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Impact Prediction by Looming Visual Stimuli Enhances
Tactile Detection
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From an ecological point of view, approaching objects are potentially more harmful than receding objects. A predator, a dominant
conspecific, or a mere branch coming up at high speed can all be dangerous if one does not detect them and produce the appropriate
escape behavior fast enough. And indeed, looming stimuli trigger stereotyped defensive responses in both monkeys and human infants.
However, while the heteromodal somatosensory consequences of visual looming stimuli can be fully predicted by their spatiotemporal
dynamics, few studies if any have explored whether visual stimuli looming toward the face predictively enhance heteromodal tactile
sensitivity around the expected time of impact and at its expected location on the body. In the present study, we report that, in addition
to triggering a defensive motor repertoire, looming stimuli toward the face provide the nervous system with predictive cues that enhance
tactile sensitivity on the face. Specifically, we describe an enhancement of tactile processes at the expected time and location of impact of
the stimulus on the face. We additionally show that a looming stimulus that brushes past the face also enhances tactile sensitivity on the
nearby cheek, suggesting that the space close to the face is incorporated into the subjects’ body schema. We propose that this cross-modal
predictive facilitation involves multisensory convergence areas subserving the representation of a peripersonal space and a safety
boundary of self.
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Introduction
From an ecological point of view, approaching objects are poten-
tially harmful. A predator, a dominant conspecific, or a mere
branch coming up at high speed are dangerous if one does not
detect them fast enough to produce the appropriate escape motor
repertoire. And indeed, looming stimuli trigger stereotyped de-
fensive responses in both monkeys (Schiff et al., 1962) and hu-
man infants (Ball and Tronick, 1971); the estimated time of
impact to the body of threatening looming stimuli is shorter than
that of neutral looming stimuli (Vagnoni et al., 2012), and loom-
ing visual stimuli trigger pronounced orienting behavior toward
simultaneous congruent auditory cues compared with receding
stimuli, both in nonhuman primates (Maier et al., 2004) and in
5-month-old human infants (Walker-Andrews and Lennon,
1985). This suggests that the dynamics of visual stimuli with re-
spect to the subject exerts cross-modal influences and possibly
recruits multisensory integration processes. These observations
are in agreement with the general multisensory integration
framework, which assumes a common source for multimodal

sensory inputs (Sugita and Suzuki, 2003). They specifically ex-
tend this framework to the case of dynamical multimodal
sources, demonstrating that spatially and temporally congruent
auditory stimuli enhance the perception of both static (McDon-
ald et al., 2000) and dynamic visual stimuli (Maier et al., 2004;
Cappe et al., 2009; Leo et al., 2011; Parise et al., 2012). Such
bimodal dynamic stimuli are frequent in everyday life (visuo-
auditory: a car passing a pedestrian; visuotactile: a mosquito
walking on one’s forearm). The neural substrates that result in
the integration of this dynamic sensory information are increas-
ingly understood both in humans (Cappe et al., 2012; Tyll et al.,
2013) and in nonhuman primates (Maier and Ghazanfar, 2007;
Maier et al., 2008). Overall, these studies derive multisensory
integration principals for looming multisensory stimuli under
the assumption of a causal common source.

However, a dynamic looming stimulus can also have delayed
consequences for a second sensory modality. For example, an
object approaching the face will induce a tactile stimulation at the
moment of its impact on the body. The heteromodal somatosen-
sory consequences of such a stimulus can be fully predicted by its
spatiotemporal dynamics. Accordingly, approaching auditory
(Canzoneri et al., 2012) or visual (Kandula et al., 2014) looming
stimuli predictively speeds up tactile processing. In the following,
we test whether visual stimuli looming toward the face predic-
tively enhance heteromodal tactile sensitivity around the ex-
pected time of impact and at its expected location on the body.
We discuss our observations in relationship with neurophysio-
logical and behavioral evidence suggesting the existence of a de-
fense peripersonal space defining a safety margin around the
body (Gentilucci et al., 1988; Rizzolatti et al., 1988; Colby et al.,
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1993; Graziano et al., 1994, 2002; Gross and Graziano, 1995; Fo-
gassi et al., 1996; Duhamel et al., 1998, Cooke and Graziano, 2004;
Graziano and Cooke, 2006).

Materials and Methods
The experimental protocol was approved by the local ethics commit-
tee in biomedical research (Comité de protection des personnes
sud-est IV, N CPP 11/025) and all participants gave their written
informed consent.

Experimental set-up
Subjects sat in a chair at 50 cm from a 23 inch computer monitor. Their
heads were restrained by a chin rest. Their arms were placed on a table
and they held a gamepad with their two hands. Vertical and horizontal
eye positions were monitored using a video eye tracker (EyeLink; sam-
pling at 120 Hz, spatial resolution �1°). Data acquisition, eye monitor-
ing, and visual presentation were controlled by a PC running
Presentation (Neurobehavioral Systems).

Visual stimuli. The fixation point was a 0.06° � 0.06° yellow square
(0.67 cd /m 2). The screen background was set to a structured 3D envi-
ronment with visual depth cues (Fig. 1A). Visual stimuli consisted of
eight possible video sequences of a cone, pointing toward the subject,
moving within this 3D environment, originating away from and rapidly
approaching the subject. For Experiments 1– 4, the cone could originate
from eight possible locations around the fixation point: (�6.8°, �1.0°),

(�3.2°, �1.0°), (�2.8°, �1.0°), (�1.1°, �1.0°), (1.1°, �1.0°), (2.8°,
�1.0°), (3.2°, �1.0°) and (6.8°, �1.0°). The cone moved along trajecto-
ries that intersected the subject’s face at two possible locations, on the left
or right cheeks, close to the nostrils (Fig. 1B). For Experiment 5, the cone
origins were slightly modified to achieve the desired percept: (�5.8°,
�1.0°), (�2.8°, �1.0°), (�1.1°, �1.0°), (�0.2°, �1.0°), (0.2°, �1.0°),
(1.1°, �1.0°), (2.8°, �1.0°), (5.8°, �1.0°). In this experiment, the cone
trajectory could either intersect the face on the left or right cheek or move
past the face on the left or on the right. Each video sequence consisted of
24 images played for a total duration of 800 ms. The 3D environment and
different cone trajectories were all constructed with the Blender software
(http://www.blender.org/).

