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Abstract

Although in the last three decades philosophers, psychologists and neuroscientists have produced numerous studies on
human cognition, the debate concerning its nature is still heated and current views on the subject are somewhat antithetical.
On the one hand, there are those who adhere to a view implying ‘disembodiment’ which suggests that cognition is based
entirely on symbolic processes. On the other hand, a family of theories referred to as the Embodied Cognition Theories
(ECT) postulate that creating and maintaining cognition is linked with varying degrees of inherence to somatosensory and
motor representations. Spinal cord injury induces a massive body-brain disconnection with the loss of sensory and motor
bodily functions below the lesion level but without directly affecting the brain. Thus, SCI may represent an optimal model
for testing the role of the body in cognition. In this review, we describe post-lesional cognitive modifications in relation to
body, space and action representations and various instances of ECT. We discuss the interaction between body-grounded

and symbolic processes in adulthood with relevant modifications after body-brain disconnection.

Keywords Embodied cognition theories - Spinal cord injury, Deafferentation and deefferentation - Body in the mind

(Dis)Embodied approaches to cognition

The traditional occidental concept of the human mind seems
to be essentially based on mind-body dualism deriving from
the Cartesian distinction between the mind (res cogitans)
and the body (res extensa). The mind-body dichotomy has
been taken to imply not only that basic perceptual and motor
functions are separated from higher order ones (Block,
1995), but also that the latter are exclusively based on the
manipulation of abstract, amodal symbols and are largely
independent from the former (Newell & Simon, 1972). In the
last few decades, this radical view has been challenged by
ever increasing psychological and neuroscientific evidence
that human cognition is profoundly influenced by basic sen-
sorimotor processes and that even complex concepts such
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as the abstract aspects of language are largely grounded on
body representations and their relations with the world. This
is the central tenet of a group of theories that are included
under the umbrella definition of ‘Embodied Cognition
Theories’ (ECTs). According to these theories, all human
experience is grounded in the body, not only perceptual and
emotional processes and social interactions, but also the
acquisition and creative use of language (e.g., the use of
metaphors), judgment capacities and the creation of cultural
artefacts (Gallagher, 2005). Since their original formulation
(Glenberg, 1997), ECTs have attracted the interest of many
disciplines, such as psychology, psychotherapy (Khoury
et al., 2017; Tschacher et al., 2017), education (Pouw et al.,
2014), philosophy, anthropology, robotics (Hoffmann et al.,
2010), artificial intelligence (Shapiro, 2011) and, last but
not least, neuroscience (Freund et al., 2016; Kiefer & Pul-
vermiiller, 2012; Mahon & Caramazza, 2008). However,
ECTs do not refer to a unitary construct and each theory
does in effect differ from another in the way it conceives
the reciprocal relations between the body, the mind and the
environment and the modalities by means of which bodily
representations affect cognition. The various different theo-
ries range from a general idea of an instrumental role of the
body in information processing (Korner et al., 2015) to a
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more radical view asserting that “all cognitive processes are
based on sensory, motor and emotional processes, which are
themselves grounded in body morphology and physiology”
(Glenberg, 2015, p. 166).

Importantly, however, a sort of continuum is identifiable
within these various theories (Fig. 1). At one extreme of this
continuum, there is a hypothesis that presupposes the hierar-
chical organisation of cognition with a symbolic system that
is separated from the sensorimotor system that can merely
activate motor responses (Leshinskaya & Caramazza, 2016).
At the other extreme is the idea that cognition emerges from
a dynamic circle of interactions between the brain, the body,
and the environment without the need for symbols (Brooks,
1991; van Gelder, 1998). What distinguishes these two per-
spectives regards the role that the body and its connection
to objects plays in cognition (Shapiro, 2019). The body may
be considered to ‘participate’ in building cognition since
cognition may be altered depending on the shape, size and
experiences of the body (Glenberg, 1997; Lakoff & Johnson,
1999; Varela et al., 1991). From a different perspective, the
body can be considered to be ‘constitutive’ in the sense that
cognition would not exist without it (e.g., the Perceptual
Symbol theory; Barsalou, 2008; O’Regan & Nog, 2001).
Objects are only taken into account in some of these theo-
ries in which it is suggested that they participate in building
cognition (e.g., the Extended mind theory, Clark, 2006; the

Disembodied cognition

Dynamical systems theory, van Gelder, 1998). An example
is the act of writing and thinking at the same time, a task
that gives a specific result due to the interaction between the
brain and the body and thence to a pen and paper, and from
there back again to the brain (Clark, 2006). Accordingly, if
one changes either the gesture or the object, the final product
will also be different. One might ask whether in this case the
mind extends to the body (e.g., the Peripheral mind theory,
Aranyosi, 2013) and also to the objects (Clark, 2006) or,
alternatively, the mind incorporates the body and the objects
it is interacting with (Borghi, 2005). This is a question that
remains unanswered.

Recent studies on the link between embodiment and
higher order functions in people with sensory deprivation
highlight the importance of both sensory and conceptual
representations (Ostarek & Bottini, 2021). For example,
anterior temporal lobe activation in colour-knowledge tasks
turned out to be very similar in congenital and early blind
subjects (Wang et al., 2020). In contrast, activation in the
ventral occipito-temporal colour perception regions was
found only in sighted controls. This pattern of results points
to the existence of two forms of object representation in
the human brain: a sensory-derived and a cognitive-derived
form of knowledge (Wang et al., 2020), with the former
being experience-dependent and the latter experience-inde-
pendent (Ostarek & Bottini, 2021). Crucially, the analyses
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Fig.1 The various different models of embodied cognition theories
are represented in a progression from one extreme with Disembodied
Cognition to the other extreme positions inside the Embodied Cog-
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of connectivity in Wang et al.’s study shows that the two
systems relating to colour knowledge are integrated and part
of a widespread network (Wang et al., 2020). Thus, a crucial
question concerns not only whether but also how the two
levels interact and if the sensory level is able to modulate
and modify the conceptual level. If so, one can conclude
that knowledge is embodied, although embodiment is not
the only way the brain understands the world.

While no single clinical condition makes it possible to
distinguish between the various different ECTs, alterations
in the body may provide novel information on the differ-
ent variables that play a role in these processes. Studies of
amputees, for example, may highlight possible representa-
tional bodily changes that might, however, be due to multi-
ple aspects, such as the visual appreciation of conspicuous
changes in body shape as well as the somatosensory and
motor disconnection between the body and the brain. In the
following section, we focus on individuals suffering from
spinal cord injury (SCI) in whom the general body shape
is unchanged in spite of a massive somatosensory de-affer-
entation and motor de-efferentation. The specificity of this
neurological model with respect to other clinical conditions
will be analysed, then the changes in cognitive functions
associated with SClIs are reviewed, starting from the repre-
sentation of static and acting bodies, and continuing with an
exploration of object and space representations. The poten-
tial contribution of these experimental data to the debate on
embodied cognition will conclude the review.

Spinal cord injury (SCI) as a model
for understanding the role of the body
in cognition

Spinal cord injury (SCI) is a clinical condition in which a
complete or incomplete lesion of the spinal cord induces a
total or partial interruption of the bidirectional communica-
tion between the body and the brain, with the consequence
that no somatosensory input from the body periphery below
the lesion level (e.g., sensations of touch, pressure, the sense
of limb position) is sent to the brain (de-afferentation) and
no motor commands from the motor cortices can reach the
muscles controlling the body parts below-the-lesion level,
ultimately leading to paresis or paralysis (de-efferentation).
The extent of deprivation depends on the lesion level. SCI at
the cervical level brings about hypoesthesia/anaesthesia and
tetraparesis/tetraplegia, a clinical condition with impaired/
absent somatosensory and motor functions affecting both
upper and lower limbs (Fig. 2). SCI below the first thoracic
spinal cord segment leads to paraparesis/paraplegia (i.e.,
the deficits affect lower limbs but spare upper limbs, neck
and head regions). Given the topographic organisation of
the spinal cord, exploring patients with lesions at different

Fig.2 Graphical representation of the somatosensory and motor defi-
cits following a SCI. A) The various levels of spinal cord are repre-
sented in the spinal column. The grey regions (B,C,D) indicate the
body parts of altered processing of somatosensory and motor sig-
nals. B = cervical lesion with tetraplegia; C = thoracic lesion (T1)
with paraplegia and partial deficit in the upper limbs; D = lower tho-
racic level (T12) with paraplegia

levels makes it possible to investigate in the same individual
the representations of the body parts that are de-afferented/
de-efferented and those that are still connected to the brain.
For example, in patients with high cervical lesions, the face
and head regions are normally connected to the brain while
the body regions below the neck are disconnected from the
brain; in patients with lesions affecting the lumbar region,
the deprivation exclusively involves the lower parts of the
body. It is exactly this topography of damage that offers a
unique opportunity to investigate the specificity of depriva-
tion-related changes in cognition.

Furthermore, a second aspect that makes the SCI model
interesting and contributes towards a better understanding
of the relevance of body in cognition is that the lesion is
confined to the spinal cord and does not affect the brain. In
this way, any cognitive changes recorded after lesion onset
cannot be attributable to brain damage but are instead clearly
the indirect effect of somatosensory and motor disconnec-
tions. To date, the link between the body and cognition has
been investigated in patients suffering from brain damage
(e.g., Canzano et al., 2014; Cocchini et al., 2010; D’Imperio
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et al., 2017; Fossataro et al., 2018; Garbarini et al., 2015;
Moro et al., 2011; Moro, Urgesi, et al., 2008b; Pazzaglia,
Pizzamiglio, et al., 2008a; Tosi et al., 2018). However, the
mere presence of brain damage makes it difficult to under-
stand the potential specific role of body afferences and effer-
ences in modulating cognitive functions. In fact, when ana-
lysing the results from tests carried out with brain injured
participants, three limitations need to be taken into account.
Firstly, it is always necessary to consider the extreme vari-
ability between patients with regard to their symptoms, even
when they share the same diagnosis. Secondly, it may be
difficult to distinguish the symptoms that directly depend
on the lesion and the changes that are secondary to the
somatosensory-motor disability. Thirdly, brain lesions may
affect neural networks that extend beyond specific cortical
regions and involve the white matter tracts and thus the con-
nections between distant, not directly damaged brain areas.
This induces alterations which cannot be explained in terms
of mere lesion site but rather in terms of a disconnection
between cortical regions, even those which are remote from
one another (Pacella et al., 2019, 2020; Thiebaut de Schotten
etal., 2015). These limitations are overcome in cases of SCI
in whom there is no primary brain damage.

The SCI model also has advantages over other clinical
conditions which involve body de-afferentation and de-
efferentation without direct, primary brain damage, but
with clear signs of plastic remapping of sensorimotor and
cognitive functions. For example, evidence of fast, profound
somato-topography in remapping processes regarding body
and space representations has been discussed in studies on
individuals who have undergone amputation (Aglioti et al.,
1994; Aglioti et al., 1997; Canzoneri et al., 2013; Ramachan-
dran et al., 1992). It is worth noting that, unlike spinal cord
lesions, amputations involve the real loss of a body part and,
as a consequence, a conspicuous change in the shape of the
body. Thus, any changes in cognition observed in amputees
may at least in part depend on other non-somatosensory
and motor factors, such as, for example, vision-mediated
body representations. Conversely, in spinal lesions, the body
shape is not altered, and any effects found in cognitive func-
tions only depend on somatosensory-motor disconnection.

