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Somatotopy-independent
reduction of audio-tactile
intersensory facilitation for
looming sounds within the
peripersonal space during arm
movements execution

Lamia Piero%%3", Shabani Nafiseh! & Candidi Matteo?**

Auditory events occurring in the peripersonal space (PPS) or near specific body parts such as the
peritrunk (PTS) and perihand (PHS) space, have been shown to facilitate tactile processingin a
somatotopic manner. Furthermore, previous research has demonstrated that audio-tactile intersensory
effects are influenced by the execution of full body transport movements (i.e., walking or cycling),

so that far-off auditory stimuli that approach the body in a direction coherent with the movement
facilitate tactile processing on the body. However, whether these motor-related intersensory effects
are modulated by non-transport movements is not known. Here, in two experiments, we sought

to determine whether audio-tactile intersensory effects for looming sounds in the PHS and PTS are
somatotopically modulated by arm movement compared to when being still. By controlling the role of
temporal expectation, we confirm that looming sounds enhance tactile reactivity as they approach the
participants’ hand and trunk. We further show that this facilitation is eliminated by limb movements,
regardless of somatotopy, and that executing movements blur the distinction between intersensory
effects in extrapersonal and peripersonal space. These results contribute to understanding the complex
relation between motor execution and intersensory processing.

Keywords Audio-tactile integration, Movement execution, Peripersonal space, Sensorimotor integration,
Crossmodal effects, Sensory gating

Interacting with the environment requires the brain to continuously integrate large amounts of multisensory
information from both the external world and the body. Events occurring within the space immediately
surrounding the body, known as the peripersonal space (PPS), are particularly relevant for selecting effective
actions to achieve goals' or to execute defensive behaviors®>. Perception and action are tightly intertwined:
coherent perception of the environment guides motor behavior, while motor planning and execution, in
turn, influence sensory processing®® and perception®. Consequently, perception and action are regarded as
interdependent functions”’.

The impact of movement execution on perception is especially evident in the tactile domain. Movement
planning and execution can both facilitate!®-! and reduce!*-!° tactile processing through gating/suppression/
attenuation mechanisms!’-2°, which are characterized by a reduced detection rate?!, decreased subjective
intensity of externally generated stimuli'” and lower detection precision'®, when the stimulated body part is
moving compared to when it is static. Although sometimes gating/suppression and attenuation are used
interchangeably, they are other times described as different mechanisms where gating/suppression refers to a
reduction of sensory processing for irrelevant or redundant stimuli, while attenuation refers to reduced sensory
processing for self-generated sensations or sensory consequences of own movements and actions!®?*?2, These
effects may depend on central and/or peripheral mechanisms, as suggested by studies using active movements
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(highlighting central processes)!*?>?* and passive movements (highlighting peripheral contributions)®. The

interplay between movement execution and tactile gating has been shown during upper-limb motion: tactile
suppression at the finger emerges once the elbow movement reaches a critical speed, a threshold typically
not reached during exploratory actions that rely on sensory feedback!”21:26-28, Interestingly, blind individuals
exhibit stronger tactile suppression during active finger movements than during passive conditions?, suggesting
a modulatory role of visual calibration in motor-sensory coupling. Additionally, the context and goal of a
movement, and the relevance of tactile feedback for guiding it, critically shape the timing and somatic specificity
of tactile facilitation or inhibition!>1630-33,

Although movement-related effects on unisensory (tactile) processing are well established, it remains unclear
whether and how motor execution modulates intersensory (multisensory) processes®, and whether such effects
depend on peripheral gating/suppression or on central mechanisms of sensory attenuation and/or multisensory
integration. Multisensory integration underlies coherent perception and effective action control*>*. The spatial
dependency of visuo- and audio-tactile effects has been used to map the extent of PPS, reflected in behavioral'
and neural®” modulations of tactile responses elicited by nearby visual or auditory cues. PPS representations are
thought to be body-part specific-perihand (PHS), peritrunk (PTS), and periface (PFS), and anchored to their
respective effectors!.

A well-documented multisensory phenomenon is the facilitation of tactile perception by concurrently
presented looming visual®*-*! or acoustic stimuli*>~*%. Looming sounds also increase corticospinal excitability*”,
consistent with the idea that such stimuli activate defensive motor responses?. Approaching stimuli thus enhance
tactile processing at the location where the external stimulus is expected to impact the body***°. Moreover,
movement preparation and execution can extend these facilitatory effects to far locations when those locations
correspond to movement targets. For instance, visual cues on an object that a person is reaching for facilitate
tactile perception on the approaching fingertip*®-*%. Similarly, tactile perception on the chest improves during
cycling when visual cues appear at distant locations*>*°, and comparable effects have been shown for audio-
tactile interactions during walking®!. In this case, looming sounds enhance chest tactile processing even for far
sound sources, an effect also reproduced when auditory cues merely simulate walking®. A similar multisensory-
motor coupling has been observed in studies showing that sounds modulate the preparation of ecological
movements such as stepping®.

Previous work has examined audio-tactile interactions mainly in relation to whole-body movements and
sound sources. However, the influence of limb movement on audio-tactile integration, particularly when tactile
stimuli are applied to either the moving limb or a static body part (chest), has not been addressed. This approach
can reveal whether motor-related multisensory effects are (1) somatotopic, depending on spatial correspondence
between the moving effector and the stimulation site, or (2) central, reflecting more general motor-planning
mechanisms. It may also clarify how perihand and peritrunk spaces are dynamically represented during
arm movement, a question especially relevant for blind individuals, who rely more on nonvisual cues when
interacting with sonified objects.