Tactile stimuli. Tactile stimuli consisted of air puffs directed to the left
or right cheek of the subjects, at locations coinciding with the two possi-
ble visual cone trajectory endpoints (Fig. 1B), through tubes placed at
2– 4 mm from each cheek and rigidly fixed to the chin rest. The relative
position between the screen and the air-puff tubing was maintained con-
stant throughout the experiments and across subjects. The intensity of
the left and right air puffs was adjusted independently, and for each
subject, to achieve a 50% detection rate as estimated over a short block of
20 trials (one block for the left air puff and one block for the right air
puff). The air-puff delivery system was placed in an independent room,
separated from the experimental room, so that the subjects could not
predict air-puff delivery from the sound produced by the delivery system.
Air puffs were delivered to the subjects through long tubing connecting

Figure 1. Experimental protocol. A, Visual stimulus: video sequence of a cone in a 3D environment, looming toward the subject’s face. B, Experimental setup, air-puff delivery, and possible
apparent looming cone trajectories. C, Signal detection theory and d� measure estimation. D, Possible variants of signal trials (tactile alone or visual with tactile) and noise trials (visual alone trials
or no stimulus trials); example of a temporal prediction bloc–Experiment 1.
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the air-puff delivery system to a rigid connector fixed on the chin rest.
The latency of air-puff outlet at the tubing end following the opening of
the solenoid air pressure valve was measured as a function of air-puff
intensity, using a silicon on-chip signal-conditioned pressure sensor
(MPX5700 Series; Freescale). Detection thresholds were achieved with
air pressures varying between 0.05 and 0.1 bars, corresponding to
average air-puff latencies of 220 ms. Throughout this manuscript,
air-puff timings are corrected to reflect the actual time at which the air
puffs hit the face.

Experimental procedure
Subjects had to fixate on a central yellow point throughout the trial. The
fixation was monitored to remain within an eye-tolerance window of 2°
(controlled by a video eye tracker) around the fixation stimulus. One to
three seconds following trial start, a visual stimulus, a tactile stimulus, or
a combination of both visual and tactile stimuli was presented. No-
stimulation trials were also presented. The precise ratios of trial types are
detailed below for each experiment. At the end of the trial, subjects were
requested to report the detection of a tactile stimulus by a “Yes” button
press (right-hand gamepad button) and respond by a “No” button press
otherwise (left-hand gamepad button). To maximize multisensory inte-
gration, we used very weak tactile stimuli to the face, specifically directed
to the left or right cheeks (see above, Tactile stimuli).The main measure
reported in the present study is a d� measure quantifying the sensitivity of
each subject to tactile stimulations as a function of the stimulation con-
text (no stimulation, tactile stimulation alone, or tactile stimulation as-
sociated with visual stimulation of specific spatial and temporal
properties; Fig. 1C,D). This measure is based on a reliable estimate of
false reports of tactile stimuli in noise (False alarms) and correct reports
of tactile stimuli (Hits). Each d� is calculated by collecting the subject’s
response to a minimum of 75 trials per stimulation context. The d� mea-
sures were estimated for the different stimulation conditions in five dif-
ferent experiments as follows.

Experiment 1: influence of a visual looming stimulus on tactile d�, tem-
poral prediction. Ten subjects participated in this study (27.2 � 5.3 years,
five males and five females; Fig. 3A). All subjects were naive to the pur-
pose of the experiment except one (S.B.H.). All participants had normal
or corrected-to-normal vision. Five possible trial types were presented to
the subjects. Noise trials allowed the estimation of their false alarm rate.
The trials could either be no-stimulus trials (1/6 of all trials) or visual
stimulation-only trials (1/3 of all trials). Signal trials allowed the estima-
tion of their Hit rate as a function of the stimulation condition. The trials
could be (1) tactile stimulation-only trials (1/6 of all trials, allowing
estimation of d� for pure tactile stimuli), (2) visual stimulation � tactile
stimulation presented midway through the visual video trials (1/6 of all
trials, 300 ms before video offset, allowing the estimation of d� for tactile
stimuli in the presence of a visual stimulus), and (3) visual stimulation �
tactile stimulation presented when the visual cone is expected to impact
the face on the cheek predicted by the cone trajectory trials (1/6 of all
trials, 100 ms after video offset, allowing the estimation of d� for tactile
stimuli, which are spatially and temporally predicted by a dynamical
visual looming stimulus). Trials were presented pseudorandomly. Sub-
jects were allowed to rest whenever they needed by closing their eyes.
During these rest periods, they were instructed not to move their head in
the rest chin so as not to change the distance of the air-puff tubing to their
face or to change eye calibration and 450 trials were collected in all.

Experiment 2: influence of a visual looming stimulus on tactile d�, tem-
poral prediction window. Ten subjects participated in this study (26.5 �
4.0 years, four males and six females; Fig. 3B). All subjects were naive to
the purpose of the experiment. All participants had normal or corrected-
to-normal vision. Seven possible trial types were presented to the sub-
jects. Noise trials were composed of no-stimulus trials (1/10 of all trials)
and of visual stimulus-only trials (4/10 of all trials). Signal trials were as
follows: (1) tactile stimulation-only trials (1/10 of all trials, allowing
estimation of d� to pure tactile stimuli) and (2) visual stimulation �
tactile stimulation trials in which the tactile stimulus could be presented
at four possible timings with respect to the visual stimuli (1/10 of all trials
for each possible timing: �300 ms, �100 ms, 100 ms, or 300 ms from the
end of the video, allowing the estimation of d� for tactile stimuli in each

condition). Trials were presented pseudorandomly. Subjects were al-
lowed to rest whenever they needed by closing their eyes. Rest periods
were arranged as in Experiment 1 and 450 total trials were collected.

Experiment 3: influence of the speed of a visual looming stimulus on the
temporal prediction window, as assessed from the enhancement of tactile d�.
Ten subjects participated in this study (28.0 � 5.4 years, two males and
eight females; Fig. 3C). All subjects were naive to the purpose of the
experiment, except two (J.C. and S.B.H.). Importantly, the looming
stimuli approached the subjects’ face and aimed for the cheek at half the
speed of those used in Experiments 1, 2, 4, 5, and 6 (the exact same video
sequences were used for all experiments, except in Experiment 3, each
image of the video sequence stayed twice as long on the screen, compared
with the images presented in Experiments 1, 2, 4, 5, and 6). Five possible
trial types were presented to the subjects. Noise trials were composed of
no-stimulus trials (1/6 of all trials) and of visual stimulus-only trials (2/6
of all trials). Signal trials were as follows: (1) tactile stimulation-only trials
(1/6 of all trials, allowing estimation of d� to pure tactile stimuli) and (2)
visual stimulation � tactile stimulation trials in which the tactile stimu-
lus could be presented at two possible timings with respect to the visual
stimuli (1/6 of all trials for each possible timing: 100 ms or 250 ms from
the end of the video, allowing the estimation of d� for tactile stimuli in
each condition). Trials were presented pseudorandomly. Subjects were
allowed to rest whenever they needed by closing their eyes. Rest periods
were arranged as in Experiment 1 and 500 total trials were collected.

