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Abstract

Hari and Jousmaki (1996) highlighted the distinction between personal space and
peripersonal space in their finding that motor activity is initiated more efficiently in
response to stimuli located on the responding limb as opposed to near the responding
limb. Experiments conducted in the current thesis adapted the Hari and Jousmaki
(1996) method in order to determine whether a similar bias could be associated with
virtual limbs. These studies revealed that responses to a target located on a virtual
limb under the constant reliable control of the individual are faster than responses to a
target located near the virtual limb, irrespective of the visual appearance, spatial
orientation, and spatial location of the limb. In the absence of control over the virtual
object, these studies also found some evidence to suggest that the experience of tactile
sensation from the virtual hand may result in a similar bias. Past research suggests that
these findings may be a result of an attention bias towards the virtual limbs (Whiteley,
Kennett, Taylor-Clarke, & Haggard, 2004); however, the evidence presented in this
thesis cannot support an attention explanation thus it must be concluded that the
on/off effect observed in this thesis is the result of compatibility between the stimulus
and the response. This thesis discusses the implications of these findings to review the
potential applications of this research from a theoretical and methodological

perspective.
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Preface

Concepts of self have been the subject of study in psychology for many years as an
understanding of the physical body in relation to the external surroundings is
paramount for successful functioning. Psychological research to date has investigated
this comprehension of the body in space by attempting to construct a spatial map of
the regions within and beyond the body in order to further understand how the body is
represented in the brain. Chapter 1 presents research exploring concepts of space and
schema related to the physical body of the individual. Research has proposed that
spatial regions around the body can be dissected into personal space (‘on body’ space
- within or on the body), peripersonal space (‘near body’ space - within the reach of
the stationary body), and extrapersonal space (‘far body’ space - beyond the reach of
the stationary body). Research has further proposed that an understanding of the body
is formed through an internal representation described as a body schema. Concepts of
personal space and the body schema can be closely related: our body schema refers to
the component parts of our physical body (what we are) whereas our personal space is
the spatial location of our physical body (where we are) and the combination of these

two concepts allow us to establish a sense of self (who we are).

Chapter 2 investigates the potential flexibility of personal space and the body schema.
Spatial coding and body schema have been described as malleable entities capable of
plasticity under certain conditions. Research suggests that spatial coding may be
flexible to the extent that objects located some distance from the body may be re-
coded as though they are located close to the body and objects located close to the
body may be re-coded as though they are located some distance from the body.
Similarly, research proposes that the body schema is a flexible construct that may be
projected to incorporate external objects (such as a tool) or retracted to acknowledge

physical restrictions (such as an amputated limb).

Research conducted in this thesis aimed to investigate the flexibility of spatial coding
and the body schema through the adaptation of the method designed by Hari and
Jousmaki (1996). Hari and Jousmaki (1996) found that motor activity is initiated more
efficiently in response to stimuli located on the responding limb as opposed to near

the responding limb. They proposed that stimuli located off the body required
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additional processing unnecessary for stimuli located on the responding body and
concluded that these findings demonstrate a type of spatial stimulus-response
compatibility. An alternative explanation for these findings was proposed by
Whiteley, Kennett, Taylor-Clarke, and Haggard (2004) who found that the bias
towards stimuli located on the body remained when the participant was required to
respond with the opposite hand through a forced choice key press. This design
eliminated the possibility of a compatibility effect thus Whiteley et al (2004)
attributed their findings to an attention bias toward stimuli located on the body.
Further details relating to these two key experiments are presented in Chapter 3.
Chapters 3 to 7 contain seventeen experiments exploring the difference between
responses to stimuli located on a virtual limb and responses to stimuli located near a

virtual limb.