In this study, we addressed these questions across two experiments. Experiment 1 tested whether the well-
known facilitation of tactile perception by nearby sounds'>* is modulated by active arm movements directed
toward the sound source. Experiment 2 examined whether these sensorimotor eftects differ for approaching vs.
receding sounds*>*>>% and controlled for expectancy effects®”. Both experiments assessed whether audio-
tactile facilitation depends on the relationship between the moving effector and the tactile stimulation site (hand
vs. chest)?!, helping to determine whether the effects are peripheral or central in origin. Based on previous
work®-51 we also tested whether arm movement modulates tactile detection even when sounds occur at far
distances, consistent with the dynamic, hand-centered coding of PPS.

Understanding how movement influences multisensory (audio-tactile) processing is crucial for elucidating
how sensory modalities are weighted during action. This study contributes to our understanding of multisensory
processing in dynamic contexts by employing a motor related experimental paradigm designed to approximate
everyday naturalistic interactions with the environment. Beyond theoretical implications, these findings
have practical relevance for rehabilitation, assistive haptic technologies, and action-guided systems for blind
individuals, whose tactile processing during movement differs markedly from that of sighted people®. Such
insights are also valuable for designing training, learning, and immersive technologies, as modern environments
increasingly rely on multisensory and interactive systems.

Methods

Participants

The experimental protocol was approved by the ethics committee of CET Area 5 Lazio (Prot. N. 7183) and was
conducted in agreement with the 1964 Declaration of Helsinki. Canzoneri et al.*? had a sample of 17 participants.
Kuroda & Teramoto**** performed an a priori power analyses and recruited 24 and 23 participants in 2 x 5 and 3
x 3 within-subject designs, respectively. Our hypothesized effect of interest concerned a 2 x 2 x 2 x 5 interaction
between Body part (trunk vs. hand), Hand status (motor vs. static), Sound direction (looming vs. receding), and
Sound Distance (D1 vs. D2 vs. D3 vs. D3 vs. D5), and has more conditions (i.e., 40) than previous studies. We
thus adopted a sample size of 31 participants (19 females, mean age = 27 years, range 22-37) in Experiment 1
which is slightly larger than those of previous studies (n = 25) to be able to describe a small effect size (Cohen’s
f=0.1)° with a error probability = 0.05 and power [1-p error probability] = 0.80. Since in the analysis of
Experiment 1 we reduced the number of conditions from 40 to 12 and we found the significant main effect
of Sound Intensity Distance (on 3 conditions) with an effect size of 0.22, in Experiment 2 we aimed at finding
the same effect size of 0.22 (with a error probability = 0.05 and power [1-f error probability] = 0.80) but on 5
conditions (Sound Distance) for which the number of participants turned to be 24 (14 females, mean age = 26.5
years, range 22-32). None of them had psychiatric issues or neurological conditions and all of them were right-
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handed. All participants reported normal touch and hearing and all of them gave their informed consent to take
part in these studies.

Stimuli and apparatus

Acoustic stimuli

In Experiment 1 and 2, auditory stimuli were emitted by two speakers positioned along the sagittal plane in
front of the participant, 100 cm apart from each other. The speaker closest to the participant was placed 10 cm
from the participant’s hand resting on the table. Each stimulus consisted of a 3000 ms (Experiment 1) and 4000
ms (Experiment 2) pink noise sound. We decided to make the sound longer in Experiment 2 to reduce any
possible confounds in RTs of motor conditions due to tactile stimulus at T1 being presented too early which
may find participants not yet in movement (more clarification in the next section). Pink noise samples at 44.1
kHz were generated using MATLAB (2022b) and Audacity 2.4.1. Following the procedure of Canzoneri et al.*2,
we generated two stimuli that were combined in the two near and far speakers in each trial in order to obtain
looming and receding sounds; one stimulus had an exponential increase in acoustic intensity from 55 to 70 dB
Sound Pressure Level (SPL), measured with an audiometer at the subjects’ ears, while the other stimulus had
an exponential decrease from 70 to 55 dB. For looming sounds, the far speaker started at maximum intensity
and decreased to silence, while the near speaker started at minimum intensity and increased to maximum. This
process was reversed for receding sounds. Thus, looming sounds conveyed the impression (see Supplementary
Fig. 1) of a source moving towards the participant’s body, while receding sounds suggested a source moving away
from the participant (Fig. 1a).

Tactile stimuli

The electro cutaneous stimuli were produced by a Constant Current Stimulator (Digitimer, model 144 DS7A,
United Kingdom, Welwyn) and a remote electrode selector was used to activate the desired electrode(s)
(Digitimer, model D188, United Kingdom, Welwyn). Two electrodes were placed next to each other, both on
the surface of participant’s radial aspect of the right index finger or on the centre of the participant’s chest. These
two sites are distal and proximal, respectively, with respect to the limb used for the experimental movement (see
below) and may provide information on the role of peripheral and central mechanisms of sensory suppression?!.
The electrical stimulus used was a single, constant voltage rectangular monophasic pulse with 100us duration
for the trunk and 200ps for the finger. Before the experiment, the intensity of the tactile stimulus was calibrated
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Fig. 1. The image illustrates the experimental setups of the audio-tactile detection task of both Experiment