Experiment 4: influence of a visual looming stimulus on tactile d�, spatial
prediction. Ten subjects participated in this study (24.3 � 2.4 years, four
males and six females; Fig. 4A). All subjects were naive to the purpose of
the experiment, except one (J.C.). All participants had normal or
corrected-to-normal vision. Five possible trial types were presented to
the subjects. Noise trials were as in Experiment 1. Signal trials were as
follows: (1) tactile stimulation-only trials (1/6 of all trials, allowing esti-
mation of d� for pure tactile stimuli), (2) visual stimulation � tactile
stimulation presented when the visual cone is expected to impact the face
on the cheek predicted by the cone trajectory trials (1/6 of all trials, 100
ms after video offset, allowing estimation of d� for tactile stimuli, which
are spatially and temporally predicted by a dynamical visual stimulus),
and (3) trials with visual stimulation � tactile stimulation presented at
the time at which the visual cone is expected to impact the face but on the
opposite cheek from the one predicted by the cone trajectory (1/6 of all
trials, 100 ms after video offset, allowing the estimation of d� to tactile
stimuli, which is temporally predicted by a dynamical visual stimulus but
spatially incongruent to it). Trials were presented pseudorandomly.
Subjects were allowed to rest whenever they needed by closing their
eyes. Rest periods were arranged as in Experiment 1 and 450 total
trials were collected.

Experiment 5: influence of visual stimulus impact on tactile detection.
Ten subjects participated in this study (27.8 � 5.8 years, three males and
seven females; Fig. 4B). All subjects were naive to the purpose of the
experiment, except two (J.C. and S.B.H.). All trial types were as in Exper-
iment 1, except that in half of the video sequences the cone trajectories
did not cross the subjects’ face but continued to the right or to the left of
the face. Rest periods were arranged as in Experiment 1 and 450 total
trials were collected.

Experiment 6: influence of a visual receding stimulus on tactile d�. Ten
subjects participated in this study (27.8 � 5.8 years, three males and
seven females; Fig. 4C). All subjects were naive to the purpose of the
experiment, except one (J.C.). All trial types were as in Experiment 1,
except that the visual video sequences were played in reverse order such
that the cones appeared to move away from the subjects rather than
toward their face. Rest periods were arranged as in Experiment 1 and 450
total trials were collected.

Analysis
Data analysis was performed in MATLAB (The MathWorks). For each
experiment, we extracted, for each signal trial type (i.e., each trial type in
which a tactile stimulus was effectively presented), and for each subject,
the d� quantifying the subject’s sensitivity at detecting tactile stimuli
(Table 1). For all experiments, we also quantified the response criterion
for each such subject within a given experiment and confirmed that this
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criterion was independent of trial type (data not shown). Statistical ef-
fects were first assessed using a repeated-measure one-way ANOVA, fol-
lowed by post hoc paired t tests for which the appropriate Bonferroni
correction was applied (* symbol on all figures), unless otherwise speci-
fied (filled circle symbol on all figures). For the ANOVA tests, the
F-values and p values are reported as well as the corresponding partial �
squared. For the t tests, the t statistics (t statistics), the degree of freedom
(df), and the Cohen’s d are indicated to allow for a direct assessment of
the effect size.

Control for the absence of facial muscle contraction induced
by air-puff delivery
Our main prediction in the present work is that visual and temporal
predictive cues will result in an enhancement in tactile sensitivity due to
sensory processes (namely multisensory integration). However, predic-
tive cues could also result in subjects unconsciously contracting their
facial muscles around the air-puff impact point, in anticipation of air-
puff delivery. This could result in a local change in tactile sensitivity. We
thus measured, on two representative control subjects (Fig. 2; J.C., left
plots, P.M. right plots), the facial EMG (Fig. 2; zygomatic minor, in a
tendon-belly configuration, reference behind the ear for subject J.C. and
on the forehead for subject P.M., naive subject; Biopac Systems,
EMG100C amplification module, gain 2000, acquisition frequency 1
kHz, low-pass filter 500 Hz, high pass filter 10 Hz, 50 Hz band cut filter),
while the subjects were submitted to temporally unpredictable (Fig. 2Ai,Aii,
continuous lines) or fully predictive (Fig. 2Ai,Aii, dashed lines), low-
intensity (Fig. 2Ai,Aii, black; subject J.C.: 85% detections for predictable
air puffs and 55% for unpredictable air puffs; subject P.M.: 60% detec-
tions for predictable air puffs and 60% for unpredictable air puffs),
medium-intensity (Fig. 2Ai,Aii, medium gray; just above threshold air

puff, 0.05 bars), or high-intensity (Fig. 2Ai,Aii, light gray; reported as
aversive by subjects, 0.5 bars) air puffs. The air puffs were located as in the
main experiments, and the EMG recording electrodes were placed on the
same side as the air-puff delivery tubing, one just above the lip commis-
sure and the other on the other side of the nasolabial fold, above the first
one, such that the air puff impacted bare skin. Apart from the electric
artifact induced by the air-puff trigger, no modulation of the facial EMG
could be observed, neither at the low air-puff intensities used in the main
experiments, nor at higher intensities (Fig. 2Aii; except for blinks evoked
at the highest aversive intensities for subject J.C.). To allow for a proper
interpretation of this absence of effect, the facial EMGs recorded during
small zygomatic contractions, large zygomatic contractions, or voluntary
eye blinks are also shown, on the same y-scale (Fig. 2Bi,ii). This allows for
the proper attribution of the modulation of J.C.’s facial EMG by high-
intensity air puffs to blinks and not to a zygomatic minor muscle con-
traction, the EMG signature of which is different from that of a blink. The
EMG modulation evoked by these nonvoluntary blinks is smaller than
that observed following voluntary blinks, corroborating the fact that the
underlying neural bases of voluntary and spontaneous or reflexive blinks
are different (Guipponi et al., 2014).

Results
The main experimental measures reported below are tactile d�
sensitivity measures. This measure is based on the analysis of how
often subjects report the presence of a tactile stimulus when none
was actually presented (i.e., responses to noise, also referred to as
false alarms) and how often they correctly report the presence of
tactile stimuli when a stimulus was indeed presented (i.e., re-
sponses to signal, also referred to as hits or correct detections).

