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One key issue when conceiving the body as a multisensory object is how the cog-
nitive system integrates visible instances of the self and other bodies with one’s own
somatosensory processing, to achieve self-recognition and body ownership. Recent
research has strongly suggested that shadows cast by our own body have a special
status for cognitive processing, directing attention to the body in a fast and highly specific
manner. The aim of the present article is to review the most recent scientific contributions
addressing how body shadows affect both sensory/perceptual and attentional pro-
cesses. The review examines three main points: (1) body shadows as a special window to
investigate the construction of multisensory body perception; (2) experimental paradigms
and related findings; (3) open questions and future trajectories. The reviewed literature
suggests that shadows cast by one’s own body promote binding between personal
and extrapersonal space and elicit automatic orienting of attention toward the body-
part casting the shadow. Future research should address whether the effects exerted
by body shadows are similar to those observed when observers are exposed to other
visual instances of their body. The results will further clarify the processes underlying the
merging of vision and somatosensation when creating body representations.

Keywords: shadow, spatial attention, multisensory, body perception, self-recognition, touch, vision

Introduction

The processing of shadows has been the target of an increasing number of studies in recent years.
The results stemming from this line of investigation have demonstrated that information conveyed
by shadows can support several tasks performed in everyday life. It is now well established that our
visual system can process shadows very rapidly (e.g., Elder et al., 2004; Rensink and Cavanagh, 2004)
and use shadows for several visual functions (see Mamassian et al., 1998; Dee and Santos, 2011; for
reviews). For instance, it has been shown that shadows can foster object recognition (Norman et al.,
2000; Mascalzoni et al., 2009). Moreover, several studies have shown that cast shadows of objects can
play a critical role in defining the spatial arrangement of objects within a scene, in both dynamic
and static contexts (e.g., Kersten et al., 1997; Yonas and Granrud, 2006; Imura and Tomonaga, 2009).
Furthermore, reaching movement kinematics can also be affected by the shadow casted by the target
object (Bonfiglioli et al., 2004).

One very special class of objects casting shadows in the environment is represented by human
bodies. Others that we perceive in the visual scene often cast shadows of their body or body parts.
Moreover, our own body is frequently a source of shadows, projecting images of our bodily self in
the environment. It is now widely acknowledged that full bodies or body parts represent special
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stimuli for the brain and they are processed by specialized neural
pathways (e.g., Downing et al., 2001; Arzy et al., 2006; Pourtois
et al., 2007; Calvo-Merino et al., 2010; Cazzato et al., 2015). This
special salience of body-related stimuli is also well reflected in
behavioral effects, which suggest that body parts undergo prior-
itized processing compared to other objects (e.g., Ro et al., 2007;
Igarashi et al., 2008, 2010), especially when they belong to one’s
own body (e.g., Frassinetti et al., 2009; Ferri et al., 2011).

Recently, researchers have asked whether shadows cast by body
parts may represent a unique class of stimuli for the visuomotor
system. More specifically, the focus of research has covered two
related, yet distinct issues, i.e., the generic effects of someone else’s
body shadow vs. the specific effects of one’s own body shadows on
cognitive processing. One first relevant question in this literature
is whether shadows cast by bodies can also undergo prioritized
processing compared to other objects—similar to what has been
documented for visible instances of bodies. A second important
question is whether body shadows may trigger reflexive orienting
of attention toward the body that casts them. It has been proposed
that, when seeing a cast shadow, our visual system is somehow
forced to find an association between the visible shadow and
the object that most likely casts it, thus solving the so-called
“shadow correspondence problem” (Mamassian, 2004). While for
generic objects this could serve the main purpose of reducing the
perceptual complexity of the visual scene by promoting perceptual
bindings between segmented elements, in the case of body shadow
it could serve a different yet fundamental function: deciding
which visible instances of bodies in the scene belong to the self
and which belong to others. When applied to body shadows,
the shadow-correspondence problem may thus be central to a
perceptual decision that ultimately promotes self-identification
and self-recognition.

The primary aim of the present review is to provide a compre-
hensive perspective of the studies that examined how cast shadows
of bodies affect our cognitive processes. We will first discuss the
limited literature on the influence on behavior of shadows cast by
the body of others, and then we will turn to the issue of shadows
cast by our own body. This organization has been adopted with the
goal of introducing the more specific topic of the review (the influ-
ence of one’s own shadows when creating body representations)
starting from a more general perspective. In particular, we will
examine (1) how cast shadows of our own body can change a sense
of bodily space, by promoting binding between personal space
and the space occupied by one’s own shadow; (2) whether cast
body shadow of our own body can “push” attention toward the
body itself; (3) the extent to which this orienting effect may occur
automatically. We will conclude by discussing the implications
of this literature for the study of body perception in general and
outlining some possible development of this research field, which
is still in its infancy.

The Effects of Someone Else’s Body
Shadows

Research in this subtopic has primarily converged on the attempt
to address the basic question of whether someone else’s body

shadow can affect one’s motor behavior. Tentative evidence sup-
porting a positive answer was provided by Liden and Herberholz
(2008), who investigated whether fake shadows resembling the
body of a predator might influence movement in crayfishes. To
this purpose, they used an experimental setting in which an object
moving at different velocities effectively mimicked the shadow
of an attacking predator. Crayfishes exhibited two different types
of escape responses whose prevalence critically depended of the
velocity of the moving shadow.

As concerns humans, Alaerts et al. (2009) conducted a study
in which participants were required to watch video clips in
which either a hand of a stranger or its cast shadow were shown
executing abduction/adduction movements of the index finger
while transcranial magnetic stimulation was administered over
the hand-related area of the primary motor cortex and elec-
tromyographical activity was recorded from the muscle of the
participants’ index finger. Motor-evoked potentials showed an
increased amplitude for both the real hand and the hand shadow
conditions as compared to when movements were performed
by an unrecognizable object (control condition). This pattern of
results has been taken to support the idea that visible body parts
and body shadows alike are sufficient to activate motor areas,
as long as a biological movement is implied. In a similar study
which combined electromyography and transcranial magnetic
stimulation, Sartori and Castiello (2013) addressed the mirror
neuron systens ability (for a review, see Rizzolatti and Craighero,
2004) to resonate with movements shown in full illumination vs.
shadowed movements, in which the hand performing a reach-
and-grasp sequence was shown with the little finger in shadow.
Note that in this study the manipulation involved attached rather
than cast shadows (i.e., shadows falling on the body, rather than
the shadow projected by the body). Motor-evoked potentials for
shadowed movements exhibited a decrease in amplitude as com-
pared to the full illumination condition. Sartori and Castiello
(2013) interpreted this finding as suggesting that body shadow
processing can be reflected at the level of the human mirror
neuron system, even when shadows are not relevant for the task at
hand.

Turning to behavioral studies, recent evidence has been
reported indicating that observing a cast shadow of one hand
can affect imitative behaviors in humans. Badets et al. (2013)
presented their participants with two superimposed visual stimuli
(one on the foreground and the other on the background). One of
the two stimuli depicted a hand and the other depicted its cast
shadow. The participants were required to imitate the movement
(opening vs. closing the fingers) of one stimulus (the target)
while ignoring the other (the distractor). Crucially, there were
congruent trials (in which the hand and the shadow performed the
same movement) and incongruent trials (in which the hand and
the shadow executed opposite movements). In addition, there was
areal shadow condition (in which the shadow always appeared on
the background and the hand appeared in the foreground), and a
no-shadow condition (in which the shadow appeared in the fore-
ground and the hand appeared on the background, i.e., a situation
which is known to break one of the shadow priors, see, e.g., Casati,
2003). A response time distributional analysis demonstrated that
participants suffered from an interference effect (i.e., they were
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slower in initiating movements on incongruent trials as compared
to congruent trials). Crucially, this effect vanished for the slowest
responses in the real shadow condition only. Badets et al. (2013)
have argued that imitation abilities can be deeply influenced by
body shadows. They interpreted the fact that interference was
present (also for slowest responses) in the no-shadow condition
as suggesting that participants likely treated these stimuli as real
hands.

