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The representation of body parts holds a special status in the brain, due to their prototypi-
cal shape and the contribution of multisensory (visual and somatosensory-proprioceptive)
information. In a previous study (Sposito et al., 2010), we showed that patients with left
unilateral spatial neglect exhibit a rightward bias in setting the midpoint of their left forearm,
which becomes larger when bisecting a cylindrical object comparable in size. This body part
advantage, found also in control participants, suggests partly different processes for com-
puting the extent of body parts and objects. In this study we tested 16 right-brain-damaged
patients, and 10 unimpaired participants, on a manual bisection task of their own (real) left
forearm, or a size-matched fake forearm.\We then explored the effects of adaptation to right-
ward displacing prism exposure, which brings about leftward aftereffects. We found that
all participants showed prism adaptation (PA) and aftereffects, with right-brain-damaged
patients exhibiting a reduction of the rightward bias for both real and fake forearm, with
no overall differences between them. Second, correlation analyses highlighted the role of
visual and proprioceptive information for the metrics of body parts. Third, single-patient
analyses showed dissociations between real and fake forearm bisections, and the effects
of PA, as well as a more frequent impairment with fake body parts. In sum, the rightward
bias shown by right-brain-damaged patients in bisecting body parts is reduced by prism
exposure, as other components of the neglect syndrome; discrete spatial representations
for real and fake body parts, for which visual and proprioceptive codes play different roles,
are likely to exist. Multisensory information seems to render self bodily segments more

resistant to the disruption brought about by right-hemisphere injury.
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INTRODUCTION

After an unilateral brain damage patients may show an altered rep-
resentation of the space contralateral to the damaged hemisphere,
that produces the neuropsychological syndrome of unilateral spa-
tial neglect (USN). USN is more frequent and severe after damage
to the right cerebral hemisphere, and involves the left portion of
egocentric space in right-handed patients (Vallar, 1998; Bisiach
and Vallar, 2000; Heilman et al., 2003; Husain, 2008; Vallar and
Bolognini, in press). Basically, patients with USN show an inability
to report sensory events occurring in the left side of space, con-
tralateral to the side of the lesion (contralesional), and to perform
actions in that portion of space. The deficit is dissociated from
primary sensory and motor disorders, may be modality-specific,
and conscious awareness may be more or less completely lost for
the contralesional side of space. Patients with USN may show a
variety of selective patterns of impairment, suggesting the exis-
tence of multiple spatial representations for different sectors of
physical and imaginal space (Vallar and Bolognini, in press), and
for specific stimuli, such as letter strings (Vallar et al., 2010). Par-
ticularly, USN may concern near extra-personal space or the body
(Bisiach et al., 1986a; Guariglia and Antonucci, 1992; Committeri
etal.,2007; Vallar and Maravita, 2009). These dissociations suggest

that the internal representation of the space around us, far from
being unitary, includes a number of discrete, though related, com-
ponents, with partly different neural correlates (Rizzolatti et al.,
1997; Vallar, 1998).

One hallmark of the syndrome of left USN is a rightward devi-
ation error in the task of bisecting a horizontal line (Schenkenberg
et al., 1980; Bisiach et al., 1983; Vallar et al., 2000; but see Kar-
nath and Rorden, 2012, for the view that a line bisection bias
is not a core manifestation of USN). The line bisection task is
a standard, simple test, widely used for the clinical diagnosis
and the experimental investigation of USN. This task has been
typically employed to explore the spatial representation, particu-
larly the lateral extent, of extra-personal objects, most frequently
segments (Schenkenberg et al., 1980; Bisiach et al., 1983; Halli-
gan and Marshall, 1994; Vallar et al., 2000). Recently, we used
this task to explore the spatial metrics of body parts in right-
brain-damaged patients with left USN, and in neurologically
unimpaired participants (Sposito et al., 2010). Particularly, we
demonstrated that USN patients show a rightward bisection bias
for both their own left forearm and a three-dimensional extra-
corporeal object comparable in size (i.e., a plastic cylinder), as
compared to control participants. However, analyses of group
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performance showed that the bisection error is minor for the
forearm, in both USN patients (with a reduction of the right-
ward bias), and in neurologically unimpaired participants. Yet,
single-patient analyses also reveal that in USN patients the right-
ward bias can be significantly more severe either in cylinder
than in forearm bisection (the prevailing pattern, as indicated
by the above mentioned group analysis), or, vice versa, in fore-
arm bisection. This double dissociation suggests the existence of
independent representations for extra-personal objects and body
parts, likely supported by discrete spatial processes (Sposito et al.,
2010).

In the same study we also performed a second experiment in
neurologically unimpaired participants, investigating the mech-
anisms underlying the body part (forearm) advantage, using a
fake forearm as the object, instead of the cylinder. No advantage
for the real, as compared to the fake, forearm was found in the
bisection task, suggesting that real and fake body parts share a
common spatial representation, primarily based on a visuo-spatial
code (Sposito et al., 2010).

The present study further explored the spatial representation of
real and fake body parts in right-brain-damaged patients, with and
without USN, and in neurologically unimpaired participants. The
aim was twofold. First, we looked for putative differences in real
vs. fake forearm bisection biases in right-brain-damaged patients,
to explore the hypothesis (Sposito et al., 2010) that the involved
representation is based upon a visuo-spatial coding of the met-
rics of body parts, with therefore no differences between real and
fake forearm bisections. Second, we assessed the effects of prism
adaptation (PA) on the bisection of (real and fake) body parts.
Basically, PA consists in a short period of adaptive pointing toward
targets optically displaced by prisms (Redding et al., 2005). As far as
left USN is concerned, patients’ exposure to prisms displacing the
visual scene rightward, after adaptation through a visuo-spatial
pointing task, brings about a leftward displacement in pointing
(“aftereffects,” occurring subsequent to prism removal), and an
improvement of many manifestations of USN (Redding et al,,
2005; Rode etal.,2006a). The mechanisms whereby PA operates are
complex and debated (Rossetti et al., 1999; Redding et al., 2005).
In USN patients adaptation to rightward displacing prisms may
operate by restoring the egocentric reference frame, pathologically
distorted rightward, and bringing previously neglected space into
awareness. The manifestations of USN temporarily alleviated by
PA include visual (Rossetti et al., 1998; Farne et al., 2002; Vallar
et al., 2006), haptic/somatosensory (McIntosh et al., 2002; Mar-
avita et al., 2003a), auditory (Jacquin-Courtois et al., 2010), and
representational (Rode and Perenin, 1994; Rossetti et al., 2004)
deficits. We predicted that if real and fake body parts share a sim-
ilar visuo-spatial representation, PA is expected to modulate their
bisection bias in a similar way.