Chapter 3 reviews the study conducted by Hari and Jousmaki (1996) to describe the
design of the replications completed in the current thesis. Experiments 1 and 2
adapted the Hari and Jousmaki (1996) method to explore any bias towards stimuli
located on a virtual body in a simulated environment in order to determine whether a
similar bias could be associated with virtual hands. These studies found that responses
to targets located on the virtual limbs were faster than responses to targets located
near the virtual limbs and these findings were taken as tentative evidence for the
projection of personal space to incorporate the virtual limb, or, alternatively,
incorporation of the virtual limb into the body schema. In this context, ‘incorporation’
is operationally defined as the projection of personal space to space beyond the
physical body or the alteration of the body schema to include objects not a part of the
physical body.

Chapter 4 notes that the bias recorded in the previous chapter was specific to the
virtual limbs as opposed to other virtual objects present in the simulation so it was
argued that there must be a specific set of features to direct this bias toward the virtual
limbs. Experiments 3 to 6 examine the roles of visual appearance and spatial location
of the virtual limbs: Experiment 3 presents the virtual limbs as mirror images of
hands; Experiment 4 presents the virtual limbs as feet; Experiment 5 presents the
virtual limbs as cones; and Experiment 6 presents the virtual limbs some distance in

front of the real limbs. The findings of these experiments reveal that there was
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enhanced processing for stimuli associated with the virtual limb, irrespective of the

visual appearance, spatial orientation, and spatial location of the limb.

Chapter 5 discusses the issue of control with regards to personal space and body
schema. Experiments 7 to 12 examine the role of control in the response preference
for stimuli located on the virtual limbs: Experiment 7 investigates the absence of
control by making the virtual hands immobile; Experiment 8 investigates the
importance of predictability of control by making the movement of the virtual hands
unpredictable; Experiments 9 and 10 investigate the flexibility of control by placing
each virtual hand under the control of the opposite physical hand; Experiment 11
investigates the importance of the controlling limb by placing the virtual limbs under
the control of the feet; and Experiment 12 investigates the potential for ‘second-hand’
confrol by placing virtual limbs under the control of a physical tool wielded by the
participant. These studies highlight the role of control as a mediating factor in the bias
towards stimuli located on the virtual limb: preferential processing of stimuli located
on, as opposed to near, the virtual limb was dependent on the individual wielding
consistent predictable control over the virtual limb in order to complete a specific

task.

Chapter 6 explores the role of visuo-tactile feedback as a mediating factor in the
preference for stimuli associated with the virtual limb: initial studies aim to determine
whether tactile feedback can be associated with virtual hands (similar to the tactile
feedback associated with fake hands in the rubber hand illusion) and subsequent
studies aim to determine whether this experience can invoke preferential processing of
stimuli located on the virtual hands in the absence of control. Experiment 13 adopts
the method designed by Botvinick and Cohen (1998) to measure illusory tactile
sensation associated with the virtual hand. The findings of this experiment reveal that
the illusion of tactile sensation can be associated with virtual limbs following
concurrent visual stimulation of the virtual hands and tactile stimulation of the
physical hands. Experiments 14 and 15 investigate the effect of this experience on the
subsequent responses to stimuli located on or near immobile virtual limbs. These
studies offer some support to the suggestion that responses can be biased towards an
object in the absence of control, provided that there has been prior experience of

feedback from the virtual limbs.
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Hari and Jousmaki (1996) suggested that their findings were due to a stimulus-
response compatibility effect, whereas Whiteley, Kennett, Taylor-Clarke, and
Haggard (2004) attributed their findings to an attention bias toward stimuli located on
the body. Experiments 1 — 15 cannot provide evidence to support either theory as the
findings of each experiment could equally be attributed to a compatibility effect or
attention bias. Chapter 7 presented research to distinguish between these two possible
explanations. Experiments 16 and 17 explored the detection accuracy of target letters
located on or near the virtual limbs. The findings of these experiments could not
support the attention bias explanation, as the results did not reveal that detection was
significantly more accurate for letters located on the virtual limbs. It was, therefore,
argued that the on/off effect observed in the virtual environment is the result of

compatibility between the stimulus and the response.

