory distractor was ‘dynamic’ and presented
at different delays from the tactile stimulus, it was possible to
analyze participants' responses to the tactile target as a
function of its ‘distance’ from the auditory distractor. Results
showed that the detection of the tactile target was faster when
the auditory distractor was nearer the tactually stimulated
body part compared to when it was presented further away
(e.g., Canzoneri et al., 2012). This suggests that auditory (or
visual) stimuli presented closer to the body have a stronger
impact on tactile processing compared to those presented
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further away from it. The crossmodal patterns illustrated in
this body of behavioural evidence support the idea of PPS as a
special multisensory interface for body—objects interactions,
preferentially encoding stimuli closer to the body.

The question of why stronger multisensory responses are
observed for stimuli presented closer than further away from
the body has attracted significant interest in the literature.
The ‘goal-directed action’ account proposes that the mecha-
nisms underlying PPS representations chiefly subserve
voluntary actions and interactions with the environment (e.g.,
Ladavas & Serino, 2008). According to the ‘avoidance-defen-
sive’ account, the sensorimotor properties of PPS representa-
tions exist primarily to facilitate the rapid engagement of
defensive responses to stimuli approaching the body (e.g.,
Bufacchi et al., 2016; Bufacchi & Iannetti, 2018a, 2018b). More
recently, the role of PPS as a buffer zone between the body and
the environment has been expanded to include also a social
function whereby PPS not only contributes to the protection of
the body from external threats but also support the organi-
zation of social life, determining the space for social in-
teractions (e.g., Coello & Iachini, 2021; see also di Pellegrino &
Ladavas, 2015; Serino, 2019, for reviews). While it is likely that
PPS representations play a role in all these action-related
functions crucial to everyday functioning (de Vignemont &
[annetti, 2015), as this paper is concerned with the planning
of goal-directed action, the remaining discussion will be
framed within this context.

The neural underpinnings of the space-action relationship
is theorised to include a ventral premotor cortex (VPMC) —
ventral intraparietal sulcus (vIPS) circuit, wherein the vPMC
receives input from the vIPS, a constituent part of the cortical,
action-centred dorsal stream and systematically performs
sensorimotor transformations on the input to facilitate
anticipatory action—centred processing (e.g., Gross &
Graziano, 1995; Kakei et al., 2003; Rizzolatti et al., 2002).
Encoding of visual stimuli in non-retinocentric reference
frames within these regions may indicate that the PPS
network is physiologically engineered to provide an effective
system for planning and executing movements of body parts
in a goal-directed manner.

The presence of such PPS-action links has been well
established in the literature. For instance, functional neuro-
imaging work has implicated premotor neurons in the initial
formulation of motor responses to stimuli exclusively within
PPS boundaries (Bonini et al., 2014; Bremmer et al., 2001).
Furthermore, transcranial magnetic stimulation (TMS)
applied to the PMC modulates corticospinal activity in
response to stimuli presented within but not outside PPS
boundaries, hundreds of milliseconds before motor cortex or
muscle activity and under conditions where no action is
required, reflecting the anticipatory sensorimotor trans-
formations that facilitate controlled and precise action-
execution (e.g., Avenanti et al., 2012; Townsend et al., 2011;
Umilta et al., 2007). Dovetailing nicely with these findings, a
recent electrophysiological investigation (Wamain et al., 2016)
has revealed event-related desynchronization of the y
rhythm, a pattern of neural activity underlying motor imag-
ery, motor planning and the processing of object manipula-
bility, for objects specifically within PPS. This effect occurred
approximately 300 msec post-stimulus presentation, once

again implying that sensorimotor transformations are auto-
matically primed by contexts potentiating action or object-
interaction.

Behavioural investigations in humans demonstrated that,
from the onset of hand-centred action-execution, visuo-
tactile interactions between the hand and a target object
located within PPS are continuously reweighted (Brozzoli
et al.,, 2009; 2010). More specifically, this hand-specific PPS
reweighting occurred when reaching to grasp, but not when
reaching to point. This implies that the differences observed
between visuo-tactile interactions across different actions
cannot be simply attributable to the decreasing spatial dis-
tance between the visual and tactile signals during action-
execution and that the sensorimotor architecture of PPS is
remarkably fine-tuned to the specific goals of each movement
(Brozzoli et al., 2009; 2010). More recently, a similar remapping
of hand PPS was observed also during the planning of a reach
to grasp movement, demonstrating that changes to the
weights of visuo-tactile interactions in space start already
before the onset of the hand movement (Patané et al., 2019).

While the research described above strongly supports (one
of) the function(s) of PPS as action-centric, it is important to
acknowledge that the hands and their goal-directed move-
ments were the main focus of these empirical investigations.
Because the hands have a well-defined functional importance,
the question remains as to whether the findings of hand-
centred studies can be extrapolated to other limb-centred rep-
resentations. Indeed, initial evidence suggests the existence of
independent PPS representations centred on distinctbody parts
such as the trunk, the hand, and the face (e.g., Cléry et al., 2015;
Serino et al., 2015). Therefore, a relatively unexplored question
concerns the spatial and functional properties of PPS repre-
sentations centred on body parts other than the hands.