MATERIALS AND METHODS

PARTICIPANTS

Participants were recruited from the inpatient population of the
IRCCS Istituto Auxologico Italiano (Milano, Italy). All partici-
pants gave their informed consent to participate in the study.
The protocol was carried out in accordance with the ethical stan-
dards of the Declaration of Helsinki (BMJ 1991; 302: 1194), and

it was approved by the ethical committee of the IRCCS Istituto
Auxologico Italiano.

Participants in the study included: 10 right-handed healthy
subjects (i.e., Control Group, four males and six females; mean
age: 56, range: 36—83; educational level: 9, range: 5-13), with no
history or evidence of neurological disease; 16 right-handed right-
hemisphere-damaged patients (i.e., RHD Group, 5 males and 11
females; mean age: 60, range: 30-97; educational level: 12, range:
5-19). For the patients’ groups, inclusion criteria were the pres-
ence of a right hemispheric lesion. All patients had no evidence of
previous neurological disease or psychiatric disorders.

Contralesional motor, somatosensory, and visual field deficits,
including extinction to tactile and visual stimuli, were assessed
by a standard neurological examination; for each function tested
(i.e., visual, somatosensory, and motor), the score range was:
3 = maximum deficit; 0 = unimpaired performance (Bisiach and
Faglioni, 1974). Anosognosia for neurological deficits was assessed
by the standard interview of Bisiach et al. (1986b), which provides
scores ranging from 0 (no anosognosia) to 3 (maximum deficit).

Position sense disorders were assessed by using the test devel-
oped by Vallar et al. (1993). The patient’s contralesional (left)
forearm was placed on the bottom of a black box, which pre-
vented patients from viewing the tested forearm. The upper limb
was placed extended on a table, and the forearm was moved pas-
sively by the examiner to four different positions: straight ahead,
30°, 60°, and 90° adducted, with respect to the arm, toward the
patient’s trunk. In each trial, the starting point was a position with
the forearm straight ahead; the forearm was repeatedly adducted
and abducted before the intended position was reached. Patients
received instructions to look in front of them while the examiner
moved their arm to the intended position, and to communicate
the perceived position of the arm, by pointing to the correspond-
ing silhouette on the cover of the box. There were 40 trials (10
per position), in a random-fixed order. The score was the number
of errors, i.e., a reported position of the forearm different from
the actual position (error range: 0-40). The control participants’
average error was 0.087 (range 0-2; Vallar et al., 1993).

The demographical and clinical details of each patient are
reported in Table 1.

BASELINE NEUROPSYCHOLOGICAL ASSESSMENT FOR
EXTRA-PERSONAL AND PERSONAL USN

Cancelation tasks: letter, bell, star

In the Letter task (Diller and Weinberg, 1977) the score was the
number of “H” letter targets crossed out by each participant (53 on
the left-hand side and 51 on the right-hand side of the sheet). Neu-
rologically unimpaired participants made a mean of 0.13 (0.12%,
SD +£0.45, range 0—4) omission errors out of 104 targets, with
the maximum difference between omissions on the two sides of
the sheet being two targets (Vallar et al., 1994). In the Bell task
(Gauthier et al., 1989), the score was the number of “bell” targets
crossed out by each participant (18 on the left-hand side, and 17
on the right-hand side of the sheet). Neurologically unimpaired
participants made a mean of 0.47 (1.3%, SD £0.83, range 0—4)
omission errors out of 35 targets, with the maximum difference
between omissions on the two sides of the sheet being four targets
(Vallar et al., 1994). In the Star task (Wilson et al., 1987) the score
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Table 1 | Demographical and neurological data.

Length of Etiology Age/gender Neurological Anosognosia Position sense
iliness (days) examination
\' SS M \' SS M

N— P1 17 T+H 41/F - — + — - — 0
N— P2 15 T 55/M - — - — - _ 1
N— P3 58 A+H 63/F NA NA NA NA NA NA 0
N— P4 15 | 43/F - E + — - — 2
N— P5 38 I 52/F - + — - - NA
N— P6 33 | 53/M - E + - - - 3
N— p7 30 I 66/F - E + - - - 0
N— P8 32 I 78/F E ++ ++ - + + 7
N— P9 17 H 57/F - E ++ — — _
N+ P10 47 I+H 97/F ++ + ++ ++ ++ ++ NA
N+ P11 128 H 73/F ++ + ++ + + ++ 1
N+ P12 32 I+H 51/F ++ ++ ++ + + + 10
N+ P13 26 I 60/M ++ - ++ ++ - - 7
N+ P14 547 T 30/M ++ ++ ++ — — — 12
N+ P15 40 H+T 70/F ++ ++ ++ + + - NA
N+ P16 23 TBI 60/M ++ ++ ++ — - - 19

Etiology: I/H/A/T/TBI, ischemic/hemorrhagic/aneurysm/tumor/traumatic brain injury. Neurological examination: M/SS/V, motor/somatosensory/visual half-field deficits

contralateral to the damaged hemisphere. Anosognosia: M/SS/V, for motor/somatosensory/visual half-field deficits. e, extinction to double simultaneous stimulation
(for visual and somatosensory deficits); ++/+, severe/moderate deficit, —, no deficit; NA, not available. Position sense: n” errors out of 40 trials. N—, patients without

USN; N+, patients with USN.

was the number of small “star” targets crossed out by each par-
ticipant (30 on the left-hand side and 26 on the right-hand side).
Ten neurologically unimpaired participants (mean age: 72.2, SD:
5.27, range: 67-82; mean years of schooling 9.2, SD: 6.21, range:
3-18) scored 0.5 average omissions (0.9%, SD: 0.7, range: 0-2),
with the maximum difference between omission errors on the two
sides of the sheet being one target (Fortis et al., 2010).

