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Abstract Since the discovery of neural regions in the mon-
key brain that respond preferentially to multisensory stim-
uli presented in proximal space, researchers have been stud-
ying this specialised spatial representation in humans. It
has been demonstrated that approaching auditory or visual
stimuli modulate tactile processing, while they are within
the peripersonal space (PPS). The aim of the current study
is to investigate the additional effects of tactile expectation
on the PPS-related multisensory interactions. Based on the
output of a computational simulation, we expected that as
tactile expectation increases rapidly during the course of
the motion of the visual stimulus, the outcome RT curves
would mask the multisensory contribution of PPS. When
the tactile expectation remains constant during the motion,
the PPS-related spatially selective multisensory processes
become apparent. The behavioural results on human
experiments followed the pattern predicted by the simula-
tion. That is, rapidly changing levels of tactile expectation,
caused by dynamic visual stimuli, masks the outcome of
the multisensory processes within peripersonal space. This
indicates that both PPS-related multisensory interactions
and tactile expectations play an important role in anticipat-
ing and responding to interactions with the body.
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Introduction

Since the initial discovery of multisensory neurons in the
periarcuate cortex of monkeys (Rizzolatti et al. 1981),
the multisensory representation of an ultra-near space
surrounding the body has been the subject of extensive
research in humans and their primate cousins. These mul-
tisensory neurons possess both visual and tactile spatial
receptive fields (SRF). As such, these neurons respond
to objects seen around a body part and to tactile stimula-
tion of the same body part. Strikingly, the visual SRFs are
anchored to the body part rather than a specific location
in space, coding visual information in a body-part centred
frame of reference (Fogassi et al. 1996; Graziano and Gross
1994; Graziano et al. 1997). Such multisensory neurons
have also been observed in other cortical regions such as
the putamen (Graziano and Gross 1993), ventral intrapari-
etal area F4 (Colby et al. 1993; Duhamel et al. 1998), and
in certain parts of the premotor cortex in monkeys (Batista
et al. 1999).

Perhaps, one of the most salient properties of these mul-
tisensory neurons is the way that they represent the space
proximal to a body part. The combined spatial extent of the
visual' SRFs of these bimodal neurons is often labelled the
peripersonal space (PPS). These SRFs have been found to
project several centimetres into the space abutting their
respective body parts in all directions. Due to their close
link to motor neurons in the premotor cortex, it has been
postulated that the activity of these neurons sub serves the

! Although the visual and tactile response properties of PPS have
been more extensively studied, there have also been reports of body-
part centred responsiveness to auditory stimuli in these neurons (Gra-
ziano et al. 1999).
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representation of a spatial location (that is signalled by the
encroaching object) allowing a potential action directed
towards that location (Fadiga et al. 2000; Fogassi et al.
1996). The stimulation of these neurons results in the pro-
duction of stereotypical defensive responses to protect the
body part in question (Cooke and Graziano 2004; Cooke
et al. 2003).

These neurons are also highly sensitive to moving stim-
uli that are approaching a body part as compared to reced-
ing stimuli, responding more consistently and vigorously
to the former (Graziano et al. 1997). That is, PPS neurons
respond to stimuli looming towards a body part and to tac-
tile stimuli delivered on that body part. When observers are
asked to respond to tactile stimuli, which are delivered at
different timepoints during a looming stimulus’s approach,
the pattern of response times is found to be sigmoidal in
nature (Canzoneri et al. 2012; Ferri et al. 2015; Noel et al.
2016; Taffou and Viaud-Delmon 2014; Teneggi et al.
2013). That is, the surmised multisensory summative prop-
erties of the PPS neurons would speed up responses (RTs)
to tactile stimuli that are delivered when the looming stim-
ulus is within the PPS. This sudden decrease in RTs within
the PPS would, therefore, be best explained by a sigmoi-
dal function, whose midpoint would be indicative of the
boundary of the PPS (Canzoneri et al. 2012).

When a moving object approaches the body, in addi-
tion to triggering the multisensory PPS neurons that
influence tactile processing, the impending contact with
this approaching object also creates an expectation of an
upcoming tactile event. Tactile expectation may affect
both tactile processing (Van Ede et al. 2011) and motor
preparation (Umbach et al. 2012), influencing the speed of
motor output. Tactile expectation is lowest when a stimu-
lus is at the beginning of its trajectory far from the body,
and increases as time elapses and it approached the body.
Therefore, multisensory interactions and their motor out-
come to events within the PPS might be subject not only
to the action of their dedicated neural regions, but also to
factors such as tactile expectation. The aim of the current
study is, therefore, to investigate the influence of tactile
expectation and visuo-tactile interactions within the PPS.

The consistency with which a prior cue predicts an
upcoming target stimulus (cue-reliability) is a factor
that modulates tactile expectation and, subsequently, the
response time to these tactile events (Haegens et al. 2011).
That is, when the warning cue is highly predictive of an
upcoming tactile stimulus, from the onset of the cue, the
tactile expectation increases with time. When the cue is
non-predictive, tactile expectation remains relatively low,
and response times are less affected by the prior presenta-
tion of the cue.

In our study, we used cue-reliability (the overall prob-
ability of receiving a tactile stimulus during a trial) as the
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factor to control the level of tactile expectation throughout
the trial (explained below). That is, we expected that cue-
reliability (Fig. 1b, d, f) and changes in temporal expecta-
tion (defined here as the expectation of a tactile stimulus
based on the current location of the dynamic visual stimu-
lus, Fig. 1a) would interact to produce the tactile expecta-
tion levels during the course of the trial. A low cue-relia-
bility level can be used to maintain tactile expectation at a
consistent level throughout the trial to largely isolate PPS-
related multisensory effects. Thus, when the cue-reliability
levels are low (Fig. 1f), tactile expectation should change
less drastically during the course of the trial (Fig. 1g),
remaining at a low level. When the cue-reliability is high
(Fig. 1b), tactile expectation increases linearly (with a high
slope) as the trial elapses (Fig. 1c).