Recently, the role of body shadows cast by others has been
investigated also in the context of computer vision and robotics
(Dee and Santos, 2011). A particularly interesting applied research
domain in this regard is related to person identification for vision-
based surveillance systems. Aerial search and surveillance systems
typically rely on a top view of the human body, with much less
details than in side views. Iwashita et al. (2012) have demonstrated
that shadows provide additional information regarding body bio-
metrics that enhance person identification and gait recognition
both inside a building (using artificial light) and outside (under
the natural sunlight). It would be interesting to extend this line
of research to animal species that use aerial view (e.g., birds),
to explore to what extent cast shadow can also constitute a cue
for object recognition. Furthermore, although humans typically
do not see other humans from an aerial perspective, it would be
interesting to examine to what extent adding shadow stimuli could
promote recognition of people in natural scenes (e.g., Reeder and
Peelen, 2013).

One’s Own Body Shadows Bind Personal
and Extrapersonal Space

The data reviewed in the previous section indicate that body
shadows (of others) can have a strong impact on the visuomotor
system, in both humans and other animal species. One’s own body
shadows, however, may be even more salient. Each shadow cast by
our own body broadly refers to alocation (the body part casting it)
for which we have exteroceptive, proprioceptive and interoceptive
experience. This feature makes body shadows potentially capable
to contribute to the construction of the internal representation of
body shape and its extension in space.

A pivotal role in starting this line of investigation has been
played by the work of Pavani and Castiello (2004). In their exper-
iments, Pavani and Castiello used a very popular experimental
setting in multisensory research, that is the visuo-tactile interfer-
ence paradigm (e.g., Pavani et al., 2000; Spence et al., 2004a,b).
The participants performed a tactile elevation discrimination task
(with thumb and index finger arranged one below the other,
judge which of the two fingers was stimulated) while ignoring a
simultaneous task-irrelevant visual stimulus. The typical finding
observed with this setting is that tactile localization performance
is worse when tactile and visual stimuli occur at different eleva-
tions (e.g., touch at the index, vision at the thumb) compared to
when they occur at the same elevation (e.g., touch and vision both
at the index finger). Crucially, this visuo-tactile interference is
greater when the visual distractors are presented near the stim-
ulated hand, compared to when they are presented further away
from the body (Spence et al., 2004a).

Interestingly, Pavani and Castiello (2004) observed that task-
irrelevant visual stimuli presented far and equidistant from both
hands but in close proximity to the shadow cast by one of the
two hands produced a much stronger interference effect when
tactile targets were delivered to the hand casting the shadow as
compared to when they were presented at the other hand. Such
modulation was genuinely related to body shadows, as it vanished
when participants wore a shaped glove projecting an unnatural
polygonal shadow or viewed a line drawing silhouette of a hand.
Pavani and Castiello (2004) argued that participants reacted to
the visual stimuli near the shadow of the hand as if the stimuli
were affecting the hand itself. Also in consideration of previous
reports that visuo-tactile interference can be observed also when
visual distractors are presented to fake hands aligned to the real
hands (see Pavani et al., 2000) and that it can be influenced by
active tool-use (e.g., Maravita et al., 2002a), Pavani and Castiello
(2004) have interpreted the magnification of visuo-tactile inter-
ference as evidence that body shadows may create some sort of
binding between personal and extrapersonal space (i.e., the space
occupied by the body and the space occupied by the shadow,
respectively).

The notion that our own body shadows can be incorporated
into our personal multisensory space of the self (see Cardinali
et al., 2009; de Vignemont, 2011; for reviews), has recently been
supported also by findings reported by Kuylen et al. (2014),
who used a perceptual matching task. Based on the idea that
the ability to interact with an object at any distance shrinks the
perceived distance between object and observer (e.g., Witt et al.,
2005), Kuylen et al. (2014) tested whether viewing the shadow
of one’s own body extending toward a target object may result
in the subsequent underestimation of the distance between the
body and the same target object. The results confirmed that,
compared to a baseline condition in which no body shadow was
visible, the participants exhibited an estimation bias to report
a shorter distance when the body shadow was present. Inter-
estingly, this phenomenon, was also reliable when participants
interacted with the target object by means of a tool (a laser
pointer), but it did not emerge when the body shadow was
replaced by the shadow projected by a different object (a large
file cabinet placed behind the participant which covered the
shadow cast by the body). This latter finding clearly indicates
that cast shadows of our own body are different from other
types of shadows and suggests that they may indeed act as exten-
sions of the body, as originally proposed by Pavani and Castiello
(2004).

Before exploring the effects of one’s own body shadows for body
perception further, it is worth noting that owned body shadows
have also been studied in applied cognitive science, especially in
the context of user interface research. Devices exploiting shadows
cast by the body of users have been implemented for operating
graphical information on large displays (e.g., Xu et al., 2006).
These shadow-based interfaces enable users to interact with a
computer by simply using the shadows cast on the screen by the
upper limbs (and more specifically by the fingers). Takeuchi et al.
(2014) have demonstrated that body shadows can be very effective
as pointing cursors. This may be due to the fact that users do not
have particular difficulties in understanding the correspondence
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between the movement of the fingertips and the movement of the
related cast shadow. Specifically, the cognitive ergonomics validity
of using one’s own body shadows for the interaction with distal
surfaces may relate to the natural tendency of our cognitive system
to bind personal and extra-personal spaces through one’s own
body shadows.

The research reviewed so far, stemming from different disci-
plines and perspectives, highlights that body shadows are highly
peculiar stimuli. Interestingly, unlike tools or other objects such
as rubber hands, they are immaterial and can only provide
visual information (they are not multisensory stimuli). Another
important point is that, unlike other objects that are capable of
shaping the subjective extension of the body in space, the type
of visual information they convey is quite coarse, being only
two-dimensional. Although the two-dimensional nature of cast
shadows does not prevent extracting useful three-dimensional
information about the object casting it (Norman et al., 2009),
the correspondence between the 2D cast body-shadow and the
3D body part remains underspecified. There cannot be a 1:1
mapping between points on the shadow and points on the body.
The shadow of one’s head, for instance, could relate to either the
front or the back of the head (we thank one of the reviewers for
this interesting remark).

One’s Own Body Shadows Shift Attention
to the Body

Pavani and Galfano (2007, Galfano and Pavani, 2005; Pavani
etal, 2014) have addressed another critical possibility concerning
the role of body shadows, namely, the possibility that they can
serve as important cues to the multimodal sense of body. Galfano
and Pavani (2005) hypothesized that body shadows may indeed
represent a high-priority class of stimuli that act by “pushing”
attention toward the body itself. To this purpose, they modified
the paradigm used by Pavani and Castiello (2004) to implement
an exogenous or reflexive spatial cueing paradigm (e.g., Jonides,
1981; see Spence and Santangelo, 2009; for a review in the con-
text of multisensory research), in which hand shadows served as
spatially uninformative visual cues (Figure 1). The participants
were delivered tactile targets unpredictably to the thumb or index
finger of either hands and were asked to localize them irrespective
of the stimulated hand. At the same time, they viewed the shadow
of either the touched or untouched hand cast in front of them by
a lateral light source. In the first experiment, the hand casting the
shadow remained fixed within a block of trials, but the participants
were explicitly told that the tactile target had the same probability
to be delivered on the hand casting shadow and in the other hand.
This, in turn, made the shadow entirely irrelevant for the task
at hand. Nevertheless, localization performance was better when
targets touched the hand casting the shadow (spatially congruent
trials) than the other hand (spatially incongruent trials). This
pattern was very robust, suggesting that body shadows some-
how cued attention back the body part casting it. Although the
body shadow conveyed no predictive information about the target
location, in a second experiment the hand casting the shadow
varied unpredictably from trial to trial. This manipulation had

FIGURE 1 | Schematic illustration of the experimental setting in the
experiments investigating orienting of attention mediated by body
shadows adapted from Pavani et al. (2014). A trial with a left-hand
shadow is shown. Tactile stimulators are embedded in the gray sheaths
around the index and thumb of each hand. Red LEDs were used only in
experiments addressing visual modality in personal (at the hand) and
extrapersonal (near the shadow cast by the hand) space and were illuminated
one at a time. The green LED served as fixation point. See the text for details.

the purpose of discouraging participants from adopting implicit
strategies to deliberately attend to the hand casting the shadow.
The results, again, showed that tactile localization performance
was significantly better at the hand casting shadow than at the
other hand. This finding was taken as evidence that the atten-
tional cueing effect toward the body part casting the shadow was
indeed genuinely reflexive rather than the consequence of some
top-down strategy.