Line bisection

The patients’ task was to mark with a pencil the midpoint of six
horizontal black lines (two 10 cm, two 15cm, and two 25cm in
length, all 2mm in width), presented in a random-fixed order.
Each line was printed in the center of an A4 sheet, aligned with
the midsagittal plane of the participant’s body. The length of the
left-hand side of the line (i.e., from the left end of the line to
the participant’s mark) was measured to the nearest millimeter.
A deviation score (percentage deviation) was then computed by
means of the following formula: measured left half minus objective
left half)/objective left half x 100 (Rode et al., 2006b; Sposito et al.,
2010). This transformation yields positive numbers for rightward
deviations, and negative numbers for leftward deviations. Control
data for this version of the line bisection test were available from
65 neurologically unimpaired participants (mean age: 72.2, range:
65-83; educational level: 9.5, range: 5-18). The mean percentage
of bisection error of the control group was —1.21% (SD +3.48,
range: —16.2 to +6.2%; Fortis et al., 2010).

Five-element complex drawing (Gainotti et al., 1972)
The patients’ task was to copy a complex five-element figure: from
left to right, two trees, a house, and two pine trees. Each element

was scored 2 (flawless copy), 1.5 (partial omission of the left-
hand side of an element), 1 (complete omission of the left-hand
side of an element), 0.5 (complete omission of the left-hand side
of an element, together with partial omission of the right-hand
side of the same element), or 0 (no drawing, or no recognizable
element). The total score ranged from 0 to 10. According to nor-
mative data from 148 neurologically unimpaired participants (age:
range 40-79; education: range 5-13 years of schooling) a score
lower than 10 indicated a defective performance (Fortis et al.,
2010).

Sentence reading (Pizzamiglio et al., 1992)

Patients were asked to read six sentences. The score was the
number of correctly read sentences (range 0-6). Ten control par-
ticipants (see above, star cancelation) made no neglect-like errors,
and 0.3 (5%, SD =+0.64, range 0-2) other errors (Fortis et al,,
2010).

Personal neglect test (Fortis et al., 2010)
In this test patients were asked to reach six left-sided body parts
(ear, shoulder, elbow, wrist, waist, knee), using their right hand.
Each response was scored 0 (no movement), 1 (search without
reaching), 2 (reaching with hesitation and search), or 3 (imme-
diate reaching), with a 0—18 score range. Ten control participants
(see above, star cancelation) made no errors (Fortis et al., 2010).
The patients’ performance in each test is reported in Table 2.
A pathological score in at least three tests was considered as an
index of USN (see Fortis et al., 2010, for such a criterion); using
this criterion, 7 out of 16 RHD patients showed USN (i.e., from
patient P10 to patient P16).
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Table 2 | Assessment for visuo-spatial neglect.

Line Bell cancelation Letter cancelation tar cancelation Drawing Reading Personal neglect
bisection (%) (outof10) (outof6) (out of 18)
L R L R L R
(outof18) (out of 17) (out53) (out of 51) (out of 30) (out of 26)
P1 -1 1 3 1 0 0 0 10 6 18
P2 -9 1 0 0 0 NA NA 10 NA 18
P3  -34 1 0 NA NA NA NA 10 6 18
P4 2.2 1 0 0 0 0 0 10 6 18
P5 —-42 1 1 0 0 0 0 10 6 18
P6e -2 4 0 2 3 0 0 10 6 NA
P7 452 4 0 0 3 1 0 10 6 18
P8 -3 2 4 2 4 0 2 9.6% 6 18
P9 -02 0 0 0 0 0 0 9.6% 6 18
P10 +24.6* 18* 16* 53* 49* 30* 19*% 1* 0* 16*
P11 49* 2 1 19* 12* 16% 0* 10 6 17*
P12 +6.2* 1 0 50* 8* n* 0* 9* 6 17*
P13 +778* 18* 3* 53* 35* 30* 16% 4% 0* 18
P14 +16* 18* 8% 20* 0* 30* 7* 10 3* 18
P15 +83.2* 18* 13* 53* 47* 30* 18* 2% 0* 14*
P16 +70* 18* 12* 53* 40* 30* 18* 1.6% 0* 16*

Line bisection: percent deviation error (—/+, leftward/rightward). Cancellation tests: number of targets omitted in the left- and right-hand sides of the sheet (L/R), out

of total targets. Asterisks: defective score, indicating left USN. Drawing, reading, and personal neglect tests: patient’s score/maximum possible score (see text for

details). NA, not available.

LESION DATA

Figure 1 shows the mapping of the brain lesions for the 14 out of
the 16 RHD patients, for whom the original brain scan was avail-
able. Lesions were mapped using the software MRIcro (Rorden
and Brett, 2000). We reconstructed the region of interest (ROI)
to define the location and the size of the lesion for each patient
by using a Template Technique, that is, by manually drawing the
lesion on the standard template from the Montreal Neurological
Institute. ROIs were created by mapping the regions on each and
every 2D slice of a 3D volume.

EXPERIMENTAL PROCEDURE

Body bisection task

Participants sat on a chair and were presented with a stimulus in
front of them which could be either their own left forearm (real
forearm condition) or a left fake forearm (fake forearm condition),
placed at a distance of about 20 cm from the participant, with the
objective midpoint aligned with their midsagittal plane. The fake
forearm was a realistic, custom-made reproduction of a human
male or female arm made by a scenic studio, and its length was
broadly matched to that of a real forearm, as measured between
the proximal and distal extremities of the ulnar bone (real fore-
arm, controls =23.6 cm =% 1.9; Patients = 23 cm =+ 1.9; fake fore-
arm = 24/22 cm, for a male/female forearm, respectively). During
the bisection tasks, patients wore a black mantle; in the real fore-
arm condition, each participant slid off the forearm from two side
holes made in the mantle, so that only the forearm remained visi-
ble, while the hand and the arm above the elbow remained covered
by the mantle; in the same way, in the fake forearm condition, only
the fake forearm was out of the mantle (see Figure 2A). In both

conditions, the right and the left extremities of the forearm were
marked by black tags, and were clearly indicated to each participant
prior to each block of trials.