Few studies to date have attempted to probe the PPS rep-
resentation around the lower limbs and their dynamics (Pozeg
et al., 2015; Scandola et al., 2016; Schicke et al., 2009; Stone
et al., 2018; van Elk et al., 2013). The first studies to report
the existence of PPS representations around the lower limbs
used a modified versions of the classic visuo-tactile cross-
modal congruency task and observed the presence of reliable
visuo-tactile CCEs when tactile targets and visual distractors
were presented to/next to the foot (Schicke et al., 2009; van Elk
et al., 2013). More recently, two behavioural studies assessed
the multisensory spatial properties of the lower-limbs PPS.
Stone et al. (2018) presented tactile targets directly to the feet,
under static conditions (in the absence of real or induced feet
movement) and observed faster responses only when the
target was presented with an approaching visual distractor,
not a receding one. They reported that PPS boundaries around
the feet were located at approximately 70 cm from the feet.
Interestingly, when the spatial properties of hand and feet PPS
were directly contrasted, different strengths of the integration
of visuo-tactile information were observed around the upper
and the lower limbs (Gherri et al., 2022). Specifically, while PPS
around the upper limbs was maximal next to the hand and
decreased as visual distractors were presented 40 cm away
from it as indexed by a decreasing pattern of CCEs, visuo-
tactile interactions around the lower limbs were stronger
when the visual distractor was presented 40 cm from the foot
compared to when it was just above the lower limb (i.e.,
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increasing pattern of CCEs; Gherri et al., 2022). Together, these
findings demonstrate the existence of PPS representations
around the lower limbs characterized by idiosyncratic spatial
features, different from those observed for the upper limbs.

Because the studies reviewed above involved static situa-
tions, they did not address questions related to the functional
role of PPS representations around the lower limbs. Initial ev-
idence suggests that the space around the body is dynamically
remapped during walking (e.g., Noel et al., 2015). Specifically,
PPS boundaries extended while walking as compared to a still
condition in a task in which audio—tactile interactions were
used as a proxy for the PPS boundary (Noel et al., 2015). Evi-
dence for a similar remapping of PPS was also reported when a
walking movement sensation was induced through the pre-
sentation of a walking-sound vibration under the soles of
participants feet, in the absence of actual walking movements
(Amemiya et al., 2019). Thus, active or even illusory move-
ments linked to locomotion of the lower limbs can dynamically
induce a remapping of the space around the body. Further-
more, passive movements of the feet restored a degraded
lower-limb PPS representation in patients with paraplegia
(Scandola et al., 2016). The fact that the PPS representation was
influenced even by relatively minor and artificial movement in
the absence of motor feedback effectively implies that the
motor-centric properties of PPS are present across different
movement-oriented effectors, with the lower-limb PPS partic-
ularly sensitive to motion-inspired postural adjustments.

However, it remains unclear whether a remapping of PPS
can also be found when goal-directed lower limb movements
are planned and performed. Because one of PPS functions ap-
pears to be the facilitation of sensorimotor transformation
subserving hand actions towards reachable objects (Bremmer
et al., 2001; Brozzoli et al., 2010; Ladavas & Serino, 2008; van
Elk & Blanke, 2011), it is conceivable that PPS may also sup-
port the planning and execution of goal directed foot move-
ments. Indeed, the feet have the potential to subserve
body—objects interactions despite their reduced prehensile
qualities, as suggested by studies and observations of upper-
limb aplasics and amputees (e.g.,, Friedmann, 1988; Gazzola
et al., 2007). For example, infants born without upper-limbs
will spontaneously utilise their feet to explore the surround-
ing environment, implying that an action-centred spatial rep-
resentation should not be exclusive to the hands (e.g,
Friedmann, 1988; Gazzola et al., 2007).

The present study investigated whether planning a goal-
directed foot movement induces a remapping of PPS. To
investigate the effect of foot action-planning on PPS repre-
sentations, we followed Brozzoli et al.’s approach (2009; 2010;
Patane et al, 2019) in which visuo-tactile crossmodal in-
teractions were compared under static (no movement
required) and dynamic conditions (during the planning/
execution phases of a goal-directed foot movement). In both
Static and Dynamic tasks of the present study, we asked
participants to localize a tactile target presented to their right
hand while ignoring an irrelevant visual distractor was pre-
sented next to or near their right foot. To better understand if
and how PPS visuo-tactile interactions remap as a conse-
quence of foot action-planning, visual distractors were posi-
tioned across different spatial locations in depth: next to or
near the resting position of the foot or adjacent to or near the

goal of the foot movement, thus encapsulating the entire
outward span of reachable foot space. It is worth noting that
the measurement of foot-specific PPS would have implied the
presentation of both tactile stimuli and visual distractors to/
near the foot (for example, see Gherri et al., 2022; Van Helk
et al., 2013, for a direct comparison between hand- and foot-
specific PPS under static conditions). However, delivering
tactile stimuli directly to the foot was not possible in the dy-
namic task, due to the physical constraints imposed by the
tactile stimulators (which were wired to a controller box).
Hence, to avoid the risk of losing or dislodging the stimulators
during the foot movement (which occurred on the majority of
trials), we adopted a ‘hybrid’ crossmodal congruency task. In
this task, first developed by Schicke et al. (2009) and more
recently used by Scandola et al. (2016), the visual distractor
was presented in close proximity to the feet, but the tactile
target was delivered to the hands. Evidence has shown that
visual distractors presented to/near the foot were able to
interfere with the tactile judgements carried out on the hands,
resulting in sizable CCEs (Schicke et al., 2009; Scandola et al.,
2016). These findings suggest that PPS representations
centered on distinct body parts are interconnected and can
interact under these experimental circumstances (c.f. Schicke
et al., 2009), making the hybrid crossmodal congruency task
an appropriate tool to investigate the remapping of PPS during
foot movement planning. Henceforth, we will refer more
broadly to PPS to indicate the visuo-tactile map deriving from
the hybrid task of the present study, i.e., the integration of
visual information presented within different sectors of the
space occupied by the foot (i.e., next to the foot or further
away from it) and the tactile processing of stimuli to the hand,
whereas we will use the terms hand-specific or foot-specific
PPS to refer to results of studies measuring visuo-tactile
integration of stimuli presented to/close the same limb.