Galfano and Pavani (2005, Experiment 4) also conducted an
experiment in which participants were prevented from seeing
their own hands. This manipulation had the purpose of ruling
out the possibility that the observed spatial cueing effect resulted
from the fact that the visible hand casting the shadow was illumi-
nated more strongly than the other hand. Orienting of attention
mediated by body shadows was still present, suggesting that the
alternative account could be dismissed. For another experimen-
tal condition, in which the cast shadow of an object (a piece
of cardboard) overlapped and completely masked any shadow
cast by the hand, the data showed no reliable effects. This latter
pattern rules out yet a further alternative account which would
attribute the better performance on spatially congruent trials
over spatially incongruent trials to the fact that the lateralized
light source that was turned on to create the shadow might also
potentially convey somatosensory (thermal) stimulation to the
hand casting the shadow. Such account can be rejected because
the asymmetrical thermal stimulation (if any) was present also in
the object-shadow condition and no differences in performance
emerged. The observed pattern clearly demonstrated that shadow-
driven orienting was specific to body shadows. However, it is
worth noting that the object shadow condition did not differ from
the body shadow condition only for the shape of the shadow.
Indeed, the object shadow was stationary throughout each block
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of trials, whereas body shadow was obviously spatio-temporally
correlated to the movements, if any, of the hand (likely inducing a
sense of agency).

The possible role of the sense of agency (for a review, see
Tsakiris et al., 2007) as a key factor for accounting for the orienting
of attention mediated by body shadows reported by Galfano and
Pavani (2005) has been explored by Pavani and Galfano (2007).
They specifically addressed whether shadow-induced benefits on
tactile localization performance were dependent on the corre-
spondence between the seen shadow and the object casting it, that
is self attribution of the visible image (i.e., shadows) of the body. To
this aim, they implemented three different cue conditions in their
experimental set up. Beside the standard hand-shadow condition,
similar to Pavani and Castiello (2004), Pavani and Galfano (2007)
also included a condition in which participants wore a shaped
glove casting an unnatural polygonal shadow (real shadow with
unnatural shape), and a condition in which participants were
presented with photographs consisting of shadow-like images
projected from above (fake shadow with natural shape). This
allowed dissociation of two different factors that may be at work
for endorsing self attribution of shadows and to estimate their
impact in isolation. In the real shadow with unnatural shape con-
dition, self attribution, if any, was promoted by spatio-temporal
movement correlation between hands and their shadows alone. In
contrast, in the fake shadow with natural shape condition, the only
factor at work was represented by the visual similarity between the
hands and the (static) shadow-like images. Overall, participants
exhibited a significantly faster tactile localization performance for
cued over uncued hands only for the real shadow condition. In a
more in-depth analysis aimed to uncovering possible fluctuations
of orienting of attention mediated by body shadows within each
block of trials, Pavani and Galfano (2007) observed an interesting
pattern of data also for the other experimental conditions. The
analysis revealed that for the fake-shadow with natural shape
condition, a reliable shadow-mediated orienting effect was present
in the first part of each experimental block. In sharp contrast, in
the real shadow with unnatural shape condition this effect was
significant in the last portions of each block only. The overall
findings were taken as strong evidence that orienting of attention
mediated by body shadows is critically bound to self attribution
of shadows. The temporally diverging trend for the fake-shadow
with natural shape condition and the real shadow with unnat-
ural shape condition was interpreted as evidence that the sense
of ownership of shadows is strongly mediated by both spatio-
temporal correlation between hands and shadows (i.e., a sense of
agency) and visual similarity, although these two factors operate
in a different fashion (e.g., van den Bos and Jeannerod, 2002;
Whiteley et al., 2004; Tsakiris et al., 2005, 2006).

Another critical question addressed by Pavani and Galfano
(2007) is whether attention shifts induced by body shadows com-
prise the whole portion of visual space they occupy or the body
part referred to by shadows exclusively. In so doing, they modified
the basic paradigm by adding visual targets located at either the
external boundaries of the hand shadow (i.e., close to fixation
and far from the hand), or at the index finger and thumb of
both hands. The results showed that, overall, shadow-mediated
orienting was reliable for tactile targets only, strongly suggesting

that body shadows push attention to the body part they refer to,
rather than cueing the portion of space they cover.

The Attentional Link between One’s Own
Shadows and the Body is Fast
and Mandatory

One important question that arises from the studies that showed
that one’s own body shadows can orient attention to the
body—and specifically to touches on the body—is whether this
effect is mandatory. Recently, Pavani et al. (2014) have addressed
the automaticity of attention shifts elicited by body shadows by
focusing on two different features that are widely assumed to
characterize exogenous orienting of spatial attention: the speed of
attention orienting and its sensitivity to contextual modulations.
It is important to reiterate that in all the experiments reported by
both Galfano and Pavani (2005) and Pavani and Galfano (2007),
the body shadow effectively cued attention to the body part cast-
ing the shadow despite shadow being spatially non-predictive of
the target location. While this is considered a critical feature of
reflexive orienting (e.g., Galfano etal., 2011, 2012), another feature
that is often deemed as a hallmark for automatic processing is that
this type of orienting typically results in a very early rising effect
(e.g., Miiller and Rabbitt, 1989; Cheal et al., 1994). In behavioral
studies, this latter feature is reflected in the observation of a
significant benefit in performance for spatially congruent over
spatially incongruent trials with very short (below 200 ms) cue-
target stimulus onset asynchrony (SOA). Because both Galfano
and Pavani (2005) and Pavani and Galfano (2007) invariably used
a fixed 2750-ms SOA between cue (the cast shadow of the hand)
and target (tactile or visual), Pavani et al. (2014) manipulated SOA
and included also a 100-ms SOA. This very short SOA is known
to reveal reliable spatial orienting effects with other types of atten-
tional cues, such as eye gaze (e.g., Driver et al., 1999; Galfano et al.,
2012). The results showed a robust orienting of attention mediated
by body shadows early in processing and sustained over time, as it
was not modulated as a function of SOA for both tactile targets
(Pavani et al., 2014; Experiment 1) and visual targets delivered
near the shadow and far from the hands, i.e., in extrapersonal
space (Pavani et al., 2014; Experiment 2).

The second feature addressed by Pavani et al. (2014) was
whether shadow-driven orienting is resistant to contextual mod-
ulations. It is a widely shared assumption that strongly automatic
processing should be impervious to changes in the experimen-
tal setting and task demands (e.g., Zbrodoff and Logan, 1986;
Ristic and Kingstone, 2005; Pavan et al., 2011). Pavani et al.
(2014) addressed this criterion of automaticity by intermixing
target modality in the same experiment. Unlike previous experi-
ments, in which target modality remained fixed, their participants
responded to unpredictable tactile and visual targets. These latter
targets were delivered near the shadow and far from the hands
(i.e., in extrapersonal space; Pavani et al., 2014, Experiment 3) or
directly at the hands (i.e., in personal space; Pavani et al., 2014,
Experiment 4). The results showed a reliable orienting of attention
mediated by body shadows for tactile targets in agreement with
the previous studies in which touch was the only target modality
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(Galfano and Pavani, 2005; Pavani and Galfano, 2007). However,
the effect for targets in the visual modality became inconsistent,
irrespective of whether they appeared in personal or extrapersonal
space (i.e., near or far from the hand). Overall, these findings
provide support for the notion that orienting of attention medi-
ated by body shadows for tactile targets is a strongly automatic
phenomenon, as it appears early in processing and is unaffected
by contextual changes (e.g., Zbrodoff and Logan, 1986). In sharp
contrast, orienting of attention by body shadows was visible for
visual targets (in extrapersonal space) only to the extent that
sensory modality was fixed. Hence, orienting to visual targets
cannot be said to be strongly automatic as it is clearly sensitive
to contextual manipulations (also see Pavani and Galfano, 2007).

