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The relation between the body and higher-order mental

functions has been a topic of discussion for many decades, if

not centuries, in philosophy as well as psychology, and has

more recently been widely discussed in cognitive neurosci-

ence, robotics, and artificial intelligence. In philosophy, the

so-called mind-body problem has a long tradition. This

discussion traces back to ancient Greek philosophers, but the

debatewas renewed by Ren�e Descartes' radical statement that

the mind “is entirely and truly distinct from the body [and the

brain] and may exist without it” (Descartes, 1975). While most

contemporary philosophers reject his idea of a substance

dualism, the role of the body in shaping conscious experience

continues to be controversial (Gallagher, 2005). Influential

philosophers directly opposed his mind-body dualism by

stressing the importance of bodily experience (e.g., James,

1890; Merleau-Ponty, 1945), and recent theories have been

progressively converging their emphasis on the high rele-

vance of bodily processes (i.e., the nonconceptual represen-

tations and processing of body-related information) in

cognitive processes and self-consciousness (e.g., Bermúdez,

1998; Damasio, 1994; Gallagher, 2000, 2005; Varela,

Thompson, & Rosch, 1991). Indeed, the idea of embodied

cognition has gained increasing influence in psychology and

neuroscience in recent decades (see e.g., Barsalou, 2008 for an

extensive review). This notion is based on the embodiment

thesis, which states that “many features of cognition are

embodied in that they are deeply dependent upon character-

istics of the physical body of an agent, such that the agent's
beyond-the-brain body plays a significant causal role, or a

physically constitutive role, in that agent's cognitive process-

ing” (Wilson & Foglia, 2011). Empirical examples have been

substantiated in awide range of cognitive functions, including
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numerical processing, visual attention, social cognition,

memory, and language (Barsalou, 2008; Fischer, 2012). While

embodied cognition initially emphasizes the relation between

the physical body and cognitive function, it has also become

increasingly clear that the sense of the body is plastic and is

not only dependent on incoming sensory information but also

on internal representations of our body, some of which are

highly cognitive in nature. Body representations and the

underlying neural mechanisms have received increasing

attention in cognitive neuroscience over the last few decades.

There has been a lively debate about the functional architec-

ture of body representations and various theoretical models

have been proposed (e.g., Berlucchi & Aglioti, 1997; Longo,

Aza~n�on, & Haggard, 2010; Moseley, Gallace, & Spence, 2011;

Paillard, 1999; de Vignemont, 2010). While many of these

models were built on clinical data from disorders of the bodily

self, the development of new paradigms to alter bodily expe-

riences has refined and extended such models. These para-

digms typically confront healthy participants with ambiguous

multisensory information about their body, during which

bottom-up signals from unimodal sensory systems are inte-

grated and decoded by higher, multisensory levels of the

hierarchy to construct an updated body representation

(Botvinick & Cohen, 1998; Ehrsson, 2007; Kammers, de

Vignemont, Verhagen, & Dijkerman, 2009; Lackner, 1988;

Lenggenhager, Tadi, Metzinger, & Blanke, 2007; Stratton,

1899; Tsakiris & Haggard, 2005). Bodily awareness can be

quite easily manipulated in healthy participants, and such

paradigms thus provide an interesting tool to study the link

between body representations and cognition beyond the

research classically performed in the embodied cognition

domain. Several studies have demonstrated that illusory
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changes in body awareness influence a broad variety of

higher-level cognition processes. For example, experimentally

altered body perception can affect the perception of the size

and distance of external stimuli (Banakou, Groten, & Slater,

2013; van der Hoort, Guterstam, & Ehrsson, 2011) and even

episodic memory (Bergouignan, Nyberg, & Ehrsson, 2014).