Importantly, in the present study we were interested in PPS
remapping driven by foot movement planning. Given that in
both the static and dynamic tasks the tactile stimuli were
delivered to the hand, CCE differences between tasks could be
reasonably attributed to changes in the remapping of the vi-
sual space around the foot probed by the visual distractors
during the planning of the foot movement. If visuo-tactile
interactions do remap to anticipate and update the relation-
ship between the body and the space targeted by the foot
action, one would expect stronger CCEs for the visual dis-
tractors located adjacent to the movement goal during action-
planning than for the distractors presented next to the initial
resting position of the foot during the covert planning of the
foot movement (i.e., in the dynamic task).

2. Method
2.1. Participants

An a-priori power analysis was conducted for sample size
estimation, based on data from our previous study (Gherri
et al,, 2022), in which we measured PPS around the lower
limbs with a similar crossmodal congruency task. In that
study (N = 50), CCEs of 75 msec (C = 690 msec and I = 766 msec)
for near visual distractors and 86 msec (C = 691 msec and
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I = 776 msec) for far visual distractors. Power analyses were
performed using the simr package in R (Green & MacLeod,
2016), simulating and then modelling 1000 independent ex-
periments with an increasing number of participants. The
results showed that with a sample size of N = 30 the power
reached 91.80% (CIs: 89.92, 93.43) of the effect size reported.
Thus, the obtained sample size of N = 24 is more than
adequate to reach a power >80% with a significance criterion
of a = .05.

Thirty participants were originally sampled but six were
removed due to problems with the recording equipment.
Thus, twenty-four neurologically ‘typical’ participants (15 fe-
males, mean age = 24 yrs +3.3) took part in the present study.
All participants had normal or corrected-to-normal vision and
normal tactile sensitivity, and all recognised their right hand
and foot as dominant by self-report. This study was granted
ethical approval by the PPLS Research Ethics Committee at the
University of Edinburgh and carried out in compliance with
the Declaration of Helsinki (World Medical Association, 2013).
Written informed consent was provided prior to the
commencement of the study, and participants were reim-
bursed £10 for their time.

2.2. Materials and apparatus

Throughout the experiment, participants were seated in a
chair raised ~46 cm from the ground. A purpose-built, black
wooden board placed on the floor (length = 45 cm;
width = 90 cm) was used to house the pad used for the resting
position of the foot, the two response pedals (left and right
movement goals), and the visual distractors (see Fig. 1). The

Foot Pedals
(Movement Goals)

53
3
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Fixation

T h
3

Wooden board,
floor level

/

A
' Qf\}\\ .
Tactile Targets 3
S N

Wooden structure
). supporting the hand,
J /O/BL 71.5 cm from the floor

‘\
\\

board slanted backwards at an angle of approximately 45° in
order to facilitate the pressing of the pedals without the need
for corresponding shifts in the overall body position. The foot-
pedals (8 cm x 4 cm) were positioned 22 cm apart and
approximately 45 cm anterior to the resting position of the
foot on the raised edge of the board. When stationary, the foot
rested on a black, rubber support.

Four light-emitting diodes (LEDs) were placed along the
midline of the wooden board and were used to present the
visual distractors. These were presented across four spatial
locations. Two were placed near the resting position of the
foot (5 cm and 10.5 cm, distant from the resting foot position,
‘bottom’ locations), while the remaining two were located
near the movement goal, ‘top’ locations (30.5 cm and 36 cm
distant from the resting foot position), thus encapsulating the
entire outwards space of PPS. The two top and the two bottom
LEDs were 5.5 cm apart and the two pairs of LEDs were
approximately 20 cm distant (see Fig. 1).

The hand, in a pinch-grip position, held a cuboid
(5.5 x 4 x 4 cm) which was attached to a purpose-built, black
wooden frame (width = 68.5 cm; height = 71.5 c¢m) placed in
front of each participant’s trunk. Importantly, while the hand
was raised from the floor (at a height that allowed participants
to rest their hand on the raised wooden frame comfortably
while seated), the hand holding the cuboid was visually
equidistant from the two top and the two bottom visual dis-
tractors (approximately 9 cm distant from either), see Fig. 1.