Participants rested their right index finger touching their body
midline at the level of the sternum. In each trial, they were required
to point with their right index finger to the perceived midpoint
of each stimulus, considering the black tags as its right and left
endpoints. Each pointing was performed once, with no time con-
straints and no corrections allowed. After each trial, the distance
between the left side of the stimulus and the participant’s pointing
was measured to the nearest millimeter. The participant was then
required to put the index finger back to the starting position, before
the following trial. The bisection task, comprising both real and
fake forearm conditions, was given to participants in two sessions,
namely before and after a 10-min application of 10° right-shifting
prismatic lenses during pointing (see below, PA). Stimulus con-
dition was blocked in an ABAB (BABA) design, with each block
comprising 12 trials for each stimulus condition (i.e., two blocks
were administered before PA, and two blocks after PA). In sum,
there were a total of 48 trials, 24 for each stimulus condition (i.e.,
24 Real forearm bisections, and 24 Fake forearm bisections), 24
(12 Real, and 12 Fake) before and 24 after PA. The order of the
Real and Fake conditions was randomized across participants. A
percent deviation score was calculated for both conditions with
the formula used for the line bisection test.

Prism adaptation

The procedure of Frassinetti etal. (2002),and of Fortis etal. (2010)
was used. Each participant was seated in front of a table. A wooden
box (height 30 cm, depth 34 cm at the center, and 18 cm at the two
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FIGURE 1 | Lesion mapping. Lesions were mapped onto a standard template (Montreal Neurological Institute) using the software MRicro (Rorden and Brett,
2000). White areas represent the extension of the lesion of each patient.

sides, width 72 cm) was placed in front of him or her. The box experimenter’s side (distal), the box could be made either open
was open on the side facing the participant (“proximal”), and (“visible pointing”), or closed by a removable plexiglas (“invis-
on the opposite side (“distal”), facing the experimenter. On the ible pointing” condition). In the visible pointing condition, the
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Fake forearm

A Real forearm

FIGURE 2 | (A) Schematic bird's eye view of the experimental setting for
the real (left, light gray) and fake (right, pattern) forearm. Participants wore a
black mantle, and they could see only their real forearm, which lay outside
of two side holes of the mantle, or the fake forearm; black dots limited the
extent of the real/fake forearm considered for the bisection task. (B) On the
left, the box used for prism adaptation by repeated pointing trials, closed by
the removable plexiglas, seen from the examiner’s side (Fortis et al., 2010).
Marks for the recording of the patients’ pointing errors are shown. On the
right, the prismatic goggles inducing a 10° shift of the visual field to the right.

participant’s index finger came out of the box’s open distal side,
becoming visible to the participant. A visual target (a pen) was
presented manually by the experimenter at the distal edge of the
top face of the box (see Figure 2B). The visual target was pre-
sented randomly in one of three possible positions: central, straight
ahead in front of the participant (0°), lateral to the left (-21°) or
to the right (421°) of the participant’s body midline. The distal
edge of the top face of the box was graduated (in degrees), so
that the experimenter measured the patients’ pointing accuracy,
namely the distance between their finger and the target, measured
in degrees. A positive score denoted a rightward displacement with
respect to the position of the target, a negative score a leftward
displacement.

Participants were asked to keep their right hand, ipsilateral
to the side of the lesion (ipsilesional) for right-brain-damaged
patients, on their chest, at the level of the sternum (hand start-
ing position) and to point with their right index finger toward
the pen, at a fast but comfortable speed. The movement of the
participant’s pointing arm was executed below the top face of the
wooden box, so that they could not see the arm’s trajectory. Once
the experimenter had recorded the patient’s pointing performance,
the patient retrieved the arm and prepared for the successive trial.
The pointing task was performed in three experimental conditions:
Pre-exposure, Exposure, and Post-exposure.

Pre-exposure condition. In this condition, immediately before
wearing the prismatic goggles, participants were required to point
with their index finger toward 60 targets presented randomly in
one of the above mentioned three possible positions (20 targets

at the center, 20 at —21° and 20 at +21°). Participants performed
the first block of trials (30) with visible pointing, and the second
block with invisible pointing.

Exposure condition. Participants wore prismatic goggles
(Optique Peter, Lyon, France), fitted with wide-field, prismatic
lenses, inducing a 10° shift of the visual field to the right. Par-
ticipants were asked to point with their right index finger to 90
targets presented in a random-fixed order in each of the three
possible positions (30 targets at the center, 30 at —21°, and 30 at
+21°). The pointing movement was hidden below the top face of
the box, apart from its final part, where the index finger emerged
beyond the distal edge of the top face of the box (visible pointing).

Post-exposure condition. Immediately after prism removal, par-
ticipants were required to point to 30 targets (10 targets at the
center, 10 at —21°, and 10 at +21°) in a random-fixed order. As in
the pre-exposure condition, pointing was invisible.

STATISTICAL ANALYSES

To assess the presence and amount of the aftereffects following
PA, we compared the participants’ pointing error in the pre-
exposure and post-exposure conditions by a repeated-measures
analysis of variance (ANOVA) with Group as a between-subjects
factor (Control, RHD), and two within-subjects factors: Session
(pre-exposure, post-exposure), and Target position (left, cen-
ter, and right). The dependent measure in this analysis was the
mean displacement (expressed as degrees of visual angle) of the
participants’ invisible pointing responses.

We also analyzed the visible pointing responses in the pre-
exposure condition via a repeated-measures ANOVA with Group
as a between-subjects factor, and Target Location as a within-
subjects factor.

Second, we assessed the effect of PA on the participants’ perfor-
mance in the body bisection task; the mean percentage of deviation
errors was analyzed by a repeated-measures ANOVA with Group
(Control, RHD) as a between-subjects factor, and two within-
subjects factors: Stimulus (real forearm and fake forearm), and
Session (pre-exposure and post-exposure).

Moreover, in order to control for a possible effect of the lesion
size in determining the body bisection pattern and the PA effect in
RHD patients, we carried out an analysis of covariance (ANCOVA)
on the RHD patients’ mean bisection error with Stimulus and Ses-
sion as within-subjects factor, and Lesion size (mean volume of
the lesion =90 cc, range = 40-25 cc) as covariate (the covariate
was mean centered prior to the analyses).

For every analysis, we calculated the partial Eta Squared (pn?),
which measures the proportion of the total variance that is attrib-
utable to a main factor or to an interaction (Cohen, 1973), and
whenever necessary pairwise comparisons were conducted with
the Newman—Keuls test. The level of significance was always set
at 0.05.