Table 1. Average raw d� values, per experiment and per experimental condition, quantifying the subjects’ sensitivity at detecting tactile stimuli

Experiment # subject Experimental condition

1, Figure 3A 10 d�(tactile only) 1.45 d�(V predicting T) 1.89 d�(V during T) 1.69
2, Figure 3B 10 d�(tactile only) 1.37 d�(�300 ms) 2.06 d�(�100 ms) 1.79 d�(100 ms) 2.37 d�(300 ms) 2.01
3, Figure 3C 10 d�(tactile only) 0.66 d�(100 ms) 1.45 d�(250 ms) 1.75
4, Figure 4A 10 d�(tactile only) 2.20 d�(V and T spatially congruent) 2.66 d�(V and T spatially incongruent) 2.40
5, Figure 4B 10 d�(tactile only) 1.72 d�(V toward face) 2.72 d�(V past face) 2.47
6, Figure 4C 10 d�(tactile only) 1.92 d�(V predicting T) 2.03 d�(V during T) 2.27

Figure 2. Low-intensity air puffs, whether unpredicted or fully predictable, do not produce anticipatory facial contractions that could account for changes in tactile sensitivity. A, Average facial
EMG aligned on air-puff delivery, as a function of whether the air puff is unpredictable (continuous lines) or fully predictable (dashed lines), for low air-puff intensities (black; subject J.C.: 55%
detections for predictable air puffs and 85% for unpredictable air puffs; subject P.M.: 60% detections for predictable air puffs and 60% for unpredictable air puffs), medium air-puff intensities
(medium gray; just above threshold air puff, 0.05 bars), and high air-puff intensities (light gray; reported as aversive by subjects, 0.5 bars). B, For comparison, same data as in A reproduced with the
same y-scale as facial EMG recordings during five small zygomatic contractions, five large zygomatic contractions, or five voluntary eye blinks. Data for control subject J.C. are presented on the left
(plots Ai and Bi) and data for control subject P.M. are presented on the right (plots Aii and Bii).
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The d�s are high when stimuli can unambiguously be detected
and low when they are difficult to discriminate against noise (Fig.
1C). As a result, they reflect the sensitivity of the subject to the
stimulus of interest. In the following, we analyze how the sensi-
tivity to a tactile stimulus is affected by the simultaneous presen-
tation of a dynamical looming visual stimulus, as a function of its
spatial and temporal characteristics relative to the tactile
stimulus.

Temporal prediction versus temporal simultaneity
The classical multisensory integration framework assumes that
maximum cross-modal enhancement is obtained for spatially
and temporally colocalized sensory sources. In a first experiment
(Fig. 3A, Table 1), we question whether tactile detection is indeed
maximized by the simultaneous presentation of a dynamic visual
stimulus approaching the face (specifically the cheeks) or
whether maximum tactile processing enhancement is obtained at

the predicted time of impact of the looming stimulus on the face.
We measured the tactile d� of subjects when the tactile stimulus
was applied to one of their cheeks as follows: (1) in the absence of
any visual stimulation [d�(Tactile), serving as a baseline], (2)
midway through the video sequence of a cone looming toward
their face and predicting an impact at the very location of the
tactile stimulus (T during V, 300 ms before the end of the video
sequence), or (3) following the video sequence of a cone looming
toward their face at its predicted time and location of impact to
the skin (V predicting T, 100 ms following the end of the video
sequence). There was a significant effect of the experimental con-
ditions onto the subjects’ tactile d�, as assessed from a repeated-
measure one-way ANOVA (F(2,18) � 11.89, p � 0.0005, partial �
squared � 57%). Specifically, and as expected from previous
studies, d�(Tactile) was significantly smaller than d�(T during V)
(Table 1, one-tailed t test, p � 0.0053, t statistics � 3.2, df � 9,
Cohen’s d � 0.45, Bonferroni corrected p � 0.05; Fig. 3A, dark

Figure 3. Temporal prediction. A, Temporal prediction versus temporal simultaneity. Bar plots represent the mean (�SE) of the difference between the baseline tactile d� [d�(tactile)] and the
d� obtained when the tactile stimulus is applied during the visual video sequence (T during V) or at the predicted time of impact of the looming cone onto the subject’s face (V predicting T). B,
Temporal prediction window. Bar plots represent the mean (�SE) of the difference between the baseline tactile d�(tactile) and the d� obtained when the tactile stimulus is applied at different
temporal asynchronies from the end of the visual video sequence. C, Temporal prediction window is modulated by the speed of the looming visual stimulus. Bar plots represent the mean (�SE) of
the difference between the baseline tactile d�(tactile) and the d� obtained when the tactile stimulus is applied at �100 ms or �250 ms from the end of the visual video sequence of looming stimuli
played at half the speed of those used in A and B. Significant statistical differences between each test condition and the d�(tactile) baseline are indicated by symbols inside the bars. Statistical
differences across the test conditions are indicated by symbols above the bar plots. *p � 0.05, Bonferroni corrected; **p � 0.01, Bonferroni corrected; ***p � 0.001, Bonferroni corrected; ·p �
0.05, no correction for multiple comparisons.
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gray bar) and d�(V predicting T) (Table 1, one-tailed t test, p �
0.0018, t statistics � 3.9, df � 9, Cohen’s d � 0.89, Bonferroni
corrected p � 0.01; Fig. 3A, light gray bar). Most interestingly,
d�(T during V) was also significantly smaller than d�(V predicting
T) (Table 1, one-tailed t test, p � 0.0165, t statistics � 2.5, df � 9,
Cohen’s d � 0.41, Bonferroni corrected p � 0.05; Fig. 3A). Thus
maximum tactile detection is achieved when the tactile stimulus
is temporally predicted by a visual stimulus looming toward the
location of the tactile stimulation compared to when visual and
tactile stimuli are presented simultaneously. This effect did not
depend on the tactile stimulation side (left or right cheeks), nor
on the origin of the looming visual stimulus (left or right visual
field, periphery or center of the visual field). All the statistically
significant comparisons performed above still hold when two-
tailed t tests are performed instead of one-tailed t tests. This can
directly be assessed from the t statistics and p values described
above, because the t statistics are symmetric at about zero. It is,
however, important to note that one-tailed t tests are fully appro-
priate here, because we have a strong a priori hypothesis on the
directionality of the effects, due to the expected impact of multi-
sensory integration and predictive coding on the subjects’ overt
responses.