Tactile targets were presented via one of two miniature
solenoids tappers (Miniature Solenoid Tapper Controller Mk3,
model MSTC3-4) attached to the index finger or to the thumb
of the right hand with velcro. These 12 V solenoids propelled a

Visual distractors:

Foot distance: Hand distance:
Near
Movement -
Goal

Further away
from hand

Fig. 1 — Schematic representation of the experimental set-up as seen by participants during the Experiment. A purpose-
built, wooden board was used to house the foot in its resting position as well as the visual distractors and the response
pedals serving as movement goals. The right hand holding a foam cube was resting on an elevated wooden structure/table
(10 cm deep) and visually located exactly in between top and bottom visual distractors. Tactile tappers were attached to the
index and thumb of the right hand and delivered top and bottom tactile targets, respectively. The four visual distractor
locations were coded relative to the foot (near the foot versus near the movement goal) and relative to the hand (closer to the

hand versus further away from the hand).
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Fig. 2 — Schematic representation of the trial events in both the Static and the Dynamic tasks.

blunt conical rod (surface area 28.27 mm?) onto the skin when
current passed through them, producing suprathreshold
tactile stimuli.

The visual distractor consisted of three consecutive bursts
of green light (50 msec each in duration) delivered from one of
the four LEDs, separated by two 50 msec long offset periods.
The tactile target involved the delivery of three supra-
threshold vibrations (50 msec each in duration), in rapid
succession. Similar to the procedures used by Brozzoli et al.
(2009; 2010; Patane et al., 2019), Gherri et al. (2022), Scandola
et al. (2016) and Schicke et al. (2009), the onset and offset of
the visual and tactile pulses were simultaneous. Overall, the
duration of the visuo-tactile stimulation was 250 msec long.
All participants were tested before the experiment to ensure
adequate perception of these vibrations.

White noise was played in the testing environment
throughout the experiment by 2 speakers (Zalman 2M5300) to
mask any residual noise of the tappers which might have
served as auditory cues for tactile localisation.

In the dynamic task (involving action-planning and
execution), an auditory stimulus (100 msec duration),
formatted on Goldwave (v6.23, 2016), informed the partici-
pants of which pedal they would have to move towards (single
beep = left; double beep = right) and when (GO signal; vocal
“GO”; 170 msec). These were relayed over headphones (Sony
MDR-V150) at a comfortable volume. In the Static task, a NO-
GO signal (vocal “STOP”; 170 msec) was included at the
beginning of each trial to prevent movement.

Tactile, visual and auditory stimulus presentation as well
as the recording of responses during both the static and
dynamic tasks were controlled by a Desktop Dell OptiPlex
745 computer (Dell Inc., Round Rock, TX) running an E-

Prime 2.0 (Psychology Software Tools Inc., Sharpsburg, PA)
script.
2.3. Design and procedure

A 2 (crossmodal congruency effect) x 2 (visual distractor foot
distance) x 2 (visual distractor hand distance) x 2 (task) within-
subjects design was used to investigate whether the cross-
modal congruency effect (CCE) measured near the resting
position of the foot and near the movement goal was
impacted by the simultaneous planning of a goal directed foot
movement. As shown in Fig. 1, the variable crossmodal con-
gruency effect coded the spatial relationship (congruent versus
incongruent) between the elevation of the tactile target to the
hand (top, index or bottom, thumb) and the irrelevant visual
distractor (top or bottom). The variable visual distractor foot
distance (near the foot versus near the movement goal) indi-
cated the distance of the visual distractor from the foot. The
variable visual distractor hand distance indicated the spatial
separation between the visual distractor and the hand (closer
to the hand versus further away from the hand). The variable
task indicated whether the crossmodal congruency task was
performed under single-task (static task) or under dual-task
conditions, embedded in the motor task (dynamic task), see
Fig. 2.

The experiment took place at the Crossmodal Lab at the
University of Edinburgh in a dimly lit environment. Partici-
pants were positioned so that their right foot was centred with
respect to the wooden board and equidistant from the left and
right foot pedals, while the left foot was positioned beneath
the chair so as not to be visible. Prior to the start of the study,
all participants were explicitly instructed to maintain the
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same body posture throughout and to visually fixate on a
small white point (.3 cm in diameter) in the middle of the
cuboid they were holding. A camera, positioned to the right of
the board, was used to monitor fixation in real time. All par-
ticipants were positioned so that they could reach both pedals
with their right foot and perceive all of the LEDs on the board
as well as the position of their foot at resting position. Practice
blocks were conducted for each participant in both tasks. In
the dynamic task, due to the complexity of the timing of the
events, a minimum accuracy of 70% was required in order to
take part in the main experiment. The order of the static
versus dynamic tasks was counterbalanced across partici-
pants so that, for half of the participants, the static task pre-
ceded the dynamic task and for the other half the opposite
order was followed.

In the static task (Fig. 2, top panel) participants performed
the crossmodal congruency task only under static conditions,
no movement was required. Each trial started with an empty
interval of 250 msec, after which the NO-GO signal was played
to remind participants not to plan/execute any action. This
was followed by an SOA of 400 msec. The synchronous visual
and tactile stimuli were subsequently presented for 250 msec.
Participants were asked to ignore the visual distractor and
respond vocally to the elevation of the tactile target as rapidly
and accurately as possible while indicating their elevations on
the hand (“TAH” for index finger — top, “TOH” for thumb —
bottom). They were also reminded to keep their eyes on the
central fixation throughout the task. The timing of these re-
sponses was recorded by a microphone while vocal accuracy
was manually recorded with a keyboard press by the experi-
menter. If no vocal response was provided within 1600 msec
from stimulus offset, the trial was terminated.