A condition of massive deprivation that may permit an
exploration of how alterations in the link between central
and peripheral systems modulate cognition is amyotrophic
lateral sclerosis, a neurodegenerative condition character-
ised by selective damage to motor neurons. However, this
pathological condition induces a selective de-efferentation
as a consequence of degeneration of the motor neurons con-
necting the motor cortices and the spinal cord, as well as
those connecting the spinal cord to the muscles. Importantly,
the degenerative nature of the pathology makes it difficult
to classify the cognitive changes which frequently occur, in
particular with regard to executive functions (Gillingham
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etal., 2017) and language (Abrahams et al., 2014), as symp-
toms resulting directly from the disease or as a consequence
of motor deficits.

A form of body-brain disconnection that may turn out to
be even more massive than that which can be seen in SCI
regards patients with locked-in syndrome in which changes
in body representation have been documented (Conson et al.,
2008; Conson et al., 2010; Pistoia et al., 2010). However,
patients with locked-in syndrome typically have brain-stem
lesions with the possible involvement of complex central
hodological pathways. Moreover, an in-depth investigation
of cognitive changes in these patients is difficult due to the
rarity of the syndrome and the problems of establishing
appropriate communication modalities in the experimental
context (Rousseaux et al., 2009; Schnakers et al., 2008).

On the whole, these considerations indicate that SCI may
be considered as a unique model for testing the strengths and
limits of embodied approaches to cognition. In fact, if cogni-
tion is in some way grounded in the link between the brain,
the body and the environment, changes in the somatosen-
sory-motor capacity to act and perceive the world should
also lead to changes in cognitive functions. Moreover, since
the disconnection in SCI is topographically organised (i.e.,
it typically involves some body parts and not others), one
may observe, at least in principle, that changes in cogni-
tive functions may be contingent on functions associated
with the disconnected body parts. This hypothesis has been
explored in studies that investigate the visual discrimina-
tion of body part, space and action representations as well
as motor imagery. These will be discussed in the following
sections with reference to theories regarding embodied cog-
nition and its implications for further research.

Sensorimotor pathways to mental body
representations

Before discussing the role of the body in cognition, it may
be useful to analyse the ways in which the SCI model can
give us information about how the body is represented in the
brain (Berlucchi & Aglioti, 2010). The relationship between
the body and the brain is a difficult matter, as a basic ambi-
guity persists that seems to be hard to resolve: the brain is
an organ of the body, but at the same time it is capable of
representing the body (Berlucchi & Aglioti, 2010; Tsakiris
& Haggard, 2010). As a result of this complexity, an impor-
tant question becomes how top-down (from the brain to the
body) and bottom up (from the body to the brain) processes
interact in the building of body representations and how this
balance may be altered in SCI.

According to the Perceptual Symbol Theory (Barsalou,
2008), cognitive symbols are actually simulations of senso-
rimotor and inner (e.g., interoceptive) states, thus suggesting
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that even seemingly ineffable constructs are built and main-
tained by means of bodily signals. In fact, experiences cre-
ate ‘sensorimotor contingencies’, that is, a set of rules and
regulations that relate sensory inputs to movements, postural
and interoceptive changes and actions. Sensorimotor contin-
gencies are independent from consciousness but crucially
impact on it; in fact, with a contribution from inner states
(i.e., emotions, memories, etc.), sensorimotor contingencies
build perceptual states, which may be then simulated by the
brain during cognitive activity (Barsalou, 2008).

An apparent independence of sensorimotor contingencies
from cognition may be found in procedural learning, namely,
the implicit ability to learn motor sequences (e.g., driving
a car or playing a musical instrument). In these processes,
the contribution of an ‘explicit’, verbal cognition is very
limited, if not downright confusing. Thus, procedural learn-
ing suggests that “what individuals are doing” is in some
way separate from their knowledge of “how they do it”. In
other words, unlike declarative learning, procedural learning
does not need any cognitive symbols or any manipulation of
these symbols, suggesting that somewhat complex cognitive
operations can be performed thanks to bodily signals.

This independence of the body from cognitive represen-
tations is however a matter of debate. De Vignemont, for
example, asserts that cognition “can be said to be embodied
because it is affected not directly by the body but by the way
the body is represented in the mind” (de Vignemont, 2011,
p. 4), as in experiences of disownership of one’s own limb
(Jenkinson et al., 2018; Moro et al., 2016). In this condition,
“there is not only the absence of the experience of owner-
ship but also the experience of its absence” (de Vignemont,
2011, p. 23). This sensation of absence, according to De
Vignemont, is mediated by the cognitive representations of
the body. From this perspective, a stream of consciousness
from the brain to the body seems to characterise the experi-
ence of the body (or its deficits) based on its representations.

However, studies on SCI indicate that another parallel
stream flows from the body to the brain and that sensorimo-
tor peripheral changes can modify the cognitive representa-
tions of the body.

Indeed, some studies suggest that afferences and effer-
ences play a pivotal role in building and maintaining these
representations of the body (Facchin et al., 2021). In the
following two paragraphs, these aspects are discussed. In
section 3.1, we present evidence regarding the effects of
the lack of bottom-up sensory information in the multisen-
sory visuo-tactile integration of information coming from
the body (assessed by means of the rubber hand illusion).
In section 3.2, we show how these effects expand beyond
the sensorimotor domains toward cognitive functions such
as complex body-related visual discriminations, indicat-
ing that sensorimotor variables modulate higher-order
representations.

The rubber hand illusion

People with SCI report experiences of corporeal illusions, in
particular distortions related to their body (Conomy, 1973;
Curt et al., 2011; Scandola, Aglioti, Avesani, et al., 2017a),
such as for example, disownership-like feelings (i.e., the
feeling that some body parts do not belong to the self) and
somatoparaphrenia-like sensations (e.g., the occurrence of
delusional ideas relating to body part misidentification, per-
sonification or objectivation). Unlike brain injured patients,
in whom these symptoms have long been described as a
consequence of specific cerebral network alterations (for
a review, see Jenkinson et al., 2018; Romano & Maravita,
2019; see also Moro et al., 2016) and are associated with
delusional beliefs (i.e., convictions that are not amenable
to change despite conflicting evidence), people with SCI
recognise the irrationality of these body-generated feelings,
which, however, they are unable to control.

In apparent contrast with these corporeal illusions that are
activated by a body-brain disconnection, it is worth noting
that SCI individuals are less sensitive than healthy people to
bodily illusions when these are induced by external stimuli
(e.g., tendon-vibration; Fusco et al., 2016). In fact, when
engaged in experimental paradigms, SCI patients respond
to questions regarding their body basing their reply on cog-
nitive representation and semantic information rather than
on information coming from their body. For example, when
they are asked to estimate the spatial position of a body part
that is hidden from view (e.g., their hand), they base their
judgment on their cognitive knowledge of the usual position
of that body part, and do not change their estimation after
spatial manipulation or a drift of the very same body part
(Scandola et al., 2014). It seems as if the balance between
body functions and their representation is lost, with the prev-
alence of a given component in depending on the situation.

The result is a type of imbalance between peripheral
inputs and central representations that has been explored
by means of the Rubber Hand Illusion (RHI). In the RHI
paradigm, a visuo-tactile conflict is induced leading to rapid
changes in the sense of body ownership (Botvinick & Cohen,
1998). In RHI studies, healthy individuals were asked to
look at a rubber hand that was being stroked by an exam-
iner, synchronously or asynchronously with their own hand,
which was hidden from view. It turned out that only during
synchronous stimulation was the rubber hand perceived as
part of the participants’ own body (i.e., a subjective index of
ownership over an artificial hand) and the position of the real
hand was perceived as having shifted toward the rubber hand
(‘proprioceptive drift’, an objective index of illusory percep-
tion of body in space; Botvinick & Cohen, 1998; Ehrsson
et al., 2005; Longo et al., 2008; Mohan et al., 2012; Schaefer
et al., 2013; Tsakiris & Haggard, 2005). SCI participants
with incomplete lesions tested in a RHI paradigm showed
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subjective indices of illusory hand ownership comparable to
healthy participants (Lenggenhager et al., 2012). However,
when the illusion was induced on their de-afferented legs,
the SCI patients were less sensitive than the controls to mul-
tisensory stimulations (leg-illusion; Pozeg et al., 2017, see
section 4.1). This supports the role of peripheral sensorimo-
tor information in maintaining body representations.

Studies of the RHI in SCI patients are in line with reports
of the plastic remapping of bodily representations in limb or
finger amputees. In these studies, tactile stimuli delivered to
the face ipsilaterally to the amputation side brought about
the sensation of being touched not only on the face but also
on the phantom hand (Ramachandran et al., 1992) or finger
(Aglioti et al., 1997). Given the representational contiguity
of the face and the hand in the cortical somatosensory sys-
tem, the results have been interpreted as supporting the exist-
ence of perceptual correlates of post-ontogenetic plasticity.
In a similar vein, a vertical version of the RHI paradigm has
been used in paraplegic and tetraplegic patients in whom
synchronous and asynchronous stimuli are administered to
a fake hand and to the subjects’ ipsilateral hand or face. The
results indicate that the tetraplegic (but not the paraplegic)
participants reported the RHI when their ipsilateral face was
stimulated. That only the patients who had lost the function-
ality of their hands were prone to the illusion suggest that the
de-afferented hand region was willing to be driven by facial
input with the consequence of across body region remapping
processes (Scandola et al., 2014; Tidoni et al., 2014).

Taken as a whole, these data demonstrate that the
interruption of body-brain connections induces not only
below lesion, sensory and motor deficits as expected but
also changes in the brain networks involved in body rep-
resentations, supporting the embodied cognition approach.
Tellingly, these changes expand beyond the multisensory
integration (as assessed in the presence of multisensory
illusions) which involves higher-order processes, such as
complex body-related visual discrimination, which will be
discussed in the next section.

Visual discrimination of the human body

It is worth noting that until very recently, alterations in body
representations were only discussed in relation to patients
affected by brain damage and they were interpreted as being
the result of modifications in specific networks (Jenkinson
et al., 2018; Romano & Maravita, 2019). Interestingly, SCI
studies also hint at a topographical remapping of non-de-
afferented/de-afferented body parts in domains other than
somatosensory perception and motor control. Pernigo et al.
(2012), for example, asked people with SCI to discriminate
visual stimuli representing human bodies that differed both
in shape and in the action they were performing. In a match-
ing-to-sample task, the paraplegic participants looked at an
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Fig.3 Changes in the visual discrimination of body form and action
(modified from Pernigo et al., 2012). A = graphical representation of
the stimuli used in the study. In the two columns on the left, changes
in actions are shown (upper line = changes in both the upper and
lower body parts; in the middle = changes in the upper body parts;
lower line = changes in the lower body parts). In the two columns
on the right the images differ in the form (i.e., identity) of the model
but not in their action. B = experimental timeline. C = main results
indicating a reduction in body representation of lower limbs in spinal
cord injury

image of a young man performing a movement and were
asked to choose the identical image from among two images
that were presented immediately after the first (Fig. 3). The
differences between the two images were in the upper or
lower body parts and regarded the body form (i.e., the choice
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was between two individuals performing an identical action)
or action (i.e., the choice was between two images of the
same individual performing two different actions). The SCI
participants performed worse than the healthy controls only
when they were requested to identify differences in the lower
body parts (which in fact corresponded to the paralysed parts
of their own body). In contrast, the patients’ performance
was similar to that of the controls for healthy upper body
parts (Pernigo et al., 2012). The same trend was found in
tasks involving the discrimination of body form and action
(see below for a discussion regarding action perception;
Fig. 3). It is worth noting that this was a visual discrimi-
nation task and thus apparently did not involve the senso-
rimotor system. Interestingly, the only way to understand
these results is to posit that a sensorimotor simulation is
activated during the task and thus that the body sensory-
motor system participates in a cognitive function such as
visual discrimination.