Temporal prediction window
In Experiment 2, we manipulate the temporal asynchrony be-
tween the dynamic visual stimulus and the tactile stimulus to
identify the temporal window of tactile sensitivity enhancement
around the end of the looming stimulus video sequence. There
was a significant effect of the time at which the air puffs were
delivered relative to the end of the visual stimulus onto the
subjects’ tactile d�, as assessed from a repeated-measure one-
way ANOVA (F(4,36) � 17.74, p � 0.00001, partial � squared �
66%). Specifically, all visuotactile conditions were associated
with significantly higher d� than the d�(Tactile) baseline condi-
tion (Table 1, Fig. 3B; one-tailed t test, all ps � 0.0014, t statistics
ranging from 4.1 to 6.1, df � 9, Cohen’s d ranging from 0.67 to
1.40, Bonferroni corrected p � 0.01 or better). Maximum tactile
enhancement is obtained when the tactile stimulus is applied at
the estimated time of impact of the looming cone on the face (100
ms, same timing as that used in Experiment 1; Fig. 3B). This d� is
significantly higher than that obtained for a tactile stimulus pre-
sented 300 ms before the end of the video sequence (Table 1, Fig.
3B; p � 0.000515, t statistics � 4.8, df � 9, Cohen’s d � 0.81,
Bonferroni corrected p � 0.01), 100 ms before the end of the
video sequence; Table 1, Fig. 3B; p � 0.0039, t statistics � 3.4,
df � 9, Cohen’s d � 0.40, Bonferroni corrected p � 0.015), or 300
ms following the end of the video sequence (Table 1, Fig. 3B; p �
0.0093, t statistics � 2.9, df � 9, Cohen’s d � 0.45, Bonferroni
corrected p � 0.05). All the statistically significant comparisons
performed above still hold when two-tailed t tests are performed
instead of one-tailed t tests, except for the very last test, as can
directly be assessed from the t statistics and p values provided.
Here again, it is, however, important to note that one-tailed t tests
are fully appropriate here, under the prediction that maximum
tactile enhancement is obtained at the expected time of impact.

The temporal prediction window depends on the speed of the
looming stimulus
In Experiment 2, maximum tactile enhancement is obtained at
100 ms following the end of the video sequence of the looming
objects. To test whether the time of maximum tactile enhance-
ment depends on the predicted time of impact to the face and
thus on the speed of the looming object, in Experiment 3, we used

dynamic visual stimuli looming at half the speed of those used in
all other experiments, and we probed tactile sensitivity at 100 and
250 ms following the end of the video sequence. There was a
significant effect of the time at which the air puffs were delivered
relative to the end of the visual stimulus onto the subjects’ tactile
d�, as assessed from a repeated-measure one-way ANOVA (F(4,36)

� 52.7, p � 0.00001, partial � squared � 85%). Specifically, all
visuotactile conditions were associated with significantly higher
d� than the d�(tactile) baseline condition (Table 1, Fig. 3B; one-
tailed t test, all ps � 0.00001, t statistics ranging from 6.7 to 8.3,
df � 9, Cohen’s d ranging from 1.0 to 1.48, Bonferroni corrected
p � 0.00001 or better). Importantly, maximum tactile enhance-
ment is obtained when the tactile stimulus is applied at the esti-
mated time of impact of the looming cone on the face (Fig. 3C;
250 ms, compared with 100 ms, the timing revealing maximum
enhancement in tactile sensitivity in Experiment 2, p � 0.0013, t
statistics � 4.1, df � 9, Cohen’s d � 0.5, Bonferroni corrected p �
0.01). In other words, for a high-speed looming stimulus (Exper-
iment 2), tactile sensitivity is higher at 100 ms (predicted time of
impact) following the end of the stimulus than later (300 ms),
while for a low-speed stimulus (Experiment 3), tactile sensitivity
is lower at 100 ms following the end of the stimulus than later
(250 ms, predicted time of impact, between-subject one-tailed
unpaired t test, t statistics � 4.53, df � 18, p � 0.00012, Cohen’s
d � 2.03). All the statistically significant comparisons performed
above still hold when two-tailed t tests are performed instead of
one-tailed t tests, as can directly be assessed from the t statistics
and p values provided.

Spatial prediction
In Experiments 1 and 2, the tactile stimulus is always presented at
the expected impact location. In Experiment 3, we test whether
spatial prediction also contributes to tactile processing enhance-
ment. We measured the tactile d� of subjects when the tactile
stimulus was applied to one of their cheeks (1) in the absence of
any visual stimulation [d�(Tactile)], (2) following the video se-
quence of a cone looming toward their face at the time and loca-
tion predicted by the dynamic visual stimulus [d�(V and T
spatially congruent)], or (3) following the video sequence of a
cone looming toward their face at the time predicted by this visual
stimulus but at the opposite location [d�(V and T spatially incon-
gruent)]. Here again, there was a significant effect of the experi-
mental conditions onto the subjects’ tactile d�, as assessed from a
repeated-measure one-way ANOVA (F(2,18) � 14.45, p � 0.0002,
partial � squared � 62%). Specifically, we find that tactile sensi-
tivity was significantly increased with respect to the baseline
d�(Tactile) when V and T were spatially congruent (Table 1, Fig.
4A, dark gray bar; one-tailed t test, p � 0.00048, t statistics � 4.8,
df � 9, Cohen’s d � 0.73, Bonferroni corrected p � 0.01). When
V and T were spatially incongruent, a similar trend could be
observed at an uncorrected level (Table 1, Fig. 4A, light gray bar;
one-tailed t test, p � 0.029, t statistics � 2.2, df � 9, Cohen’s d �
0.36). Most interestingly, d�(V and T spatially incongruent) was
also significantly smaller than d�(V and T spatially congruent)
(Table 1, Fig. 4A; one-tailed t test, p � 0.0015, t statistics � 4.0,
df � 9, Cohen’s d � 0.47, Bonferroni corrected p � 0.01). This
crucial observation still holds true when two-tailed t tests are
used, as can directly be assessed from the t statistics and p values
provided. Thus maximum tactile detection is achieved when the
tactile stimulus is both temporally and spatially predicted by a
visual stimulus looming compared to when the visual stimulus is
only temporally predictive of the tactile stimulus. Again, this ef-
fect did not depend on the tactile stimulation side (left or right
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Figure 4. Spatial prediction. A, Spatial congruence. Bar plots represent the mean (�SE) of the difference between the baseline tactile d�(tactile) and the d� obtained when the tactile stimulus
is applied following the offset of the looming cone onto the subject’s face, at its predicted impact time, at the location predicted by the cone trajectory (V and T spatially congruent) or on the opposite
cheek (V and T spatially incongruent). B, Body limits. Bar plots represent the mean (�SE) of the difference between the baseline tactile d�(tactile) and the d� obtained when the tactile stimulus is
applied at the end of looming cone video sequence, at its predicted impact time, when the cone trajectory predicts an impact to the face (V toward face) or not (V past face). C, Looming versus
receding stimuli. Bar plots represent the mean (�SE) of the difference between the baseline tactile d�(tactile) and the d� obtained when the tactile stimulus is applied during the visual video
sequence of a cone receding away from the subject’s face (T during V) or at the end of the video sequence (V predicting T). All else as in Figure 3.