The static task consisted of 4 blocks (64 trials per block),
with each tactile target location (thumb versus index) x visual
distractor foot distance (near the foot versus near the foot
movement goal) x visual distractor hand distance (closer to
the hand versus further away from the hand) randomly
repeated 8 times within each block, yielding a total of 256
trials and lasting approximately 15 min.

The dynamic task was dual-task in nature (Fig. 2, bottom
panel). Participants were asked to complete the same cross-
modal congruency task performed in the static task, while
they completed a motor task in which they covertly planned
and executed a goal-directed foot movement. Brozzoli et al.
(2010) included a rotating cylinder in their task as the target
object to encourage hand action-planning on a trial-by-trial
basis. In a similar way, we utilised two possible target ob-
jects (aleft and a right foot-pedal), one of which was randomly
cued as the movement goal on a trial-by-trial basis, for the
same purpose. The location of the foot movement goal (left
versus right movement goal, see Fig. 1), was specific to the
motor task but was not expected to influence the results as the
foot was positioned along the midline of the board, equidis-
tant from both target pedals. For this reason, it was not
included in the analyses. On each trial, after a delay of
250 msec, one of the two beep tones (100 msec duration) was
presented to cue the goal of the movement (high pitch indi-
cated the left foot pedal while low pitch cued the right foot
pedal). Following a SOA of 400 msec, the tactile and visual
stimuli were simultaneously presented for 250 msec. After

1000 msec the auditory GO or NO-GO signal was presented. A
vocal response was required to indicate the elevation of the
tactile target within 1800 msec from visuo-tactile stimulus
offset to be correctly registered. The GO signal, which
informed participants to execute the previously cued foot
movement, maintained precise timing of the onset of the ac-
tion. If no pedal press was recorded within 2000 msec of the
GO signal, the trial was terminated.

In the dynamic task, participants were instructed to start
planning the foot movement upon cue presentation, but to
refrain from executing it until the GO/NOGO signal was pre-
sented. To measure visuo-tactile remapping during the covert
preparation of the foot movements, participants were also
instructed to vocally respond as quickly and as accurately as
possible to the elevation of the tactile target while ignoring
visual distractors. They were also reminded to keep their eyes
on the central fixation throughout the task.

All possible combinations of tactile target location (thumb
versus index) x visual distractor foot distance (near the foot
versus near the movement goal) x visual distractor hand dis-
tance (closer to the hand versus further away from the hand) x
movement goal (left versus right) were presented randomly,
but with equal frequency (x8), for 4 blocks, yielding a total of
512 trials. To make sure that participants waited for the
imperative stimulus before executing the planned foot
movement, NO-GO trials were included once per condition,
resulting in 16 additional trials for each of the 4 blocks. In
total, the dynamic task consisted of 576 trials and lasted
approximately 45 min. To control for fatigue, all participants
were allowed to rest in between blocks if necessary.

2.4. Data analysis

Data analyses were performed with R 4.4.2 (R Core Team,
2024). First, all no-go trials were removed from the Dynamic
task dataset (14%). Afterward, anticipatory responses were
removed from the dataset (<100 msec; 15 datapoints, .11%).
Only correct response RTs were transformed to logarithm
following a Box—Cox (Box & Cox, 1964; Klein Entink et al., 2009)
iterative procedure indicating a lambda value = 0. Outliers
were later identified as Log(RTs) > 3 SD, calculated for each
participants and excluded from further analyses. RTs trim-
ming produced a loss of 119 trials (.85%).

RTs were analysed following the mixed-model approach
which allows to predict participant-by-participant and
stimulus-by-stimulus variation in the model parameters
(random effects) and to discount these differences to compute
within-participant and within-stimulus confidence intervals
around estimates of fixed effects. Furthermore, it allows to
compare conditions directly using confidence intervals around
estimated effects, as suggested by current recommendations
in psychology and behavioural neuroscience (see Cumming,
2014; Kline, 2004). For the RT analysis, data and confidence
interval limits reported in the manuscript were transformed
back to ms by computing the inverse of the transformation.

Participants' errors were submitted to a logistic mixed
regression.

Both errors and RTs models included the fixed effects
crossmodal congruency effect (2 levels: congruent and
incongruent), visual distractor foot distance (2 levels: near the
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resting foot and near the movement goal); visual distractor
hand distance (2 levels: closer to the hand and further away
from the hand), and Task (2 levels: static task and dynamic
task), as well as all their interactions. Participants was set as
random effect, including random slopes of each fixed effect
for errors and RTs (Barr et al., 2013).

In both RT and error analyses, we were interested in the
three-way interaction crossmodal congruency effect x visual dis-
tractor foot distance x Task. Confidence intervals around the
estimates for the CCE fixed effect calculated separately for
congruent and incongruent conditions revealed the presence
(or lack of) of statistically reliable CCE at different locations
and tasks. To explore further this interaction, we ran planned
comparisons using t-tests between the CCE (difference be-
tween the mean RTs observed on incongruent — congruent
trials) measured at different visual distractor foot distances
(near the foot versus near the movement goal) across tasks
(Static and Dynamic tasks).