A deterioration in whole-body representation in people
suffering from SCI was also found in a study in which partic-
ipants were asked to judge the laterality of rotated images of
feet, hands and whole bodies while they were in two differ-
ent postures (with their hands and feet held either (i) straight
or (ii) crossed). A posture-dependent modulation in reaction
times in terms of the mental rotation of the body parts in the
images was interpreted as the effect of afferent somatosen-
sory information relating to body representation. In fact, this
result was found for the control group, but not for the para-
plegic group for whom the effects of postural feet changes
disappeared and the body representation progressively dete-
riorated in proportion to the degree of completeness of their
SCI (Ionta et al., 2016; Scandola, Dodoni, et al., 2019b).
These data confirm evidence found in a study involving a
similar task carried out by patients suffering from focal hand
dystonia (i.e., a group of movement disorders characterised
by sustained or intermittent muscle contractions causing
abnormal, often repetitive, movements, postures, or both;
Albanese et al., 2013). Their responses were only slower
when the body parts that they were requested to rotate cor-
responded to their own affected body parts (i.e., the dystonic
hand), but not to their other hand or foot (Fiorio et al., 2006).

As a whole, these results suggest that changes in the
body-brain relationship impact not only somatosensory and
motor processes but also higher-order functions. A theoreti-
cal explanation for these results is offered by the Perceptual
Symbols Theory (PST; Barsalou, 2008), according to which
all cognitive experiences are necessarily grounded in the
sensory and motor contexts of their occurrence. During the
experience, sensorimotor codes are recorded as multimodal
perceptual, motor and interoceptive states. These codes
shape conceptual representations. When similar represen-
tations are reactivated on other occasions, these are based
on a new access to the sensorimotor information previously

encoded (motor simulation). Thus, concepts are not an
additional level of abstract, amodal representation that is
separated from sensorimotor systems, but they use the same
neural and cognitive processes used in sensorimotor process-
ing (Barsalou, 2008; Barsalou, 2010). People with SCI are
unable to simulate the states of the below-the-lesion body
parts that are deprived of bodily outputs and somatosensory
inputs. As a consequence of this deprivation, they fail in
tasks requiring representations of those parts. Tellingly, the
fact that changing sensory-motor potentialities alters cogni-
tion does not fit in with amodal theories of cognition. In
fact, following an amodal approach, once built, symbolic
representations should remain stable and not change due
to ‘peripheral’ body changes. A representation of the body
that is exclusively symbolic is not expected to be sensitive
to sensorimotor influences, as happens in the case of SCI.

The body in the world of people and objects

When considering the role of the body in cognition, one
needs to take into account that the body acts and perceives
in specific contexts. According to the embodied cognition
approach, this means that information from the environ-
ment contributes towards shaping cognition by means of the
mediation of the body (Clark, 1999). The first consequence
of a relationship between the kind of body that an organism
possesses and the kind of concepts that the organism can
acquire is that “to conceive of the world as a human being
does require having a body like a human being’s” (Shapiro,
2011, p. 71). According to this view, the organism’s under-
standing of the world and its ways of categorising experi-
ences are determined by the properties of the body. From
this perspective, even in the case of language, which might
be considered to be the most amodal, symbolic human func-
tion, the basic concepts would derive from physical experi-
ences (e.g., Lakoff & Johnson, 1980; Liuzza et al., 2011).

In the following section, we discuss experimental results
which indicate how changing sensorimotor bodily functions
may alter the perception of the environment and objects.
Two embodiment processes are analysed: the embodiment
of artificial virtual agents (avatar) and the embodiment of
objects that may or may not be in contact with the body and
may or may not subserve adaptive navigational or motor
functions. Furthermore, the effects of object embodiment in
the representation of space will be discussed.

Embodying artificial agents
The investigation of experiences of ‘mediated embodi-
ment’ (i.e., the technologically induced illusion of expe-

riencing the body of an avatar as one’s own, indepen-
dently of the technology used to produce the illusion;
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Aymerich-Franch, 2018; Aymerich-Franch & Ganesh,
2016) provides a relevant contribution to the comprehen-
sion of how embodiment mechanisms impact cognition.
Studies indicate that artificial agents, be they digital (i.e.,
an avatar) or physical (i.e., a robot), can be embodied to
varying degrees. The sensations produced by this process
are so strong that they may influence cognitive and social
behaviour (Cangelosi & Stramandinoli, 2018; Wykowska
et al., 2016). For example, embodying adults in the body of
a 4-year-old child (Banakou et al., 2013) or a small man-
nequin (a ‘Barbie doll’; van der Hoort et al., 2011) causes
an overestimation of object sizes. In contrast, object size is
underestimated when adults are embodied in a giant body
(van der Hoort et al., 2011). Furthermore, white people
embodied in a black virtual body (Banakou et al., 2013;
Peck et al., 2013) or ‘enfacing’ a black face (Bufalari et al.,
2014) exhibit a decrease in implicit racial bias.
Embodiment of an avatar has been induced in patients
with SCI by means of the Virtual Leg Illusion (Pozeg
et al., 2017). Synchronous and asynchronous visuo-tactile
stimulation was applied to the participants’ back, above
the lesion level or at the shoulder (where afferences are
spared, in the case of cervical lesions), while the virtual
legs were seen on a head-mounted virtual-reality (VR) dis-
play in order to induce a visuo-tactile integration. People
with SCI were less sensitive to the multisensory stimula-
tions used to induce illusory ownership of the virtual legs
than the controls, thus hinting at a specific role of body
afferences and efferences in the illusion. Furthermore, the
virtual-leg-illusion (as well as the full-body illusion, in
which people look at the full body and not only the legs)
was associated with a mild effect of pain reduction (e.g.,
Pozeg et al., 2017). This effect was confirmed in patients
suffering from complex regional pain syndrome and
peripheral nerve injury (Matamala-Gomez et al., 2019).
An in-depth knowledge of the processes involved in
embodiment may have an enormous impact on future clini-
cal practices, in particular on the possibility of creating
brain computer interfaces and robotic tools that can be
useful in rehabilitation after SCI (Jarosiewicz et al., 2015;
Osuagwu et al., 2016; Sgrensen & Manum, 2019). In par-
ticular, a more profound knowledge of the mechanisms
involved in embodiment might help clinicians to under-
stand why some patients, for example amputees, express
negative attributions towards their prosthesis (Senra
et al., 2012) and may suggest a type of therapy that will
facilitate acceptance (Holthe et al., 2018). The implica-
tions of these procedures in terms of cognition are to date
unknown and future research is needed (Gorgey, 2018;
Lee et al., 2019). Two complementary areas of interest
emerge from the literature on embodiment processes. The
first regards the need to take into account data concerning
the changes in body-related cognitive functions as a result
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of de-afferentation and de-efferentation in order to design
optimal robotic devices. The second concerns the neces-
sity to investigate the effects of the use of robotic aids on
cognitive functions (Beckerle et al., 2019).

The embodiment of objects

Clinical studies indicate that objects may be incorporated.
Aglioti et al. (1996), for example, reported on a woman with
right brain damage affected by disownership of her left hand
who also denied the ownership of the rings she wore on that
hand. When the same objects were put on her right hand or
were held by the examiner, the patient correctly recognised
them as her own. Other personal objects unrelated to her left
hand (e.g., pins, earrings, a comb) were always correctly
recognised as being hers. This indicates that the mental rep-
resentation of one's own body may include inanimate objects
that have been in contact with or in close proximity to the
body itself. This has been confirmed in subsequent studies
on body representation and peripersonal space (PPS; i.e.,
the region of space within which objects can be grasped
and manipulated without the need to move the trunk). For
example, the extensive use of a computer mouse extends
the peripersonal space around the hand and this enlarge-
ment may include the screen monitor, at least during the
time when the hand remains in contact with the mouse (Bas-
solino et al., 2010). Furthermore, in the case of blind people,
the regular use of a cane to navigate extends their PPS to the
full length of the cane (Serino et al., 2007), and the same
occurs in amputees when they are wearing their prosthesis
(Canzoneri et al., 2013). Similar plastic changes have been
observed in healthy people after brief training sessions with
a cane or two sticks, in particular when active movements
with tools are requested (Maravita et al., 2002). In the same
way, if a limb is forced into immobilisation, a reduction in
the extent of the relative PPS occurs (Bassolino et al., 2014),
along with a decrease in excitability at the cortical level
(Facchini et al., 2002).

Using a cross-modal integration paradigm in an experi-
ment with paraplegic participants, Scandola et al. (2016)
found that the somato-sensory and motor disconnection that
characterises spinal cord lesions alters the representation of
PPS in a specific way that impacts the space around the per-
son’s legs that are paralysed (but not the space around the
hands; Fig. 4).

In this case too, cognitive changes are not attributable
to the generic adaptation processes that the individuals
may have gone through in order to deal with their paraly-
sis. On the contrary, the fact that these changes are somato-
topographically specific suggests that sensory afferences
and motor efferences do in fact play a causal role in build-
ing space representations and in rebuilding and adapting
them to the changes which have occurred in the person’s
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Fig.4 Changes in peripersonal space (PPS) around the feet (modified
from Scandola et al., 2016). A = results in the comparison between
spinal cord injury (SCI) and controls indicating a reduction of PPS
around feet in SCI. B = PPS recovery of PPS representation around
feet after mobilisation

body-environment relationship. In keeping with this view,
there is evidence that 15 min of passive mobilisation are
enough to bring about a recovery of the representation of
space around the feet in paraplegics (Scandola et al., 2016).
In healthy people, congruency in the visuo-motor informa-
tion coming from the avatar in a VR setting seems to be
necessary for embodiment and in fact the PPS turns out
to shrink when this information is incongruent (Scandola
et al., 2020). In contrast, in SCI patients, passive movement
expands the PPS even in the absence of visual stimuli, indi-
cating that the residual above-lesion sensory information
probably plays a crucial role in PPS recovery after passive
mobilisation (Scandola et al., 2020). It is thus evident that
although top-down factors may partially modulate a patient’s
response, they also certainly interact with information (or
lack of information) coming from the body.

These studies support the theories suggesting that periph-
eral components involved in sensory experiences are not
merely involved in the generation of experience, but are
constitutive of experiences (O’Regan & Nog, 2001; Varela

et al., 1991). A possibly extreme position is expressed in
the Peripheral Mind Theory (Aranyosi, 2013), in which it is
proposed that “there is a peripheral presence of the mind in
every part of the body that gets innerved, and these periph-
eral parts of the mind are not less central than the processing
center which is the brain” (page 11). According to this idea,
the mind is multiply located or co-located. People feel that
they are not in a body but are the body. Proprioception, inter-
oception and touch all interact so as to create an “enminded
body experience” (page 144). In this way, the mind extends
beyond the brain to the body, in particular to the connections
between the peripheral nervous system and the body.