It is concluded that there is a preference for stimuli associated with a virtual limb
under the consistent, reliable control of the individual, irrespective of the visual
appearance and spatial location of the limb. Chapter 8 argues that these findings
suggest that the current definitions of personal space and the body schema may offer
an inappropriate perspective of the representation of the body in the brain.
Conventional theories relating to space and schema have suggested that the mind
holds a relatively fixed internal representation of the body and the space occupied by
the body. These definitions have been criticised by a number of psychologists (in
particular, Holmes & Spence, 2006) for proposing an inexplicable homunculus in
place of an explanation for the wide variety of behaviours under exploration. The
current findings suggest that it may be more appropriate to define the internal
representation of the body in terms of what is under the control of the brain. Perhaps
the body schema does not exist per se, but rather the mind holds a dynamic
framework of the objects under the control of the individual; most commonly the
physical body as this is the object most often under control, but also flexible enough
to incorporate any other objects controlled by the brain. The potential applications of
this research are discussed in Chapter 8 with regard to the theoretical findings (bias
towards stimuli located on external objects under the control of the body) and in
Chapter 9 with regard to the methodological findings (responses to the virtual body

can be similar to responses to the physical body).
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Chapter 1

Space and Schema

Concepts of self have been the subject of study in psychology for many years as an
understanding of the physical body in relation to the external surroundings is
paramount for successful functioning. It is evident that the brain is capable of
distinguishing the body from the surrounding environment: most people will
experience an intuitive appreciation of the location of their own body relative to other
objects in space. Research to date has investigated responses to stimuli located within
and beyond the body in order to further understand how the body is represented in the

brain.

Space: Divisions in Spatial Coding

Research investigating spatial understanding has dissected the area within and around
the body in order to determine whether spatial coding for stimuli differs according to

the location of the stimuli in relation to the physical body.

Brain (1941) reviewed case studies of patients demonstrating visual disorders as a
result of right hemisphere damage to suggest that there may be specific systems for
‘grasping space’ or near body space and ‘walking space’ or far from body space. Of
particular note, Brain (1941) reported one case of a patient who found it difficult to
judge relative distances of objects located in the left visual field of walking space.
This patient was unable to identify the nearer object when one item was located eight
feet from his body and one item was located eighteen feet from his body. In contrast,
the patient was capable of identifying the nearer object when both items were located
approximately one yard from his face. This finding suggests that the patient had an
intact system for locating objects in grasping space, but suffered damage to the system
responsible for locating objects in walking space. Brain (1941) proposed that lesions
closer to the hand area result in damage to the system for grasping space whereas
lesions closer to the leg area result in damage to the system for walking space.
Paterson and Zangwill (1944) also noted spatial distinctions in visual disorders
following damage to the right hemisphere. They observed a specific difficulty in

estimating the distance of near and far objects: near objects (approximately 250mm)
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resulted in a tendency to overestimate distance, whereas far objects (approximately
1000mm) resulted in a tendency to underestimate distance. They concluded that these
findings support the theories proposed by Brain (1941) and they argued that spatial
regions within and beyond reach of the body are under the control of different cortical

mechanisms.

Research exploring spatial coding in relation to the body has also highlighted the
distinction between the space within reach of the body and the space occupied by the
actual body itself. Roland, Skinhoj, Lassen, and Larsen (1980) have argued for a
neural distinction between intrapersonal space and extrapersonal space. It was noted
that voluntary movements in intrapersonal space involve moving one body part
relative to other body parts using the body itself as a reference system (proprioceptive
and cutaneous feedback), whereas voluntary movements in extrapersonal space
involve movements towards specific stimuli beyond the body using the environment
as a reference system (predominantly visual feedback). They suggested that these two
types of voluntary movements usually interact (moving towards a pen on a table
requires movement in intrapersonal and extrapersonal space); however, since the
information required for each type of movement is different, they proposed that
cerebral organization for these movements might also differ. Experimental evidence
supporting this theory noted increased regional cerebral blood flow (rCBF) in the
posterior parietal cortex during voluntary movements in extrapersonal space (touching
specific squares in a maze and making spirals in the air) and increased rCBF in the
bilateral supplementary motor areas and the contralateral primary motor cortex during
movement programming and execution in intrapersonal space (pressing a spring-
loaded cylinder between thumb and index finger or touching the thumb to each finger
in quick succession). These findings suggest distinct systems responsible for coding
the space occupied by the body (intrapersonal space) and the space beyond the body

(extrapersonal space).