Taken together, the studies on orienting of attention triggered
by our own body shadows indicate that cast shadows of body parts
may indeed represent a high-priority class of stimuli. They act
by “pushing” attention toward the body itself and this effect has
the characteristics of a mandatory process, at least for the tactile
modality. Seeing our own body shadow is a powerful cue toward
tactile sensations at the body part casting the shadow. The effect is
also influenced by self-attribution of the cast shadow: its presence
is tightly linked to perceived ownership of the cast shadows. When
this attribution fails, cast shadows can quickly become ineffective
as a cue for attention. In the next paragraphs, we examine the
extent to which the effects observed for body shadows may extend
to other types of visual instances of the body in the environment.

Are Body Shadows Special?

One important issue in relation to the observations reviewed
here for body shadows is to the extent to which they imply
mechanisms specific to shadows only, or instead constitute
examples of more general processes, such as those involved in
multisensory body perception. Consider, for instance, the shadow
correspondence problem briefly illustrated in the Introduction
section. The problem for the cognitive system is to find the correct
correspondence between the seen cast shadow and the object
in the environment to which it belongs (Mamassian, 2004). The
findings reviewed above, showing that vision of task-irrelevant
shadows of ones own body automatically triggers attention
orienting to touches on the body, might stem from the solution of
the body-shadow correspondence problem. This interpretation
would link the observed findings to a process which has been
proposed specifically for cast shadows. An alternative possibility,
however, is that a somewhat similar process exists also whenever
we experience visible body parts in the environment. During our
waking life, images of our own body are almost always present
and available in first person perspective. Furthermore, we have
third-person views of ourselves through mirrors, photos, videos
and nowadays also virtual-reality setups and avatars. Because the
body of others is also a frequent stimulus in the environment,
occasionally in first-person view and most often in third-
person view, choosing which of these visual instances of bodies
correspond to our own corporeal awareness is a fundamental task
that our cognitive system is constantly asked to solve.

By analogy with the shadow correspondence problem, one
could argue for a more general “visible-body correspondence

problem,” and posit the existence of a cognitive process whose
aim is to correctly match the seen bodies with our own corporeal
awareness. This process would involve binding instances of the
body across sensory modalities (vision and somatosensation) and,
sometimes, across different spatial locations (extra-personal and
personal)—just like it occurs with body shadows. Solving the
visible-body correspondence problem could be at the roots of the
discrimination between body images that belong to oneself and
body images that belong to others, strengthening self-other dis-
tinction, bodily self-recognition and, ultimately, the psychological
experience of the self.

Thus, the key question is whether we can generalize from the
body-shadow correspondence problem to a more general “visible-
body correspondence problem?” If this is the case, it should be
possible to find parallels between the results that emerged from
the literature on body shadows and the more general literature
on multisensory body perception. Specifically, there should be
evidence (1) that a seen body part in the environment (i.e., a
photograph or video of one’s own hand) “pushes” attention to the
corresponding body part; (2) that this process occurs particularly
for touch (or somatosensation); and (3) that this process is largely
automatic. As we shall see in the next paragraphs, although several
studies in the literature do suggest that visible body parts can
affect somatosensory processing, parallels between the findings
reviewed here for own body shadows and the studies on own
pictorial images of the body are still limited.

When searching for effects of seen body parts on tactile per-
ception one key phenomenon described in the literature is the
so-called “Visual enhancement of touch” (VET). VET emerges
as improved tactile detection and discrimination at a specific
body part (typically a hand), when the body part is either seen
directly (Kennett et al., 2001; Taylor-Clarke et al., 2002, 2004;
Press et al.,, 2004; Whiteley et al., 2004) or through a pictorial
representation (either video or photograph; Tipper et al., 1998,
2001). Critically, VET emerges despite the fact that vision of the
body part is completely task-irrelevant and uninformative about
somatosensation. This multisensory effect has been reported in
neurologically healthy participants, but there is also evidence that
vision of body parts can ameliorate the somatosensory deficits in
brain-damaged patients (Serino et al., 2007; see also Rorden et al.,
1999; for related findings with vision of a rubber hand).

In many VET studies, the importance of self-attribution of the
seen hand remains unclear. This is because tactile enhancements
were measured as the difference in performance between a condi-
tion in which participants observed an owned body part vs. an
object. This contrast does not allow to determine whether the
crucial factor is seeing “a” hand, or seeing the “owned” hand (for
discussion see Longo et al., 2008). There have been two attempts
to address this issue. Haggard (2006) asked participants to dis-
criminate the orientation of gratings delivered to the index finger
tip, under three different viewing conditions. Participants either
viewed their own hand, or viewed a neutral object, or viewed
the hand of a third person aligned with the tactually stimulated
hand. Compared to the viewing of a neutral object, both viewing
one’s own body part and viewing the body part of another person
produced orientation discrimination enhancements. This finding
seems to suggest that VET can generalize also to the viewing of
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body parts that belong to others. In a subsequent study, however,
VET emerged specifically for the self-attributed visible body parts.
Longo et al. (2008) asked participants to perform a similar ori-
entation discrimination task, while viewing a rubber hand that
appeared in the felt location of the real hand through a mirror. To
manipulate the perceived ownership of the visible rubber hand,
they stimulated the real and fake hands in synchrony (leading
to an illusion of ownership) or out of synchrony (no illusion of
ownership) across blocks (also see Botvinick and Cohen, 1998).
The results showed that VET boosted performance particularly
for those participants who performed the tactile discrimination
task near threshold. Importantly, they also showed that among
participants performing near threshold, VET was larger when the
rubber hand was self-attributed compared to when it was consid-
ered an extraneous body part. Thus, it appears that under certain
circumstances modulations of tactile performance in the pres-
ence of visible body parts can be strengthened by self-attribution,
similar to the case of body shadows.

In the typical VET experiment, the viewing condition is contin-
uous during the entire block of trials. Tipper et al. (2001, Exper-
iment 2) tested VET using an experimental setup that allowed
timed presentation of the visible body part and control over the
temporal interval between the onset of the viewing condition
and the tactile stimulation. They used three cameras to project
displays of different body parts of the participant: face, neck or
hand. On each experimental trial, one of these visual displays
was shown, either 200 or 700 ms before the tactile target. Partic-
ipants were instructed to detect touches at a specific body part
(e.g., the face), while ignoring distractors at another body site
(e.g., the neck). The results showed that response speed advan-
tages emerged regardless of the onset asynchronies between the
visible body part and the tactile target. A recent EEG study by
Cardini et al. (2012) has provided consistent evidence that VET
reflects a phasic effect and can be elicited by very brief exposure
to one’s body part. Overall, these findings on VET are reminis-
cent of the early-rising effect of body shadows on tactile targets
documented by Pavani et al. (2014). In that study, orienting of
attention mediated by body shadows occurred even at the 100 ms
SOA, and this effect was particularly stable and robust for tactile
targets.