To assess for the presence of any significant defective perfor-
mance in individual RBD patients, we compared the deviation
errors in the real and fake forearm conditions (considering the data
before PA, i.e., the pre-exposure session) of each patient, with those
of healthy participants. The comparison was performed by ¢-tests
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following the procedure of Crawford and Garthwaite (2005). Fol-
lowing the same procedure, we also compared the effects of PA
on real and fake forearm bisections (i.e., the difference between
the percent scores in the pre-exposure and post-exposure ses-
sions) in each patient, with those of healthy control participants.
Furthermore, following the Revised Standardized Difference Test
(Crawford and Garthwaite, 2005), we compared in each patient
the difference between real and fake forearm bisections in the
pre-exposure condition, as well as between the effects of PA in
the two bisection conditions, with the same differences in the
neurologically healthy participants.

Finally, for right-brain-damaged patients, Pearson’s correlation
analyses were performed between the bisection error in the real
and fake forearm conditions and the following variables: scores in
the forearm proprioceptive test, in the standardized neurological
exam (visual, tactile, and motor deficits), and in the clinical tests
assessing USN.

RESULTS

AFTEREFFECTS

As Figure 3A shows, aftereffects (as indexed by the difference
between the pointing errors during invisible pointing, before and
after PA) took place after prism removal in controls and RHD
patients. The ANOVA showed a significant main effect of Ses-
sion [F(1,24) =37.52; P < 0.001, pn?=0.99], with a larger left-
ward deviation (i.e., aftereffects) in the post-exposure (—2.1°),
as compared to the pre-exposure session (—0.36°). The main
effect of Target location was significant [F(2,48)=13.39; P <
0.0001, pn?=0.86]: invisible pointing deviations to left target
stimuli (—0.82°) differed from central (—1.22°, P < 0.01) and right
(—1.65°, P < 0.01) target stimuli; pointing to central and right
target stimuli were different too (P < 0.02). Other main effects
and interactions were not significant: Group [F(1,24)=0.39;
P=0.5, pnz =0.02], Group by Session [F(1,24) =0.26; P =0.6,
pn?=0.01], Group by Target location [F(2,48) =2.11; P=0.1,
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FIGURE 3 | (A) Aftereffects: Invisible condition. Mean pointing error (in
degrees of visual angle, £SE) in the pre-exposure and post-exposure
sessions, made by neurologically unimpaired control participants, and RHD

patients. (B) Mean percent deviation error (=SE) made by control participants
and RHD patients, by stimulus condition (real and fake forearm), before and
after PA.
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an =0.08], Session by Target location [F(2,48) =2.29; P=0.1,
pn? =0.09], Group by Session by Target location [F(2,48) =0.73;
P =0.5, pn> = 0.03]. The lack of significant interactions involving
the Group main factor indicates that the size of the aftereffects
was comparable across the two groups, as well as the pointing
deviations to different target locations.

The analysis of visible pointing responses in the pre-
exposure condition showed a significant effect of Target location
[F(2,48)=5.02; P < 0.01, an =0.2]: visible pointing deviations
to left target stimuli (1.58°) differed from central (1.12°, P < 0.01),
and right (0.99°, P < 0.01) target stimuli; pointings to central and
right target stimuli did not differ (P = 0.4). Other main effects and
interactions were not significant: Group [F(1,24) =3.12; P =0.07,
pn? =0.2],and Group by Target location [F(2,48) = 0.07; P = 0.9,
pn? =0.01]. These findings suggest that both controls and RHD
patients were equally accurate in pointing to visual targets in a
baseline (with no prisms) condition.

EFFECTS OF PRISM ADAPTATION ON BODY BISECTION

Figure 3B shows that, in the Pre-exposure session, each group
made a deviation error toward the right side in both the real and
the fake forearm conditions, with a slightly more accurate perfor-
mance in the real than in the fake forearm condition in RHD
patients. RHD patients produced a larger rightward bisection
error than neurologically unimpaired control overall. In the Post-
exposure session, in both stimulus conditions the rightward bias
diminished in all groups, with a greater effect emerging in RHD
patients. The ANOVA revealed a significant main effect of expo-
sure Session [F(1,24) =21.38; P < 0.0001, pn2 =0.47], showing
that both in controls and RHD patients there was a reduction of
the rightward error in the estimation of the subjective midpoint of
the real and fake forearms in the Post-exposure session (—0.51%,
P < 0.001), as compared to the Pre-exposure session (5.13%).
The significant Group by Session interaction [F(2,24)=5.67;
P < 0.02, an =0.37] showed that PA diminished the rightward
bias in RHD patients only, in either stimulus condition (pre-
exposure =+7.19% vs. post-exposure =—0.45%, P < 0.001),
with no PA effects in control participants (pre-exposure = +1.85%
vs. post-exposure = —0.6%, P = 0.3). RHD patients differed from
control participants only in the pre-exposure session (P < 0.05),
but not in the post-exposure session (P =0.9). The main effect
of Group [F(1,24) =1.76; P =0.2, pn? =0.07], and of Stimulus
[F(1,24) =0.02; P=0.9, pn>=0.01], and the Group by Stim-
ulus [F(2,24)=1.69; P=0.2, pn2=0.07], Session by Stimulus
[F(1,24) =1.81; P=0.2, pn>=10.07], and Group by Session by
Stimulus [F(2,24) =0.23; P = 0.6, pn*> = 0.01] interactions were
not significant.

The ANCOVA showed that the main effect of the covariate
Lesion size, [F(1,11) =2.38; P =0.2, pn*> =0.18] failed to reach
significance. Moreover, Lesion size did not significantly inter-
act with the main effects of Session [F(1,11)=0.04; P=0.8,
pn? =0.01],and of Stimulus [F(1,11) = 0.12; P = 0.7, pn’> = 0.01],
as well as with the Session by Stimulus [F(1,11) =1.08; P=0.3,
pn?=0.09] interaction. Importantly, the main effect of Ses-
sion was still significant [F(1,11) =14.89, P =0.01, an =0.58].
Hence, lesion size did not influence the performance of RHD
patients.