1 and 2. (a) It shows how looming and receding sounds are generated from the two speakers; moreover, the
image represents how blindfolded participants respond to tactile stimuli using their left hand on a keyboard
while holding a mouse with their right hand. (b) The timing of tactile stimulus delivery is represented in
relation to the initiation of the dynamic sound of different length for Experiment 1 (3000 ms) and Experiment
2 (4000 ms). This setup ensures that the sound is perceived at varying distances from the participant’s body
when the tactile stimulus is received. (c) The illustration depicts the four experimental conditions administered
to participants for both Experiments 1 & 2. The terms “trunk” and “hand” indicate the location of the tactile
stimulus, while “static” and “motor” specify whether the participant’s right hand was instructed to remain
stationary or to move.
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for each individual via an ascending method of limit. This calibration involved setting the stimulator to its
minimum intensity and then progressively increasing it until the person confirmed that they could distinctly feel
the stimulation over their finger and over their chest separately. Subsequently, participants underwent a series
of 10 stimuli and were required to report when they felt the tactile stimulus. If the participant did not perform
this task accurately detecting 10 out of 10 stimulations, the intensity was increased in steps of 5-10 mA, and the
procedure was repeated. In line with previous studies*>>*°!, the final intensity was set to be clearly detectable
yet never painful. Because the study employed a within-subject design, these individually tailored thresholds
do not systematically bias RTs across conditions. Moreover, before the start of each block of trials participants’
thresholds were consistently reevaluated performing the initial assessment. Additionally, if participants
perceived weaker stimulation during the middle of a block due to habituation, they were encouraged to report
it. In such cases, the task was paused and the threshold was reassessed, as in previous studies*>*>, Since the
experimental conditions were counterbalanced across participants, we expect no potential influence of threshold
re-evaluation on the pattern of results.

In Experiment 1, during audio-tactile blocks participants received a tactile stimulation at one of five different
temporal delays (T1 at 300 ms, T2 at 800 ms, T3 at 1500 ms, T4 at 2200 ms and T5 at 2700 ms) from the sound
onset, as depicted in Fig. 1b. Conversely, during unisensory blocks, they received a tactile stimulation only at two
different temporal delays (T1 at 300 ms and T5 at 2700 ms) from the trial initiation as in Canzoneri et al.*!. In
each block of trials, tactile stimuli were administered only to the trunk or only to the right index finger.

In Experiment 2, the duration of the auditory stimuli was increased but the same intervals between the five
temporal delays were maintained from Experiment 1 resulting in tactile stimulations occurring at the following
timings from the onset of the sound: T1 at 800 ms, T2 at 1300 ms, T3 at 2000 ms, T4 at 2700 ms, and T5 at 3200
ms (see Fig. 1b). This change made the first tactile stimulus arrive after 800 ms from sound onset instead of 300
ms as in Experiment 1 thus reducing the challenge of perceiving the stimulus at all. Moreover, differently to
Experiment 1, in Experiment 2 the unisensory baseline condition included all the 5 temporal delays at which
the tactile stimulation occurred during the audio-tactile condition. Also in Experiment 2, in each block of trials
tactile stimuli where either delivered to the trunk or to the finger.

General procedure

In both Experiment 1 and 2, upon arrival at the laboratory, after having given their informed consent, participants
were blindfolded and equipped with superficial electrodes on the chest and on the index finger of the right
hand. They were informed that they would experience tactile stimuli over their chest or right index finger alone
(Unisensory condition) or paired with auditory stimuli (the specific nature of which was not disclosed) (audio-
tactile condition). Participants were instructed that the auditory stimuli were irrelevant to the task, emphasizing
that their primary goal was to promptly and accurately respond to tactile stimuli by pressing a designated key
on the keyboard with their left hand (Fig. 1a) as in****->!. The keyboard used was a logitech k120 usb-type
with low-profile membrane keys with an effective polling rate of 10 ms and an average latency of 19.9 ms.
Participants were made aware that some trials (catch trials) within the audio-tactile blocks would only involve
auditory stimuli without any tactile stimulation. Blindfolded participants were instructed to hold a mouse with
their right hand throughout the experiment, and to move it on a sagittal plane in front of them in the motor
conditions of the experiment or remaining still in static conditions (Fig. 1c). Before starting the experimental
sessions, participants were trained to move the mouse in a straightforward direction at a constant speed for the
entire duration of the auditory stimulus, starting the movement once the sound began and stopping it once the
sound was over, regardless of the sound direction (Fig. 1a and c). In both Experiment 1 and 2 participants were
trained to reach a barrier placed 30 cm away on the table by the time the sound ceased (3 s for Experiment 1
and 4 s for Experiment 2). Thus, the average speed for Experiment 1 is 10 cm/s and for Experiment 2 is 7,5 cm/s.
Although movements were standardized, this setup was designed to approximate everyday human-environment
interactions, where upper limb movements serve as primary effectors for engaging with objects. Movement
execution was tracked with a customized script on E-prime®! at 20 Hz. Each trial started when participants
pressed the left key of the mouse in Experiment 1 and when they released a pedal in Experiment 2.

Design and statistical analysis

Design

The experimental design of Experiment 1 had four within-subject factors in the audio-tactile conditions: Body
Part (trunk vs. hand), Hand Status (motor vs. static), Sound Direction (looming vs. receding), and Sound Distance
(D1 vs. D2 vs. D3 vs. D3 vs. D5) (note: sound distances correspond to where the sound is spatially perceived
when a tactile stimulus is delivered; thus T1 to T5 correspond to D1 to D5 for receding trials respectively, while
the correspondence is flipped for looming sounds, that is, T1 to T5 correspond to D5 to D1). Throughout the
paper, the terms “trunk” and “hand” designate the location of the tactile stimulus, while “static” and “motor”
indicate whether the right hand is still or moves (note: the right hand is also the stimulated hand) (Fig. 1¢). Each
combination of the factors’ levels was tested with 15 trials, gathered into four blocks diversified for the body part
stimulated and the hand status which were tested in separated blocks: trunk motor, trunk static, hand motor,
and hand static. Within each block, both looming and receding auditory trials were included; thus, each block
consisted of 15 trials for each of the 2 Sound Direction x 5 Sound Distance conditions+ 16 catch trials, with a
total of 166 trials (Table 1).