A different, yet related, line of research worth mentioning is the
one that explored the interpretation of mirror reflection of body
parts. To correctly interpret mirror-reflections, our brain needs to
understand that the object that appears in the mirror (e.g., our
face) occupies in fact a different location in space. This process
is clearly similar to the shadow-correspondence problem, and it
is probably the closest match to the cognitive mechanism at play
when interpreting shadows in the environment. Furthermore, it is
classically considered evidence of self-awareness in human devel-
opment and ethology (Gallup, 1982). Interestingly, there is evi-
dence that human infants typically succeed in interpreting mirror-
reflections of themselves by their 2 year of life (Gallup et al., 2002).
As for body shadows, shadow self-recognition appears to emerge
at age 3 (Cameron and Gallup, 1988).

Using the visuo-tactile interference paradigm later used also
by Pavani and Castiello (2004) for body shadows, Maravita et al.
(2002b) explored the interpretation of mirror reflections of body

parts. They asked participants to perform a speeded spatial dis-
crimination for touches at the hands, while ignoring concurrent
visual distractors. Critically, in one condition the visual distractors
were physically close to the participant’s hands, but were seen only
as distant mirror reflections; in another condition they were phys-
ically in far space, and appeared near a dummy hand or the hand of
another person. The results showed that the strongest visuo-tactile
interference emerged for the mirror condition, suggesting that
participants recoded the true source of the visual distractors near
the body. Similar to the body-shadow studies, vision of the hands
(mirror reflected, dummy, or someone else’s) was completely task
irrelevant. One interpretation of this finding is that participants
mandatorily remapped the self-attributed hand to the actual space
the hand occupied, hence coding visual distractors close to the
mirror-reflection of the hands from far to near space.

Future Directions for a Novel Research
Field

Research on body shadows is still in its infancy. However, it
has the potential to provide a window onto the cognitive and
neural mechanisms that regulate the multisensory construction
of body representation and the bodily-grounded sense of the self.
More generally, it can provide useful insights on the multisensory
representation of space, on shadow perception in general, or even
on the principles that make shadows a useful and ergonomic tool
for human-computer interfaces. While these multiple directions
are all worth exploring, we suggest here four possible future
developments for this new research domain.

The first one, builds on the considerations offered in the pre-
vious section, and is concerned with the possibility of exploring
the effects of body shadows on somatosensory perception and
self-processing further, with the goal of finding parallels between
processing of body shadows and processing of other seen instances
of the body in the environment. For instance, it would be very
interesting to understand the extent to which body shadows
and other seen instances of the body could trigger attention
to somatosensation in general. At the moment, all the studies
conducted on body shadows examined their effects for spatial
touch. Whether similar cueing effect could also exist for other
aspects of somatosensation, such as pain perception, propriocep-
tion or interoception is unknown. Exploring this aspect would
help understanding the extent to which seeing body shadows
may be a cue for all bodily sensations—i.e., a cue for the body
in general. Interestingly, indications that seeing one’s own body,
through direct vision or mirrors, can affect somatosensation in
general and not just touch, are already available in the literature.
For instance, looking at an image of ourselves in the mirror
has been shown to improve the perception of heart-beat signals,
and specifically heart-beat counts which are considered a proxy
of the person’s ability to pay attention to interoceptive signals
(Ainley et al., 2012). There is also evidence that vision of one’s
own body parts can modulate pain perception (Longo et al,
2009, 2012; Romano et al., 2014). Another line of investigation
within this aim of finding parallels between perception of body-
shadow and perception of other visible instances of the body,
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is related to the validation of the existing findings obtained for
shadows of body-parts, to shadows of the whole-body. In recent
years, seminal works using virtual reality approaches have already
took the study of multisensory body perception in this direction
using whole-body illusions (e.g., Ehrsson, 2007; Lenggenhager
et al., 2007; Slater et al., 2010) and the study of the interac-
tions between whole-body and body-part perception is also very
promising (Liang et al., 2015). At present, however, there has been
no attempt to explore the effects of whole-body shadows on body
perception.

A second direction worth exploring concerns the neural cor-
relates of body shadow perception. A number of studies in the
last decade have examined the neural correlates of visible bodies
or body-parts (e.g., Pourtois et al., 2007; Cazzato et al., 2015). In
addition, studies have documented the influences of visible body
parts on somatosensory processing, primarily exploring the neu-
ral correlates of the VET effect described above (Macaluso et al.,
2000; Taylor-Clarke et al., 2002; Sambo et al., 2009; Gillmeister
and Forster, 2010). These studies have revealed that task-irrelevant
vision of body parts can modulate somatosensory processing,
including the earliest stages involving the primary somatosensory
cortex (Longo et al., 2011). It would be informative to unravel
whether the same neural mechanisms described for the visible
bodies are also recruited during vision of body shadows. Also,
given the importance of self-attribution of body shadows in cue-
ing attention to the body (Pavani and Galfano, 2007), it would
be interesting to explore the role of possible right-hemispheric
specializations for self-processing (Keenan et al., 2000; Sugiura
et al., 2005) using a neuropsychological approach. Behavioral
evidence has suggested that implicit self-attribution of seen body
parts can enhance performance on match-to-sample body dis-
crimination tasks—a phenomenon which has been labeled “self-
advantage” (Frassinetti et al., 2008). The use of this paradigm in
brain-damaged patients has revealed an interesting dissociation,
with left-brain damaged patients retaining self-advantage in body
discrimination tasks, whereas right-brain damage patients per-
forming equally regardless of whether the seen body part belong to
themselves or not (Frassinetti et al., 2008, 2010; see also Frassinetti
etal,, 2012; for similar results in brain-damaged children from the
age of 4 years). If right-hemispheric lesions undermine implicit
self-recognition, then they should also impair the mechanisms of
orienting of attention toward the body triggered by self-attributed
body-shadows.

A third direction concerns the effects of body shadows of
others. As reviewed above, the literature on this topic is currently
very limited and it has primarily explored the consequences on
motor behavior of participants observing images of others or
images of their shadow acting in the environment. As already
anticipated, it would be interesting to examine to what extent body
shadows of others could promote person recognition in complex
natural scene (Reeder and Peelen, 2013). Furthermore, building
on the literature on one’s own body shadows, it might be expected
that body shadows of others could also trigger attention to the
individuals that cast them—a process that could in itself also foster
detection of conspecifics in the environment.

Finally, moving from mechanisms of body perception to more
general mechanisms of visual processing, it would be interesting

to understand whether some of the principles that have emerged
from the literature on body-shadow could apply also to process-
ing of shadows cast by non-bodily objects. For instance, there
is evidence that shadows can be treated as objects in the scene
(albeit at a coarse spatial scale; see Lovell et al., 2009) and as
such can favor within-object advantages for attention orienting
(de-Wit et al., 2012). It is unknown, however, whether the cast
shadow and the object to which it belongs are bound together at
some stage of visual processing, into a unique perceptual entity.
The literature on body shadows would suggest that this is the
case and that cueing the shadow could result in attention being
directed to the object, but this is currently an open empirical
question.

Conclusion

In the present review we pursued two aims. First, we attempted
to provide the first systematic account of the effects of body
shadows on behavior, considering both the studies that examined
the effects of body shadows cast by other people and the relatively
larger literature on the effects of body shadows cast by one’s own
body. The latter literature, in particular, revealed that shadows cast
by one’s own body can promote binding between personal and
extrapersonal space and can orient attention toward the body-part
casting the shadow. These effects emerge despite body shadows
being completely task-irrelevant and they conform to several of
the features that characterize automatic processes.

The second aim of the present review was to examine to what
extent the effects documented for body shadows may be spe-
cific to shadows only or may also extend to other multisensory
processes involving the body perception and attention. Although
we delineated possible parallels between the effects of cast shad-
ows of one’s own body and the effect of viewing other visual
instances of one’s own body; it is clear that this remains an open
empirical question. We believe that addressing this issue in future
studies will be highly informative. If processing of body shadows
is somewhat unique, then this would imply the existence of a
cognitive and neural mechanism that developed (perhaps through
phylogenesis) to quickly resolve and exploit the redundant infor-
mation provided by cast shadows in the environment. In this
scenario, it would be important to assess whether such a process
is selective for body shadows or generalizes to the processing
of shadows cast by any of the objects in the environment. By
contrast, if processing of body shadows is similar to that involved
in the processing of other visual instances of the body, then the
studies reviewed here could offer insights into the more gen-
eral mechanisms that subtend the complex but necessary task
of merging vision and somatosensation when constructing body
representations.