Rizzolatti, Gentilucci, and Matelli (1985), and Rizzolatti and Camardi (1987) have
acknowledged the distinctions noted above (far from body vs near body observed by
Brain, 1941; and near body vs on/within body observed by Roland, Skinhoj, Lassen,
and Larsen, 1980) to describe three discrete spatial regions: far space (beyond the
reach of the body), peripersonal space (within the reach of the body), and personal

space (on or within the body).
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Personal space as defined by Rizzolatti et al (1985, 1987) is equivalent to the region
labelled ‘intrapersonal space’ by Roland, Skinhoj, Lassen, and Larsen (1980). This
area is associated with oral and tactile experiences and encompasses any stimuli

located on the body.

Peripersonal space as defined by Rizzolatti et al (1985, 1987) is equivalent to the
region labelled ‘extrapersonal space’ by Roland et al (1980) and the area labelled
‘grasping space’ by Brain (1941). This area is regulated by reach capabilities and
encompasses any stimuli located within the reach of the body. Previc (1990, 1993a,
1993b, 1998) also referred to peripersonal space in his discussion of spatial coding.
However, in contrast to Rizzolatti et al (1985, 1987), Previc did not distinguish
between space occupied by the body (personal) and space immediately around the
body (peripersonal). Previc (1990, 1993a, 1993b, 1998) defined peripersonal space as
the area both containing and immediately surrounding the body (expanding 30
degrees laterally to each side of the midline) and suggested that this region is
associated with visual grasping/manipulation and consumption. Previc (1990, 1993a,
1993b, 1998) argued that attention in this area is biased towards the lower visual field,
as this constitutes the main area of reaching space. Research exploring spatial coding
in relation to the body has proposed that it may be appropriate to further subdivide
peripersonal space. Ladavas and Farne (2004) argue that studies investigating visuo-
tactile extinction for stimuli located around the face and hands suggest that
peripersonal space should be further sectioned into near peripersonal and far
peripersonal: near peripersonal space is within 7cm from the body part and far
peripersonal space is beyond 35cm from the body part. They found that patients
demonstrating a failure to detect contralesional tactile stimuli during the presence of
concurrent ipsilesional visual stimuli have been found to dissociate between visual
stimuli located within 7cm of the body and visual stimuli located beyond 35cm from
the body. Ladavas and Farne (2004) concluded that extinction can occur as a result of
stimuli presented in near peripersonal space but does not usually occur as a result of

stimuli presented in far peripersonal space.

Far space as defined by Rizzolatti et al (1985, 1987) is equivalent to the walking
space proposed by Brain (1941). This region is related to oculor-motor capabilities

and encompasses any stimuli located beyond reach yet within view of the body.
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Previc (1990, 1993a, 1993b, 1998) expanded on the distinctions proposed by
Rizzolatti et al (1985, 1987) by redefining far space as extrapersonal space and further
dividing this region into focal, ambient, and action extrapersonal space.

Focal extrapersonal space refers to an American football shaped area located beyond
peripersonal space expanding 20-30 degrees laterally and focused at fixation. Previc
(1998) argues that the primary function of processing in focal extrapersonal space is
visual search and recognition of external stimuli, and there appears to be a bias in
visual attention towards the upper field of focal extrapersonal space as this constitutes
the main area of object recognition space (Previc, 1996).

Ambient extrapersonal space refers to a large area beyond peripersonal space
expanding 180 degrees laterally and consisting of the most eccentric and distant areas
of the visual field. Previc (1998) suggests that this region is associated with spatial
orientation, locomotion, and postural control, and visual attention appears to be biased
towards the lower field of ambient extrapersonal space as this constitutes the main
area of body space (Telford & Frost, 1993).