The Extended Mind Theory (Clark & Chalmers, 1998)
goes even further by claiming that cognition emerges from
the interaction of individuals with the objects they use dur-
ing cognitive activities. Clark suggests that gestures are a
special reasoning system useful for spatial reasoning (Clark,
2008). When a person writes what they are thinking at that
moment, the paper provides a medium for thought thus ena-
bling the person to shape and build their ideas. The same
goes for tools that people frequently use as aids to cognitive
functions, for example, the notebook that a patient suffering
from Alzheimer’s disease uses in order to remember infor-
mation plays the role usually played by memory networks
(Clark, 2008).

So, the question now concerns whether it is the mind that
extends out towards the world or the world that is embodied
in the mind. The principle of ‘Economy of Action’ (Prof-
fitt, 2006) has been used to study SCI in order to find an
answer to this question. This principle considers perception
to be embodied in an individual’s states, skills, goals and
emotions. For example, the perception people have of the
space surrounding them varies not only with any variation
in the visual stimuli, but also with the individual’s intent
to minimise the cost of their actions in that space in terms
of energy — something that is mandatory for survival from
an evolutionary point of view (i.e., Economy of Action). It
has been shown that wearing a heavy backpack makes the
perception of a distance farther (Proffitt et al., 2003) and
the perception of an inclination of a slope steeper (Bhalla &
Proffitt, 1999). The same happens when people feel fatigued
due to the fact that they are maybe physically unfit or elderly
or in bad health (Bhalla & Proffitt, 1999). In contrast, exper-
tise in physical exercise or sport influences and ameliorates
a person’s visual perception of any objects that have a key
role in the sport they practise, for example, the hole in the
course for golfers (Witt et al., 2008) or the ball for baseball
players (Witt & Proffitt, 2005; but see Firestone, 2013, and
Firestone & Scholl, 2016).

In the case of people with SCI, an object of crucial
importance for their autonomy in everyday life, and in
general for their physical and social well-being, is the
wheelchair. The interaction between the embodiment of
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a wheelchair and the Economy of Action principle was
investigated with SCI patients (Scandola, Togni, et al.,
2019c) to test the hypothesis that the greater the degree
of embodiment of the wheelchair, the better the person
would be at estimating distances in space. That is to say,
if the body feels better due to embodiment, the person
will be better able to judge distances. The Body View
Enhancement Task was considered as a measure of wheel-
chair embodiment. In this task, the participants either sat
in their own wheelchair or in one that they had never
used before. They were asked to respond to flashing lights
on their body parts both above and below the level of
the lesion and on the wheelchair. Similar or slower reac-
tion times (RTs) to stimuli on the body and the wheel-
chair indicated, respectively, the presence or absence of
tool embodiment. In particular, if the RTs were similar
between the body and the wheelchair, that would indi-
cate embodiment. In contrast, if RTs were slower in the
wheelchair compared to the body, that would indicate an
absence of embodiment. The results indicated that the
SCI participants embodied their own wheelchair but not
the one they had never used before. Moreover, in keeping
with Pozeg et al. (2017), the SCI participants displayed
disownership of their lower limbs, which were treated as
external objects (i.e., with responses slower than those
given for the lights in the afferented body parts). Cru-
cially for the aim of this review, embodiment of their
wheelchair enabled the SCI participants to estimate physi-
cal distances in their extrapersonal space (as shown by
means of a 3D virtual plastic scenario, see Fig. 5) as effi-
ciently as the healthy controls (i.e., errors in estimation
increased as the distance increased). This did not happen
when they were in the unfamiliar wheelchair. In addition
to demonstrating that the processes of tool embodiment
impact on cognitive functions, the results support the
hypothesis of a potential extension of body boundaries
towards objects (i.e., embodiment) rather than an exten-
sion of the mind. In fact, the participants modulated their
perception of space based on their actual body conditions
in that moment, and wheelchair embodiment increased
their perception of the space around them. According to
Aranyosi (2013), “tools are more plausibly to be taken
as part of the nervous system and hence the case is not
of extended mind, but what I have dubbed ‘contracted
world’, a case in which a previous autonomous part of the
world gets ‘captured’ by a nervous system and so ceases
to count as an external from then on* (page 118). From
this point of view, the mind is in effect extended but not
beyond the body boundaries (or PNS).

Taken together, the results discussed in this section sug-
gest that sensorimotor de-afferentation and de-efferenta-
tion extend their effects beyond one’s own body, in the
representation of objects and environment. No cognitive
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changes at the level of the brain can explain these pro-
cesses, which are totally mediated by the spinal cord
lesion. The next step regards an investigation of potential
changes in action representation and motor learning.

How residual motor skills following SCI
impact cognition

Monitoring one’s own performance is part of the interac-
tion between the brain, the body and the environment. The
ability to monitor skills is fundamentally important for
regulating motor behaviour and learning. The complexity
of the processes that underlie our daily-life decisions and
actions in relation to objects and people may cause sub-
optimal performance in a variety of circumstances leading
to errors. Within the theoretical framework of the predictive
brain (Friston, 2010), an error can be conceptualised as a
deviation from one’s expectation based on previous (prior)
knowledge about the regularity of events in the environment
and in the social world. Detecting a mismatch between inter-
nal expectations (i.e., the underlying behavioural intention)
and the actual spatio-temporal deployment of an event (e.g.,
perceived motor acts) is fundamentally important for updat-
ing and generating new internal models. Thus, performance
monitoring has a crucial, adaptive role in forming, updating
and using internal models concerning important aspects of
behaviour (e.g., strong priors about what happens next).

Studying the development of children provides an impor-
tant source of information for investigating the role of
action in cognition. In fact, babies build some fundamental
concepts and competences by means of their movements,
actions and errors (Thelen & Smith, 1994), not only, for
example, space and time representation, object and shape
categorisation (Smith, 2005), abilities in mental rotation
(Frick & Mohring, 2013) and the learning of foreign lan-
guages (Toumpaniari et al., 2015), but also in the develop-
ment of scientific concepts (Kontra et al., 2015), decision
making and choice selection (Riviere & David, 2013). At the
opposite extreme, the cognitive deterioration and daily-life
impairment associated with old age might be at least in part
due to deficits in embodiment, which can in part be linked
to neuronal degradation at the sensorimotor level (Kuehn
et al., 2018).

Experimental studies also support the hypothesis of
a causative role played by action in cognition (Schubert,
2004; Wells & Petty, 2010). Neurological patients demon-
strate that the inability to perform actions also has conse-
quences for higher-order non primarily motor tasks. Fur-
thermore, patients affected by hemiplegia may show deficits
in the visual discrimination of body parts, both in terms of
action and form recognition (Moro, Berlucchi, et al., 2008a)
and apraxic patients may be unable to recognise gestures
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This result suggests that coding the distance between a given point in
space and own’s one position is based not only on visual estimation
but also on body-related cues. It is worth noting that no such effect
was found in SCI sitting in an unfamiliar wheelchair, suggesting that
visual cues only are used in the absence of the association between
one’s own body and an external object
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(Canzano et al., 2014; Scandola et al., 2020, 2021; Zadikoff
& Lang, 2005). Furthermore, an impairment in performing
actions is also associated with disorders in comprehension
and the identification of sounds related to human actions.
Crucially, these symptoms are topographically specific, as
patients with deficits in performing limb and bucco-facial
actions are impaired in matching limb and mouth action-
related sounds, respectively (Pazzaglia, Smania, et al.,
2008b). Thus, it seems that motor production modulates
action recognition, no matter whether it is mediated through
visual, auditory or multimodal sensory inputs.

Studies on SCI support this notion. Although these
patients often report that they walk in their dreams (Saurat
et al., 2011), there is evidence indicating that paraplegic
patients may suffer from a dramatic reduction in their motor
imagery capacities (Alkadhi et al., 2005; Chen et al., 2016;
Di Rienzo, Collet, et al., 2014a; Di Rienzo, Guillot, et al.,
2014b; Hotz-Boendermaker et al., 2008; Scandola, Aglioti,
Pozeg, et al., 2017b) and in the discrimination of biological
motion (e.g., the direction of ambulation of a point-light
walker; Arrighi et al., 2011), even if they are aware of their
motor deficits (Manson et al., 2014). Again, these disorders
in action representation may be topographically specific,
involving actions that would be executed by the paralysed
below-lesion body parts but not those performed by the
above-lesion body parts (Pernigo et al., 2012; Scandola,
Aglioti, et al., 2019a). Thus, impairment of motor simula-
tion seems to be linked to failures in motor imagery. Inter-
estingly, studies indicate that people with SCI fail in motor
imagery only when they are asked to carry out the task by
assuming a first-person perspective (i.e., internal, first per-
son visual imagery and kinesthetic mental imagery), while
they do not differ from controls when the task is executed
assuming a purely visual, third-person perspective (i.e.,
external motor imagery; Scandola, Aglioti, Pozeg, et al.,
2017b), a condition in which they declare that they use
strategies based on memory. This result should be taken
into account when devising rehabilitation training focused
on motor imagery as disorders in this ability may be present
and impact on the efficacy of the training. To date, results
from motor imagery interventions on pain severity are con-
flicting, while a certain degree of functional improvement
has been found when mental imagery is combined with
physical practice (for review, see Opsommer et al., 2020;
Opsommer & Korogod, 2017).

A specific deficit in learning implicit motor sequences
was also observed in SCI individuals by Bloch and co-work-
ers (2016), who tested healthy people and SCI paraplegic
participants (with normal motor and sensory functions in
their upper limbs) in a task where they were requested to
press some buttons on a keyboard according to sequences
indicated by cues shown on a computer screen. The order of
the buttons was pre-arranged, and the same sequence was
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repeated for six blocks of stimuli. At the seventh block the
sequence changed, and in the eighth block the first sequence
was repeated. The RTs of the responses to the eighth block
showed a learning effect related to the task in healthy but
not in SCI participants. These results are interpreted by the
authors as a deficit of SCI individuals in building a new
motor expertise (Bloch et al., 2016).

Particularly interesting for the aim of this review is the
contrasting, complementary data coming from investigations
of SCI patients that provide evidence that the motor abili-
ties that paraplegics develop after lesion-onset and during
rehabilitation can lead to new action discrimination skills.
This was demonstrated in the study by Pernigo et al. (2012)
in which paraplegics who regularly practise sports became
particularly good at the visual discrimination of actions per-
formed by the upper parts of their body. In other words,
there is a correspondence between the body parts used in
sports (e.g., in this case, the arms and the upper part of the
trunk) and the actions that the participants were better able
to perceive. The data were subsequently replicated (Scan-
dola, Aglioti, et al., 2019a) by means of a Progressive Tem-
poral Occlusion paradigm (Abernethy, 1987). A group of
paraplegics were exposed to two series of videos showing
a person in a wheelchair or on rollerblades who was trying
to climb on a step. The participants were asked to predict
how the video would end choosing from three alternatives
in which the person in the video: (i) carried out the action
successfully; (ii) was not able to get onto the step or (iii) fell
to the ground. The performance of the SCI participants was
compared to that of two other groups. One control group
was composed of physiotherapists with experience in the
rehabilitation of people with SCI, but who were inexperi-
enced with rollerblades. The experimental paradigm allowed
the experimenters to exclude the possibility that mere visual
expertise or knowledge of the kinematics involved in the
use of a wheelchair influenced the performance of the SCI
participants in the videos involving a wheelchair. The other
control group consisted of experienced rollerblade skaters
who were, however, inexperienced with wheelchairs. This
permitted the experimenters to compare the performance of
the SCI group in the videos showing a rollerblader with that
of a group of experts. The hypothesis was that if abilities
relating to action anticipation are modulated by the person’s
sensorimotor experience, the paraplegic group would per-
form more accurately in the wheelchair videos and the group
of skaters in the rollerblade videos. This was precisely what
the main results of the study demonstrated (with the group of
physiotherapists performing with average accuracy in both
videos, Scandola, Aglioti, et al., 2019a).