Additionally, four unisensory blocks were presented before and four after the audio-tactile blocks. The 8
unisensory blocks had three within-subject factors: Body Part (trunk vs. hand), Hand Status (motor vs. static),
Temporal delay (T1 and T5) counterbalanced across participants. Each unisensory block comprised 6 trials
of tactile stimulation at each of two different Temporal delays conditions (T1 and T5). In total, there were 8
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Exp. 1

2 Body Part (hand vs. trunk)

x 15 trials =664 trials

Exp. 2

2 Body Part (Hand vs. Trunk)

Audio-Tactile condition Tactile condition
- 5 Sound Distance 2 Hand Status
B ) | e e | (D1vs. D25, D3vs. | 2 Body Part (hand vs. trunk) | (motors, | o7 mPoDelay
. g Vs &) | D4vs. D5) static) .
x 12 trials =96 trials
2 Hand Status 2 Sound Direction 5 Sound Distance 2 Hand Status | 5 Temporal Delay
(motor vs. static) (Looming vs. (D1vs. D2vs. D3 vs. | 2 Body Part (hand vs. trunk) | (motor vs. (T1vs. T2vs. T3
S Receding) D4 vs. D5) static) vs. T4 vs. T5)

x 10 trials =400 trials

x 10 trials =200 trials

Table 1. The experimental design is represented, outlining the audio-tactile factors and the corresponding
number of trials for experiment 1 and experiment 2. Additionally, it includes the unisensory (i.e., tactile)
conditions associated with each experiment.

unisensory blocks x 12 trials =96 trials, and 4 audio-tactile blocks x 166 trials=664 trials, resulting in a grand
total of 760 trials. The presentation of blocks was randomized and fully counterbalanced across participants.

In Experiment 2 the number of trials per condition was diminished to 10 trials for each condition and the
number of unisensory blocks was reduced to 4 with 5 temporal delays for the tactile stimulation (Table 1). Thus,
the 4 audio-tactile blocks consisted of 110 trials [(2 Sound Direction x 5 Sound Distance) x 10 + 10 catch trials],
and the 4 unisensory blocks included 50 trials (5 Temporal Delays x 10). In total, there were 4 unisensory blocks
x 50 trials=200 trials, and 4 audio-tactile blocks x 110 trials =440 trials, resulting in a grand total of 640 trials.
The presentation of blocks was randomized and fully counterbalanced across participants (Table 1).

Statistical analyses
Audio-tactile detection task
Statistical analyses for Experiments 1 and 2 were conducted using R (version 4.3.0). Reaction times (RTs) served
as the primary measure to assess the influence of auditory stimuli and movement execution on tactile detection.
RTs shorter than 100 ms or longer than 1000 ms were excluded®®®? and RTs exceeding + 2 standard deviations
from the individual mean within each experimental condition were also removed as outliers. This step excluded
5.5% of trials in Experiment 1 and 4.1% of trials in Experiment 2 (analysis with all outliers included were run
as a double check and can be found in the Supplementary material, Supplementary Figs. 5-8). Furthermore,
participants who failed to respond to 50% of tactile stimuli across the experiment were excluded, leaving 30
participants in Experiment 1 (1 excluded) and 24 participants in Experiment 2 (no participant was excluded).

Consistent with previous findings®”*3%3, our data showed an expectancy effect for both looming and receding
sound conditions. Specifically, RTs systematically decreased at longer temporal intervals between trial onset
and tactile stimulation (Supplementary Fig. 2). As demonstrated by Kandula et al.”’, such expectancy effects
arise due to a hazard function, defined as the conditional probability of an event occurring as time progresses,
accounting for temporal uncertainty in perception®. Thus, although facilitatory multisensory audio-tactile
effects have been previously computed by subtracting the RT mean value of the fastest condition between T1
and T5 of the unisensory baseline conditions to the multisensory RTs*>*3, a consistent approach to remove
expectancy effects from the RTs is to perform a subtraction between two conditions that account for the same
expectancy but differ for the dimension(s) that is under investigation, i.e., the spatial location of sounds and their
direction®”%. Therefore, to address potential confounds and isolate the effects of sound distance (near vs. far)
on tactile processing, we adopted the method described in Noel et al.?®. This approach involves subtracting RTs
across temporally-, and thus expectancy, matched looming and receding conditions, always placing the closer
sound condition as the first term of the subtraction [e.g., (looming T5/D1 - receding T5/D5); (looming T4/D2 -
receding T4/D4); (receding T2/D2 - looming T2/D4); (receding T1/D1 - looming T1/D5)]. For the third interval
(T3), half of the data were calculated as (looming T3/D3 - receding T3/D3) and the other half as (receding T3/
D3 - looming T3/D3). These five intervals describe RTs as a function of the distance and direction (not the
expectancy) of the sound and are symmetrical around the central one in terms of the direction of the sound,
i.e., the first two interval index approaching sounds and the last two capture receding ones. Then, to isolate the
effect of sound distance, we averaged expectancy-corrected RTs across pairs of looming and receding conditions
involving the same spatial distance difference (i.e., the first D1 - D5 and fifth D5 - D1; the second D2 - D4 and
the fourth D4 - D2). This ensured that the resulting index reflected only the impact of sound distance, not that
of sound direction. At the end of this step, the five original intervals were thus reduced to three conditions, each
representing a specific level of sound distance contrast: (1) strong intensity difference, comparing a very near
sound (D1) to a far one (D5); (2) medium intensity difference, comparing a moderately near sound (D2) to a
far one (D4); and (3) no intensity difference, using balanced intermediate distances (D3), where the auditory
intensity was constant. Negative values of the index for medium and strong intensity differences indicate tactile
facilitation for close compared to far sounds (i.e., the second term of the subtraction generate longer RTs
compared to the first one), while a value of zero reflects no facilitation of tactile processing. At the same time,
the index should assume the value zero if the two terms of the subtraction have the same sound intensity as in
the no intensity difference case.