Pearson’s correlation analysis between the bisection error in
the real and in the fake forearm conditions, for both the pre-
exposure and the post-exposure sessions were also performed. In
healthy participants, there was no significant correlation between
real and fake forearm bisections both in the pre-exposure session
(r=0.42, P=0.2), and in the post-exposure session (r=0.11,
P =0.7). Instead, in RHD patients, there was a positive corre-
lation between the bisection error in the real and in the fake
forearm conditions in the pre-exposure (r =0.72, P < 0.01), but
not in the post-exposure session (r=0.42, P=0.1). Moreover,
the amount of the aftereffects (post-exposure minus pre-exposure
pointing error) was not correlated with the amount of shift in
the body bisection task (post-exposure minus pre-exposure devi-
ation error) both in controls (real forearm, r=—0.14, P=0.7;
fake forearm, r =—0.63, P=0.06), and in RHD patients (real
forearm, r = —0.12, P =0.7; fake forearm, r =0.17, P=0.5). It
may be noted that in controls a negative correlation between the
size of the aftereffects and the bisection error for the fake stimulus
approached significance.

COMPARISON BETWEEN PATIENTS AND CONTROLS

As shown by Figure 4A, before PA, 10 out of 16 RHD patients
showed some degree of difference in the amount of error in
one or both bisection conditions, as compared to controls. In
particular, five patients had a significantly defective performance
only in the fake forearm condition, showing a rightward error:
P2 = +12% of deviation error, t(9) =3.18, P < 0.01;P5=4+11%
of deviation error, t(9) =2.86, P < 0.01; P6=+11% of devi-
ation error, t(9)=2.86, P < 0.01; P15=+11%, t(9)=2.86,
P < 0.01; P16 =+13%, t(9)=3.49, P< 0.01. Instead, the
performances of P8, P10, P11, P12, and P14 were defective
for both the real and the fake forearm bisections: P8 = real,
—7%, t(9) = —2.15, P < 0.03, fake, +11%, t(9) =2.86, P < 0.01;
P10 =real, +28%, t(9) = 6.19, P < 0.01, fake, +22%, #(9) = 6.36,
P < 0.01; P11 =real, +17%, t(9) =3.58, P < 0.01, fake, +19%,
£(9)=5.4, P < 0.01; P12 =real, +14%, +(9)=2.86, P < 0.01,
fake, +9%, t(9) =2.22, P < 0.02; P14 =real, +16%, t(9) =3.37,
P < 0.01, fake, +19%, t(9) = 5.4, P < 0.01. P5 and P8 also showed
a significant difference between the two bisection conditions,
with a greater rightward error for the fake forearm: P5=+411%,
t(9) =2.77, P < 0.02; P8 = +18%, t(9) =4.09, P < 0.01.

We also compared the performance of patients with or with-
out USN in the two bisection conditions (real forearm vs. fake
forearm) via an ANOVA with Group, as a between-subjects factor,
and Stimulus, as a within-subjects factor; the dependent measure
was the mean deviation error before PA. Only the factor Group
was significant [F(1,14)=8.15; P < 0.01, pn2=0.92]: patients
with USN showed a larger rightward bisection error (4+12%) in
both the real and the fake forearm conditions, as compared to
patients without USN (+3%). Other effects were not significant:
Stimulus [F(1,14) =2.38; P = O.I,pn2 =0.15], Group by Stimulus
interaction [F(1,14) =0.94; P =0.4, pn2 =0.03].

With respect to the effects of PA on bisection performance (i.e.,
the difference in the deviation errors between the post-exposure
and the pre-exposure sessions, see Figure 4B), six RHD patients
differed from controls in the fake forearm, showing a greater
leftward error: P2 = —13%, t(9) = —3.18, P < 0.01, P8 = —21%,
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FIGURE 4 | (A) Pre-exposure condition: mean percent deviation error by
stimulus condition in each of the 16 RHD patients. (B) Effects of PA on
forearm bisection, i.e., difference in the deviation error between
post-exposure and pre-exposure to prisms (post minus pre PA), for the real
and the fake forearm conditions in each of the 16 patients. A negative
score indicates a leftward, PA-induced, net effect, a positive score a
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rightward effect. Asterisk: significant difference between each patient's
score and the mean score of the control group for each stimulus condition.
Circles and brackets: significant difference between fake and real forearm
bisection in the individual patient, as compared to the same average
difference in the control group. N—, patients without USN; N+, patients
with USN.

£(9) = —5.72, P < 0.01, P11 = —24%, t(9) = —6.67, P < 0.01;
P14 =—-16%,t(9) = —4.13,P < 0.01;P15=—18%, t(9) = —4.77,
P < 0.01; P16 =—9%, t(9)=—1.9, P < 0.04. P1 did not show
the typical leftward aftereffects, exhibiting instead a significant
rightward deviation in fake forearm bisection after prism removal
[4+10%, #(9) =4.13, P < 0.01]. Two patients showed significantly
larger effects of PA in both the real and fake forearm bisec-
tions, which did not differ (P > 0.1): P10 =real forearm, —18%,
t(9) = —3.81, P < 0.01, fake forearm, —12%, t(9) = —2.86, P <
0.01; P12 =real forearm, —21%, t(9) = —4.53, P < 0.01, fake
forearm, —16%, t(9) = —4.13, P < 0.01. A significant difference

between the aftereffects in the two forearm conditions was found
in four patients, with a greater leftward shift for the fake fore-
arm: P8 =14%, #(9) =2.85, P < 0.02; P11 =—16%, t(9) =3.14,
P < 0.01; P14=—12%, t(9)=2.45, P< 0.04; P15=—14%,
t(9)=2.84, P < 0.02.

An ANOVA with Group (patients with vs. without USN) and
Stimulus (real forearm vs. fake forearm) as main factors, run on the
difference in the deviation error between post-exposure and pre-
exposure to PA (post-PA minus pre-PA), showed a significant effect
only of the factor Group [F(1,14) =9.22; P < 0.01, pn>=0.85]:
patients with USN showed a larger PA-induced leftward bias
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(—12%), as compared to patients without USN (—4%). Other
effects were not significant: Stimulus [F(1,14) =1.86; P=0.2,
pn?=0.12], Group by Stimulus interaction [F(1,14)=0.48;
P=0.5, pn>=0.02].