Differences were also found in an affordance-related
reachability judgment task (Sedda et al., 2018) in which
only the control group overestimated the range. In addi-
tion, while the controls were faster at making judgments
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on reachability when the objects were in their peripersonal
(vs. extrapersonal) space, the SCI patients did not seem to
have this advantage for objects that were close. Importantly,
this finding was related to the patients' ability to perform
everyday tasks.

As a whole, these data indicate that de-afferentation and
de-efferentation after spinal cord lesions impact body and
action knowledge not only at the lower level of perception
and execution, but also at the level of higher cognitive pro-
cesses relating to representation, visual discrimination and
mental imagery.

How can the study of SCI contribute
to the debate on the embodied cognition
approach?

In the previous sections, we have shown that de-afferentation
and de-efferentation due to SCI do not impact only soma-
tosensory and motor functions but extend to higher-order
body- and space-related cognitive functions. In doing so, a
progressive approach was followed, moving from the more
expected changes in body perception towards modifications
at representational levels relating to knowledge of objects
and space. Experimental data also show that, although a SCI
results in a reduction in functional autonomy, the changes in
the body-cognition relationship may also lead to the learning
of new abilities which are very specific to the patient’s new
post-lesional condition. It could be argued that these effects
are not immediately obvious and in fact specific experimen-
tal procedures are required in order for them to be seen.
Indeed, the experiments carried out in this area confirm what
SCI patients have spontaneously reported on the subject of
their daily experiences and the efforts they need to make in
order to deal with their new condition (Conomy, 1973; Mur-
phy, 1990; Papadimitriou, 2008; Scandola, Aglioti, Avesani,
et al., 2017a).

Along the continuum of the different positions shown
in Fig. 1, the results of tests with SCI patients support the
ideas that cognition depends on the experience of having
a body with sensorimotor capacities (Varela et al., 1991),
and that cognition and representational processes are built
on sensorimotor information (Barsalou, 2008; O’Regan &
Nog, 2001). The notion that in SCI patients this knowledge
is at least partly experience-dependent (Ostarek & Bottini,
2021) is supported not only by the loss of abilities but also
(and probably in a stronger way) by data on the post-lesional
acquisition of new abilities (e.g., the capacity to discrimi-
nate wheelchair actions). Nevertheless, when considering
the nature of human experiences, one needs to take into
consideration not only sensorimotor but also cognitive and
affective experiences. Thus, the role of the body is difficult
to isolate. It is worth noting, however, that changes in body,

space and action representation after SCI can be ‘modal-
ity specific’ (i.e., representations change as a consequence
of sensorimotor deficits, without modifications in visual or
other sensory systems, or in higher cognitive or affective
functions). Furthermore, these changes are topographically
organised, namely they only regard the de-afferented and
de-efferented body parts. These specificities make it pos-
sible to conclude that, at least for these functions, cognition
is embodied.

De-afferentation and de-efferentation do not only change
the perception of one’s own body, but also impact the mental
representation of the bodily self and the relationship that
an individual has with objects and the environment. With
respect to the body, there is a loss of the equilibrium between
top-down and bottom-up processes, with either the latter or
the former prevailing depending on the circumstances. With
reference to the environment, SCI changes the individual’s
relationship with the surrounding space.

Unfortunately, to date, the results coming from behav-
ioural studies have not yet been supported by neurophysi-
ological and neuroanatomical studies with respect to the
possibly specific changes in brain networks. However, neu-
roimaging studies show that the neuroplastic reorganisation
after SCI extends beyond the sensorimotor systems, and
also affects neural networks involved in cognitive functions
(Curt et al., 2002; Gustin et al., 2010; Solstrand Dahlberg
et al., 2018; Vastano et al., 2021). Furthermore, although the
results are still preliminary and need confirmation, a deterio-
ration in cognitive functions such as attention, memory and
executive functions has also been reported following SCI
(Chiaravalloti et al., 2020; Guadagni et al., 2019; Molina
et al., 2018). Crucially, in the absence of brain damage,
the only possible explanation (although speculative at the
moment) for these data is that bodily changes, and in par-
ticular sensorimotor deprivation, can modify the central net-
works involved in these cognitive functions.

With a view to improving knowledge regarding the role
of the body in cognition, it seems particularly important to
investigate the role of sensory channels (e.g., sight and hear-
ing) and interoceptive inputs coming from visceral organs
(not affected by SCI) in the reorganisation of the body-cog-
nition relationship in de-afferented/de-efferrented people.
This research area promises to contribute substantially to
the debate on embodied cognition theories.

Conclusions and future research

Taken as a whole, the results from research in SCI indicate
that sensorimotor functions have an important role in cog-
nition since a body-brain disconnection modifies not only
the individual’s mental representations of their body but
also their knowledge of the environment around them. This
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may contribute towards a better understanding of the body-
cognition relationship and further support the embodied
approach to the study of cognition. Further studies are nec-
essary to understand if these changes also involve symbolic
functions such as language and social cognition. Moreover,
future investigations should address the important issue of
whether spared sensory systems, and in particular informa-
tion coming from inside the body (i.e., interoception), may
contribute towards the maintenance or rebuilding of the rep-
resentation of one’s own body in the environment.

Funding Open access funding provided by Universita degli Studi di
Verona within the CRUI-CARE Agreement. The study was supported
by PRIN grants (Progetti di Ricerca di Rilevante Interesse Nazionale,
Edit. 2015, Prot. 20159CZFIK; Edit. 2017, Prot. 2017N7WCLP) Pro-
getto Eccellenza Cariverona 2018 (ROL10782-COD.SIME 2018.0898)

Declarations
Conflicts of interest None.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abernethy, B. (1987). Anticipation in sport: a review. Physical Educa-
tion Review, 10, 5-16.

Abrahams, S., Newton, J., Niven, E., Foley, J., & Bak, T. H. (2014).
Screening for cognition and behaviour changes in ALS. Amyo-
trophic Lateral Sclerosis and Frontotemporal Degeneration.
https://doi.org/10.3109/21678421.2013.805784

Aglioti, S. M., Bonazzi, A., & Cortese, F. (1994). Phantom lower limb
as a perceptual marker of neural plasticity in the mature human
brain. Proceedings of the Royal Society B: Biological Sciences,
255, 273-278.

Aglioti, S. M., Smania, N., Manfredi, M., & Berlucchi, G. (1996).
Disownership of left hand and objects related to it in a patient
with right brain damage. Neuroreport, 8, 293-296.

Aglioti, S. M., Smania, N., Atzei, A., & Berlucchi, G. (1997). Spatio-
temporal properties of the pattern of evoked phantom sensations
in a left index amputee patient. Behavioral Neuroscience, 111,
867-872.

Albanese, A., Bhatia, K., Bressman, S. B., DeLong, M. R., Fahn, S.,
Fung, V. S. C., Hallett, M., Jankovic, J., Jinnah, H. A., Klein, C.,
Lang, A. E., Mink, J. W., & Teller, J. K. (2013). Phenomenology
and classification of dystonia: a consensus update. Movement
Disorders, 28(7), 863-873.

@ Springer

Alkadhi, H., Brugger, P., Boendermaker, S. H., Crelier, G. R., Curt, A.,
Hepp-Reymond, M.-C., & Kollias, S. S. (2005). What Discon-
nection Tells about Motor Imagery: Evidence from Paraplegic
Patients. Cerebral Cortex, 15, 131-140.

Aranyosi, . (2013). The peripheral mind: philosophy of mind and the
peripheral nervous system. Oxford University Press.

Arrighi, R., Cartocci, G., & Burr, D. (2011). Reduced perceptual sensi-
tivity for biological motion in paraplegia patients. Current Biol-
ogy, 21, R910-RI11.

Aymerich-Franch, L. (2018). Is mediated embodiment the response to
embodied cognition? New Ideas in Psychology, 50, 1-5.

Aymerich-Franch, L., & Ganesh, G. (2016). The role of functionality
in the body model for self-attribution. Neuroscience Research,
104,31-37.

Banakou, D., Groten, R., & Slater, M. (2013). Illusory ownership of
a virtual child body causes overestimation of object sizes and
implicit attitude changes. Proceedings of the National Academy
of Sciences of the United States of America. https://doi.org/10.
1073/pnas.1306779110

Barsalou, L. W. (2008). Grounded cognition. Annual Review of Psy-
chology, 59, 617-645.

Barsalou, L. W. (2010). Grounded Cognition: Past, Present, and Future.
Topics in Cognitive Science, 2, 716-724.

Bassolino, M., Serino, A., Ubaldi, S., & Ladavas, E. (2010). Everyday
use of the computer mouse extends peripersonal space represen-
tation. Neuropsychologia, 48, 803-811.

Bassolino, M., Finisguerra, A., Canzoneri, E., Serino, A., & Pozzo, T.
(2014). Dissociating effect of upper limb non-use and overuse on
space and body representations. Neuropsychologia, 1-9. https://
doi.org/10.1016/j.neuropsychologia.2014.11.028

Beckerle, P., Castellini, C., & Lenggenhager, B. (2019). Robotic inter-
faces for cognitive psychology and embodiment research: A
research roadmap. Wiley Interdisciplinary Reviews: Cognitive
Science, 10, 1-9.

Berlucchi, G., & Aglioti, S. M. (2010). The body in the brain revisited.
Experimental Brain Research, 200(1), 25-35.

Bhalla, M., & Proffitt, D. R. (1999). Visual-motor recalibration in geo-
graphical slant perception. Journal of Experimental Psychology.
Human Perception and Performance, 25, 1076-1096.

Bloch, A., Tamir, D., Vakil, E., & Zeilig, G. (2016). Specific deficit in
implicit motor sequence learning following spinal cord injury.
PLoS One, 11, 1-13.

Block, N. (1995). On a confusion about a function of consciousness.
The Behavioral and Brain Sciences, 18,227-247.

Borghi, A.M., 2005. Object concepts and action. In: Grounding Cogni-
tion: The Role of Perception and Action in Memory, Language,
and Thinking. https://doi.org/10.1017/CB0O9780511499968.002

Botvinick, M., & Cohen, J. (1998). Rubber hands “feel” touch that eyes
see. Nature, 391, 756.

Brooks, R. A. (1991). Intelligence without representation. Artificial
Intelligence, 47, 139-159.