Cléry, Guipponi et al. • Predictive Tactile Processing of Looming Stimuli J. Neurosci., March 11, 2015 • 35(10):4179 – 4189 • 4185



cheek) or on the origin of the looming visual stimulus (left or
right visual field, periphery, or center of the visual field). These
observations, together with those reported in the first two exper-
iments, indicate that both temporal and spatial predictions con-
tribute to enhanced target detection.

Body limit
In the above experiment, we show that the enhancement of tactile
sensitivity is highest on the cheek to be impacted by a looming
stimulus compared with the opposite cheek on which no impact
is predicted. In Experiment 4, we test whether a looming stimulus
with a trajectory brushing past the face but predicting no impact
to the skin also contributes to tactile processing enhancement.
We measured the tactile d� of subjects when the tactile stimulus
was applied to one of their cheeks (1) in the absence of any visual
stimulation [d�(Tactile)], (2) following the video sequence of a
cone looming toward their face at the time and location predicted
by the dynamic visual stimulus [d�(V toward face)], or (3) fol-
lowing the video sequence of a cone looming past their face and
predicting no impact to the skin [d�(V past face)]. There was a
significant effect of the experimental conditions onto the sub-
jects’ tactile d�, as assessed from a repeated-measure one-way
ANOVA (F(2,18) � 26.37, p � 0.00001, partial � squared � 75%).
Specifically, we find that tactile sensitivity was significantly in-
creased with respect to the baseline d�(Tactile) both when the
visual trajectory pointed toward the face (Table 1, Fig. 4B, dark
gray bar; one-tailed t test, p � 0.000059, t statistics � 6.4, df � 9,
Cohen’s d � 1.67, Bonferroni corrected p � 0.001) or past it
(Table 1, Fig. 4B, light gray bar; one-tailed t test, p � 0.00027, t
statistics � 5.2, df � 9, Cohen’s d � 1.27, Bonferroni corrected
p � 0.001). Both these observations still hold true when two-
tailed t tests are used, as can directly be assessed from the t statis-
tics and p values provided. Importantly, d�(V toward face) was on
average higher than d�(V past face) although this trend failed to
reach significance at Bonferroni corrected level (Table 1, Fig. 4B;
one-tailed t test, t statistics � 1.9, df � 9, Cohen’s d � 0.39, p �
0.0445). As a result, tactile processing enhancement is only mar-
ginally reduced by a nonimpacting ipsilateral looming stimulus
compared with what we describe in Experiment 3 for a looming
visual impacting the contralateral cheek. This effect holds inde-
pendently of the side of tactile stimulation (left or right cheek) or
of the origin of the looming visual stimulus (left or right visual
field, periphery, or center of the visual field).

Looming versus receding stimuli
In the previous experiments, the dynamical visual stimulus was a
looming cone approaching the face. The spatial and temporal
prediction enhancement of tactile detection described above
could be fully due to the predictive cues provided by the stimulus
trajectory. Alternatively, the reported effect could reflect an at-
tentional spatiotemporal enhancement of tactile processing at
the predicted location, independent of the fact that the trajectory
of the cone is predictive of an impact on the face. To test for this
effect, we repeated the first experiment, but this time with in-
verted video sequences, i.e., with dynamical visual stimuli reced-
ing away from the subject’s face. A significant effect of the
experimental conditions onto the subjects’ tactile d�, as assessed
from a repeated-measure one-way ANOVA, was also observed
(F(2,18) � 5.91, p � 0.01, partial � squared � 40%). Specifically,
we find that with a receding cone, the baseline d�(Tactile) is sta-
tistically smaller than d�(T during V) (Table 1, Fig. 4C, light gray
bar; one-tailed t test, p � 0.0077, t statistics � 3.0, df � 9, Cohen’s
d � 0.67, Bonferroni corrected p � 0.05) but statistically undis-

tinguishable from d�(V predicting T) (Table 1, Fig. 4C, dark gray
bar; one-tailed t test, p � 0.1121, t statistics � 1.3, df � 9, Cohen’s
d � 0.22). In contrast with what was observed in the first exper-
iment, d�(V predicting T) had a statistically nonsignificant trend
to be smaller than d�(T during V) (Table 1, Fig. 4C; one-tailed t
test, p � 0.028, t statistics � 2.2, df � 9, Cohen’s d � 0.495, p �
0.05 uncorrected). This effect did not depend on the tactile stim-
ulation side (left or right cheek) or on the origin of the looming
visual stimulus (left or right visual field, periphery, or center of
the visual field). Importantly, the change between the baseline
d�(Tactile) and the d� obtained during the looming condition
(from Experiment 1) is significantly different from the change
between the baseline d�(Tactile) and the d� obtained the receding
condition (from Experiment 5), as assessed from a between-
subject one-tailed unpaired t test (t statistics � 2.4, df � 18, p �
0.0136, Cohen’s d � 1.06, this observation still holds true when a
two-tailed t test is used).

Overall, these observations indicate that the effects reported in
the previous experiments cannot be accounted for by general
attentional perceptual enhancement effects but rather that the
predictive cues contained in the looming cone trajectories are
crucially contributing to enhanced tactile detection at the pre-
dicted impact location at the expected time of impact.

Discussion
This study demonstrates that visual stimuli looming toward the
face provide the nervous system with predictive cues that selec-
tively enhance tactile sensitivity at the expected impact location
of the visual stimulus. In the following, we discuss these observa-
tions in the context of multisensory integration, peripersonal
space, and a defense boundary of self.

Predictive cues
Three predictive dimensions of the visual looming stimulus con-
tribute to enhancing tactile sensitivity on the face.

The estimated time of impact
With high-speed looming stimuli, maximum tactile sensitivity is
observed at 100 ms following the disappearance of the looming
stimulus, at the subjective time of their impact to the face (Exper-
iments 1 and 2; Fig. 3A,B). Importantly, with low-speed looming
stimuli, maximum enhancement of tactile sensitivity is observed
later, indicating that the enhancement of tactile sensitivity adjusts
to the speed of the looming stimuli and to the time of their pre-
dicted impact on the face (Experiment 3; Fig. 3C). Several studies
demonstrate that the temporal coincidence (Sugita and Suzuki,
2003) and temporal correlation (Parise et al., 2012) between a
looming visual stimulus and a sound maximize audiovisual inte-
gration. The phenomenon we report here is completely different
in that, in the presence of dynamic looming visual stimuli, max-
imum enhancement of tactile processing is achieved at the pre-
dicted time of impact, reflecting the expected subjective
consequence of the visual stimulus onto the tactile modality. In-
terestingly, the perceptual and physiological binding of two stim-
uli into the representation of a unique external source is subjected
to some degree of temporal tolerance, resulting in the description
of a multisensory temporal binding window (for review, see Wal-
lace and Stevenson, 2014). The bell-shaped pattern of enhanced
tactile sensitivity around the predicted time of impact, as de-
scribed by our Experiment 2 (Fig. 3B), suggests that a similar
probabilistic temporal window of predicted impact may be at
play when processing the consequences of a looming stimulus
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onto our body, and possibly points toward common neuronal
bases.