Action extrapersonal space refers to a large area beyond peripersonal space expanding
the full 360 degrees around the body. Previc (1998) proposes that processing in this
region involves activating memory, attention, and voluntary motor systems for
navigation and orientation through a scene. There appears to be a bias towards the
upper field of action extrapersonal space for both visual attention (Previc & Intraub,
1997, found that 3D visual memory is biased towards the upper field) and auditory
attention (Barfield, Cohen, & Rosenberg, 1997, found that auditory localisations are
biased towards the upper field).

Research investigating responses to stimuli located in personal, peripersonal, and
extrapersonal space has suggested that there may be distinct neural circuits
responsible for coding stimuli located on the body, within reaching distance of the

body, and beyond the reach of the body.

Based on their spatial definitions, Rizzolatti et al (1985, 1987) argued that space
occupied by the body (personal space) and located near to the body (peripersonal
space) is associated with cortical activation in the motor regions (Brodmann areas 6
and 4) and somatosensory regions (7a and 7b), whereas space located far from the
body (extrapersonal space) is associated with the frontal eye fields (8), the posterior

parietal cortex (7b), and the superior colliculus.
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Previc (1990, 1993a, 1993b, 1998) has proposed similar neural correlates on the basis
of his definitions of peripersonal and extrapersonal space. Previc (1990, 1993a,
1993b, 1998) argued that peripersonal space is associated with cortical activation in
the inferior parietal, dorsal postarcuate frontal, and posterior cingulate cortex, and
subcortical activation in the cerebellum, globus pallidus, and putamen. He suggested
that the dorsolateral visual pathway feeds this region (e.g.. DeYoe & Van Essen,
1988; Felleman and Van Essen, 1991; Maunsell & Newsome, 1987, Merigan &
Maunsell, 1993). Previc (1990, 1993a, 1993b, 1998) further identified distinct
neurological areas associated with each of his three subdivisions of extrapersonal
space. Focal extrapersonal space is fed by the ventrolateral visual pathway (e.g.,
DeYoe & Van Essen, 1988; Felleman and Van Essen, 1991; Maunsell & Newsome,
1987; Merigan & Maunsell, 1993) and associated with cortical activation in the
inferotemporal, arcuate frontal, and lateral intraparietal cortex, and subcortical
activation in the superior colliculus, caudate nucleus, and lateral pulvinar. Ambient
extrapersonal space is fed by the dorsomedial visual pathway (e.g., Gattass, Rosa,
Souza, Pinon, Fiorani, & Neuenschwander, 1990; Nascimento-Silva, Gattass, Fiorani,
& Souza, 1995) and associated with cortical activation in the parietaloccipital,
retroinsular, and possibly the dorsal frontal cortex, and subcortical activation in the
ventroposterior thalamus, vestibular nuclei, cerebellum, and putamen. Action
extrapersonal space is fed by the ventromedial visual pathway (e.g., Martin-Elkins &
Horel, 1992; Felleman & Van Essen, 1991; Saleem & Tanaka, 1996) and associated
with cortical activation in the superior temporal, medial temporal, posterior cingulate,
and ventromedial frontal cortex, and subcortical activation in the superior colliculus

and anterior thalamus.

Research exploring the role of the motor regions in the coding of personal and
peripersonal space has implicated the premotor and supplementary motor cortex
(Brodmann area 6) and the primary motor cortex (4). Graziano and Gross (1998)
reviewed studies investigating neurons in the ventral premotor cortex responsible for
coding the space immediately surrounding the face, arms, and upper torso. They
concluded that many of these neurons respond to both tactile and visual (or, in some
cases, auditory) stimuli and these bimodal neurons have a receptive field associated
with a specific body part. This receptive field remains linked to the body part despite