CORRELATIONS BETWEEN FOREARM BISECTION AND CLINICAL
SCORES IN RHD PATIENTS

As reported in Tables 3 and 4, in RHD patients, only two signif-
icant correlations were found: the amount of visual deficit was
positively correlated with the amount of the deviation error in
both the real (r=0.76, P < 0.01) and the fake (r=0.77, P <
0.01) forearm conditions. Instead, the amount of proprioceptive
deficit (i.e., position sense) was positively correlated with bisection
performance in the fake forearm (r =0.64, P < 0.01), but not in
the real forearm (r = 0.41, P = 0.2) condition. No other significant
correlations between performances in the experimental task and
clinical scores were found.

DISCUSSION

Two main results emerge from this study. First, in RHD patients,
with and without USN, and in neurologically healthy participants,
bisection performance is overall similar for one’s own forearm

and for the fake forearm, as shown by the group analyses. As
expected in a bisection task (see, e.g., Mancini et al., 2011, for a
line bisection study comparing the performances of RHD patients
with and without USN), RHD patients with USN make greater
rightward errors in either stimulus conditions (i.e., real and fake
forearm), than those committed by RHD patients without USN.
These results are qualified by the single-patient analyses, which
show that, as compared to healthy controls, 6 out of the 16 RHD
patients (namely, P2, P5, P6, P8; P15, and P16, see Figure 4A)
exhibit a pathological rightward bisection error only for the fake
forearm, being statistically unimpaired for the real forearm (except
for patient P8 who shows a defective performance also with the real
forearm, but with a leftward bisection bias). Two patients (P5 and
P8) show a significant difference between the real and the fake fore-
arm bisections, with a greater rightward error in the fake forearm
condition. As found in our previous study (Sposito et al., 2010),
the forearm bisection deficit was unrelated to personal neglect (see
Table 1).

The second finding is that all participants show PA and afteref-
fects. Overall, PA diminishes the rightward bisection bias in RHD
patients in both real and fake forearm conditions, with no sig-
nificant effects in control participants. The PA-induced leftward

Table 3 | Correlation matrix between the bisection performances of RHD patients in the real and the fake forearm conditions, pre- and post-PA,
and the demographic, neurological, anosognosia, and position sense (left forearm) scores.

Age Length of illness Neurological examination Anosognosia Position sense
\") 1 M \") SS M
Real forearm bisection r=0.28 r=0.36 r=0.76* r=042 r=0.14 r=0.39 r=032 r=041 r=0.41
(pre-exposure) P=0.4 P=0.2 P< 0.01* P=02 P=06 P=0.2 P=03 P=02 P=0.2
Fake forearm Bisection r=0.35 r=0.47 r=0.77% r=047 r=0.16 r=0.1 r=0.46 r=0.48 r=0.64
(pre-exposure) P=0.2 P=0.1 P< 0.01* P=0.1 P=0.7 P=0.7 P=0.1 P=0.09 P=0.01*
Real forearm Bisection r=-0.02 r=045 r=0.52 r=0.09 r=0.09 r=0.13 r=0.03 r=0.03 r=0.04
(post-exposure) P=0.9 P=0.07 P=0.06 P=0.38 P=0.8 P=0.7 P=0.9 P=0.9 P=0.9
Fake forearm Bisection r=-0.14 r=0.18 r=0.07 r=002 r=-006 r=-005 r=-01 r=-0.17 r=-0.09
(post-exposure) P=0.7 P=0.6 P=0.9 P=07 P=038 P=0.8 P=0.6 P=05 P=0.8

Asterisk: significant correlation.

Table 4 | Correlation matrix between the bisection performances of RHD patients in the real and the fake forearm conditions, pre- and post-PA,

and neuropsychological scores.

Line bisection Cancelation Drawing Reading Personal neglect
Bell Letter Star

Real forearm bisection (pre-exposure) r=-0.03 r=-0.44 r=-0.48 r=-0.45 r=-0.31 r=-0.31 r=-0.42
P=0.9 P=0.2 P=0.1 P=0.1 P=0.3 P=0.3 P=0.2

Fake forearm bisection (pre-exposure) r=-0.02 r=-0.43 r=-0.29 r=-0.45 r=-0.36 r=-0.21 r=-0.38
P=09 P=0.2 P=0.3 P=0.3 P=0.5 P=0.5 P=0.2

Real forearm bisection (post-exposure) r=-0.02 r=-0.39 r=-0.18 r=-0.45 r=-0.31 r=-01 r=-0.31
P=0.9 P=0.2 P=0.6 P=0.3 P=0.7 P=05 P=0.3

Fake forearm bisection (post-exposure) r=-0.21 r=-0.23 r=0.05 r=-0.05 r=-0.1 r=-0.1 r=0.05
P=05 P=0.5 P=0.8 P=0.8 P=0.7 P=0.7 P=09

No significant correlations were found.
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bias in the real and fake conditions is greater in patients with USN,
than in patients without USN. Moreover, analyses of the individual
patients’ performance, compared to healthy controls, show that, in
6 out of 16 RHD patients (P2, P8, P11, P14-16), PA reduces the
rightward bisection bias in the fake forearm condition only. Fur-
thermore, four patients (P8, P11, P14, and P15) show a significant
difference between the effects of PA in the two stimulus condi-
tions, namely: a greater increase of the PA-induced leftward bias
for fake forearm bisection. Finally, in two RHD patients with USN
(P10 and P12) PA brought about the leftward bias in both forearm
conditions.

REAL AND FAKE FOREARM BISECTION

The overall lack of differences between the biases for the real
and the fake forearm bisection tasks in right-brain-damaged and
healthy participants shown by the group analysis, and the similar-
ities of the effects of PA on the two types of stimuli, suggest that,
at least as the present bisection paradigm is concerned, a shared
spatial representation of real and fake body parts is available. The
vision of a body part, as a highly specific and familiar object, may
activate its prototypical standard representation, including spatial
information about its length, thus allowing a comparable bisec-
tion performance for one’s own forearm, and for a fake forearm,
likely based on a visual analysis of the stimulus. The crucial role of
visual inputs is supported by the significant correlation between
the bisection performances in the two conditions, and the presence
of a visual half-field deficit: the greater is the visual impairment,
the larger is the bisection error in both real and fake forearm con-
ditions. This finding is also consistent with the evidence that RHD
patients with left USN and hemianopia make a greater rightward
error in line bisection than USN patients without hemianopia
(D’Erme et al., 1987; Doricchi and Angelelli, 1999; Daini et al.,
2002). Notably, however, in RHD patients line bisection perfor-
mance does not correlate with real and fake forearm bisection,
in line with the recent previous evidence that different spatial
processes are involved in the representation of extent, as assessed
by bisection, of bodily and extra-personal objects (Sposito et al.,
2010). Also fake and real forearm bisection performances do not
correlate in healthy control participants, suggesting at least partly
independent underlying processes, although caution is in order,
since this conclusion is based on a negative finding. Interestingly, a
significant correlation between the bisection performances in fake
and real forearm conditions was found in RHD patients before,
but not after, PA: this finding is likely to reflect the rightward-USN
related bias shown by RHD patients, which affects both forearm
types. The rightward error may however be differentially modu-
lated by PA, according to forearm type, with effects confined to and
greater in the fake forearm, as shown by the individual patients’
analyses.