3. Results
3.1. Error rates

Participants responded incorrectly on 3.04% of all trials in the
Static Task and on 4.84% of all trials in the Dynamic tasks.

Participants' errors were submitted to a logistic mixed
regression that did not show any reliable effect (all zs < 1.6, all
ps > .13).

3.2. Reaction time

Log(RTs) model revealed a reliable effect of task (8sa = .44,
t(23) = |11.52|, p < .001). Unsurprisingly, participants were
faster in the Static task (M = 516.9 msec + 108.2) than in the
Dynamic task (M = 590.3 msec + 127.4), due to the dual task
nature of the latter. A significant main effect was also
observed for CCE (8stq = .09, t(23) =|2.73|, p = .006), with slower
RTs on incongruent (572.5 msec + 114.6) than congruent

(546.3 msec + 107.2) trials, confirming the overall presence of
the crossmodal congruency effect (~26 msec) and indicating
that participants coded the visual distractors above the hand
as ‘top’ and the visual distractor below the hand as ‘bottom’.
The main effects of VD foot distance and VD hand distance
were not statistically significant (both ts(23) < |1.4|, both
ps > .19).

The two-way interactions CCE x task (Bsta = .15, t(23) = |
2.98|, p = .003), VD foot distance x VD hand distance (8stq = .11,
t(23) = |2.39|, p = .017) and CCE x VD hand distance were sta-
tistically significant (8stqa = .09, t(23) = [1.97|, p = .049). No
reliable interaction was observed for CCE x VD foot distance,
task x VD foot distance and task x VD hand distance (all ts < |
1.5), all ps > .14).

Results revealed a significant three-way interaction be-
tween CCE, VD foot distance and VD hand distance (8stq = .23,
t(23) = | 3.88|, p < .001). When the visual distractor was closer to
the hand, reliable CCEs were observed for both the VD near the
foot and the one near the movement goal (28 msec and
21 msec). By contrast, when the VD was further away from the
hand, a reliable CCE emerged close to the movement goal
(43 msec), but not close to the foot (12 msec).

Importantly for the aim of this study, the three-way inter-
action between CCE, VD foot distance and task emerged to be
significant (8sta = .16, t(23) = |2.41], p = .016), see Fig. 3. This
interaction revealed that the pattern of CCE observed near the
foot or the movement goal varied as a function of task. In the
static task, results revealed the presence of significant CCEs for
visual distractors near the foot as well as for those near the
movement goal (both ps < .001; 35 msec and 25 msec, respec-
tively). By contrast, in the dynamic task a significant CCE was
present near the movement goal (p < .001; 36 msec) but not
near the foot (p = .13; 9 msec). Planned comparisons revealed
that the CCE did not differ across visual distractor foot dis-
tances (near the foot versus near the movement goal) in the
Static task (p = .18), while in the dynamic task the CCE near the
movement goal was significantly larger than that observed
near the foot (p = .04). When CCEs observed at homologous VD
foot distances (near the foot versus near the foot movement
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Fig. 3 — Log(RTs) estimated effects, transformed back to ms, shown as a function of CCE, VD foot distance and task. Error
bars represent 95% Cls, discounting participant-by-participant variation.
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goal) were compared between tasks, no task difference was
observed between the CCE measured near the movement goal
(p = .23), while the CCE near the foot was significantly larger in
the static than in the dynamic task (p = .007) (see Fig. 3).

No other three-way or four-way interactions emerged to be
significant (all ts < |1.5], all ps > .14).

4, Discussion

The present study investigated whether the multisensory
representation of near-space is influenced by the planning of a
goal-directed movement with the dominant foot. Participants
performed a visuo-tactile crossmodal congruency task in
which a tactile target was delivered to the right hand while a
simultaneous visual distractor appeared near the foot or near
the movement goal. The presence and size of the crossmodal
congruency effects (CCE) observed when the visual distractor
was near the foot and near the movement goal were
compared across tasks as a function of movement planning.
Results revealed systematic differences between visuo-tactile
interactions across space in the Static task, in the absence of
movement planning, and in the Dynamic task, during the
covert preparation of a goal-directed foot movement.

In the Static task, comparable CCEs were observed for dis-
tractors close to the foot and close to the movement goal,
suggesting that variations of the visual distractor locations did
not influence visuo-tactile interactions. Visual distractors
presented within hand PPS are known to elicit strong and
reliable crossmodal interference effects when tactile targets
are delivered to the hands, which tend to decrease as the
distance between the tactile target (hand) and the visual dis-
tractor increases (e.g., Gherri et al, 2022; Holmes, 2012;
Holmes & Spence, 2004; Ladavas et al., 1998; Spence, Pavani,
Maravita, & Holmes, 2004). Notably, recent evidence has
highlighted a different pattern of results when foot PPS was
directly mapped across different portions of space (Gherri
et al., 2022). When the tactile target was delivered to the foot
and the visual distractor was presented either above it or
40 cm from the foot, larger CCEs were reported further away
than right above the foot, revealing an increasing pattern of
visuo-tactile interactions (Gherri et al., 2022). It was suggested
that the differences between hand and foot PPS are driven by
the distinct functional use of upper and lower limbs. While
relevant hand—objects interactions tend to occur closer to the
hand in near PPS, foot—objects interactions (e.g., kicking a
ball) are more likely to take place further away from the body
for optimal execution (Stettler & Thomas, 2017). In the present
study, tactile targets were delivered to the participants' hand,
while visual distractors were presented within the space near
the foot, following a task already established in the literature
(e.g., Scandola et al., 2016; Schicke et al., 2009; van Elk et al.,
2013). This ‘hybrid’ crossmodal congruency task does not
map visuo-tactile integration exclusively related to hand or
foot PPS but is likely to measure a contribution of both. Indeed,
results of the present study confirmed that under these
experimental circumstances both hand and foot PPS contrib-
uted to determine the strength of visuo-tactile interactions in
the static task with their decreasing and increasing CCE