Before we conducted a study in human participants, the
interaction effects of PPS modulation and tactile expecta-
tion on response times to tactile stimuli were explored
using a computational model. Following this, a tactile
detection task involving approaching visual stimuli (Can-
zoneri et al. 2012) using three cue-reliability levels was
run in separate blocks in human subjects. By analysing the
response-time curves, we could determine the contribution
of the effects of changing tactile expectation on PPS mul-
tisensory modulations. It was expected that when tactile
expectation changes rapidly during stimulus motion, the
resulting response-time patterns would be linear in nature.
When tactile expectation is minimised and held at a con-
stant level, the outcome response-time patterns should be
sigmoidal in shape reflecting a PPS boundary.

Methods
Data modelling

To predict the changes in response-time patterns depend-
ing on the expectation of a tactile stimulus, a simple
simulation model was constructed using the Matlab soft-
ware (MATLAB and Statistics Toolbox Release 2015b,
The MathWorks, Inc., Natick, Massachusetts, United
States). The aim of this model was to gain insight into
the changes of the response-time pattern of an imaginary
observer to a tactile stimulus, while considering the cur-
rent location and direction of motion of the visual dis-
tractor stimulus, and cue-reliability. It should be noted
that the simulation model is intended only to approxi-
mate observable human behaviour and does not account
for, or match the specific details of the underlying neu-
ral dynamics. We intended only to test if the shape of the
outcome response-time patterns, and not if the absolute
response times may be modulated by the aforementioned
tactile expectation. We assume that the outcome response
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Fig. 1 Expected interaction between temporal expectation levels at
different timepoints during the trial and different levels of cue-reli-
ability. The x-axis for all plots represents the timepoint within the
trial. The y-axis represents the probability in percentage values. a
Temporal expectation levels during a trial. These values are the same
across all blocks. b, d, f Cue-reliability levels in different blocks. c, e,

times are a result of a two-stage serial process consist-
ing of a detection and response stage. We also assume
that prior expectations directly and equally influence the
amount of activation in each of these stages.

The data model consisted of two serial stages (see
Fig. 2). The first stage computes the latency in detecting the
tactile target. It considers the direction of the motion of the
visual distractor and its distance from the observer. It also
is affected by the changing temporal expectation (caused
by the location of the visual looming stimulus) and cue-
reliability levels (Fig. 2). The second stage computes the
latency required for the observer to initiate a response. It is
also influenced by the level of expectation generated by the

g Tactile expectation levels, resulting as the interaction between the
temporal expectation level at different points in the trial and cue-reli-
ability level in the block. When cue-reliability is high (b), the tactile
expectation changes from a large value to a low value during the trial
(¢). When cue-reliability is low (f), the tactile expectation is low, and
remains relatively uniform across the trial (g)

cue-reliability and the location of the visual stimulus from
the observer (temporal expectation) (Fig. 2).

Detection stage

In this stage, once a tactile stimulus is delivered, the time
taken for the tactile stimulus to be detected is dependent
on the time taken for the underlying somatosensory mod-
ule (SS) and PPS multisensory module (MS) together to
reach a detection threshold. The activity of the somatosen-
sory module is sensitive to temporal expectation, which is
dependent on the distance travelled by the visual stimulus
(distance travelled by the visual stimulus is indicative of
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Fig. 2 Illustration of the model’s stages. Once the tactile stimu-
lus is delivered, the latency for the tactile stimulus to be detected is
computed by the Tactile Detection stage (left box). Once the tactile
stimulus is detected, the Response Generation stage (right box) of the

the temporal specifics of trial) and not to its direction. The
temporal expectation is further modulated by the cue-relia-
bility level, or the overall probability of receiving a tactile
stimulus. The MS module is insensitive to temporal expec-
tation, but is influenced by the physical location of the vis-
ual stimulus and its movement direction. That is, if the vis-
ual stimulus is within the PPS zone and is moving towards
the observer, the MS module contributes to the detection of
the tactile stimulus.

The amount of activation (generated by the combined
activity of the SS module and MS module) is dependent on
the level of tactile expectation, which follows the following
rules:

1. The amount of tactile expectation at a given timepoint
is a factor of the overall probability of receiving a tac-
tile stimulus (cue-reliability) for that condition and the
location of the visual stimulus along its movement tra-
jectory (temporal expectation) (Eq. 1).

2. The maximum amount of tactile expectation is deter-
mined by the cue-reliability level.

3. The minimum amount of tactile expectation calculated
by dividing the maximum amount of tactile expecta-
tion by the number of timepoints during the motion
of the visual stimulus, where a tactile stimulus may be
delivered:

13

P tactile current
TEtcurrent = Athreshold X 100 X tt . (1)

otal

TE,..ment 15 the tactile expectation when the tactile stim-
ulus is delivered at timepoint ?,.,,, during the motion of
the visual distractor. Ay, .qnoiq 18 the activation threshold in
units. Py, is the probability of receiving a tactile stimulus

for that probability condition (cue-reliability). #_ e 1S the
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model computes the latency with which a response to the tactile stim-
ulus is generated. Both the stages are influenced by the expectation of
the tactile event and cue-reliability

current timepoint from the start of the motion of the visual
stimulus. This is independent of the direction of the motion
of the visual stimulus. ¢, is the total duration of motion
of the visual stimulus. For example, in the condition where
there is a 100% probability of receiving a tactile stimulus,
the amount of tactile expectation varies from 14.28 to 100,
where 14.28 is the initial tactile expectation.