The estimated position of impact
Maximal tactile sensitivity enhancement is observed when the
tactile stimulus is presented at the expected location of impact of
the looming stimulus on the face compared with an impact on the
opposite side of the face (Experiment 4; Fig. 4A). This nicely
matches the spatial multisensory integration rule as initially for-
mulated (Stein and Meredith, 1993), most probably because of
the crucial importance of spatial information when predicting an
impact to the body (see Spence, 2013 and; Stein and Stanford,
2008, for a discussion of the task dependence of multisensory
integration processes).

Dynamic depth cues
Maximum tactile sensitivity enhancement is selectively observed
for a looming stimulus while a receding stimulus hardly has any
effect on tactile sensitivity (Experiment 6; Fig. 4C). This effect is
similar to what is observed for orienting biases due to looming
stimuli (Maier et al., 2004), except for the major difference that
we probe tactile sensitivity after the looming visual stimulus has
disappeared. While both size and depth cues most probably con-
tribute to the modulation of tactile sensitivity on the face, we
propose that the movement vector cue (away from or toward the
subject) is actually the dominant cue affecting tactile detection.
Indeed, the spatial, temporal, and dynamic predictive cues are
fully accounted for by the trajectory and speed of the looming
visual stimuli. This is confirmed by the fact that slower looming
stimuli result in a delayed predicted time of impact on the face,
and hence a delayed time at which tactile sensitivity is maximally
enhanced (Experiment 3; Fig. 3C).

Impact prediction and multisensory integration
Multisensory integration and causal inference
Multisensory integration is a neuronal process by which the re-
sponse of a neuron in spikes per second to two sensory stimuli of
different modalities (say visual and tactile), presented simultane-
ously, is different from the sum of the spikes per second produced
by this same neuron in response to each sensory stimulus pre-
sented independently (Avillac et al., 2007). Multisensory integra-
tion is maximized when the two sensory stimuli are presented at
the same location (spatial congruence) and at the same time
(temporal congruence) and are low-energy stimuli (inverse effec-
tiveness; Stein and Meredith, 1993), though recent evidence indi-
cates that these factors are highly interdependent (Carriere et al.,
2008; Royal et al., 2009; Ghose and Wallace, 2014; for review, see
Wallace and Stevenson, 2014) and task dependent (Doehrmann and
Naumer, 2008; Spence, 2013; van Atteveldt et al., 2014). This leads to
the notion of causal inference: a visual and an auditory signal origi-
nating at the same spatial location at the same time share a unique
underlying cause (Körding et al., 2007; Shams and Beierholm, 2010;
Parise et al., 2012).

Baseline multisensory enhancement
The mere presence of a looming visual stimulus around tactile
stimulation enhances tactile sensitivity, including when the tac-
tile stimulus is presented during the looming phase (Experiments
1–3) or when the looming stimulus predicts an impact away from
the tactile stimulation location (Experiments 4 and 5). This base-
line effect could be due to an alerting effect of the visual stimulus,
though it needs to be noted that this alerting effect is present only
for looming stimuli, as receding stimuli do not induce an increase
in tactile sensitivity (Experiment 6). This nonspecific enhance-

ment of tactile sensitivity most probably builds on the classical
multisensory integration mechanisms described above.

Impact prediction
On top of a baseline multisensory enhancement, tactile sensitivity
is further enhanced by the predictive components of the hetero-
modal visual stimulus. This situation is encountered in everyday
life. For example, anticipating the impact of an obstacle onto the
body is of vital importance. Because this process involves cross-
modal influences, we propose that the cortical regions responsi-
ble for this multisensory impact prediction highly overlap with
the multisensory convergence and integration functional net-
work. Very early on, Hyvärinen and Poranen (1974) (cited in
Brozzoli et al., 2012) described the visual response of parietal
neurons “as an anticipatory activation” that appears before the
neuron’s tactile receptive field is touched. The ventral intrapari-
etal area (VIP) is an ideal candidate for impact prediction.
Indeed, its neurons integrate vestibular proprioceptive self-
motions and visual motion cues to encode relative self-motion
with respect to the environment (Bremmer et al., 1997, 1999,
2000, 2002a, b; Duhamel et al., 1997). This region encodes both
large field visual movements mimicking the consequences of the
displacement of a subject within its environment (Bremmer et al.,
1999, 2000, 2002a, b) and the movement of visual objects within
the near peripersonal space (Bremmer et al., 1997, 2013). Impor-
tantly, VIP neurons respond to both visual and tactile stimuli
(Duhamel et al., 1998; Guipponi et al., 2013) and perform non-
linear sub-, super-, or additive multisensory integration opera-
tions (Avillac et al., 2004, 2007). Most interestingly, this cortical
region has been proposed to play a key role in the definition of a
defense peripersonal space.