Expectancy-corrected RT were analysed with a generalized linear mixed-effects model (GLMM) in R
(ImerTest package®, with the most complex structure that did not give singularities that had the following form:
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EzpectancyCorrected RTs ~ Hand Status * Body Part x Sound Intensity Dif ference
+ (Body Part| Subject)

Following the GLMM analysis, ANOVAs were conducted to examine main and interaction effects. When
appropriate Tukey-corrected post-hoc pairwise contrasts were performed using the emmeans R package®’. The
following statistical analysis was performed also for Experiment 2 and for the mouse tracking investigation.

In Experiment 2, differently from Experiment 1, unisensory baseline trials were included for all five temporal
delays from sound onset and could thus be used to eliminate expectancy-related effects (Supplementary Fig. 2).
Multisensory audio-tactile and unisensory tactile trials, however, were conducted in separated blocks, with only
audio-tactile blocks containing catch trials which abolished the facilitation for multisensory trials compared to
unisensory ones (Supplementary Fig. 4). Thus, to create expectancy-corrected RT, unisensory RTs of each of
the five time intervals were subtracted from those of the corresponding audio-tactile condition separately for
looming and receding conditions. Expectancy-corrected RTs were analyzed using a generalized linear mixed-
effects model modelled with the most complex structure that did not give singularities, i.e., Body Part (trunk vs.
hand), Hand Status (motor vs. static), Sound Direction (looming vs. receding), and Sound Distance (D1 vs. D2
vs. D3 vs. D3 vs. D5) and their interaction as fixed effects, and random intercepts and slopes for Hand Status and
Body Part and their interaction for each subject. The model had the following structure:

ExpectancyCorrected RT's ~ Hand Status * Body Part * Sound Direction x Sound Distance
+ (Hand Status * Body Part| Subject)

Linear fitting for experiment 2

To evaluate the spatial effect of sound distance on tactile processing between near and far spaces as a function of
looming and receding directions, in Experiment 2 we adopted the approach used in Bertoni et al.*®®. Expectancy-
corrected RTs at the five spatial intervals (D1 - D5) for each experimental condition (hand/trunk, static/motor,
looming/receding) were fitted with a linear function (Eq. 1):

y(x)=bx+a

Here, a represents the intercept, while b denotes the slope of the function. The slope serves as a quantitative
measure of the effect of sound proportional distance and looming/receding direction on tactile processing®*”°.
Higher slope values reflect a stronger modulation of multisensory processing based on the spatial position of the
sound and its looming/receding direction, indicating a more pronounced differentiation between the near space
(PPS) and the far space (EPS).

Mouse tracking

To assess whether participants moved constantly throughout the trial in all motor conditions in both Experiment
1 and Experiment 2, their hand movements were monitored by tracking the vertical coordinates of the mouse
pointer along the median axis of the display (in pixels). This was achieved using a customized E-Prime script.
The collected data underwent pre-processing cleaning step based on the same criteria used for the reaction time
(RT) analysis. Additionally, trials were excluded if the tracking system reported an error (< 1% of trials) and if
participants didn’t start the movement. Cleaned trials were normalized on a trial-by-trial basis. Normalization
ensured that each trial’s coordinates were scaled relative to its own minimum and maximum values (i.e.,
from 0 to 1). Only the coordinates corresponding to the moment of when the tactile stimulus was delivered
were extracted, allowing for the determination of the hand’s position at the time of tactile stimulation. These
normalized coordinates were modelled with a mixed model having Body Part (trunk vs. hand), Sound Direction
(looming vs. receding), Temporal Delay (T1-T5), and their interaction as fixed effects, and random intercepts
and slopes for Sound Direction and Body Part for each subject. The model had the following structure:

Normalized mouse coordinates ~ Body Part * Sound Direction * Temporal Delay
+ (Sound Direction + Body Part|Subject)

Results

Experiment 1

The 2 Body Part (hand vs. trunk) x 2 Hand Status (motor vs. static) x 3 Sound Intensity Difference (strong
vs. medium vs. no difference) mixed-model on expectancy-corrected (i.e., looming - receding) RTs showed a
significant main effect of Hand Status (F(1,290)=6.17, p=0.01, n 12, = 0.02) indicating that tactile RTs were faster
during static compared to motor conditions (Fig. 2a). Also, the main effect of Sound Intensity Difference was
significant (F(2, 290) = 7.09, p = 0.0009, n 12) = 0.05), indicating that participants responded more quickly when
the sound intensity difference was medium compared to when it was absent (p=0.0006) while no difference
appeared between medium and strong intensity difference (p=0.10) nor between strong and no intensity
difference (p=0.19) (Fig. 2b). The lack of a stronger facilitation for the strong intensity difference condition
may be due to the fact that the RT subtraction terms included early and late tactile time intervals, which could
have occurred very early or very close to sound end relative to the trial onset, when participants might have
been surprised and/or less reactive (see Discussion). Supplementary analyses including all outlier trials showed
the same pattern for the Hand Status factor, although the effect did not reach significance (Supplementary
Fig. 5a). For Sound Intensity Difference, the same trends and statistical significance were replicated, and the
contrast between strong and no intensity difference also reached significance (Supplementary Fig. 5b). Together,
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Fig. 2. Experiment 1 results. The graph illustrates the significant main effect of Hand Status (a) and of Sound
Intensity Difference (b) from the mixed-model ANOVA. (note: “ID” stands for “intensity difference”). Error
bars represent the standard error of the mean (S.E.M.) (*** p<0.001, ** p<0.01, *’ p<0.05).

these findings suggest that extreme RT values, likely reflecting anticipation or distraction, can obscure subtle
intersensory effects.