As the visual stimulus moves from the starting location
to the end location (irrespective of direction of motion), the
tactile expectation varies from the minimum value to the
maximum value of tactile expectation range for that cue-
reliability level. The amount of activation in the somatosen-
sory module is proportional to the tactile expectation level.
The model assumes that 100 units of activation are required
to reach the threshold. The activation grows steadily at the
rate of 0.5 units per millisecond. Based on this, given a
zero-valued level of tactile expectation, the time required
to detect the presence of a tactile stimulus is 200 ms.

The multisensory module is sensitive to physical loca-
tion of the visual stimulus and its direction of motion,
responding to the tactile stimulus only when the visual
stimulus is within a spatial limit with respect to the imagi-
nary observer while approaching the observer. The com-
bined activity of the somatosensory and multisensory
modules determines the time taken for the tactile stimu-
lus to reach a detection threshold. That is, when both the
somatosensory and multisensory modules are triggered, the
time taken for the system to reach the detection threshold
is lower than when only the somatosensory module is trig-
gered. When a visual stimulus is within the spatial extent
of the multisensory module, the model receives a boost of
20 units of activation, thereby reducing the detection time
by 40 ms. The boundary of this spatial extent is set to be at
40 cm from the imaginary observer and conditional upon
the stimulus approaching the observer. Therefore, in the
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receding condition, the PPS-related multisensory gain is
absent.

Response stage

After the tactile stimulus is detected by the first stage of
the model, the response stage of the model also requires
reaching a response threshold to generate the final
response. The response preparation in this stage is set to a
starting level based on the level of expectation of a tactile
event (the response generation level behaves the same way
as the tactile expectation level of the somatosensory mod-
ule of the tactile detection stage). Once the tactile stimu-
lus is detected, this initial level of response preparation
rises until it reaches the response threshold. Therefore, a
high starting level of response preparation results in faster
response times. Like the detection stage, the response
stage requires 100 units of activation to reach the thresh-
old. Activation grows steadily at the rate of 0.5 units per
millisecond. The amount of initial activation is dependent
on the amount of response preparation, which follows the
same rules as that of the somatosensory module in the tac-
tile detection stage.

The total time taken for the model to generate a response
to the tactile stimulus is, therefore, the time elapsed
between the start of the detection stage and the output of
the response stage. In addition to the latency generated by
the two stages of processing by the model (which indi-
cates the time taken by the participant to initiate a motor
response), an additional 150 ms is added to the final
response time, to account for the time taken by the observer
to mechanically complete the foot pedal press required to
register the response. The reason for this additional step is

to extract response times from the model that lie in a range
comparable to that of real human participants.

The total duration of motion of the visual stimulus was
set to 2300 ms, and there were seven timepoints (ranging
from 0 to 2300 ms in steps of 328 ms) at which it was pos-
sible to receive a tactile stimulus. The visual stimulus was
simulated to move between 0 and 90 cm from the subject in
either an approaching, or receding fashion. Four ratio (cue-
reliability) conditions were simulated. They were 100, 75,
50, and 25%. No noise was added to this system, so only
one simulation per cue-reliability condition, timepoint, and
motion direction were performed.

Analysis

The response times obtained from running the model
simulations were fitted using a sigmoidal and a polyno-
mial curve (Fig. 3). The sigmoidal fit was defined by the
formula:

(ymax - ymin)
1+ e(a—L)Xh '

Y =y, + @

Y is the vector of estimated response times from the curve-
fitting procedure. y,;, is the minimum response time
obtained from the model simulation for that condition. y,,,,,
is the maximum response time obtained from the model
simulation for that condition. L is the vector of locations
of the visual stimulus at which the tactile stimulus is deliv-
ered. a and b are the factors estimated by the curve-fitting
procedure. a is the location at which the response time
reaches its mean value. It is treated as the location of the
PPS boundary. b is the slope of the sigmoid curve.
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A sigmoid curve was estimated for each cue-reliability
condition (100, 75, 50, and 25%, and visual stimulus move-
ment direction (Approaching, Receding).

The linear fit was defined by the following function:

Y=mXxL+c (3)

where Y is the vector of estimated response times from the
curve-fitting procedure. ¢ and m are the coefficients esti-
mated by the curve-fitting function. c is the intercept of the
curve. m is the slope of the linear curve. L is the vector of
locations at which the tactile stimulus is to be delivered.

A total of eight linear curves were estimated for each ratio
condition and visual stimulus movement direction (Fig. 3).
Root mean square errors (RMSE, Eq. 4) were calculated for
the obtained outcome curves for each of the ratio, direction
conditions, and for the sigmoidal and linear fits. When com-
paring the estimated linear and sigmoidal fits, the fit with the
lowest RMSE value more closely follows the obtained data:

N
1 & N2
RMSE = 4| = Yi—-Yi) . 4
I 2; ( ) “
The RMSE value is calculated separately for each Ratio
and Direction condition, and separately for both the sig-
moidal and linear curves. Here, N equals the total number
of data points used in each curve (N = 7 in our simulation,
as RTs from seven different locations of the visual stimu-
lus were used). Yi is the RT at a location i as estimated by
the curve-fitting procedure; Yi is the RT at location i as
obtained from the simulation model.