These experimental body manipulation paradigms can also

modulate social cognition, such as social distance perception

(Mazzurega, Pavani, Paladino, & Schubert, 2011) or implicit

biases (Maister, Sebanz, Knoblich, & Tsakiris, 2013; Peck,

Seinfeld, Aglioti, & Slater, 2013) (for a recent review) see

Maister, Slater, Sanchez-Vives, and Tsakiris (2015). Similarly,

patient studies have evinced that longer-term alterations in

body awareness also affect cognitive processes, such as

perspective-taking (Besharati et al., 2016), and that peripheral

alteration of bodily signaling due to physical loss of a body

part can also influence visual spatial perception (Makin, Wilf,

Schwartz, & Zohary, 2010). These studies therefore suggest

that, in order to understand how the body influences cogni-

tion and vice versa, one needs to investigate the relation be-

tween three different components: peripheral sensorimotor

signals, higher order body representations, and cognitive

function.

This special issue provides a state of the art overview of the

current investigations and topics on the body and cognition. It

assimilates interdisciplinary findings from neuropsychology,

neurology, neuroimaging, and cognitive psychology, and

covers the relation between body awareness and various

cognitive functions in the motor and social domain. This is

exemplified by the two reviews in this special issue. In an

attempt to integrate and newly structure the large body of

literature on the bodily self in philosophy, developmental

psychology, and neuroscience, Riva, 2018 proposes a new

theoretical model of body representations. He stresses the

importance of both an online integration of incoming intero-

and exteroceptive signals, as well as stored representations of

the body (body memory), and proposes unique body repre-

sentations that emerge during distinct developmental periods.

While the most basic representation, the minimal selfhood, is

present from birth, other representations emerge later. After

the initial sensorimotor experience and agency (i.e., classical

body schema) has been established, more cognitive schemata,

linked to body ownership, social function, and allocentric

representations, begin to emerge. These multimodal repre-

sentations are integrated into what Riva labels a “body

matrix”: a supramodal multisensory representation of the

body and the space surrounding the body, which serves to

protect and extend the individual's body on both homeostatic

and psychological levels. Riva then describes potential disor-

ders of the bodymatrix in various clinical conditions and how

these can be remedied using modern technologies.

The second review by Porciello et al., 2018 focuses on one

particular experimental setup, which uses conflicting multi-

sensory signals to alter face representation, the enfacement

illusion. The authors argue that this illusion is especially

relevant for studying the interaction between body represen-

tations, identity, and social aspects, as the face, more than

other body parts, is crucial both for identification and social

communication. The authors review current evidence for the

role of exteroceptive and interoceptive signals in building
body representations and self-awareness. Moreover, they

discuss the neural network implicated in plastic changes of

the self and link it to the predictive coding framework. This

predictive coding framework is also featured in the review by

Riva, 2018, who proposes its involvement in creating a

supramodal body matrix, activated by central top-down

attentional processing. Both reviews advocate that a combi-

nation of bottom-up multisensory signals and top-down

cognitive processes constitute important components for

both the stable sense of a bodily self aswell as for its plasticity.

Indeed, the empirical papers in this special issue have focused

mostly on the role of either peripheral sensory signals or top-

down representations. Overall, the empirical contributions of

this special issue can roughly be subdivided into three

different topics: a) sensory input, multisensory integration

and aspects of body representation; b) the relation between

motor function and body representations; and c) the link

between body perception and cognitive function.
1. Multisensory integration and body
cognition

Studies investigating the role of sensory input in relation to

bodily cognition have focused on different modalities.

Fossataro et al., 2018 used asynchronous visuo-tactile stim-

ulation in a rubber hand illusion-like setup to restore the

sense of ownership over the disowned own hand in stroke

patients. Asynchronous stroking of the visible rubber hand

and the invisible own hand is generally used as a control

condition in the rubber hand illusion, since the mismatch

between the bottom-up and top-downmultisensory signaling

typically prevents the generation of an altered sense of

ownership. Previous studies have demonstrated that asyn-

chronous tactile stroking differs from both the synchronous

touch and visual only conditions in that it prevents visuo-

proprioceptive integration and thus proprioceptive drift in

healthy participants (Rohde, Di Luca, & Ernst, 2011). Other

studies using the rubber hand or related illusions to study

body ownership report a generally enhanced illusion in pa-

tients suffering from clinical disorders of corporeal aware-

ness (Lenggenhager, Hilti, & Brugger, 2015), and demonstrate

that an integration of the rubber hand into their own body

representation is possible even under asynchronous stroking

conditions (van Stralen, van Zandvoort, Kappelle, &

Dijkerman, 2013). The group of Eþ patients studied by Fos-

sataro et al., pathologically embody the (foreign) hand of the

experimenter when placed in front of them in a congruent

position (Garbarini et al., 2013; but see also Gerstmann 1942).