Author Contributions

All authors provided substantial contributions to the conception
or design of the work; or the acquisition, analysis, or interpretation
of data for the work; and contributed in drafting the work or revis-
ing it critically for important intellectual content; and approved
the final version for publication; and agreed to be accountable

Frontiers in Psychology | www.frontiersin.org

May 2015 | Volume 6 | Article 666


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Pavani and Galfano

Body-shadows and multisensory body perception

for all aspects of the work in ensuring that questions related to
the accuracy or integrity of any part of the work are appropriately
investigated and resolved. The authors are grateful to Paola Rigo
and Tommaso Sega for the artwork in Figure 1.

References

Ainley, V., Tajadura-Jiménez, A., Fotopoulou, A., and Tsakiris, M. (2012). Looking
into myself: changes in interoceptive sensitivity during mirror self-observation.
Psychophysiology 49, 1504-1508. doi: 10.1111/j.1469-8986.2012.01468.x

Alaerts, K., Van Aggelpoel, T., Swinnen, S. P,, and Wenderoth, N. (2009). Observing
shadow motions: resonant activity within the observer’s motor system? Neurosci.
Lett. 461, 240-244. doi: 10.1016/j.neulet.2009.06.055

Arzy, S., Thut, G., Mohr, C., Michel, C. M., and Blanke, O. (2006). Neural correlates
of embodiment: distinct contributions of temporo-parietal junction and extras-
triate body area. J. Neurosci. 26, 8074-8081. doi: 10.1523/J]NEUROSCI.0745-
06.2006

Badets, A., Toussaint, L., Blandin, Y., and Bidet-Ildei, C. (2013). Interference effect
of body shadow in action control. Perception 42, 873-883. doi: 10.1068/p7502

Bonfiglioli, C., Pavani, E, and Castiello, U. (2004). Differential effects of cast
shadows on perception and action. Perception 33, 1291-1304. doi: 10.1068/
p5325

Botvinick, M., and Cohen, J. (1998). Rubber hands ‘feel’ touch that eyes see. Nature
391, 756. doi: 10.1038/35784

Calvo-Merino, B., Urgesi, C., Orgs, G., Aglioti, S. M., and Haggard, P. (2010).
Extrastriate body area underlies aesthetic evaluation of body stimuli. Exp. Brain
Res. 204, 447-456. doi: 10.1007/s00221-010-2283-6

Cameron, P. A, and Gallup, G. G. (1988). Shadow recognition in human infants.
Infant Behav. Dev. 11, 465-471. doi: 10.1016/0163-6383(88)90006-9

Cardinali, L., Brozzoli, C., and Farn¢, A. (2009). Peripersonal space and body
schema: two labels for the same concept? Brain Topogr. 21, 252-260. doi:
10.1007/510548-009-0092-7

Cardini, F, Longo, M. R., Driver, J., and Haggard, P. (2012). Rapid enhance-
ment of touch from non-informative vision of the hand. Neuropsychologia 50,
1954-1960. doi: 10.1016/j.neuropsychologia.2012.04.020

Casati, R. (2003). The Shadow Club: The Greatest Mystery in the Universe-
Shadows-and the Thinkers who Unlocked their Secrets. New York: Knopf.

Cazzato, V., Mian, E., Serino, A., Mele, S., and Urgesi, C. (2015). Distinct contri-
butions of extrastriate body area and temporoparietal junction in perceiving
ones own and others’ body. Cogn. Affect. Behav. Neurosci. 15, 211-228. doi:
10.3758/s13415-014-0312-9

Cheal, M.-L., Lyon, D. R., and Gottlob, L. R. (1994). A framework for understanding
the allocation of attention in location-precued discrimination. Q. J. Exp. Psychol.
47A, 699-739. doi: 10.1080/14640749408401134

Dee, H. M., and Santos, P. E. (2011). The perception and content of cast shadows:
an interdisciplinary review. Spat. Cogn. Comput. 11, 226-253. doi: 10.1080/
13875868.2011.565396

de Vignemont, F. (2011). Embodiment, ownership and disownership. Conscious.
Cogn. 20, 82-93. doi: 10.1016/j.concog.2010.09.004

de-Wit, L., Milner, D., and Kentridge, R. (2012). Shadow remain segmented as
selectable regions in object-based attention paradigms. Iperception 3, 150-158.
doi: 10.1068/i7164

Downing, P. E., Jiang, J., Shuman, M., and Kanwisher, N. (2001). A cortical area
selective for visual processing of the human body. Science 293, 2470-2473. doi:
10.1126/science.1063414

Driver, J., Davis, G., Ricciardelli, P,, Kidd, P., Maxwell, E., and Baron-Cohen, S.
(1999). Gaze perception triggers reflexive visuo-spatial orienting. Vis. Cogn. 6,
509-540. doi: 10.1080/135062899394920

Ehrsson, H. H. (2007). The experimental induction of out-of-body experiences.
Science 317, 1048. doi: 10.1126/science.1142175

Elder, J. H., Trithart, S., Pintilie, G., and MacLean, D. (2004). Rapid processing of
cast and attached shadows. Perception 33, 1319-1338. doi: 10.1068/p5323

Ferri, F, Frassinetti, F, Costantini, M., and Gallese, V. (2011). Motor simulation
and the bodily self. PLoS ONE 6:€17927. doi: 10.1371/journal.pone.0017927

Frassinetti, E, Fiori, S., D’Angelo, V., Magnani, B., Guzzetta, A., Brizzolara,
D., et al. (2012). Body knowledge in brain-damaged children: a double-

Acknowledgment

This research was financially supported by the University of
Padua.

dissociation in self and other’s body processing. Neuropsychologia 50, 181-188.
doi: 10.1016/j.neuropsychologia.2011.11.016

Frassinetti, E, Maini, M., Benassi, M., Avanzi, S., Cantagallo, A., and Farne, A.
(2010). Selective impairment of self body-parts processing in right brain-
damaged patients. Cortex 46, 322-328. doi: 10.1016/j.cortex.2009.03.015

Frassinetti, F., Maini, M., Romualdi, S., Galante, E., and Avanzi, S. (2008). Is it mine?
Hemispheric asymmetries in corporeal self recognition. J. Cogn. Neurosci. 20,
1507-1516. doi: 10.1162/jocn.2008.20067

Frassinetti, E, Pavani, F, Zamagni, E., Fusaroli, G., Vescovi, M., Benassi, M., et al.
(2009). Visual processing of moving and static self body-parts. Neuropsychologia
47, 1988-1993. doi: 10.1016/j.neuropsychologia.2009.03.012

Gallup, G. G. (1982). Self-awareness and the emergence of mind in primates. Am. J.
Primatol. 2, 237-248. doi: 10.1002/ajp.1350020302

Gallup, G. G., Anderson, J. R., and Shillito, D. J. (2002). “The mirror test,” in The
Cognitive Animal: Empirical and Theoretical Perspectives on Animal Cognition,
eds M. Bekoff, C. Allen, and G. Burghardt (Cambridge, MA: The MIT Press),
325-334.