Results and discussion

A value of the RMSE for each curve indicates how closely
the fitted curve follows the given data. Therefore, to learn
which curve was a better fit for each ratio and direction
condition, the RMSE values obtained for the sigmoidal
and linear curve were compared (Table 1). As expected, the

Table 1 RMSE values for the sigmoidal and linear curves fitted for
each of the movement directions and ratio conditions simulated by
the model

Ratio 25 50 75 100
Approaching
Sigmoidal 3.52 4.86 6.80 8.04
Linear 5.60 5.80 5.89 5.80
Receding
Sigmoidal 2.59 4.58 6.86 8.70
Linear 0.65 0.65 0.58 0.65

The curve with the lower error RMSE explains the data for that con-
dition better
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sigmoidal fit improved as the overall probability of tactile
stimulation decreased. Only in the Approaching condition
for Ratios 50 and 25 was the sigmoidal curve a better fit,
as the RMSE:s for the sigmoidal curves for these conditions
were lower than their corresponding linear curves.

From this simulation, it appeared that reducing tactile
expectation to 50% was sufficient to bring forward the
sigmoidal pattern of RTs assumed to be driven by multi-
sensory interactions within the PPS. It must be mentioned,
however, that by changing the amount of multisensory PPS
contribution in the model (say, for example, from 20 to 40
units), the number of tactile absent trials required to bring
out the sigmoidal nature of the RTs also changes. Specifi-
cally, when the contribution of the PPS is higher, the num-
ber of the tactile absent trials required to reduce the effects
of the tactile expectation becomes lower.

The aim of this simulation was to check the idea that
increasing tactile expectation levels during the course of a
trial could influence responses to multisensory stimulus in
PPS. The actual ratio of tactile present trials necessary to
cause the emergence of this effect in behaving humans can
only be gleaned with experimental evidence. The following
experiment was performed to test this.

Experiment 1

Methods
Farticipants

Fifteen subjects between the ages of 18 and 30 were tested
(Mage = 22 years, SD = 3.3, 12 females, 13 right-handed, 2
left-handed). All had normal or corrected-to-normal vision.
The experiment was performed according to the ethical
guidelines laid down by the Declaration of Helsinki. The
local ethical committee of the Faculty of Social and Behav-
ioural Science, Utrecht University also approved the study.
All the participants gave their informed consent prior to
their participation in the study.

Stimuli and apparatus

The tactile stimulus was a 100 ms, 200 Hz vibration by a
vibro-tactile motor (Precision Microdrives, Model: 308—
100) that was attached to the distal phalanx on the back of
both their left and right index fingers. The visual stimulus
was a red dot with a diameter of 5 cm. The background of
the screen was black in colour. The visual stimuli were dis-
played on large screen monitor (Philips BDT5530EM/06)
lying flat on a table in front of them (see Fig. 4). The screen
was 122 x 68 cm in size.
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Fig. 4 Schematic depiction of the experimental setup

Procedure

The experiment took place in a darkened room in the Exper-
imental Psychology lab at Utrecht University. Each subject
was seated in front of the screen where the visual stimuli
were displayed. The head rested on a chin rest at a height
of 18 cm from the screen to maintain a consistent view-
ing height across all participants. They were instructed to
place their hands on the edge of the monitor that was closest
to them, such that each of their index fingers were 12 cm
along the length the screen (see Fig. 4). Prior to the start of
a block, an indicator dot was presented on each side of the
screen at this distance, and participants were instructed to
cover this dot with their index fingers. This ensured all par-
ticipants consistently placed their fingers at the correct dis-
tance. Responses were given by depressing the foot pedal
with the right foot when they detected a tactile target on the
left or the right hand. In this position, they performed three
blocks, each pertaining to a specific cue-reliability condi-
tion. The numbers of catch trials (no tactile target) were
varied in each block. The order of the conditions was coun-
terbalanced across subjects. In all other respects, the stimuli
and procedure remained the same across all blocks.

Each trial began with the presentation of the visual stim-
ulus on a black background appearing either at the far end
of the screen (90 cm away from the tip of the index finger)
or at the near end of the screen near the index finger (0 cm
from the tip of the index finger), on the left or the right side
of the screen (13.25 cm from the body midline). The visual
stimulus remained there for a variable period between 400

and 800 ms after which it started moving. If the dot was
presented at the far end of the screen, it moved towards
the subject’s left or right finger in a straight line, and vice
versa. Visual stimuli did not cross the midline of the screen
during movement and only moved towards the finger at the
same side as the visual stimulus.

From the start of the trial, there were seven locations in
depth at which a tactile target could be delivered. In two
conditions, the tactile stimulus was delivered when the
stimulus was stationary at the far or the near end of the
screen (Lg,, and L., respectively). The purpose of these
two locations was to encourage subjects to monitor the tac-
tile modality throughout the duration of the trial. The visual
locations of interest were L1-L5, and were delivered dur-
ing the motion of the visual stimulus. On any target pre-
sent trial, only one tactile stimulus could be delivered. Each
location at which a tactile stimulus could be delivered was
separated by 15 cm on the screen (distances ranged from 75
to 15 cm from the tip of the index finger, in steps of 15 cm).
The total duration of visual motion was always 2300 ms.

Within each cue-reliability block (henceforth called the
Ratio block for brevity), there were two direction condi-
tions (approaching, receding), seven locations of the visual
stimulus in depth at which the tactile stimuli may be deliv-
ered, two laterality conditions (left, right), and two target
conditions (tactile-target present, tactile-target absent). The
conditions were presented in a random order.

Based on the ratio, the total number of trials in the
block varied. In each of the ratio blocks, each condition
(two directions, seven visual locations, and two laterality

@ Springer
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conditions) was repeated approximately three times (the
total number of trials per condition were rounded up to
ensure a perfect ratio distribution). The experiment yielded
a total of 168 conditions (3 Ratios, 2 directions, 7 locations,
2 laterality, and 2 presence of tactile stimulus).