Experiment 2

RTs analysis

The 2 Body Part (hand vs. trunk) x 2 Hand Status (motor vs. static) x 2 Sound Direction (looming vs. receding)
x 5 Sound Distance (D1 vs. D2 vs. D3 vs. D4 vs. D5) mixed-model showed a significant main effect of Sound
Distance (F(4, 828)=2.58, p=0.04, nf, = 0.01), but no post-hoc comparison turned out to be significant
(all ps > 0.05) (Fig. 3a). Crucially, a significant triple interaction between Hand Status, Sound Distance and
Sound Direction was found (F(4, 828) = 3.84, p = 0.004, 7];2, = 0.02). Post-hoc comparisons indicated that
only during looming static conditions, participants were faster in responding to a tactile stimulus when the
sound was perceived at close distances (D1 and D2) compared to far ones (D1 v s D5, p=0.003; D2 vs. D5,
p=0.0024) (Fig. 3b). Further supplementary analyses including all outlier trials support the present findings
(Supplementary Fig. 7).

These results are consistent with the findings of Experiment 1 and suggest that participants exhibited faster
tactile stimulus detection only when being static and perceiving a close looming sound compared to when
perceiving a far looming sound. This replicates the earlier effect of spatial proximity on reaction times under
static conditions. Importantly, the current findings also extend this effect by showing that the facilitation of
tactile detection by close versus far sounds occurs specifically in the context of looming sounds but not receding
sounds. Moreover, this differentiation was not observed under motor conditions, implying that movement
attenuates the influence of sound distance on RTs.

Linear fitting of RTs

We applied Eq. 1 to model the relationship between normalized expectancy-corrected tactile RTs and the
distance of a perceived sound for each participant in Experiment 2. We extracted and analyzed the slope of the
linear fit using a generalized linear mixed-effects model to compare how hand movement affect intersensory
effects in near/far space during looming and receding sound presentation compared to static conditions. Thus,
an ANOVA was conducted to assess the impact of the factors: 2 Body Part (hand vs. trunk) x 2 Hand Status
(motor vs. static) x 2 Sound Direction (looming vs. receding) on the dependent variable.

The analysis revealed a significant Hand Status x Sound Direction interaction (F(1, 184)=7.79, p=0.005, n 12,
= 0.04), indicating that in the static condition, looming sounds generated a steeper slope compared to the motor
condition (p = 0.023), and that in the static condition looming sounds generated steeper slopes compared to
receding sounds (p=0.011), i.e., looming sounds had a strong spatial-dependent facilitatory effect on RTs. No
difference was found during the presentation of receding sounds between static and motor conditions (p=0.7)
(Fig. 3c and d).

Mouse tracking analysis of experiment 1 & 2
In Experiment 1, a 2 (Body Part: hand vs. trunk) x 2 (Sound Direction: looming vs. receding) x 5 (Temporal
Delay: T1 vs. T2 vs. T3 vs. T4 vs. T5) mixed-model analysis on normalized mouse coordinates revealed a
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Fig. 3. Experiment 2 results. (a) The graph illustrates the significant main effect of Hand Status from the
mixed-model ANOVA. (b) The graph illustrates the significant interaction between Hand Status, Sound
Distance and Sound Direction from the mixed-model ANOVA. Significant post-hoc results are represented in
the figure, showing faster RTs when a looming sound was near (D1 and D2) compared to when it was far (D5),
but only in the static condition. (¢ & d) The graphs illustrate the slope steepness of the linear model across
experimental conditions, highlighting the significant interaction between Sound Direction and Hand Status
revealed by the mixed-model ANOVA. Error bars represent the standard error of the mean (S.E.M.) (***’
p<0.001, %% p<0.01,* p<0.05).

significant main effect of Sound Direction (F(1, 27.7)=63.57, p<0.001, 7 f, = 0.52) indicating that participants
reached farther distances during the receding condition compared to the looming condition (Fig. 4a). There
was also a significant main effect of Temporal Delay (F(4, 7244.2) = 55485, p < 0.001, 7712, = 0.97), indicating
consistent differences in the distances reached across different tactile stimulation timings (all ps < 0.001; Fig. 4b).
Additionally, a significant double interaction between Sound Direction and Temporal Delay was found (F(4,
7243.6)=17.1,p <0.001, n 12, =0.01). Post-hoc comparisons indicated that participants reached farther distances
during receding sounds compared to looming sounds only at intermediate tactile stimulation timings (T2, T3,
and T4; p < 0.001; Fig. 4c). A significant interaction between Body Part and Temporal Delay was also observed
(F(4, 7243.2) = 4.37, p<0.001, n i = 0.002) though post-hoc tests revealed no significant differences between
hand and trunk conditions across temporal delays (T1, p = 1; T2, p = 0.6; T3, p = 0.52; T4, p = 0.13; T5, p=1).