When the experimenter moved this hand, the patient

claimed he moved the hand himself; when this foreign hand

was touched, the patient claimed he felt the touch. Inter-

estingly, Fossataro et al., 2018 showed that asynchronous

stroking of the visible experimenter's hand and the invisible

own hand in Eþ patients with residual tactile sensibility

resulted in a temporary reduction of pathological embodi-

ment of the experimenter's hand. These findings suggest that

a conflict between visual and tactile input influences body

ownership and thus that the effects of asynchrony are bidi-

rectional. It further sheds light on how multisensory

https://doi.org/10.1016/j.cortex.2018.06.001
https://doi.org/10.1016/j.cortex.2018.06.001


c o r t e x 1 0 4 ( 2 0 1 8 ) 1 3 3e1 3 9 135
stimulation paradigms could potentially be used in thera-

peutic settings. While the described manipulation only

resulted in a transient reduction, which is typical for this

field, future studies should investigate how longer-term

stimulation might affect body cognition in these patients.

Crucianelli, Krah, Jenkinson, & Fotopoulou, 2018 focused

on a different sensory modality that more recently entered

the research field of body representations: interoception.

They investigated interoceptive (cardiac and affective touch)

signals using the archetypical body ownership illusion, i.e.,

the rubber hand illusion (Botvinick & Cohen, 1998). First,

they examined the link between two different aspects of

interoceptive perception: cardiac awareness (heartbeat

counting task) and affective touch experience during strok-

ing of the arm at velocities that optimally activate the c-

tactile system, but found that cardiac awareness did not

predict pleasantness ratings of c-tactile optimal touch. This

may suggest that interoceptive perception is not a unitary

trait, but rather, and similar to the exteroceptive modality, is

different for various interoceptive signals. In their second

experiment, Crucianelli et al. related interoceptive percep-

tion to body ownership as assessed by the rubber hand

illusion. They replicated the finding that c-tactile optimal

stroking enhanced the illusion, confirming the importance of

this type of interoceptive signal for body ownership (see also

Crucianelli, Metcalf, Fotopoulou, & Jenkinson, 2013; Lloyd,

Gillis, Lewis, Farrell, & Morrison, 2013; van Stralen et al.,

2014). In contrast to previous studies (Suzuki, Garfinkel,

Critchley, & Seth, 2013; Tsakiris, Tajadura-Jim�enez, &

Costantini, 2011), however, cardiac sensitivity, as measured

by the heartbeat detection task, was not related to the

strength of the illusion. Overall, the results of this study

confirm the importance of interoceptive signals for body

ownership, but only partially. The authors suggest that this

could depend on the attentional weighting that individuals

give to interoceptive signals, which may be influenced by

multisensory and contextual factors. Carefully disentangling

the different facets of interoceptive cues and their influence

on body cognition will be important for the field, especially

since most research has typically focused on cardiac sensi-

tivity and to a lesser extent on c-tactile touch when exam-

ining interoception, while other potentially influential

signals, such as respiratory and gastrointestinal cues, have

been almost completely ignored. The contradicting findings

of this article to previous research highlights the importance

of reporting both positive and negative findings to more

accurately discern the role of interoceptive signaling in

corporeal awareness.

Another often neglected sensory modality that has

recently received increasing attention in body representation

research is the vestibular system (Ferr�e & Haggard, 2016;

Lenggenhager & Lopez, 2015; Pfeiffer, Serino, & Blanke,

2014). While previous studies investigated the contribution

of vestibular cues on body ownership using artificial vestib-

ular stimulation during altered embodiment (Ronchi et al.,

2012; Salvato et al., 2016), Lopez & Elzi, 2018 studied altered

body cognition in a large sample of patients with vestibular

disturbances. They reported that out-of-body experiences

(OBEs) occurred significantly more often in patients with

dizziness (14%) than in the controls (5%). OBEs were related to
peripheral vestibular dysfunction in particular, but also to

depersonalization-derealization, depression, and migraines.