The 25% ratio condition contained 84 target present and
252 catch trials, the 50% ratio condition contained 112 target
present trials and 112 catch trials, and the 75% ratio condition
contained 84 target present trials, and 28 catch trials. After
every 112 trials, the participants received a 2-min break. As
a result, there were two breaks in 25% ratio condition (3 sub-
blocks), one break in the 50% ratio condition (2 sub-blocks),
and no break in the 75% ratio condition (1 sub-block). Before
the start of a ratio block, a practice block of 15 trials was pre-
sented to acclimatise the subject to the ratio contingency. No
explicit instructions regarding the ratio were given. The sub-
jects were headphones with continuous white noise playing
to mask the sound of the vibrating motors. The entire experi-
ment took approximately 45 min.

Results and discussion

Data analysis

Accuracy

All subjects had less than 10% false alarms during catch
trials (M = 6.3%, SD = 0.82%). The number of missed

presses in the L, and L conditions was also ana-
lysed. Subjects missed less than 15% of tactile targets
on target present trials (L., M = 3.6%, SD = 2.71%,
Ly, = M = 5.16%, SD = 3.4%). All subjects missed
less than 10% of the total amount of trials (M = 3%,
SD = 1.647%). All subjects were therefore included for
further analysis.

Response times

The average response times per subject for each ratio,
direction, laterality, and location condition (L1-L5) were
calculated (see Fig. 5). The response times of all subjects
fell within three standard deviations from the mean.

The laterality condition was collapsed onto a single
factor for each subject. The average response times per
subject for each ratio, direction and location condition
were fed into a 3 x 2 x 5 Repeated Measures ANOVA.
The factors were Ratio (75, 50, 25), Direction (approach-
ing, receding), and visual location during tactile stimula-
tion (L1-L5).

There was a main effect of Ratio [F (1.86,
26.06) = 15.488; p < 0.001, nZ = 0.525]. Pairwise compar-
isons between the three ratio conditions revealed a signifi-
cant difference between all conditions. RTs in the 50% con-
dition (M = 436.25, SD = 55.58) were significantly faster
than in the 25% condition [(M = 456.35, SD = 59.33)
(mean difference = —20.10, ¢ (14) = —2.779, p = 0.029).
RTs in the 75% condition (M = 413.52, SD = 50.006)
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Fig. 5 Average response times to the tactile targets at different loca-
tions of the visual stimulus during motion, along with their best fit-
ting functions. For the approaching condition at ratio 25 and 50, the
sigmoidal fit is the best representation of the data. The linear fit is the
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best representation for the rest of the conditions. The error bars for
each condition were created by calculating the standard error of the
mean after correcting for between-subject differences in the scores
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Table 2 Mean and standard deviation values for the response times
to the tactile stimulus at different locations of the visual stimulus

Distance (cm) Mean Std dev
15 420.05 53.87
30 422.47 54.55
45 431.59 58.63
60 437.16 52.05
75 444.16 52.71

were significantly faster than in the 50% condition (mean
difference = —22.7, t (14) = —2.787, p = 0.028). In addi-
tion, 75% was faster than the 25% condition (mean differ-
ence = —42.7, t (14) = —5.566, p < 0.001). The results
indicated that the response times for ratio 75 were the
shortest and increased as number of catch trials in the
block increased (RTs: Ratio 75 < Ratio 50 < Ratio 25). We
expect that, as the expectation to receive a tactile stimulus
is higher in the higher ratio conditions, the preparation to
respond would also have been higher in these conditions
resulting in RTs in the higher ratio conditions being faster.

The effect of location was significant [F (2.38,
33.38) = 10.99; p < 0.001, n,z, = 0.440]. RTs increased
with the distance from the subject (Table 2). Post hoc
comparisons, corrected for multiple comparisons,
showed some significant differences. RT ;5 < RT¢, (mean
difference = —17.11, ¢ (14) = —3.992, p = 0.002),
RT,5 < RT;5 (mean difference = —24.1, t (14) = —5.624,
p < 0.001), and RT;, < RT,5 (mean difference = —21.68,
t (14) = =5.06, p < 0.001).

There was a significant interaction between ratio
and direction [F (1.53, 21.42) = 1547; p < 0.001,
nﬁ = 0.525], and between direction and location (F (2.42,
33.95) = 17.37; p < 0.001, nﬁ = 0.553). As the goal of the
study was to understand the nature of the tactile response-
time patterns with respect to visual stimulus location for
every ratio condition, and motion direction, we did not
further analyse the interaction effects. Instead, we deferred
their interpretation to the curve-fitting procedure.

Curve fitting

For this procedure, each participant’s response times
obtained during the motion of the visual stimulus (L1-
L5) were submitted into a curve-fitting procedure. In this
process, the best fitting sigmoidal and linear curves were
fit to the mean response times of each subject, for every
ratio and direction condition. The equation used for the
sigmoidal and linear curves is found in Eqgs. (2) and (3),
respectively.

To compare the fits of the sigmoidal and linear curves
for each condition, ¢ tests on the RMSE values obtained for
each pair of sigmoidal and linear curves were performed
(Eq. 4). Testing the RMSE values for the sigmoidal and
linear curve pairs for the individual conditions allowed us
to index which of the two models was a better fit for each
condition. The curve that results in the significantly lower
RMSE value is the better fit for that condition. To test this,
we first compared for each condition if the RMSE values
for the sigmoidal and linear fits differed significantly. If
that was the case, we proceeded to check which of the two
fits had the lower RMSE value and, therefore, was the bet-
ter fit.