Galfano, G., Dalmaso, M., Marzoli, D., Pavan, G., Coricelli, C., and Castelli, L.
(2012). Eye gaze cannot be ignored (but neither can arrows). Q. J. Exp. Psychol.
65, 1895-1910. doi: 10.1080/17470218.2012.663765

Galfano, G., and Pavani, F. (2005). Long-lasting capture of tactile attention
by body shadows. Exp. Brain Res. 166, 518-527. doi: 10.1007/s00221-005-
2392-9

Galfano, G., Sarlo, M., Sassi, F, Munafd, M., Fuentes, L. J., and Umilta, C. (2011).
Reorienting of spatial attention in gaze cuing is reflected in N2pc. Soc. Neurosci.
6, 257-269. doi: 10.1080/17470919.2010.515722

Gillmeister, H., and Forster, B. (2010). Vision enhances selective attention to
body-related information. Neurosci. Lett. 483, 184-188. doi: 10.1016/j.neulet.
2010.08.004

Haggard, P. (2006). Just seeing you makes me feel better: interpersonal enhance-
ment of touch. Soc. Neurosci. 1, 104-110. doi: 10.1080/17470910600976596

Igarashi, Y., Kimura, Y., Spence, C., and Ichihara, S. (2008). The selective effect
of the image of a hand on visuotactile interactions as assessed by performance
on the crossmodal congruency task. Exp. Brain Res. 184, 31-38. doi: 10.1007/
$00221-007-1076-z

Igarashi, Y., Kitagawa, N., and Ichihara, S. (2010). Influence of the body on cross-
modal interference effects between tactile and two-dimensional visual stimuli.
Exp. Brain Res. 204, 419-430. doi: 10.1007/s00221-010-2267-6

Imura, T., and Tomonaga, M. (2009). Moving shadows contribute to the corridor
illusion in a chimpanzee (Pan troglodytes). . Comp. Psychol. 123, 280-286. doi:
10.1037/a0015839

Iwashita, Y., Stoica, A., and Kurazume, R. (2012). Gait identification using shadow
biometrics. Pattern Recognit. Lett. 33, 2148-2155. doi: 10.1016/j.patrec.2012.
07.022

Jonides, J. (1981). “Voluntary versus automatic control over the mind’s eye move-
ment,” in Attention and Performance, Vol. 9, eds J. B. Long and A. D. Baddeley
(Hillsdale, NJ: Erlbaum), 187-203.

Keenan, J. P, Wheeler, M. A., Gallup, G. G., and Pascual-Leone, A. (2000). Self-
recognition and the right prefrontal cortex. Trends Cogn. Sci. 4, 338-344. doi:
10.1016/S1364-6613(00)01521-7

Kennett, S., Taylor-Clarke, M., and Haggard, P. (2001). Noninformative vision
improves the spatial resolution of touch in humans. Curr. Biol. 11, 1188-1191.
doi: 10.1016/S0960-9822(01)00327-X

Kersten, D., Mamassian, P,, and Knill, D. C. (1997). Moving cast shadows induce
apparent motion in depth. Perception 26, 171-192. doi: 10.1068/p260171

Kuylen, C., Balas, B., and Thomas, L. E. (2014). My shadow, myself: cast-body
shadows are embodied. Psychon. Bull. Rev. 21, 676-681. doi: 10.3758/s13423-
013-0545-6

Lenggenhager, B., Tadi, T., Metzinger, M., and Blanke, O. (2007). Video ergo sum:
manipulating bodily self-consciousness. Science 317, 1096-1099. doi: 10.1126/
science.1143439

Frontiers in Psychology | www.frontiersin.org

May 2015 | Volume 6 | Article 666


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Pavani and Galfano

Body-shadows and multisensory body perception

Liang, C., Chang, S.-Y., Chen, W.-Y,, Huang, H.-C., and Lee, Y.-T. (2015). Body own-
ership and experiential ownership in the self-touching illusion. Front. Psychol.
5:1591. doi: 10.3389/fpsyg.2014.01591

Liden, W. H., and Herberholz, J. (2008). Behavioral and neural responses of juve-
nile crayfish to moving shadows. J. Exp. Biol. 211, 1355-1361. doi: 10.1242/
jeb.010165

Longo, M. R,, Betti, V., Aglioti, S. M., and Haggard, P. (2009). Visually induced anal-
gesia: seeing the body reduces pain. J. Neurosci. 29, 12125-12130. doi: 10.1523/
JNEUROSCI.3072-09.2009

Longo, M. R., Cardozo, S., and Haggard, P. (2008). Visual enhancement of touch
and the bodily self. Conscious Cogn. 17, 1181-1191. doi: 10.1016/j.concog.
2008.01.001

Longo, M. R,, Iannetti, G. D., Mancini, E, Driver, J., and Haggard, P. (2012). Linking
pain and the body: neural correlates of visually induced analgesia. J. Neurosci. 32,
2601-2607. doi: 10.1523/J]NEUROSCI.4031-11.2012

Longo, M. R., Pernigo, S., and Haggard, P. (2011). Vision of the body modulates
processing in primary somatosensory cortex. Neurosci. Lett. 489, 159-163. doi:
10.1016/j.neulet.2010.12.007

Lovell, P. G., Gilchrist, I. D., Tolhurst, D. J., and Troscianko, T. (2009). Search for
gross illumination discrepancies in images of natural objects. J. Vis. 9, 1-14. doi:
10.1167/9.1.37

Macaluso, E., Frith, C., and Driver, J. (2000). Selective spatial attention in vision and
touch: unimodal and multimodal mechanisms revealed by PET. J. Neurophysiol.
83, 3062-3075.

Mamassian, P. (2004). Impossible shadows and the shadow correspondence prob-
lem. Perception 33, 1279-1290. doi: 10.1068/p5280

Mamassian, P, Knill, D. C., and Kersten, D. (1998). The perception of cast shadows.
Trends Cogn. Sci. 2, 288-295. doi: 10.1016/51364-6613(98)01204-2

Maravita, A., Spence, C., Kennett, S., and Driver, ]. (2002a). Tool-use changes
multimodal spatial interactions between vision and touch in normal humans.
Cognition 83, B25-B34. doi: 10.1016/S0010-0277(02)00003-3

Maravita, A., Spence, C., Sergent, C., and Driver, J. (2002b). Seeing your own
touched hands in a mirror modulates cross-modal interactions. Psychol. Sci. 13,
350-355. doi: 10.1111/j.0956-7976.2002.00463.x

Mascalzoni, E., Regolin, L., and Vallortigara, G. (2009). Mom’s shadow: structure-
from-motion in newly-hatched chicks as revealed by an imprinting procedure.
Anim. Cogn. 12, 389-400. doi: 10.1007/s10071-008-0198-4

Miiller, H. J., and Rabbitt, P. M. A. (1989). Reflexive and voluntary orienting
of visual attention: time course of activation and resistance to suppression.
J. Exp. Psychol. Hum. Percept. Perform. 15, 315-330. doi: 10.1037/0096-1523.15.
2.315

Norman, J. E, Dawson, T. E., and Raines, S. R. (2000). The perception and recogni-
tion of natural object shape from deforming and static shadows. Perception 29,
135-148. doi: 10.1068/p2994

Norman, J. E, Lee, Y., Phillips, E, Norman, H. E, Jenning, L. R., and McBride, T.
R. (2009). The perception of 3-D shape from shadows cast onto curved surfaces.
Acta Psychol. 131, 1-11. doi: 10.1016/j.actpsy.2009.01.007

Pavan, G., Dalmaso, M., Galfano, G., and Castelli, L. (2011). Racial group member-
ship is associated to gaze-mediated orienting in Italy. PLoS ONE 6:€25608. doi:
10.1371/journal.pone.0025608

Pavani, F, and Castiello, U. (2004). Binding personal and extrapersonal space
through body shadows. Nat. Neurosci. 7, 13-14. doi: 10.1038/nn1167

Pavani, F, and Galfano, G. (2007). Self-attributed body-shadows modulate tactile
attention. Cognition 104, 73-88. doi: 10.1016/j.cognition.2006.05.007

Pavani, E, Rigo, P,, and Galfano, G. (2014). From body shadows to bodily attention:
automatic orienting of tactile attention driven by cast shadows. Conscious. Cogn.
29, 56-67. doi: 10.1016/j.concog.2014.07.006

Pavani, E, Spence, C., and Driver, J. (2000). Visual capture of touch: out-of-the-body
experiences with rubber gloves. Psychol. Sci. 11, 353-359. doi: 10.1111/1467-
9280.00270