The authors concluded that the presence of OBEs in dizziness

patients may be related to a problem in multisensory inte-

gration (conflicting information between vestibular and other

bodily signals) combined with psychological and neurological

factors. The study also underlines the importance of intro-

ducing a more systematic assessment of alterations in body

perception in clinical populations affected by peripheral

sensory disturbances.

Overall, these three studies show that multisensory inte-

gration and disintegration of different modalities are crucial

for various aspects of bodily experience. As demonstrated by

all the articles, it is important to consider a broad range of

bodily signals but also a broad range of methods. The three

above mentioned studies cover the cohorts that have been

investigated most in this field, i.e., healthy participants,

patients with brain lesions in areas of higher-order body

representations, as well as patients with alterations in sen-

sory input due to peripheral disturbances.
2. Motor aspects of body cognition

In addition to its key role in the integration of multisensory

cues, the motor system is also crucial for our sense of a body

(Bottini et al., 2009; Burin et al., 2015; Maravita & Iriki, 2004).

Two papers in this special issue focused on the mutual

interaction between motor functions and body representa-

tions in two groups of patients with alterations in peripheral

bodily signals. Saetta et al. (2018) showed that the character-

istics of a phantom perception following limb loss influences

bodily movement perception, while Reid et al., 2018 reported

that complex regional pain syndrome (CRPS) affects spatially

defined motor function. In this latter study, patients with

unilateral CRPS of the upper limb were asked to perform two

motor tasks: a circle drawing task and a button pressing task

to examine motor accuracy and motor coordination, respec-

tively. Performance was found to be impaired on both tasks

with the affected hand; but more importantly, performance

was also poor when the tasks were completed with the

healthy hand on the afflicted side of their bodymidline. These

findings underscore the bidirectional and interdependent

relationship between spatial and bodily representations in

patients with unilateral CRPS and exemplify how a body-

related spatial bias can affect motor performance.

Saetta et al. (2018) studied amputees who experienced the

presence of a phantom limb. In particular, they investigated

how solidity constraints of the phantom influence the

perception of an apparent limb motion illusion. When a

physical object occupies the same space as the phantom limb,

the phantom disappears (obstacle shunning) in some ampu-

tees, whereas the phantom limb and object may co-exist

(obstacle tolerance) in others. The apparent motion illusion

consists of two pictures with a limb positioned on either side

of an object. These pictures are shownwith different stimulus

onset asynchronies (SOAs). When the SOA is short, the limb

appears to move through the object, while longer SOAs result

in the limb apparently moving around the object. Interest-

ingly, amputees who experience obstacle shunning of the
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phantom, perceived the limb mainly as moving through the

object, while amputees with object tolerance mainly experi-

enced the limb as moving around the object. The authors

explained this in terms of intuitive physics; that is, for am-

putees who experience obstacle shunning, apparent motion

perception of the limbs is not constrained by the laws of

impenetrability. Instead, they perceive their limb as moving

through the physical object due to the disappearance of the

phantom. In contrast, people who experience obstacle toler-

ance have stronger constraints for apparent motion of the

limb, perhaps because they must avoid co-location of the

phantom with physical objects.

Overall, both studies show that changes in bodily experi-

ence following peripheral damage affect higher-order motor-

related body representations and suggest complex and inter-

dependent interactions between the two.
3. The relation between body perception and
higher cognitive function

In line with themain focus of the special issue, several studies

directly investigated the link between body representations

and other cognitive functions. Azevedo, Badoud, & Tsakiris

(2018) linked cardiac signaling to attentional engagement to

fearful faces. Van Stralen et al., 2018 observed a relation

between body awareness deficits following stroke and left-

right orientation problems, whereas Pellencin, Paola,

Herbelin, & Serino, 2018 showed that social perception of

others can influence peripersonal space.