Impact prediction and peripersonal space
Our observations indicate that, quite surprisingly, a visual stim-
ulus intruding into peripersonal space close to one’s cheek has a
higher impact prediction effect on our cheek than a visual stim-
ulus predicting an impact to the other cheek. This enhancement
is smaller than that observed for spatially congruent looming
stimuli, but this difference does not reach significance at the cor-
rected level. This suggests the existence of a security margin
around the face, looming stimuli approaching too close to the
face alerting our nervous system of a potentially harmful impact
to the body. Our observations parallel a recent study by Canzo-
neri et al. (2012), which demonstrates that tactile processing on
the hand is speeded by the presence of a looming sound, predict-
ing an impact on the hand or within a well defined distance from
the hand. A parietal–prefrontal cortical network composed of the
VIP and premotor area F4 is suggested to play a crucial role in the
definition of a defense peripersonal space. The neurons of both
these regions have bimodal visuotactile receptive fields represent-
ing close peripersonal space and the corresponding skin surface
(Gentilucci et al., 1988; Rizzolatti et al., 1988; Colby et al., 1993;
Graziano et al., 1994; Gross and Graziano, 1995; Fogassi et al.,
1996; Duhamel et al., 1998). The electrical microstimulation of
both regions induces a behavioral defense repertoire of whole-
body movements, suggesting their involvement in the coding of a
defense peripersonal space (Graziano et al., 2002; Cooke and
Graziano, 2004; Graziano and Cooke, 2006). We predict that this
cortical network subserving a defense peripersonal space plays a
key role in the prediction of an impact onto the body. Preliminary
nonhuman primate functional-imaging data from our research
group corroborate this prediction (Cléry et al., 2014).
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Predictive coding and multisensory integration
Dynamic visual stimuli are not necessarily predictive of impact
(e.g., a mosquito approaching our face for a blood dinner), but
can be coincident with tactile stimulation (e.g., a mosquito mov-
ing on one’s arm). The Bayesian framework has proven extremely
successful in accounting for the behavioral (Fetsch et al., 2010)
and single-cell recording (Gu et al., 2008) manifestations of mul-
tisensory integration. In addition, divisive normalization oper-
ated by local neuronal populations has been shown to account for
inverse effectiveness and spatial congruence rules (Ohshiro et al.,
2011; Fetsch et al., 2013) as well as for flexible adaptation to cue
reliability (Morgan et al., 2008). On the other hand, the general
predictive coding framework relying on internal generative models
(or priors) constructed through experience (Friston and Kiebel,
2009; Friston, 2010) has been successfully applied to speech compre-
hension, in which visual cues are predictive of auditory speech infor-
mation (van Wassenhove et al., 2005; van Wassenhove, 2013; Altieri,
2014; Lee and Noppeney, 2014). So how does a given functional
multisensory integration network perform either coincident or
predictive context- or task-dependent computations? Context-
dependent time-varying priors could account for the reported be-
havioral effects. Alternatively, phase resetting of ongoing neuronal
oscillations by a given sensory input (looming visual), predictively
preparing neurons to respond to a second sensory input (tactile)
with a particular timing relationship with the first sensory input, has
been proposed as a general model for predictive neuronal processing
(Lakatos et al., 2005, 2007; Kayser et al., 2008; van Atteveldt et al.,
2014). This mechanism could be at the origin of enhanced tactile
sensitivity during impact prediction. The local and global neuronal
mechanisms by which the speed, distance, and trajectory character-
istics of a looming stimulus with respect to the subject are integrated
to estimate time to impact, the specific cortical regions that process
this information, and how it is used for phase resetting remain to
be unveiled.
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Cléry, Guipponi et al. • Predictive Tactile Processing of Looming Stimuli J. Neurosci., March 11, 2015 • 35(10):4179 – 4189 • 4189

http://dx.doi.org/10.1093/cercor/bhu038
http://www.ncbi.nlm.nih.gov/pubmed/24654257
http://dx.doi.org/10.1093/brain/97.1.673
http://www.ncbi.nlm.nih.gov/pubmed/4434188
http://dx.doi.org/10.1093/cercor/bhm187
http://www.ncbi.nlm.nih.gov/pubmed/18180245
http://dx.doi.org/10.1371/journal.pone.0000943
http://www.ncbi.nlm.nih.gov/pubmed/17895984
http://dx.doi.org/10.1152/jn.00263.2005
http://www.ncbi.nlm.nih.gov/pubmed/15901760
http://dx.doi.org/10.1016/j.neuron.2006.12.011
http://www.ncbi.nlm.nih.gov/pubmed/17224408
http://dx.doi.org/10.1016/j.cub.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24735850
http://dx.doi.org/10.1007/s00221-011-2742-8
http://www.ncbi.nlm.nih.gov/pubmed/21643714
http://dx.doi.org/10.1523/JNEUROSCI.0330-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17428987
http://dx.doi.org/10.1016/j.neuron.2004.06.027
http://www.ncbi.nlm.nih.gov/pubmed/15260954
http://dx.doi.org/10.1016/j.cub.2008.05.043
http://www.ncbi.nlm.nih.gov/pubmed/18585039
http://dx.doi.org/10.1038/35038085
http://www.ncbi.nlm.nih.gov/pubmed/11057669
http://dx.doi.org/10.1016/j.neuron.2008.06.024
http://www.ncbi.nlm.nih.gov/pubmed/18760701
http://dx.doi.org/10.1038/nn.2815
http://www.ncbi.nlm.nih.gov/pubmed/21552274
http://dx.doi.org/10.1016/j.cub.2011.11.039
http://www.ncbi.nlm.nih.gov/pubmed/22177899
http://dx.doi.org/10.1007/BF00248742
http://www.ncbi.nlm.nih.gov/pubmed/3416965
http://dx.doi.org/10.1007/s00221-009-1772-y
http://www.ncbi.nlm.nih.gov/pubmed/19308362
http://dx.doi.org/10.1126/science.136.3520.982
http://www.ncbi.nlm.nih.gov/pubmed/14498362
http://dx.doi.org/10.1016/j.tics.2010.07.001
http://www.ncbi.nlm.nih.gov/pubmed/20705502
http://dx.doi.org/10.1111/nyas.12121
http://www.ncbi.nlm.nih.gov/pubmed/23710729
http://dx.doi.org/10.1038/nrn2331 
http://www.ncbi.nlm.nih.gov/pubmed/18354398
http://dx.doi.org/10.1038/421911a
http://www.ncbi.nlm.nih.gov/pubmed/12606990
http://dx.doi.org/10.1016/j.neuroimage.2012.09.056
http://www.ncbi.nlm.nih.gov/pubmed/23032489
http://dx.doi.org/10.1016/j.cub.2012.07.053
http://www.ncbi.nlm.nih.gov/pubmed/23058796
http://dx.doi.org/10.1016/j.neuron.2014.02.044
http://www.ncbi.nlm.nih.gov/pubmed/24656248
http://dx.doi.org/10.3389/fpsyg.2013.00388
http://www.ncbi.nlm.nih.gov/pubmed/23874309
http://dx.doi.org/10.1073/pnas.0408949102
http://www.ncbi.nlm.nih.gov/pubmed/15647358
http://dx.doi.org/10.2307/1129743
http://www.ncbi.nlm.nih.gov/pubmed/4006566
http://dx.doi.org/10.1016/j.neuropsychologia.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25128432

	Impact Prediction by Looming Visual Stimuli Enhances Tactile Detection
	Introduction
	Materials and Methods
	Analysis
	Results
	Temporal prediction versus temporal simultaneity
	Temporal prediction window
	Spatial prediction
	Body limit

	Looming versus receding stimuli
	Discussion
	Predictive cues
	Impact prediction and multisensory integration
	Impact prediction and peripersonal space
	Predictive coding and multisensory integration
	References