Bufalari, I., Lenggenhager, B., Porciello, G., Serra Holmes, B., &
Aglioti, S. M. (2014). Enfacing others but only if they are nice
to you. Frontiers in Behavioral Neuroscience, 8, 102.

Cangelosi, A., & Stramandinoli, F. (2018). A review of abstract concept
learning in embodied agents and robots. Philosophical Transac-
tions of the Royal Society B: Biological Sciences. https://doi.org/
10.1098/rstb.2017.0131

Canzano, L., Scandola, M., Pernigo, S., Aglioti, S. M., & Moro, V.
(2014). Anosognosia for apraxia: Experimental evidence for
defective awareness of one’s own bucco-facial gestures. Cortex,
61, 148-157.

Canzoneri, E., Marzolla, M., Amoresano, A., Verni, G., & Serino, A.
(2013). Amputation and prosthesis implantation shape body and
peripersonal space representations. Scientific Reports, 3, 2844.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3109/21678421.2013.805784
https://doi.org/10.1073/pnas.1306779110
https://doi.org/10.1073/pnas.1306779110
https://doi.org/10.1016/j.neuropsychologia.2014.11.028
https://doi.org/10.1016/j.neuropsychologia.2014.11.028
https://doi.org/10.1017/CBO9780511499968.002
https://doi.org/10.1098/rstb.2017.0131
https://doi.org/10.1098/rstb.2017.0131

Psychonomic Bulletin & Review

Chen, X., Wan, L., Qin, W., Zheng, W., Qi, Z., Chen, N., & Li, K.
(2016). Functional preservation and reorganization of brain dur-
ing motor imagery in patients with incomplete spinal cord injury:
A pilot fMRI study. Frontiers in Human Neuroscience, 10, 46.

Chiaravalloti, N. D., Weber, E., Wylie, G., Dyson-Hudson, T., &
Wecht, J. M. (2020). The impact of level of injury on patterns of
cognitive dysfunction in individuals with spinal cord injury. The
Journal of Spinal Cord Medicine, 43(5), 633-641.

Clark, A. (1999). An embodied cognitive science? Trends in Cognitive
Sciences, 3, 345-351.

Clark, A. (2006). Language, embodiment, and the cognitive niche.
Trends in Cognitive Sciences, 10, 370-374.

Clark, A., 2008. Embodiment and Explanation. In: Handbook of Cog-
nitive Science. Elsevier Ltd, pp. 41-58. https://doi.org/10.1016/
B978-0-08-046616-3.00003-7

Clark, A., & Chalmers, D. (1998). The extended mind. Analysis.
https://doi.org/10.1093/analys/58.1.7

Cocchini, G., Beschin, N., Fotopoulou, A., & Della Sala, S. (2010).
Explicit and implicit anosognosia or upper limb motor impair-
ment. Neuropsychologia, 48, 1489-1494.

Conomy, J. P. (1973). Disorders of body image after spinal cord
injury. Neurology, 23, 842.

Conson, M., Sacco, S., Sara, M., Pistoia, F., Grossi, D., & Trojano,
L. (2008). Selective motor imagery defect in patients with
locked-in syndrome. Neuropsychologia, 46, 2622-2628.

Conson, M., Pistoia, F., Sara, M., Grossi, D., & Trojano, L. (2010).
Recognition and mental manipulation of body parts dissoci-
ate in locked-in syndrome. Brain and Cognition, 73, 189-193.

Curt, A., Bruehlmeier, M., Leenders, K. L., Roelcke, U., & Dietz,
V. (2002). Differential effect of spinal cord injury and func-
tional impairment on human brain activation. Journal of Neu-
rotrauma, 19, 43-51.

Curt, A., Yengue, C. N, Hilti, L. M., & Brugger, P. (2011). Super-
numerary phantom limbs in spinal cord injury. Spinal Cord,
49, 588-595.

D’Imperio, D., Bulgarelli, C., Bertagnoli, S., Avesani, R., & Moro,
V. (2017). Modulating Anosognosia for hemiplegia: the role
of dangerous actions in emergent awareness. Cortex. https://
doi.org/10.1016/j.cortex.2017.04.009

de Vignemont, F. (2011). Embodiment, ownership and disownership.
Consciousness and Cognition, 20, 82-93.

Di Rienzo, F., Collet, C., Hoyek, N., & Guillot, A. (2014a). Impact
of Neurologic Deficits on Motor Imagery: A Systematic
Review of Clinical Evaluations. Neuropsychology Review, 24,
116-147.

Di Rienzo, F., Guillot, A., Daligault, S., Delpuech, C., Rode, G., &
Collet, C. (2014b). Motor inhibition during motor imagery: A
MEG study with a quadriplegic patient. Neurocase, 20, 524-539.

Ehrsson, H. H., Holmes, N. P., & Passingham, R. E. (2005). Touching a
rubber hand: feeling of body ownership is associated with activ-
ity in multisensory brain areas. The Journal of Neuroscience,
25,10564-10573.

Facchin, M., Viola, M., & Zanin, E. (2021). Retiring the “Cinderella
view”: the spinal cord as an intrabodily cognitive extension. Biol-
ogy and Philosophy, 36, 45.

Facchini, S., Romani, M., Tinazzi, M., & Aglioti, S. M. (2002). Time-
related changes of excitability of the human motor system con-
tingent upon immobilisation of the ring and little fingers. Clini-
cal Neurophysiology. https://doi.org/10.1016/S1388-2457(02)
00009-3

Fiorio, M., Tinazzi, M., & Aglioti, S. M. (2006). Selective impairment
of hand mental rotation in patients with focal hand dystonia.
Brain A J Neuro, 129, 47-54.

Firestone, C. (2013). How “paternalistic” is spatial perception? Why
wearing a heavy backpack doesn’t—and couldn’t—make hills

look steeper. Perspectives on Psychological Science, 8(4),
455-473.

Firestone, C., & Scholl, B. J. (2016). Cognition does not affect percep-
tion: Evaluating the evidence for “top-down” effects. Behavio-
ral and Brain Sciences, 39. https://doi.org/10.1017/S0140525X1
5000965

Fossataro, C., Bruno, V., Gindri, P., Pia, L., Berti, A., & Garbarini, F.
(2018). Feeling touch on the own hand restores the capacity to
visually discriminate it from someone else’ hand: Pathological
embodiment receding in brain-damaged patients. Cortex, 104,
207-219.

Freund, P., Friston, K., Thompson, A. J., Stephan, K. E., Ashburner, J.,
Bach, D. R., Nagy, Z., Helms, G., Draganski, B., Mohammadi,
S., Schwab, M. E., Curt, A., & Weiskopf, N. (2016). Embodied
neurology: an integrative framework for neurological disorders.
Brain, 139(Pt 6), 1855-1861.

Frick, A., & Mohring, W. (2013). Mental object rotation and motor
development in 8- and 10-month-old infants. Journal of Exper-
imental Child Psychology. https://doi.org/10.1016/j.jecp.2013.
04.001

Friston, K. (2010). The free-energy principle: A unified brain the-
ory? Nature Reviews. Neuroscience. https://doi.org/10.1038/
nrn2787

Fusco, G., Tidoni, E., Barone, N., Pilati, C., & Aglioti, S. M. (2016).
Illusion of arm movement evoked by tendon vibration in
patients with spinal cord injury. Restorative Neurology and
Neuroscience, 34, 815-826.

Gallagher, S. (2005). How the body shapes the mind. Oxford Uni-
versity Press.

Garbarini, F., Fossataro, C., Berti, A., Gindri, P., Romano, D., Pia,
L., Della Gatta, F., Maravita, A., & Neppi-Modona, M. (2015).
When your arm becomes mine: Pathological embodiment of
alien limbs using tools modulates own body representation.
Neuropsychologia, 70, 402—413.

Gillingham, S. M., Yunusova, Y., Ganda, A., Rogaeva, E., Black,
S. E., Stuss, D. T., & Zinman, L. (2017). Assessing cognitive
functioning in ALS: A focus on frontal lobe processes. Amyo-
trophic Lateral Sclerosis and Frontotemporal Degeneration.
https://doi.org/10.1080/21678421.2016.1248977

Glenberg, A. M. (1997). What memory is for. The Behavioral and
Brain Sciences, 20, 1-19.

Glenberg, A. M. (2015). Few believe the world is flat: How embodi-
ment is changing the scientific understanding of cognition.
Canadian Journal of Experimental Psychology Expérimentale,
69, 165-171.

Gorgey, A. S. (2018). Robotic exoskeletons: The current pros and
cons. World Journal of Orthopedics. https://doi.org/10.5312/
wjo0.v9.19.112

Guadagni, V., Sara, M., Conson, M., Carolei, A., Sacco, S., Vadini,
S., etal. (2019). Cognitive and emotional empathy in individu-
als with spinal cord injury. Behavioural Neurology, 2019, 1-9.

Gustin, S. M., Wrigley, P. J., Siddall, P. J., & Henderson, L. A. (2010).
Brain anatomy changes associated with persistent neuro-
pathic pain following spinal cord injury. Cerebral Cortex, 20,
1409-1419.

Hoffmann, M., Marques, H., Arieta, A., Sumioka, H., Lungarella, M.,
& Pfeifer, R. (2010). Body schema in robotics: A review. I[EEE
Transactions on Autonomous Mental Development, 2, 304-324.

Holthe, T., Halvorsrud, L., Karterud, D., Hoel, K. A., & Lund, A.
(2018). Usability and acceptability of technology for commu-
nity-dwelling older adults with mild cognitive impairment and
dementia: A systematic literature review. Clinical Interventions
in Aging. https://doi.org/10.2147/CIA.S154717

Hotz-Boendermaker, S., Funk, M., Summers, P., Brugger, P., Hepp-
Reymond, M.-C., Curt, A., & Kollias, S. S. (2008). Preservation

@ Springer


https://doi.org/10.1016/B978-0-08-046616-3.00003-7
https://doi.org/10.1016/B978-0-08-046616-3.00003-7
https://doi.org/10.1093/analys/58.1.7
https://doi.org/10.1016/j.cortex.2017.04.009
https://doi.org/10.1016/j.cortex.2017.04.009
https://doi.org/10.1016/S1388-2457(02)00009-3
https://doi.org/10.1016/S1388-2457(02)00009-3
https://doi.org/10.1017/S0140525X15000965
https://doi.org/10.1017/S0140525X15000965
https://doi.org/10.1016/j.jecp.2013.04.001
https://doi.org/10.1016/j.jecp.2013.04.001
https://doi.org/10.1038/nrn2787
https://doi.org/10.1038/nrn2787
https://doi.org/10.1080/21678421.2016.1248977
https://doi.org/10.5312/wjo.v9.i9.112
https://doi.org/10.5312/wjo.v9.i9.112
https://doi.org/10.2147/CIA.S154717

Psychonomic Bulletin & Review

of motor programs in paraplegics as demonstrated by attempted
and imagined foot movements. Neuroimage, 39, 383-394.

Tonta, S., Villiger, M., Jutzeler, C. R., Freund, P., Curt, A., & Gassert,
R. (2016). Spinal cord injury affects the interplay between visual
and sensorimotor representations of the body. Scientific Reports,
6,20144.