movement of the eyes (Graziano & Gross, 1995) and shifts with the body part in a
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manner which suggests that space is encoded in body-part-centred coordinates, rather
than eye-centred coordinates (Graziano, Hu, & Gross, 1997). Visual or auditory
stimuli located close to the body part were found to elicit firing whereas stimuli
located further from the body part did not result in a neural response. For example,
neurons linked to the back of the head would respond to auditory stimuli originating
from within approximately half a meter from the head, but would not fire in response
to stimuli located further away (Graziano, Jin, & Gross, 1997). These body-part-
centred coordinates suggest the existence of spatial maps at a neural level and these
maps may assist in guiding movement in relation to external stimuli. Fogassi, Gallese,
Fadiga, Luppino, Matelli, and Rizzolatti (1996) have proposed further evidence to
suggest that the motor regions are responsible for coding near space. They noted that
neurons in the caudal part of the inferior region of the postarcuate frontal area of
conscious monkeys consisted of both unimodal and bimodal cells responsible for
coding visual and somatosensory information. These neurons were found to fire in
response to light tactile stimulation of the skin and visual stimuli located near the
body, especially moving stimuli approaching the body. Rizzolatti, Matelli, and Pavesi
(1983) further investigated the role of this area in spatial coding to observe visual
neglect of peripersonal contralesional hemispace following unilateral lesions to the
postarcuate frontal area. Similar research also noted visual neglect of distant
contralesional hemispace following unilateral lesions to the frontal eye fields and

visual neglect (Rizzolatti et al, 1983)

Alternative research investigating the neural circuits responsible for spatial coding has
implicated the intraparietal sulcus and the arcuate sulcus. Colby, Duhamel, and
Goldberg (1993) and Duhamel, Colby, and Goldberg (1998) found that unimodal
(visual only) and bimodal (visual and tactile) neurons in the ventral intraparietal
sulcus of the macaque monkey would fire in response to visual stimuli presented near
to the face (within 20cm). They concluded that the ventral intraparietal area is
responsible for constructing a representation of near head space. Similarly, Rizzolatti,
Scandolara, Matelli, and Gentilucci (1981) investigated the activation of neurons in
the periarcuate cortex of the macaque monkey. They found that unimodal neurons
located rostral to the arcuate sulcus were activated by visual stimuli presented far
from the body whereas bimodal neurons located caudal to the arcuate sulcus were
activated by tactile stimuli on the body and visual stimuli presented near to the body.

In addition, these bimodal neurons could be further categorised as pericutaneous
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(these neurons will activate in response to tactile stimuli or visual stimuli presented
less than a few cm from the body) or distant peripersonal neurons (these neurons will
activate in response to visual stimuli presented within reaching distance). This finding
would support the suggestion presented by Ladavas and Farne (2004) that

peripersonal space should be subdivided into near and far peripersonal space.

Rizzolatti et al (1985, 1987), Previc (1990, 1993a, 1993b, 1998), and Ladavas and
Farne (2004) each describe valid spatial boundaries, and the evidence does seem to
suggest a neural correlate between these regions of space and specific areas of the
brain. Previc (1990, 1993a, 1993b, 1998) presents a thorough division of
extrapersonal space - particularly relevant for research exploring the negotiation of
movement through the environment — yet he fails to acknowledge the distinction
between space occupied by the body and space directly surrounding the body. This
distinction was, however, noted by Rizzolatti et al (1985, 1987) in his discussion of
personal and peripersonal space. Ladavas and Farne (2004) expand on the concept of
peripersonal space by dividing the area into space located close to the body and space
located further from the body. Perhaps a complete division of spatial regions should
refer to personal, near peripersonal, far peripersonal, focal extrapersonal, ambient
extrapersonal, and action extrapersonal space in order to account for all of the relevant

research findings.