Significant differences in RMSE were found between
the linear and sigmoid fits only in the approaching con-
dition for the 50% ratio (mean difference = —2.139,
t (14) = —2.78, p = 0.015) and ratio 25% (mean differ-
ence = —1.574, ¢t (14) = —2.3, p = 0.03). The sigmoid-
RMSEs were significantly lower for these two ratio con-
ditions (approaching ratio 50 RMSE: Mg;,.iq = 19.4,
SD = 14.2, My jpear = 21.5, SD = 13.7; approaching ratio
25 RMSE: Mgjonoiq = 22.04, SD = 12.74, M| e, = 23.6,
SD = 12.46). There were no differences between the
RMSE values for the linear and the sigmoid fit in the
75% condition for both approaching (mean differ-
ence = 2.9, ¢ (14) = 0.54, p = 0.59) and receding direc-
tions (mean difference = 0.40, ¢ (14) = 0.35, p = 0.73).
In addition, for the 25 and 50% ratio receding curves,
there were no differences between the RMSEs for the
sigmoidal and linear fits (receding ratio 25: mean differ-
ence = 0.56, 7 (14) = 0.27, p = 0.79; receding ratio 50:
mean difference = 5.6, 1 (14) = 1.21, p = 0.24).

To test if the midpoint of the sigmoid (reflecting the
boundary of the PPS representation) differed between ratio
conditions, we tested the boundaries for those conditions
in which the sigmoidal curve was a better fit. There were
no significant differences between the midpoints of both
curves indicating that the boundary of PPS remained the
same despite the probability of overt tactile expectation
(ratio 25: M = 47.15 cm, SD = 8.6, ratio 50: M = 41.20,
SD = 6.6, p = 0.072).

The results of the current experiment revealed that only
in the approaching condition for ratios 50 and 25% was the
sigmoidal curve a better fit than the linear curve. For the
approaching 75 ratio condition, the fits of the sigmoidal
and linear curves did not differ and the linear model is suf-
ficient to explain the data.

For the receding condition, for all ratios, there were no
significant differences between the fits of the linear and sig-
moidal curves, therefore, making the fit of the linear model
the default explanatory function for the data.
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General discussion

The aim of this study was to investigate the role of tactile
expectation on PPS-related visuo-tactile processes. To do
so, the shape of the response-time curves to tactile targets
as a visual stimulus approached or receded from the site
of tactile stimulation was compared between three differ-
ent cue-reliability conditions. The reason for this manipula-
tion is that tactile expectation would be low at the start of
the stimulus motion, and increase linearly as the stimulus
reaches the end of its trajectory. Therefore, to manipulate
tactile expectation, we varied cue-reliability, or the prob-
ability to receive a tactile stimulus during a trial. In condi-
tions where we wanted tactile expectation to play a role, we
set cue-reliability at a high level (75%). When we wanted
to limit the influence of tactile expectation, a low level of
cue-reliability was used (50, or 25%). It was expected that
non-predictive and counter-predictive cues could reduce
the overall level of tactile expectation and keep them at a
more uniform level during the course of the trial.

First, we used simulated data from a model that
accounted for the interplay between PPS modulation on
multisensory interactions and tactile expectation. It was
observed that when the visual stimulus approached the sub-
ject, the resulting response-time pattern was linear (with
a high slope) when tactile expectation was high. These
results indicate that the linear effect of tactile expectation
on RTs masks any multisensory effects of the PPS space.
When tactile expectation was reduced, and maintained at a
constant level throughout the motion of the visual stimu-
lus (using low cue-reliability), the visuo-tactile interac-
tions specific to the PPS remained. In other words, during
low cue-reliability conditions (50 and 25% chance of a
tactile target), the pattern of the response times was better
explained by a sigmoidal function than a linear function.
In the receding conditions, at all cue-reliability levels, the
linear function was a better fit.

To test the predictions of the model, an experiment
was conducted with human participants, in which they
had to respond to a tactile stimulus delivered to their
left or right finger-tip, while a task-irrelevant dynamic
visual stimulus either approached or receded from them.
The tactile stimulus was delivered at one of several time-
points during the motion trajectory of the visual stimu-
lus or not at all during catch trials. To induce different
ranges of tactile expectancies across different blocks,
the visual cue-reliability was varied across blocks (ratio:
75, 50, 25%). In accordance with the simulation, the RT
pattern in the behavioural data was better explained by
a sigmoidal function, but only in the approaching con-
dition, for the 50 and 25% ratios. In the receding con-
ditions, our behavioural data did not show any PPS-
related multisensory modulations, which is in line with
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the observation that PPS is mainly responsive to stimuli
approaching the body (e.g., Graziano et al. 1997). Over-
all, the behavioural findings were in line with our model
suggesting that tactile expectation can strongly influence
the pattern of response times to multisensory stimuli
within the PPS.

Based on the seminal work of Graziano and colleagues
(Graziano and Cooke 2006), one of the functional roles
of the PPS space network is to support object avoidance
while navigating the environment. Therefore, PPS may be
seen as a part of a larger defensive network, whose outer
spatial boundary is the flight zone. While the encroach-
ment of the flight zone by a threatening object may result
in fleeing behaviour, the intrusion into PPS should result
in a defensive response specific to the endangered body
part. Seen in this light, in most cases, the PPS action
might be limited to very sudden onset events occurring in
proximal space, which require quick and automatic motor
responses. Had the intrusion been detected sooner, the
agent might either choose to flee the situation in the pres-
ence of real danger, or overtly modify his motion path to
avoid contact.

One could wonder what the role of PPS is when the
effects of tactile expectation are so evident in response-
time patterns during predictable visual motion towards the
body. However, when the abrupt appearance of an object
triggers an avoidance action (typical to PPS), it is reason-
able to assume that tactile expectation is absent. Therefore,
tactile expectation would not influence PPS-related mul-
tisensory interactions and motor output in such cases. In
contrast, there are also many situations where one might
need to engage with looming objects that will eventually
encroach the PPS (catching a ball, or responding to tactile
stimuli in this experiment, for example). In these situations,
the stereotypical protective actions of PPS need to be sup-
pressed so that the goal-specific motor output may be initi-
ated. It is in these situations that tactile expectation is likely
to affect PPS space-related sensory-motor processes.