patterns across space, respectively, (c.f. Gherri et al., 2022),
resulting in no overall differences between CCEs measured
when visual distractors were near the foot or further away
from it (i.e., near the movement goal).

Importantly, the distribution of the CCE across space in the
static task served as a baseline to map the strength of visuo-
tactile interactions. The crucial question was whether this
multisensory map was affected by the covert planning of a
goal-directed foot movement. Results of the dynamic task
showed a relevant remapping of visuo-tactile interactions
within PPS. Specifically, visuo-tactile interactions in the dy-
namic task weakened when the visual distractor was pre-
sented next to the foot, as shown by the absence of a
statistically reliable CCE. By contrast, visuo-tactile in-
teractions in the space closer (to) and around the movement
goal were still referenced back to the body, as evidenced by the
reliable CCE observed with visual distractors at that location.
This confirms that visual distractors close to the goal of the
foot movement were consistently integrated with the tactile
stimuli to the hand during foot action-planning (Duhamel et
al., 1998; Gross & Graziano, 1995; Rizzolatti et al., 2002). As
the visuo-tactile discriminations in the Static and Dynamic
tasks were virtually identical, other than the addition of the
action-planning motor task, these results suggest that the
weaker representation of the space proximal to the foot is
attributable to the influence of anticipatory reweighting of PPS
occurring during a goal directed foot movement.

The spatial relations between the action-oriented effector
and the movement goal are known to be updated on-line
during action-planning (e.g., Glover, 2004; Karok & Newport,
2010). In our study, the remapping of PPS during the plan-
ning of a goal directed foot movement was particularly
evident within the portion of space closer to the movement
effector with decreased visuo-tactile interactions compared to
the portion of space closer to the movement goal. It is
conceivable that this type of goal-directed foot movement
(reach and press of a pedal) requires sensorimotor trans-
formations concerning the forward space into which the foot
is about to move (movement goal) rather than the starting
location of the effector. This remapping facilitates the control
of the action and the avoidance of potential threats or obsta-
cles, which are the purported, interlinked functions of the
sensorimotor PPS (Bufacchi et al.,, 2016; de Vignemont &
Iannetti, 2015; Graziano & Cooke, 2006; Iachini et al., 2014;
Ladavas & Serino, 2008; Quinlan & Culham, 2007). Impor-
tantly, neuroimaging and neurophysiological evidence has
shown the selectivity of ventral premotor neuronal pop-
ulations to the processing of target location, rather than limb
use, during the preparatory stages of action, which may offer a
possible neurophysiological basis for the observed weakening
of the representation of the effector space but simultaneous
maintenance of the target space during action-planning
(Boussaoud & Wise, 1993; Hoshi & Tanji, 2002, 2006; Kakei
et al.,, 2003; Mushiake et al., 1997). It is therefore possible
that the representations of the surrounding spaces are not
equally maintained as the planning of the foot movement is
finalized over time and that the representation of the space
towards which the lower limb is about to move (movement
goal location) is preferentially maintained over the one related
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to the current location of the effector, because it is the most
relevant in terms of behavioural goals.

Intriguingly, recent behavioural evidence has suggested
that foot related movements are preferentially afforded by
environmental scenes depicting objects at a larger distance
and eccentricity from the observer compared to scene in
which objects were closer to the observer (Di Marco et al.,
2019). In this priming study participants performed a go/no-
go task in which they had to execute a footstep ahead in
response to the presentation of pictures of environmental
layouts with objects presented at different distances (far
versus near) (Di Marco et al., 2019). Results showed response
facilitation when the participants were shown pictures of
more distant objects in space, compared to near ones. This
suggests that during the planning and execution of foot
movements the space that is preferentially encoded is distal
PPS as opposed to near PPS.

However, if the forward space is the most relevant to the
current goals of the action, one might expect not only the
maintenance of that spatial region but also a significant in-
crease in its representation (consistent with Brozzoli et al.,
2009; 2010; Patane et al., 2019), of which there was no statis-
tical evidence in the present study. While the space close to
the effector appears to weaken in anticipation of movement
onset, it may be the case that the significant reweighting of the
movement goal space is contingent upon the actual initiation
of motor responses projected towards that space, that is at a
later stage. This possibility is consistent with Brozzoli et al.’s
results (2009; 2010) and future studies should investigate
whether — similarly to what observed with goal-directed hand
movements — planning a movement with the foot results in
increased visuo-tactile integration closer to the movement
goal after the movement onset.