Pourtois, G., Peelen, M. V., Spinelli, L., Seeck, M., and Vuilleumier, P. (2007).
Direct intracranial recording of body-selective responses in human extrastriate
visual cortex. Neuropsychologia 45, 2621-2625. doi: 10.1016/j.neuropsychologia.
2007.04.005

Press, C., Taylor-Clarke, M., Kennett, S., and Haggard, P. (2004). Visual enhance-
ment of touch in spatial body representation. Exp. Brain Res. 154, 238-245. doi:
10.1007/500221-003-1651-x

Reeder, R. R., and Peelen, M. V. (2013). The contents of the search template for
category-level in natural scenes. J. Vis. 13, 1-13. doi: 10.1167/13.3.13

Rensink, R. A., and Cavanagh, P. (2004). The influence of cast shadows on visual
search. Perception 33, 1339-1358. doi: 10.1068/p5322

Ristic, J., and Kingstone, A. (2005). Taking control of reflexive social attention.
Cognition 94, B55-B65. doi: 10.1016/j.cognition.2004.04.005

Rizzolatti, G., and Craighero, L. (2004). The mirror-neuron system. Annu. Rev.
Neurosci. 27, 169-192. doi: 10.1146/annurev.neuro.27.070203.144230

Ro, T., Friggel, A., and Lavie, N. (2007). Attentional biases for faces and body parts.
Vis. Cogn. 15, 322-348. doi: 10.1080/13506280600590434

Romano, D., Pfeiffer, C., Maravita, A., and Blanke, O. (2014). Illusory self-
identification with an avatar reduces arousal responses to painful stimuli. Behav.
Brain Res. 261, 275-281. doi: 10.1016/j.bbr.2013.12.049

Rorden, C., Heutink, J., Greenfield, E., and Robertson, 1. H. (1999). When a
rubber hand ‘feels’ what the real hand cannot. Neuroreport 10, 135-138. doi:
10.1097/00001756-199901180-00025

Sambo, C. E, Gillmeister, H., and Forster, B. (2009). Viewing the body modulates
neural mechanisms underlying sustained spatial attention in touch. Eur. J.
Neurosci. 30, 143-150. doi: 10.1111/j.1460-9568.2009.06791.x

Sartori, L., and Castiello, U. (2013). Shadows in the mirror. Neuroreport 24, 63-67.
doi: 10.1097/WNR.0b013e32835c6e6a

Serino, A., Farn¢, A., Rinaldesi, M. L., Haggard, P, and Ladavas, E. (2007). Can
vision of the body ameliorate impaired somatosensory function? Neuropsycholo-
gia 45, 1101-1107. doi: 10.1016/j.neuropsychologia.2006.09.013

Slater, M., Spanlang, B., Sanchez-Vives, M. V., and Blanke, O. (2010). First per-
son experience of body transfer in virtual reality. PLoS ONE 5:e10564. doi:
10.1371/journal.pone.0010564

Spence, C., Pavani, F, and Driver, J. (2004a). Spatial constraints on visual-tactile
cross-modal distractor congruency effects. Cogn. Affect. Behav. Neurosci. 4,
148-169. doi: 10.3758/ CABN.4.2.148

Spence, C., Pavani, F,, Maravita, A., and Holmes, N. (2004b). Multisensory contri-
butions to the 3-D representation of visuotactile peripersonal space in humans:
evidence from the crossmodal congruency task. J. Physiol. Paris 98, 171-189.
doi: 10.1016/j.jphysparis.2004.03.008

Spence, C., and Santangelo, V. (2009). Capturing spatial attention with multi-
sensory cues: a review. Hear. Res. 258, 134-142. doi: 10.1016/j.heares.2009.04.
015

Sugiura, M., Watanabe, J., Maeda, Y., Matsue, Y., Fukuda, H., and Kawashima, R.
(2005). Cortical mechanisms of visual self-recognition. Neuroimage 24, 143-149.
doi: 10.1016/j.neuroimage.2004.07.063

Takeuchi, M., Isogawa, M., Iwai, D., and Sato, K. (2014). “Weak perspective shadow
interface for seated user’s pointing on large wall display,” in Proceedings of the
2014 IEEE/SICE International Symposium on System Integration (SII), (Tokyo:
Chuo University), 316-321.

Taylor-Clarke, M., Kennett, S., and Haggard, P. (2002). Vision modulates
somatosensory cortical processing. Curr. Biol. 12, 233-236. doi: 10.1016/S0960-
9822(01)00681-9

Taylor-Clarke, M., Kennett, S., and Haggard, P. (2004). Persistence of visual-
tactile enhancement in humans. Neurosci. Lett. 354,22-25. doi: 10.1016/j.neulet.
2003.09.068

Tipper, S. P, Lloyd, D., Shorland, B., Dancer, C., Howard, L. A., and McGlone, F.
(1998). Vision influences tactile perception without proprioceptive orienting.
Neuroreport 9, 1741-1744. doi: 10.1097/00001756-199806010-00013

Tipper, S. P, Phillips, N., Dancer, C., Lloyd, D., Howard, L. A., and McGlone, F.
(2001). Vision influences tactile perception at body sites that cannot be viewed
directly. Exp. Brain Res. 139, 160-167. doi: 10.1007/s002210100743

Tsakiris, M., Haggard, P., Franck, N., Mainy, N., and Sirigu, A. (2005). A specific
role for efferent information in self-recognition. Cognition 96, 215-231. doi:
10.1016/j.cognition.2004.08.002

Tsakiris, M., Prabhu, G., and Haggard, P. (2006). Having a body versus moving your
body: how agency structures body-ownership. Conscious. Cogn. 15, 423-432.
doi: 10.1016/j.concog.2005.09.004

Tsakiris, M., Schiitz-Bosbach, S., and Gallagher, S. (2007). On agency and body-
ownership: phenomenological and neurocognitive reflections. Conscious. Cogn.
16, 645-660. doi: 10.1016/j.concog.2007.05.012

van den Bos, E., and Jeannerod, M. (2002). Sense of body and sense of action
both contribute to self-recognition. Cognition 85, 177-187. doi: 10.1016/S0010-
0277(02)00100-2

Whiteley, L., Kennett, S., Taylor-Clarke, M., and Haggard, P. (2004). Facilitated
processing of visual stimuli associated with the body. Perception 33, 307-314.
doi: 10.1068/p5053

Frontiers in Psychology | www.frontiersin.org

May 2015 | Volume 6 | Article 666


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Pavani and Galfano

Body-shadows and multisensory body perception

Witt, J. K., Proffitt, D. R., and Epstein, W. (2005). Tool use affects perceived distance,
but only when you intend to use it. J. Exp. Psychol. Hum. Percept. Perform. 31,
880-888. doi: 10.1037/0096-1523.31.5.880

Xu, H., Iwai, D., Hiura, S., and Sato, K. (2006). “User interface by virtual shadow
projection,” in Proceedings of the 2006 SICE-ICASE International Joint Conference
SA14-1, A0897, Busan.

Yonas, A., and Granrud, C. E. (2006). Infants’ perception of depth from cast
shadows. Percept. Psychophys. 68, 154-160. doi: 10.3758/BF03193665

Zbrodoff, N. J., and Logan, G. D. (1986). On the autonomy of mental processes: a
case study of arithmetic. J. Exp. Psychol. Gen. 115, 118-130. doi: 10.1037/0096-
3445.115.2.118

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Pavani and Galfano. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or
licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

11

May 2015 | Volume 6 | Article 666


http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

	The multisensory body revealed through its cast shadows
	Introduction
	The Effects of Someone Else's Body Shadows
	One's Own Body Shadows Bind Personal and Extrapersonal Space
	One's Own Body Shadows Shift Attention to the Body
	The Attentional Link between One's Own Shadows and the Body is Fast and Mandatory
	Are Body Shadows Special?
	Future Directions for a Novel Research Field
	Conclusion
	Author Contributions
	Acknowledgment
	References