The study of Azevedo et al., 2018 represents an illustrative

example of how body-related processing influences higher-

order cognition. They found that during the systolic compo-

nent, when cardiac signals to the brain are maximal, atten-

tional engagement to fearful facial stimuli is enhanced

specifically for low frequency, but not for high frequency or

broadband facial stimuli. Low frequency stimuli are consid-

ered to be relevant for the fast detection of emotional facial

expressions and are supported by a subcortical pathway

involving the superior colliculus, pulvinar, and amygdala

(Mendez-Bertolo et al., 2016; Vuilleumier et al., 2003). These

findings suggest that cardiac signals enhance processing of

visual threat stimuli and, in particular, facilitate the fast

extraction and attentional engagement to threat cues. While

this result is in line with increasing evidence that inter-

oception might influence cognitive processes (Tsakiris &

Critchley, 2016), it also uses an elegant paradigm to over-

come some of the methodological problems associated with

current research on interoception and cognition (Brener &

Ring, 2016).

Van Stralen et al., 2018 focused on a different aspect of

higher-order cognition: spatial judgements. They studied the

relation between somatosensory and body awareness deficits,

and the ability to distinguish the left and right side of the body

in a group of subacute stroke patients. This left-right orien-

tation is considered to be an aspect of the structural body

representation, together with more segmental aspects such

as the ability to identify and distinguish between fingers

(Dijkerman & de Haan, 2007). They observed that deficits in

left-right orientation can be selectively impaired for pictures
shown from a first and third person perspective, respectively.

More importantly, neglect and finger agnosia predicted im-

pairments in overall left-right orientation performance, while

self-reported body awareness problems and finger agnosia

predicted deficits in distinguishing left and right from a third

person perspective. Finally, problems in left-right orientation

were consistently associated with damage to the right ante-

rior insular cortex, an area also considered to be involved in

body awareness. Overall, this study demonstrates that body

awareness problems are related to deficits in other aspects of

body cognition, such as structural body representation.

In the final study of this special issue, Pellencin, Paola,

Herbelin, and Serino (2018) investigated the effect of infor-

mation about the social identity of another person on the

representation of the space surrounding our body, i.e., the

peripersonal space. Previous studies have shown that peri-

personal space is body part centered and mediated by neural

areas that largely overlap with those also involved in body

representations (Blanke, Slater, & Serino, 2015). Using a novel

augmented reality set-up and the well-established visuo-

tactile stimulation paradigm to assess peripersonal space

boundaries (Canzoneri, Magosso, & Serino, 2012), the authors

showed that information about another person's moral iden-

tity can influence the boundaries of peripersonal space.When

the other person was judged to be moral, the peripersonal

space was larger than when this person was considered to be

immoral. Moreover, this extension of peripersonal space was

specifically linked to social cues from human participants, as

it did not occur when an object was presented. The authors

suggested that the extension of peripersonal space may have

ensued from action-related mechanisms; that is, participants

were more willing to interact with a moral compared to an

immoral person and therefore extended their action space.

While this study did not directly assess body representations,

it did demonstrate that higher-order social perceptions about

another person can modulate representations closely related

and anchored to the body. Furthermore, it is in line with

recent studies that measured body representations more

directly, showing that social perception might influence

bodily illusions (Bufalari et al. 2014). It thus confirms a mutual

interaction between body-related and social cognition; an

aspect that has often been neglected in current literature.
4. Integration

Consistent with its aim, the studies in the current special issue

cover a diverse range of topics and methodology. The picture

that emerges is that body representation constitutes a complex

multimodal system, comprised of sensory mechanisms that

bidirectionally interact with higher-order representations to

continuously update and modulate corporeal awareness and

cognition. Bodily representation, motor performance, and

cognition are notably interdependent processes. Reviews on

body representations suggest the involvement of a complex

network of cortical and subcortical areas (Berlucchi & Aglioti,

1997; Moseley et al., 2011; Porciello et al., 2018; Riva, 2018).