Results of the present study demonstrate for the first time
that PPS is modulated by the intention to execute a goal-
directed foot movement, already before the onset of the
movement. In other words, we observed anticipatory changes
to the visuo-tactile representation of near space driven by the
covert planning of a foot movement. These findings demon-
strate that the goal-directed function of PPS, already demon-
strated for hand actions (Brozzoli et al., 2009; 2010; Patane
et al.,, 2019), can be extended to include also goal-directed
actions executed with the lower limbs. To confirm and
expand these results, future studies should investigate the
impact of goal-directed foot movement on foot-specific PPS,
that is, with tasks presenting both tactile and visual stimuli
directly to/near the foot. So far, existing evidence has pri-
marily linked the function of lower limbs PPS to the moni-
toring of space for the detection and avoidance of obstacles
(‘avoidance-defensive’ function). Specifically, the processing
of forward space is particularly relevant in the context of
walking because it allows to monitor potential obstacles or
threats during navigation (e.g., Hollands et al., 2002; Krell &
Patla, 2002; Patla & Vickers, 1997, 2003). Because the distance
between stationary obstacles and the body is constantly
changing during locomotion, it is particularly relevant to
monitor (visual) information about potential obstacles located
in far PPS and/or extrapersonal space so as to guarantee suf-
ficient time to change the movement plan to avoid such ob-
stacles (for a recent review see Higuchi et al, 2006).

Importantly, not only visual information but also proprio-
ceptive and kinematic information play a key role in the
modulation of far PPS, as demonstrated by the expansion of
PPS observed when participants walked on a treadmill (e.g,,
Noel et al., 2015). This ‘avoidance-defensive’ function of lower
limbs PPS is likely aimed at facilitating the rapid amendment
of motor plans to avoid stimuli approaching the body. Future
studies should explore further the nature of the mechanisms
that are responsible for the remapping of PPS during self-
motion/locomotion and goal-directed foot planning. Specif-
ically, whether these anticipatory and reactive changes to
multisensory PPS observed during foot movement and self-
motion, respectively, are mediated by different mechanisms
or whether the same circuits are responsible for the encoding
of space around the lower limbs, regardless of the specific
movement planned (self-motion/locomotion versus goal-
directed movement; see for instance De Vigemont and
Iannetti (2015), for a discussion on the shared versus inde-
pendent nature of action versus defensive PPS representa-
tions). Finally, future studies should also address the question
of whether lower limbs PPS can be modulated by social fac-
tors, hence contributing to the debate related to the dissoci-
ation between the social function of PPS and the
representation of interpersonal space (lachini et al., 2014;
2015; Patane et al., 2016, 2017).

One final consideration concerns the role of spatial atten-
tion in the remapping of PPS observed during movement
planning. As discussed above the on-line planning and
execution of goal-directed hand movements induce a
remapping of PPS (Brozzoli et al., 2009; 2010; Patane et al.,
2019). Importantly, a growing body of evidence has demon-
strated that movement planning and execution are linked to
changes in the perceptual processing of stimuli presented
within action-relevant regions of space, suggesting changes in
the distribution of attention across space driven by action
planning (e.g., Baldauf & Deubel, 2010; Deubel & Schneider,
2004; Eimer et al., 2007; Gherri & Eimer, 2008, 2010; Gherri
et al., 2007; Gherri & Forster, 2012a, 2012b; Juravle et al.,
2010; Mason et al.,, 2015). Hence, one important question
concerns the extent to which the remapping of multisensory
space ascribed to changes in PPS is instead the consequence of
a different distribution of attention in space, driven by
movement planning and execution. The role of spatial atten-
tion in PPS plasticity and remapping is a long-standing issue
and there is some evidence suggesting that a differential dis-
tribution of attention contributes to the changes in PPS re-
ported in some studies (see Holmes, 2012, for a discussion of
PPS remapping induced by tool use). Indeed, irrelevant infor-
mation presented at the locus of spatial attention is harder to
ignore and typically results in stronger interference effects
(e.g., Spence et al., 2000). While there is no reason to believe
that the planning of a foot movement does NOT result in shifts
of attention towards the movement goal, to the best of our
knowledge no study to date has mapped the perceptual/
attentional consequences of planning a goal-directed foot
movement. If foot movement planning results in shifts of
attention to the goal, visual distractors presented at that
location should interfere more strongly with the tactile
discrimination at the hand. If this were the case, the size of the
CCE should increase in the dynamic compared to the static
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tasks for visual distractors delivered near the movement goal.
The pattern of results observed in the present study is not
fully consistent with this hypothesis, as the stronger differ-
ence between the static and dynamic tasks was observed for
visual distractors close to the resting location of the foot
rather than near the movement goal. While the reduced CCE
observed near the foot in the dynamic compared to the static
task cannot be explained by a shift of attention to the goal
driven by movement planning, future studies should further
investigate the perceptual/attentional consequences of foot
movement planning and the role of attention in PPS remap-
ping observed during action planning.

In conclusion, the present study provides the first obser-
vations suggesting that PPS representations are sensitive to
the influence of goal-directed actions of the lower limbs. PPS
representation appears to weaken near the foot as a reach and
press action is covertly planned with this effector. This PPS
reduction possibly reflects the updating of the PPS map in
anticipation of a foot movement directed towards the forward
space. Results demonstrate that similarly to what observed for
the hand, PPS is a sensorimotor interface, attuned also to
voluntary actions of the foot and subserving not only
defensive-avoidance purposes but also goal-directed ones.
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