Jarosiewicz, B., Sarma, A. A., Bacher, D., Masse, N. Y., Simeral, J.
D., Sorice, B., Oakley, E. M., Blabe, C., Pandarinath, C., Gilja,
V., Cash, S. S., Eskandar, E. N., Friehs, G., Henderson, J. M.,
Shenoy, K. V., Donoghue, J. P., & Hochberg, L. R. (2015). Vir-
tual typing by people with tetraplegia using a self-calibrating
intracortical brain-computer interface. Science Translational
Medicine, 7, 1-11.

Jenkinson, P. M., Moro, V., & Fotopoulou, A. (2018). Definition: Aso-
matognosia. Cortex, 101, 300-301.

Khoury, B., Kniduper, B., Pagnini, F.,, Trent, N., Chiesa, A., & Carriére,
K. (2017). Embodied mindfulness. Mindfulness (New York), 8,
1160-1171.

Kiefer, M., & Pulvermiiller, F. (2012). Conceptual representations
in mind and brain: Theoretical developments, current evidence
and future directions. Cortex, 48, 805-825.

Kontra, C., Lyons, D. J., Fischer, S. M., & Beilock, S. L. (2015).
Physical Experience Enhances Science Learning. Psychologi-
cal Science. https://doi.org/10.1177/0956797615569355

Korner, A., Topolinski, S., & Strack, F. (2015). Routes to embodi-
ment. Frontiers in Psychology, 6, 1-10.

Kuehn, E., Perez-Lopez, M. B., Diersch, N., Dohler, J., Wolbers, T.,
& Riemer, M. (2018). Embodiment in the aging mind. Neuro-
science and Biobehavioral Reviews, 86, 207-225.

Lakoff, G., & Johnson, M. (1980). Metaphors we live by. University
of Chicago Press.

Lakoff, G., & Johnson, M. (1999). Philosophy in the Flesh. Basic
Books.

Lee, M. B., Kramer, D. R., Peng, T., Barbaro, M. F., Liu, C. Y.,
Kellis, S., & Lee, B. (2019). Brain-computer interfaces in
quadriplegic patients. Neurosurgery Clinics of North America.
https://doi.org/10.1016/j.nec.2018.12.009

Lenggenhager, B., Pazzaglia, M., Scivoletto, G., Molinari, M., &
Aglioti, S. M. (2012). The sense of the body in individuals
with spinal cord injury. PLoS One, 7, €50757. https://doi.org/
10.1371/journal.pone.0050757

Leshinskaya, A., & Caramazza, A. (2016). For a cognitive neurosci-
ence of concepts: Moving beyond the grounding issue. Psycho-
nomic Bulletin & Review, 23, 991-1001.

Liuzza, M. T., Candidi, M., & Aglioti, S. M. (2011). Do not reso-
nate with actions: Sentence polarity modulates cortico-spinal
excitability during action-related sentence reading. PLoS One.
https://doi.org/10.1371/journal.pone.0016855

Longo, M. R., Schiiiir, F., Kammers, M. P. M., Tsakiris, M., &
Haggard, P. (2008). What is embodiment? A psychometric
approach. Cognition, 107, 978-998.

Mabhon, B. Z., & Caramazza, A. (2008). A critical look at the embod-
ied cognition hypothesis and a new proposal for grounding
conceptual content. Journal of Physiology, Paris, 102, 59-70.

Manson, G. A., Sayenko, D. G., Masani, K., Goodman, R., Wong, L.,
Popovic, M. R., Tremblay, L., & Welsh, T. N. (2014). Action
possibility judgments of people with varying motor abilities
due to spinal cord injury. PLoS One, 9, €110250. https://doi.
org/10.1371/journal.pone.0110250

Maravita, A., Spence, C., Kennett, S., & Driver, J. (2002). Tool-use
changes multimodal spatial interactions between vision and
touch in normal humans. Cognition, 83, 25-34.

Matamala-Gomez, M., Diaz Gonzalez, A. M., Slater, M., & Sanchez-
Vives, M. V. (2019). Decreasing pain ratings in chronic arm
pain through changing a virtual body: Different strategies for
different pain types. The Journal of Pain, 20, 685-697.

@ Springer

Mohan, R., Jensen, K. B., Petkova, V. I, Dey, A., Barnsley, N., Ing-
var, M., McAuley, J. H., Moseley, G. L., & Ehrsson, H. H.
(2012). No pain relief with the rubber hand illusion. PLoS
One, 7, €52400. https://doi.org/10.1371/journal.pone.0052400

Molina, B., Segura, A., Serrano, J. P., Alonso, F. J., Molina, L.,
Pérez-Borrego, Y. A., Ugarte, M. 1., & Oliviero, A. (2018).
Cognitive performance of people with traumatic spinal cord
injury: a cross-sectional study comparing people with subacute
and chronic injuries. Spinal Cord, 56, 796-805.

Moro, V., Berlucchi, G., Lerch, J., Tomaiuolo, F., & Aglioti, S.
M. (2008a). Selective deficit of mental visual imagery with
intact primary visual cortex and visual perception. Cortex, 44,
109-118.

Moro, V., Urgesi, C., Pernigo, S., Lanteri, P., Pazzaglia, M., & Aglioti,
S. M. (2008b). The neural basis of body form and body action
agnosia. Neuron, 60, 235-246.

Moro, V., Pernigo, S., Zapparoli, P., Cordioli, Z., & Aglioti, S. M.
(2011). Phenomenology and neural correlates of implicit and
emergent motor awareness in patients with anosognosia for
hemiplegia. Behavioural Brain Research, 225, 259-269.

Moro, V., Pernigo, S., Tsakiris, M., Avesani, R., Edelstyn, N. M.
J., Jenkinson, P. M., & Fotopoulou, A. (2016). Motor versus
body awareness: Voxel-based lesion analysis in anosognosia
for hemiplegia and somatoparaphrenia following right hemi-
sphere stroke. Cortex, 83, 62-717.

Murphy, R. (1990). The body silent: The different world of the disa-
bled. WW.

Newell, A., & Simon, H. A. (1972). Human problem solving.
Prentice-Hall.

O’Regan, J. K., & Nog, A. (2001). A sensorimotor account of vision
and visual consciousness. The Behavioral and Brain Sciences,
24, 939-973.

Opsommer, E., & Korogod, N. (2017). Mental practice for chronic
pain in people with spinal cord injury: a systematic review pro-
tocol. JBI Database of Systematic Reviews and Implementation
Reports, 15(8), 2004-2012.

Opsommer, E., Chevalley, O., & Korogod, N. (2020). Motor imagery
for pain and motor function after spinal cord injury: a system-
atic review. Spinal Cord, 58(3), 262-274.

Ostarek, M., & Bottini, R. (2021). Towards strong inference in
research on embodiment — possibilities and limitations of
causal paradigms. Journal of Cognition, 4(1), 5.

Osuagwu, B. C. A., Wallace, L., Fraser, M., & Vuckovic, A. (2016).
Rehabilitation of hand in subacute tetraplegic patients based on
brain computer interface and functional electrical stimulation:
A randomised pilot study. Journal of Neural Engineering, 13.
https://doi.org/10.1088/1741-2560/13/6/065002

Pacella, V., Foulon, C., Jenkinson, P. M., Scandola, M., Bertagnoli,
S., Avesani, R., Fotopoulou, A., Moro, V., & Thiebaut de
Schotten, M. (2019). Anosognosia for hemiplegia as a tripar-
tite disconnection syndrome. Elife, 8, 1-13.

Pacella, V., Scandola, M., Beccherle, M., Bulgarelli, C., Avesani,
R., Carbognin, G., Agostini, G., Thiebaut de Schotten, M., &
Moro, V. (2020). Anosognosia for theory of mind deficits: A
single case study and a review of the literature. Neuropsycho-
logia, 148, 10764.

Papadimitriou, C. (2008). Becoming en-wheeled: the situated accom-
plishment of re-embodiment as a wheelchair user after spinal
cord injury. Disabil Soc, 23, 691-704.

Pazzaglia, M., Pizzamiglio, L., Pes, E., & Aglioti, S. M. (2008a). The
sound of actions in apraxia. Current Biology, 18, 1766—1772.

Pazzaglia, M., Smania, N., Corato, E., & Aglioti, S. M. (2008b).
Neural underpinnings of gesture discrimination in patients with
limb apraxia. The Journal of Neuroscience. https://doi.org/10.
1523/INEUROSCI.5748-07.2008


https://doi.org/10.1177/0956797615569355
https://doi.org/10.1016/j.nec.2018.12.009
https://doi.org/10.1371/journal.pone.0050757
https://doi.org/10.1371/journal.pone.0050757
https://doi.org/10.1371/journal.pone.0016855
https://doi.org/10.1371/journal.pone.0110250
https://doi.org/10.1371/journal.pone.0110250
https://doi.org/10.1371/journal.pone.0052400
https://doi.org/10.1088/1741-2560/13/6/065002
https://doi.org/10.1523/JNEUROSCI.5748-07.2008
https://doi.org/10.1523/JNEUROSCI.5748-07.2008

Psychonomic Bulletin & Review

Peck, T. C., Seinfeld, S., Aglioti, S. M., & Slater, M. (2013). Putting
yourself in the skin of a black avatar reduces implicit racial
bias. Consciousness and Cognition, 22, 779-787.

Pernigo, S., Moro, V., Avesani, R., Miatello, C., Urgesi, C., &
Aglioti, S. M. (2012). Massive somatic deafferentation and
motor deefferentation of the lower part of the body impair its
visual recognition: a psychophysical study of patients with spi-
nal cord injury. The European Journal of Neuroscience, 36,
3509-3518.

Pistoia, F., Conson, M., Trojano, L., Grossi, D., Ponari, M., Col-
onnese, C., Pistoia, M. L., Carducci, F., & Sara, M. (2010).
Impaired conscious recognition of negative facial expressions
in patients with locked-in syndrome. The Journal of Neurosci-
ence. https://doi.org/10.1523/JNEUROSCI.6300-09.2010

Pouw, W. T. J. L., van Gog, T., & Paas, F. (2014). An Embedded and
Embodied Cognition Review of Instructional Manipulatives.
Educational Psychology Review, 26, 51-72.

Pozeg, P., Palluel, E., Ronchi, R., Solca, M., Al-Khodairy, A. W.,
Jordan, X., Kassouha, A., & Blanke, O. (2017). Virtual reality
improves embodiment and neuropathic pain caused by spinal
cord injury. Neurology, 89, 1894—-1903.

Proffitt, D. R. (2006). Embodied Perception and the Economy of
Action. Perspectives on Psychological Science, 1, 110-122.

Proffitt, D. R., Stefanucci, J., Banton, T., & Epstein, W. (2003). The
role of effort in perceiving distance. Psychological Science,
14, 106-112.

Ramachandran, V. S., Rogers-Ramachandran, D., & Stewart, M.
(1992). Perceptual correlates of massive cortical reorganiza-
tion. Science, 258, 1159-1160.