Previous studies have shown that the subjective hazard
rate (the conditional probability that an event will occur
given that it has not yet occurred after accounting for the
uncertainty in time perception) of the upcoming stimulus is
a factor that greatly influences the anticipation of the stimu-
lus (Bueti et al. 2010; Janssen and Shadlen 2005).

The objective hazard rate of the stimuli in our study is
given by Eq. (5):

P tactile
LT otal_L +1

Here, h(L) is the hazard rate at location L, and Ly is
the total number of locations where the tactile stimulus
may be delivered. P, . is the overall probability of receiv-
ing a tactile stimulus in the trial. The objective hazard rates

h(L) = &)
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in our study in the 100% condition (including the static
locations), therefore, are 1/7, 1/6.... 1/1, which are non-
linear in relationship. However, the behavioural response
times where tactile expectation plays a role (for example,
in the ratio 75% condition), seem to be linearly changing
in our study. As our subjects’ temporal expectation is addi-
tionally informed by the location of the looming stimulus,
which is less permeable to perceptual biases, a mathemati-
cal description of the subjective hazard rates, which are
expected to directly influence tactile expectation, is more
difficult to arrive at in our study. In the absence of this
information, a linear approximation seems to fit the behav-
ioural outcomes.

It must also be noted that given our design, it is difficult
to disentangle the different sources of influence that tactile
expectation provides. For instance, the expectation of the
vibro-tactile stimulus may have directly influenced tactile
processing (as seen in the case of Haegens et al. 2011) and/
or motor preparation. Their action was modelled in the sim-
ulation as being additive in nature.

Our results demonstrate that the response to multisen-
sory stimuli in PPS is influenced by the changing tactile
expectation levels that accompany a looming stimulus. By
reducing the cue-reliability levels, we could maintain the
level of tactile expectation at a relatively low, and constant
level. In this case, the multisensory interactions within the
PPS became visible in the outcome response-time patterns
of subjects. Therefore, future studies interested in delineat-
ing the boundary of PPS using multisensory interactions
might benefit from using a low cue-reliability level to fil-
ter out the unwanted effects of tactile expectation on mul-
tisensory response times. This method has the drawback of
lengthening the experiment due to the addition of a large
number of catch trials that are uninformative to the study’s
aims. However, such a curve-fitting procedure does offer
the advantage of demonstrating the boundary between two
spatial zones. However, when testing additional proper-
ties of the PPS boundary for body parts that have already
shown to possess such a boundary in previous studies, a
more economical approach would be to use the paradigm
used by Noel and colleagues (Noel et al. 2015; Serino et al.
2015).

In these studies, the basic experimental task is like the
one used in this study. However, instead of looking for evi-
dence of a boundary using mathematical functions during
the analysis, the authors look for evidence of multisen-
sory response enhancements at different locations from
the body using a tactile-only condition as a baseline. The
drawback of this method is, however, that it cannot dem-
onstrate that the change between the physical locations
(where there is multisensory enhancement versus where
there is none) is non-continuous in nature. That is, even
if there is a linearly changing relationship between visual

stimulus location and the response time, this method will
likely indicate the presence of the boundary. Therefore,
we believe that it might be best to reserve this method
for body parts where a more vigorous method such as the
one used in this study and previous studies has previously
demonstrated a multisensory boundary for PPS (Canzon-
eri et al. 2012; Ferri et al. 2015; Taffou and Viaud-Delmon
2014).

In conclusion, tactile expectation and multisensory inter-
actions in PPS may both play an important role in anticipat-
ing and responding to objects that may approach the body.
As demonstrated here, their relative contributions likely
depend on the nature and the expectation of the interaction.

Acknowledgements This work was supported by an NWO VICI
Grant (453-10-003) to HCD. We would like to thank Kirsten Bulsink
for her help with the data collection.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Batista AP, Buneo CA, Snyder LH, Andersen RA (1999) Reach
plans in eye-centered coordinates. Science 285(5425):257-260.
doi:10.1126/science.285.5425.257

Bueti D, Bahrami B, Walsh V, Rees G (2010) Encoding of temporal
probabilities in the human brain. J Neurosci Off J Soc Neurosci
30(12):4343-4352. doi:10.1523/JNEUROSCI.2254-09.2010

Canzoneri E, Magosso E, Serino A (2012) Dynamic sounds capture
the boundaries of peripersonal space representation in humans.
PLoS One 7(9):¢44306. doi:10.1371/journal.pone.0044306

Colby CL, Duhamel JR, Goldberg ME (1993) Ventral intraparietal
area of the macaque: anatomic location and visual response
properties. J Neurophysiol 69(3):902-914

Cooke DF, Graziano MSA (2004) Sensorimotor integration in the pre-
central gyrus: polysensory neurons and defensive movements. J
Neurophysiol 91(4):1648-1660. doi:10.1152/jn.00955.2003

Cooke DF, Taylor CSR, Moore T, Graziano MSA (2003) Complex
movements evoked by microstimulation of the ventral intra-
parietal area. Proc Nat Acad Sci U S A 100(10):6163-6168.
doi:10.1073/pnas. 1031751100

Duhamel JR, Colby CL, Goldberg ME (1998) Ventral intraparietal
area of the macaque: congruent visual and somatic response
properties. J Neurophysiol 79(1):126-136

Fadiga L, Fogassi L, Gallese V, Rizzolatti G (2000) Visuomotor neu-
rons: ambiguity of the discharge or “motor” perception? Int J
Psychophysiol Off J Int Organ Psychophysiol 35(2-3):165-177.
doi:10.1016/S0167-8760(99)00051-3