In Experiment 2, the same mixed-model analysis similarly showed a significant main effect of Sound Direction
(F(1, 21.9)=22.21, p<0.001, 7]127 = 0.50) with participants again reaching farther distances during receding
sounds compared to looming sounds (Fig. 4e). Also, the main effect of Temporal Delay was significant (F(4,
4334.7) = 14477, p < 0.001, n fj =0.93), indicating consistent differences in the distances reached across different
tactile stimulation timings (all ps < 0.001; Fig. 4f). Additionally, a significant double interaction between Sound
Direction and Temporal Delay was found (F(4, 4335.2) = 3.2, p = 0.01, ni = 0.003). Post-hoc comparisons
showed that participants reached significantly farther distances during receding versus looming sounds only at
intermediate stimulation timings (T3 and T4; p < 0.001; Fig. 4g).

Discussion

In the present experiments we investigated whether audio-tactile intersensory effects associated to looming and
receding sounds in near and far space relative to the body (trunk) and the hand of an individual are modulated
differently during arm movements and when at rest. We aimed at exploring whether intersensory effects are
modulated only when occurring near the moving body part (arm-hand) (i.e., whether they are somatotopic) or
whether movement execution exerts a general influence on intersensory processing that changes the impact of
dynamic sounds on tactile perception also at non-moving body parts. Previous studies have indeed examined the
effects of active body movements on visuo-tactile effects and PPS representation by implementing movements
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Fig. 4. The image shows the results from the mouse tracking analysis of both Experiment 1 and 2. (a) The
graph illustrates the significant main effect of Sound Direction from the mixed-model ANOVA of Experiment
1. (b) The graph illustrates the significant main effect of Temporal Delay from the mixed-model ANOVA

of Experiment 1. (c) The graph illustrates the significant interaction effect between Sound Direction and
Temporal Delay from the mixed-model ANOVA of Experiment 1. Significant post-hoc comparisons are
represented. (d) The graph illustrates the significant interaction effect between Body Part and Temporal Delay
from the mixed-model ANOVA of Experiment (1) (e) The graph illustrates the significant main effect of
Sound Direction from the mixed-model ANOVA of Experiment (2) (f) The graph illustrates the significant
main effect of Temporal Delay from the mixed-model ANOVA of Experiment 2. (g) The graph illustrates the
significant interaction effect between Sound Direction and Temporal Delay from the mixed-model ANOVA of
Experiment 2. Significant post-hoc comparisons are represented.

of isolated body parts such as the hand*®’2, or full body transport movements**->!. These investigations
collectively have suggested that motor activity can broadly reshape intersensory processing and PPS boundaries.
Building upon this notion, our approach offers novel insights into the flexibility and dynamic nature of the
peripersonal space (PPS), specifically the peritrunk space (PTS) and the perihand space (PHS), in relation to the
role of motor execution in shaping the way sensory cues around the body are processed and integrated.

In two experiments we successfully replicated the finding that sound proximity enhances tactile detection
speed??® by also controlling for expectancy effects (Experiment 2)*-°%6%, Specifically, participants exhibited
faster tactile responses when a sound approached a static body part?>°¢, an effect observed for both the hand
and the trunk®.

A previous study showed that the PHS is linked to the position of the hand in space® which would predict
that during arm movement the spatial extend of tactile facilitation for sound passing near the hand should
show a shift along the position of the hand. Our study seems to suggest that this is not the case and that arm
and hand movements reduce the facilitatory effect of looming sounds on tactile processing at the moving hand
and at trunk. Indeed, our results revealed that when participants performed an arm and hand movement, space
dependent audio-tactile effects were attenuated (Fig. 2a) compared to when being still in Experiment 1. We
further confirm this effect in Experiment 2 finding no significant difference in tactile reactivity between near
and far looming sound locations in the motor condition (Fig. 3b and c). Importantly, this reduction of the
intersensory effect was found across static and moving body parts, suggesting that arms movement exerted
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a central influence on multisensory processing rather than a peripheral one as they were not confined to the
moving effector!®?*?4, This interpretation aligns with findings from Casado-Palacios et al.>®, who showed that
active, but not passive, movement impair tactile processing in blind individuals, underscoring the critical role of
vision in mediating intersensory effects during movement.

Concerning the somatotopy-independent effects of movement on audio-tactile integration, our results are
supported by previous evidence provided by Hao et al.”?, who demonstrated that active movement of one body
part (e.g., the right index finger) can influence sensory processing at a distant, stationary body part (e.g., the
left index finger). Specifically, Hao et al.”* found that actively moving the right finger, as opposed to passive
movements induced externally, modified the temporal processing of audio-tactile stimuli presented to the
stationary left finger. This finding suggests that movement-related effects on sensory integration are not confined
to the moving effector, but rather reflect a broader, centrally mediated influence on sensory perception and
multisensory integration. In line with Hao et al.”%, the present results indicate that the reduced audio-tactile
intersensory effects during movement execution cannot simply be attributed to peripheral gating mechanisms
as: (1) the speed of the performed movement was below the threshold for activating gating mechanisms as
described by Cysbuska et al.?5; (2) the reduction of the intersensory effects was found for tactile stimuli delivered
both at the moving limb and also on the static chest of participants. Thus, our results suggest that movement
execution has a specific effect on multisensory integration that cannot be explained by movement-related,
limb-specific, gating of tactile processing. This is further supported by an additional analysis on unisensory
motor conditions in the Supplementary material (Supplementary Fig. 4) which revealed no interaction effect
between Hand Status and Body Part. This interpretation aligns with broader evidence indicating that movement
execution typically modulates sensory perception across different modalities, often via central mechanisms and
predictive processing. For instance, besides affecting tactile processing, movement execution is also known
to reduce auditory perception’* and modulate visual perception’>’® according to coherent predictions about
stimulus features related to the executed movement. Such predictive modulations underlie the phenomenon of
sensory attenuation for self-generated stimuli, which has been documented extensively across sensory modalities
including auditory’, visual”’, and vestibular domains’®, as well as across various species’>*?. Therefore, our
findings on audio-tactile intersensory modulation during arm movement might reflect a generalized central
mechanism of sensory prediction and integration that goes beyond somatosensory-specific gating.