This is exemplified in the review by Riva in this special issue,

which provides a general and extensive body representations

framework appropriate to many of the empirical studies and
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clinical reports. The studies investigating the role of sensory

input for bodily experience are in line with the general idea

that our bodily experience is mediated by online internal

(vestibular, interoceptive, proprioceptive) and external (tactile)

information (see Figures 1 and 3 Riva, 2018). These studies

demonstrate the complexity in which peripheral signals

contribute to the bodily experience, both in healthy partici-

pants and in patients (Crucianelli et al., 2018; Fossataro et al.,

2018; Lopez & Elzi, 2018; Reid et al., 2018). An important

mechanism to consider is predictive multisensory integration,

which has also been emphasized in the review by Porciello

et al., 2018. Importantly, Riva additionally provides a frame-

work for the different higher-order body representations,

including their development (“body memory” in Riva's terms,

see Figures 2 and 3 Riva, 2018). Several of the body represen-

tations he describes have been investigated in the empirical

studies in this special issue. The two studies assessing the

correlation between body representations and motor repre-

sentations would relate to the Active Body, in Riva terms (Reid

et al., 2018; Saetta et al. 2018). An aspect of this representation

also involves “movement of the body in space”, which fits in

well with the spatial component of motor deficits in complex

regional pain syndrome (Reid et al., 2018), as well as the effects

of object phantom limb interactions on body part movement

perception in the study of Saetta et al. (2018). Van Stralen et al.,

2018 reported a link between structural body representations

(left-right orientation) and body ownership, both of which

seem to be part of the Personal body in Riva's description. The

observation that the anterior insula is important for both body

ownership and left-right orientation may therefore not be so

surprising. While these studies nicely fit some aspect of Riva's
model (2018), other potentially relevant aspects, such as

ontogenetic development, are not covered in this special issue,

but will be important to address in future empirical study.

It has long been assumed that the bodily self is also a social

phenomenon (Schilder, 1935). Interactions between the Self

and others were investigated in the studies of Azevedo et al.,

2018 and Pellencin et al., 2018. These are featured less in the

Riva review, but more prominently in the review by Porciello

et al., 2018, where particular attention is paid to the face, our

most socially relevant body part. Both the studies of Azevedo

and Pellencin demonstrate how socioemotional processing is

coupled to bodily processing. While the study of Pellencin

et al., 2018 shows that social information affects peri-

personal space, the study of Azevedo et al., 2018 shows the

reverse influence: bodily signals (i.e., cardiac signals) influ-

ence attention to emotionally salient and therefore socially

relevant stimuli. This interaction between body representa-

tion and processing of social information is clearly bidirec-

tional; an aspect that has often been neglected in studies on

body representations and should be considered, or controlled

for, more carefully in future studies. Especially during the

enfacement illusion but also in other studies, such social

aspects might influence plasticity of the bodily self.
5. Conclusion

As mentioned in the introduction, the question of how body

(representations) and mind relate to each other has a long
history. The renewed interest in body representations in

cognitive neuroscience and neuropsychology during the last

few decades has provided new paradigms to study this ques-

tion, resulting in considerable advances in both the theoretical

models and aspects studied. It is clear that, in order to un-

derstand how body and cognition are related, one needs to

assess peripheral sensorimotor processes, higher-order body

representations, as well as cognitive functions. The papers of

this special issue have covered and extended these aspects.

Several studies focused on the relation between sensory input

or motor function and body representation. Furthermore, both

the reviews and various empirical papers provide further evi-

dence for how body representations and higher-order func-

tions, such as attention, spatial cognition, and social cognition

are intrinsically linked.We are confident that these papers and

future empirical studies both in healthy participants and in

patients will further advance this field. This is important not

only for understanding the fundamental mechanisms of

embodied cognition and for developing treatment for patients

with body representation disorders, but potentially also for a

broad range of applied sciences dealing with altered body

representations, such as robotics or virtual reality (Keizer, van

Elburg, Helms, & Dijkerman, 2016; Perez-Marcos et al., 2012;

Riva, Ba~nos, Botella, Mantovani, & Gaggioli, 2016).
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