Riviére, J., & David, E. (2013). Perceptual-motor constraints on
decision making: The case of the manual search behavior for
hidden objects in toddlers. Journal of Experimental Child Psy-
chology. https://doi.org/10.1016/j.jecp.2012.11.006

Romano, D., & Maravita, A. (2019). The dynamic nature of the sense
of ownership after brain injury. Clues from asomatognosia and
somatoparaphrenia. Neuropsychologia, 132, 107119. https://
doi.org/10.1016/j.neuropsychologia.2019.107119

Rousseaux, M., Castelnot, E., Rigaux, P., Kozlowski, O., & Danzé,
F. (2009). Evidence of persisting cognitive impairment in a
case series of patients with locked-in syndrome. Journal of
Neurology, Neurosurgery, and Psychiatry. https://doi.org/10.
1136/jnnp.2007.128686

Saurat, M.-T., Agbakou, M., Attigui, P., Golmard, J.-L., & Arnulf, I.
(2011). Walking dreams in congenital and acquired paraplegia.
Consciousness and Cognition, 20, 1425-1432.

Scandola, M., Tidoni, E., Avesani, R., Brunelli, G., Aglioti, S. M.,
& Moro, V. (2014). Rubber hand illusion induced by touching
the face ipsilaterally to a deprived hand: evidence for plastic
“somatotopic” remapping in tetraplegics. Frontiers in Human
Neuroscience, 8, 404.

Scandola, M., Aglioti, S. M., Bonente, C., Avesani, R., & Moro, V.
(2016). Spinal cord lesions shrink peripersonal space around
the feet, passive mobilization of paraplegic limbs restores it.
Scientific Reports, 6, 24126.

Scandola, M., Aglioti, S. M., Avesani, R., Bertagnoni, G., Maran-
goni, A., & Moro, V. (2017a). Corporeal illusions in chronic
spinal cord injuries. Consciousness and Cognition, 49,
278-290.

Scandola, M., Aglioti, S. M., Pozeg, P., Avesani, R., & Moro, V.
(2017b). Motor imagery in spinal cord injured people is
modulated by somatotopic coding, perspective taking, and
post-lesional chronic pain. Journal of Neuropsychology, 11,
305-326.

Scandola, M., Aglioti, S. M., Avesani, R., Bertagnoni, G., Maran-
goni, A., & Moro, V. (2019a). Anticipation of wheelchair and
rollerblade actions in spinal cord injured people, rollerbladers,

and physiotherapists. PLoS One, 14, €0213838. https://doi.org/
10.1371/journal.pone.0213838

Scandola, M., Dodoni, L., Lazzeri, G., Arcangeli, C.A., Avesani,
R., Moro, V., & lonta, S. (2019b). Neurocognitive benefits of
physiotherapy for spinal cord injury. Journal of Neurotrauma
neu.2018.6123. https://doi.org/10.1089/neu.2018.6123

Scandola, M., Togni, R., Tieri, G., Avesani, R., Brambilla, M., Aglioti,
S. M., & Moro, V. (2019¢). Embodying their own wheelchair
modifies extrapersonal space perception in people with spinal
cord injury. Experimental Brain Research, 237, 2621-2632.

Scandola, M., Aglioti, S. M., Lazzeri, G., Avesani, R., lonta, S., &
Moro, V. (2020). Visuo-motor and interoceptive influences on
peripersonal space representation following spinal cord injury.
Scientific Reports, 10(1), 1-16.

Scandola, M., Canzano, L., Avesani, R., Leder, M., Bertagnoli, S.,
Gobbetto, V., Aglioti, S. M., & Moro, V. (2021). Anosognosia for
Limb and Bucco-facial apraxia as inferred from the recognition
of gestural errors. Jounral Neuropsychol, 15(1), 20-45.

Schaefer, M., Heinze, H.-J., & Galazky, I. (2013). Waking up the alien
hand: rubber hand illusion interacts with alien hand syndrome.
Neurocase, 19, 371-376.

Schnakers, C., Majerus, S., Goldman, S., Boly, M., Van Eeckhout,
P., Gay, S., Pellas, F., Bartsch, V., Peigneux, P., Moonen, G.,
& Laureys, S. (2008). Cognitive function in the locked-in
syndrome. Journal of Neurology. https://doi.org/10.1007/
s00415-008-0544-0

Schubert, T. W. (2004). The power in your hand: Gender differences
in bodily feedback from making a fist. Personality and Social
Psychology Bulletin. https://doi.org/10.1177/0146167204263780

Sedda, A., Ambrosini, E., Dirupo, G., Tonin, D., Valsecchi, L.,
Redaelli, T., Spinelli, M., Costantini, M., & Bottini, G. (2018).
Affordances after spinal cord injury. Journal of Neuropsychol-
ogy, 1-16. https://doi.org/10.1111/jnp.12151

Senra, H., Oliveira, R. A., Leal, 1., & Vieira, C. (2012). Beyond the
body image: A qualitative study on how adults experience lower
limb amputation. Clinical Rehabilitation. https://doi.org/10.
1177/0269215511410731

Serino, A., Bassolino, M., Farne, A., & Ladavas, E. (2007). Extended
multisensory space in blind cane users. Psychological Science,
18, 642-648.

Shapiro, L. (2011). Embodied cognition. Routledge.

Shapiro, L. (2019). Flesh matters: the body in cognition. Mind & Lan-
guage, 34, 3-20.

Smith, L. B. (2005). Cognition as a dynamic system: Principles from
embodiment. Developmental Review, 25, 278-298.

Solstrand Dahlberg, L., Becerra, L., Borsook, D., & Linnman, C.
(2018). Brain changes after spinal cord injury, a quantitative
meta-analysis and review. Neuroscience and Biobehavioral
Reviews, 90, 272-293.

Sgrensen, L., & Méanum, G. (2019). A single-subject study of robotic
upper limb training in the subacute phase for four persons with
cervical spinal cord injury. Spinal Cord Series And Cases, 5, 29.

Thelen, E., & Smith, L. B. (1994). A dynamic systems approach to the
development of cognition and action. MIT Press/Bradford book
series in cognitive psychology. The MIT Press.

Thiebaut de Schotten, M., Dell’Acqua, F., Ratiu, P., Leslie, A., Howells,
H., Cabanis, E., Iba-Zizen, M. T., Plaisant, O., Simmons, A.,
Dronkers, N. F., Corkin, S., & Catani, M. (2015). From Phineas
Gage and Monsieur Leborgne to H.M.: Revisiting disconnection
syndromes. Cerebral Cortex, 25, 4812-48217.

Tidoni, E., Grisoni, L., Liuzza, M. T., & Aglioti, S. M. (2014). Rubber
hand illusion highlights massive visual capture and sensorimotor
face-hand remapping in a tetraplegic man. Restorative Neurology
and Neuroscience, 32, 611-622.

@ Springer


https://doi.org/10.1523/JNEUROSCI.6300-09.2010
https://doi.org/10.1016/j.jecp.2012.11.006
https://doi.org/10.1016/j.neuropsychologia.2019.107119
https://doi.org/10.1016/j.neuropsychologia.2019.107119
https://doi.org/10.1136/jnnp.2007.128686
https://doi.org/10.1136/jnnp.2007.128686
https://doi.org/10.1371/journal.pone.0213838
https://doi.org/10.1371/journal.pone.0213838
https://doi.org/10.1089/neu.2018.6123
https://doi.org/10.1007/s00415-008-0544-0
https://doi.org/10.1007/s00415-008-0544-0
https://doi.org/10.1177/0146167204263780
https://doi.org/10.1111/jnp.12151
https://doi.org/10.1177/0269215511410731
https://doi.org/10.1177/0269215511410731

Psychonomic Bulletin & Review

Tosi, G., Romano, D., & Maravita, A. (2018). Mirror box training in
hemiplegic stroke patients affects body representation. Frontiers
in Human Neuroscience, 11, 1-10.

Toumpaniari, K., Loyens, S., Mavilidi, M. F., & Paas, F. (2015).
Preschool children’s foreign language vocabulary learning
by embodying words through physical activity and gestur-
ing. Educational Psychology Review. https://doi.org/10.1007/
s10648-015-9316-4

Tsakiris, M., & Haggard, P. (2005). The rubber hand illusion revisited:
visuotactile integration and self-attribution. Journal of Experi-
mental Psychology. Human Perception and Performance, 31,
80-91.

Tsakiris, M., & Haggard, P. (2010). Neural, functional, and phenom-
enological signatures of intentional actions. In F. Grammont, D.
Legrand, & P. Livet (Eds.), Naturalizing intention in action (pp.
39-64). MIT Press.

Tschacher, W., Giersch, A., & Friston, K. (2017). Embodiment and
schizophrenia: A review of implications and applications. Schizo-
phrenia Bulletin, 43, 745-753.

van der Hoort, B., Guterstam, A., & Ehrsson, H. H. (2011). Being
barbie: The size of one’s own body determines the perceived
size of the world. PLoS One, 6. https://doi.org/10.1371/journal.
pone.0020195

van Gelder, T. (1998). The dynamical hypothesis in cognitive science.
The Behavioral and Brain Sciences, 21, 615-628.

Varela, F. J., Thompson, E., & Rosch, E. (1991). The Embodied Mind,
Philosophical Books. MIT Press. https://doi.org/10.1111/j.1468-
0149.1965.tb01386.x

Vastano, R., Costantini, M., & Widerstrom-Noga, E. (2021). Maladap-
tive reorganization following SCI: the role of body representation

@ Springer

and multisensory integration. Progress in Neurobiology, 30,
102179.

Wang, X., Men, W,, Gao, J., Caramazza, A., & Bi, Y. (2020). Two
forms of knowyledge representations in the Human Brain. Neu-
ron, 107, 383-393.

Wells, G.L., Petty, R. E. (2010). The effects of overt head move-
ments on persuasion : Compatibility and incompatibility of
responses. Basic and Applied Social Psychology, Online 37—41.
https://doi.org/10.1207/s15324834basp0103

Witt, J. K., & Proffitt, D. R. (2005). See the ball, hit the ball. Psycho-
logical Science, 16, 937-938.

Witt, J. K., Linkenauger, S. A., Bakdash, J. Z., & Proffitt, D. R. (2008).
Putting to a bigger hole: Golf performance relates to perceived
size. Psychonomic Bulletin, 15, 581-585.

Wykowska, A., Chaminade, T., & Cheng, G. (2016). Embodied artifi-
cial agents for understanding human social cognition. Philosoph-
ical Transactions of the Royal Society B: Biological Sciences.
https://doi.org/10.1098/rstb.2015.0375

Zadikoff, C., & Lang, A. E. (2005). Apraxia in movement disorders.
Brain. https://doi.org/10.1093/brain/awh560

Open practices statements The paper does not present original
experimental data.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s10648-015-9316-4
https://doi.org/10.1007/s10648-015-9316-4
https://doi.org/10.1371/journal.pone.0020195
https://doi.org/10.1371/journal.pone.0020195
https://doi.org/10.1111/j.1468-0149.1965.tb01386.x
https://doi.org/10.1111/j.1468-0149.1965.tb01386.x
https://doi.org/10.1207/s15324834basp0103
https://doi.org/10.1098/rstb.2015.0375
https://doi.org/10.1093/brain/awh560

	What the study of spinal cord injured patients can tell us about the significance of the body in cognition
	Abstract
	(Dis)Embodied approaches to cognition
	Spinal cord injury (SCI) as a model for understanding the role of the body in cognition
	Sensorimotor pathways to mental body representations
	The rubber hand illusion
	Visual discrimination of the human body

	The body in the world of people and objects
	Embodying artificial agents
	The embodiment of objects

	How residual motor skills following SCI impact cognition
	How can the study of SCI contribute to the debate on the embodied cognition approach?
	Conclusions and future research
	References