Notably, the differential effects between static and movement conditions were consistently replicated across
both experiments, despite employing different expectancy correction methods for RTs and conducting additional
analyses based on slope values derived from a linear model (Fig. 3¢ and d). This consistency supports two main
conclusions. First, minor variations in the experimental setups, such as differences in sound duration and the
positioning of the release button, did not significantly influence the observed results. Second, irrespective of
whether we corrected raw RTs using the Sound Intensity Difference index in Experiment 1 or the unisensory
RTs in Experiment 2, we consistently found a distinction between motor and static conditions depending on
sound distances. This finding further validates that both methods effectively controlled for temporal expectancy
effects, allowing us to isolate and evaluate the specific influences of sound distance and motor execution on
tactile processing.

However, in Experiment 1, although we observed a significant difference between the no-intensity-difference
condition and the medium-intensity-difference condition, we had anticipated a stronger effect when comparing
the no-intensity condition with the strong-intensity-difference condition (Fig. 2b). We interpret this unexpected
result as potentially due to participants being at the very beginning (D1) or end (D5) of the sound. Furthermore,
in the motor condition, these intervals also implied that participants either just started their movement or were
approaching their end (Fig. 4b and ¢) which may have introduced greater RTs variability. Interestingly, this effect
is not evident in Experiment 2, despite the use of a different RT index. A possible explanation is that the timing
of the tactile stimulation, beginning slightly after movement onset and ending slightly before movement offset
(Fig. 1b), may have missed the peak periods when such gating effects are most pronounced.

Overall, these findings confirm and contribute to describe the interplay between multisensory processing
and motor activity and their potential role in the dynamic and flexible shaping of PPS. Specifically, this study
demonstrates that the classic near-far space multisensory processing difference, typically studied in static
conditions, are altered when individuals engage in upper limb movements. Moreover, our results indicate that,
under these movement conditions, the influence of motor commands on sensory processing and integration
is not confined to the moving body part but extends to audio-tactile intersensory effects and multisensory
processing at different body parts. This is relevant in terms of the understanding of whether central or peripheral
factors underpin the modulation of sensory processing and intersensory integration!*?32,

Although not the primary focus of this study, the mouse-tracking analysis served two important purposes.
First, it confirmed that participants’ hand movements progressively covered a greater distance along the 30 cm
path as the temporal delay from sound onset increased in both Experiment 1 and Experiment 2 (Fig. 4b and f).
Second, the data revealed that participants tended to reach farther, i.e., moved faster, when exposed to receding
sounds compared to looming sounds (Fig. 4a, ¢, e and g). This finding is consistent with prior literature®!, which
suggests that looming stimuli are typically perceived as lasting longer than receding ones. Such a perceptual
bias could have caused participants to slow down slightly when performing their movements with looming
sounds compared to receding ones. Furthermore, it is plausible that looming sounds, known to elicit defensive
responses??, led participants to adopt more cautious movement strategies. This is further supported by analyses
on movement speed and acceleration that can be found in the Supplementary material (Supplementary Figs.
9-11). Conversely, the alignment between the direction of receding sounds and the natural outward extension of
the arm may have facilitated quicker movements. However, these interpretations remain speculative and warrant
further investigation to more precisely determine the underlying mechanisms driving this effect.
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Limitations

Some limitations of the present studies may be acknowledged. First, some methodological decisions prevented
finding a clear multisensory facilitation compared to unisensory tactile processing. In Experiment 1 and 2,
indeed, we had unisensory tactile and audio-tactile conditions in different blocks which has induced strong
expectancy effects reducing the difference between these two experimental conditions. Future studies should
address this issue by using intermixed unisensory and multisensory trials. Second, the tactile and auditory
stimuli used in the present studies are unrelated to the movement that was performed. It has been shown that
tactile events that are functionally related to the performed movement!%-12, as well as sounds that are related
to the movement®*->2, may induce different modulating gating/facilitatory sensory effects. However, while we
recognize that the auditory and tactile stimuli were not functionally related to the executed movement, we
believe that our set-up points to an ecologically valid situations as it allows studying intersensory effect during
arm action execution, which is a typical situation in everyday life. Future studies should establish whether the
effects described in the present studies extend to tactile and/on sound stimuli that bear an ecological relation
with the movements performed. Finally, RT analysis alone is insufficient to draw any conclusion concerning the
neural systems and the cognitive mechanisms supporting the found effects. Further studies using techniques
such as EEG are necessary. Specifically, future work could investigate early tactile sensory components (e.g.,
N80, N140) and later, more attention-related components (e.g., P300) to distinguish whether these effects are
primarily sensory or attentional in nature.

Conclusions

In summary, the present results confirm the presence of facilitatory intersensory audio-tactile effects of looming
sounds in static conditions for tactile stimuli at limb and trunk. We expand current understanding of audio-
tactile effects by showing that upper limb (arm-hand) movements reduce intersensory effects at both the moving
(arm-hand) and non-moving (trunk) body sites hinting to a role for central mechanisms of sensorimotor
integration rather than peripheral gating ones.

Data availability

The original contributions presented in the study are included in the article/supplementary material. Datasets
can be found at the following repository link: https://ost.io/vx4zf/overview?view_only=71260a2c3e0548df8a38
d718f9ef364e.
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