For the purposes of the current thesis, however, divisions of space will be restricted to
personal, peripersonal, and extrapersonal. Although the value of more detailed
divisions of extrapersonal and peripersonal space is appreciated, it is not deemed
necessary for the experiments completed in this thesis. Personal space will be defined
as ‘on body’ space (within or on the body); peripersonal space will be defined as ‘near
body” space (within the reach of the stationary body); and extrapersonal space will be
defined as ‘far body’ space (beyond the reach of the stationary body). Evidence for
these spatial distinctions - particularly distinctions between stimuli located within the
reach of the body (peripersonal or near space) and stimuli located beyond the reach of
the stationary body (extrapersonal or far space) — has been presented in various areas

of psychology, including clinical, cognitive, and neurological fields of research.
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Space: Dissociation between Peripersonal and Extrapersonal Space

Clinical research has noted distinctions between peripersonal and extrapersonal space
in studies of visuo-spatial neglect. Patients failing to attend to the contralesional side
of space following lesions to the right hemisphere have been found to dissociate
between stimuli located near the body (peripersonal space, in accordance with the
definitions outlined previously) and far from the body (extrapersonal space)
(Rizzolatti, Matelli, & Pavesi, 1983). Halligan and Marshall (1991) investigated a
patient with left sided hemiparesis and visuo-spatial neglect following a unilateral
right hemisphere cerebrovascular accident. They found that the patient demonstrated
neglect for stimuli located in left peripersonal space whereas neglect was reduced or
abolished for stimuli located in left extrapersonal space. Conversely, Cowey, Small,
and Ellis (1994) found that patients demonstrating neglect for left-sided stimuli
showed significantly worse performance on a line-bisection task presented in
extrapersonal space relative to peripersonal space. Patients typically displaced the
centre of a line slightly to the right during line bisection tasks completed with an ink
pen, but they displaced the centre of the line significantly more to the right during line

bisection tasks completed with a projection light pen.

Similar research by Coslett, Schwartz, Goldberg, Haas, and Perkins (1993) has also
noted improved performance in motor and sensory tasks completed in peripersonal
space, as opposed to extrapersonal space, in a patient with damage to the left temporo-
parietal and left anterior cingulate regions. Further investigation by Cowey, Small,
and Ellis (1999) replicated the results of Cowey Small and Ellis (1994), in addition to
expanding on these findings by suggesting that there is not a distinct boundary
between peripersonal and extrapersonal space. They studied line bisection
performance in thirteen patients demonstrating left visuospatial hemineglect following
a right hemisphere stroke. Performance was found to be significantly worse in line
bisection tasks located further from the body in five of the thirteen patients.
Furthermore, these findings indicated a gradual change from peripersonal space to
extrapersonal space, rather than an abrupt distinction between the two areas. They did
not find that displacement suddenly increased at the point just beyond maximum
reach distance, but rather that errors increased gradually as the task was moved further
into extrapersonal space. These experiments highlight the distinction between

peripersonal space and extrapersonal space and support the suggestion that there are
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neurologically distinct, although possibly related, regions responsible for coding

stimuli located close to the body and far from the body.

Pseudo-neglect observed in neurologically normal participants has also provided
evidence to suggest a dissociation between near (peripersonal) and far (extrapersonal)
space. Bjoertomt, Cowey, and Walsh (2002) investigated the effect of transcranial
magnetic stimulation on performance in forced-choice length estimate tasks.
Participants were presented with a transected line in near space (50cm from the face)
or far space (150cm from the face) and were required to state whether the left side or
right side of the transection appeared longer. Error analysis revealed that the estimates
were more accurate in extrapersonal space relative to peripersonal space. They found
that midpoint estimates were displaced in peripersonal space tasks during neural
stimulation of the right posterior parietal cortex and in extrapersonal space tasks

during neural stimulation of the right ventral occipital lobe.

Further investigation of line bisection performance in neurologically intact
participants has been conducted by Weiss, Marshall, Wunderlich, Tellman, Halligan,
Freund, Zilles, and Fink (2000). They measured regional cerebral blood flow using
PET during pointing and line bisection tasks in twelve normal participants. Line
bisection completed with an ink pen and pointing to dots in peripersonal space
resulted in left hemisphere neural activation in the thalamus, ventral premotor cortex,
int