Ferri F, Tajadura-Jiménez A, Viljamée A, Vastano R, Costantini M
(2015) Emotion-inducing approaching sounds shape the bound-
aries of multisensory peripersonal space. Neuropsychologia
70:468-475. doi:10.1016/j.neuropsychologia.2015.03.001

Fogassi L, Gallese V, Fadiga L, Luppino G, Matelli M, Rizzolatti G
(1996) Coding of peripersonal space in inferior premotor cortex
(area F4). J Neurophysiol 76(1):141-157

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1126/science.285.5425.257
http://dx.doi.org/10.1523/JNEUROSCI.2254-09.2010
http://dx.doi.org/10.1371/journal.pone.0044306
http://dx.doi.org/10.1152/jn.00955.2003
http://dx.doi.org/10.1073/pnas.1031751100
http://dx.doi.org/10.1016/S0167-8760(99)00051-3
http://dx.doi.org/10.1016/j.neuropsychologia.2015.03.001

2522

Exp Brain Res (2017) 235:2511-2522

Graziano MSA, Cooke DF (2006) Parieto-frontal interactions,
personal space, and defensive behavior. Neuropsychologia
44(13):2621-2635. doi:10.1016/j.neuropsychologia.2005.09.011

Graziano MSA, Gross CG (1993) A bimodal map of space: soma-
tosensory receptive fields in the macaque putamen with corre-
sponding visual receptive fields. Exp Brain Res 97(1):96-109.
doi:10.1007/BF00228820

Graziano MSA, Gross CG (1994) The representation of extraper-
sonal space: a possible role for bimodal, visual-tactile neurons.
In: Gazzaniga MS (ed) The cognitive neurosciences. MIT Press,
Cambridge, pp 1021-1034

Graziano MSA, Hu XT, Gross CG (1997) Visuospatial properties of
ventral premotor cortex. J Neurophysiol 77(5):2268-2292

Graziano MSA, Reiss LA, Gross CG (1999) A neuronal representa-
tion of the location of nearby sounds. Nature 397(6718):428-
430. doi:10.1038/17115

Haegens S, Hindel BF, Jensen O (2011) Top-down controlled alpha
band activity in somatosensory areas determines behavioral per-
formance in a discrimination task. J Neurosci Off J Soc Neurosci
31(14):5197-5204. doi:10.1523/JNEUROSCI.5199-10.2011

Janssen P, Shadlen MN (2005) A representation of the hazard rate of
elapsed time in macaque area LIP. Nat Neurosci 8(2):234-241.
doi:10.1038/nn1386

Noel JP, Grivaz P, Marmaroli P, Lissek H, Blanke O, Serino A
(2015) Full body action remapping of peripersonal space: the
case of walking. Neuropsychologia 70:375-384. doi:10.1016/j.
neuropsychologia.2014.08.030

@ Springer

Noel J, Lukowska M, Wallace M, Serino A (2016) Multisensory sim-
ultaneity judgment and proximity to the body. J Vis 16(3):21.
doi:10.1167/16.3.21

Rizzolatti G, Scandolara C, Matelli M, Gentilucci M (1981) Afferent
properties of periarcuate neurons in macaque monkeys. II. Visual
responses. Behav Brain Res 2(2):147-163

Serino A, Noel J-P, Galli G, Canzoneri E, Marmaroli P, Lissek
H, Blanke O (2015) Body part-centered and full body-cen-
tered peripersonal space representations. Sci Rep 5:18603.
doi:10.1038/srep18603

Taffou M, Viaud-Delmon 1 (2014) Cynophobic fear adap-
tively extends peri-personal space. Front Psychiatry 5:3-9.
doi:10.3389/fpsyt.2014.00122

Teneggi C, Canzoneri E, Di Pellegrino G, Serino A (2013) Social
modulation of peripersonal space boundaries. Curr Biol CB
23(5):406—411. doi:10.1016/j.cub.2013.01.043

Umbach VJ, Schwager S, Frensch PA, Gaschler R (2012) Does
explicit expectation really affect preparation? Front Psychol 3:1—
12. doi:10.3389/fpsyg.2012.00378

Van Ede F, de Lange FP, Jensen O, Maris E (2011) Orienting atten-
tion to an upcoming tactile event involves a spatially and tempo-
rally specific modulation of sensorimotor alpha- and beta-band
oscillations. J Neurosci Off J Soc Neurosci 31(6):2016-2024.
doi:10.1523/JNEUROSCI.5630-10.2011


http://dx.doi.org/10.1016/j.neuropsychologia.2005.09.011
http://dx.doi.org/10.1007/BF00228820
http://dx.doi.org/10.1038/17115
http://dx.doi.org/10.1523/JNEUROSCI.5199-10.2011
http://dx.doi.org/10.1038/nn1386
http://dx.doi.org/10.1016/j.neuropsychologia.2014.08.030
http://dx.doi.org/10.1016/j.neuropsychologia.2014.08.030
http://dx.doi.org/10.1167/16.3.21
http://dx.doi.org/10.1038/srep18603
http://dx.doi.org/10.3389/fpsyt.2014.00122
http://dx.doi.org/10.1016/j.cub.2013.01.043
http://dx.doi.org/10.3389/fpsyg.2012.00378
http://dx.doi.org/10.1523/JNEUROSCI.5630-10.2011

	On the contribution of overt tactile expectations to visuo-tactile interactions within the peripersonal space
	Abstract 
	Introduction
	Methods
	Data modelling
	Detection stage
	Response stage
	Analysis

	Results and discussion
	Experiment 1
	Methods
	Participants
	Stimuli and apparatus
	Procedure


	Results and discussion
	Data analysis
	Accuracy
	Response times
	Curve fitting


	General discussion
	Acknowledgements 
	References