Importantly, we also found in RHD patients that an impaired
position sense was related to the amount of deviation in fake, but
not in real, forearm bisection. There is an important bodily illu-
sion that might be relevant to explain why proprioceptive deficits
are related to the ability of coding the spatial extension of the
fake forearm. Visual capture of limb position is the phenomenon
of perceiving the felt position of a limb to occupy the illusorily
seen position when other sensory cues, such as proprioceptive

inputs, are in conflict (Giummarra et al., 2008). Proprioceptive
input regarding the positions of body parts can drift them from
their actual position when they are hidden from view (as it occurs
in our experimental task; Gross and Melzack, 1978; Giummarra
et al., 2008). An important example of this effect is the rubber
hand illusion (RHI). The RHI is evoked when the participant
watches a rubber hand being stroked, while their own unseen
hand is stroked in synchrony. This results in feeling ownership
over the rubber hand, and induces a relocation of the perceived
position of one’s unseen own hand toward that of the rubber
hand (Botvinick and Cohen, 1998). However, the rubber hand
produces no such modulatory effect when placed in an anatomi-
cally implausible posture, that is totally inconsistent with the real
hands’ actual posture. Thus, while purely visual information (i.e.,
the sight of a fake forearm) can dominate slightly discrepant pro-
prioception (as in the case of the fake forearm, placed, as in our
experiment, in a plausible position), a proprioceptive deficit may
reduce the impact of vision when the visual information about the
position of body parts is inconsistent with proprioception, and
with the representation of the body schema. This multisensory,
body-related mechanism may explain the similar performances in
real and fake forearm bisections: under normal conditions, as in
neurologically unimpaired controls (see also Sposito et al., 2010),
the sight of a fake forearm in a possible anatomical location for the
real forearm determines a visual capture effect of limb position;
as a consequence, the fake forearm is processed as the partici-
pant’s own real forearm, for the purpose of bisection. A different
scenario emerges when position sense is impaired by brain dam-
age: the visual capture of the fake forearm is compromised, as
the disrupted proprioceptive input regarding the position of the
real forearm cannot be drifted to the location of the fake fore-
arm. Now, since the fake forearm is no longer processed as the real
forearm, belonging to the participant’s own body, the fake fore-
arm ceases to benefit from a multisensory (visual-proprioceptive)
code, that, in its proprioceptive component, is putatively cru-
cial for real body parts, but is not available to fake body parts
[unless there is embodiment of the fake forearm, see Giummarra
et al., 2008]. Under these conditions, the fake forearm is now
encoded as a mere extra-personal object, and becomes more sus-
ceptible to the spatial disruption brought about by damage to the
right hemisphere, in line with previous evidence (Sposito et al.,
2010).

This finding supports the idea that, although the visual appear-
ance of the fake forearm as a body part may ensure, per se, a better
spatial analysis as compared to a neutral object (Sposito et al.,
2010), the proprioceptive input always plays a role in the spatial
analysis of bodily related visual information.

The dissociations found in RHD patients further indicate that
the metrics of real and fake body parts are supported by dis-
crete spatial processes, that may be selectively disrupted by a brain
lesion. As shown in Figure 4A, even some patients without USN
show a selective impairment for fake, but not for real, forearm
bisection (P2, P5, P6, and P8, the last patient, however, exhibits a
leftward bias, namely no right USN, with the real forearm). Also,
two patients with USN (P15, P16) are impaired in the fake fore-
arm condition only, and an opposite dissociation is not found,
suggesting that the representation of the length of self-body parts
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is more reliable and resistant to the spatial disruption induced
by a damage to the right hemisphere (see also Sposito et al.,
2010).

Our findings are also in line with a dyadic model of body rep-
resentation proposed in the literature, since the seminal studies
of Bonnier (1905, see also Vallar and Rode, 2009), and Head and
Holmes (1911; see for reviews: Berlucchi and Aglioti, 1997; Val-
lar and Papagno, 2003; Maravita, 2006; De Vignemont, 2010).
A distinction has been drawn between a Body Schema, mainly
constructed on somatosensory-proprioceptive and tactile infor-
mation, which serves the guidance of actions, and a Body Image,
which relies mainly on visual and tactile information, and mainly
serves perception. Neuropsychological evidence shows that the
Body Schema is actually dissociable from the Body Image. For
instance, patients with USN are generally still able to perform
non-conscious and automatic movements with neglected body
parts, hence showing an intact Body Schema. Rather, the personal
or bodily manifestations of USN appear to result from distortions
of the Body Image, particularly affecting the conscious awareness
of parts of the body (Sirigu et al., 1991; Gallagher and Cole, 1995;
Coslett, 1998; Coslett et al., 2002; Gallagher, 2005; Maravita, 2006;
De Vignemont, 2010; Preston and Newport, 2011). In this context,
one may speculate that the Body Schema plays a pivotal role in the
multisensory analysis of the metric of real body parts, whereas the
visuo-spatial coding of fake body parts is a process pertaining to
the impaired Body Image. The significant correlation between the
severity of the proprioceptive deficit and that of the bisection error
for the fake forearm suggests that, under unimpaired conditions,
an object such as a fake body part may be processed as a real body
part, namely as a part of the Body Schema, through computations
involving position sense.

With respect to the neural correlates of deficits of real and fake
forearm bisection, the limited number of patients, the different eti-
ologies of the lesions, and the fact that some lesion images were not
available for mapping, prevent definite conclusions. It may be cau-
tiously noted, however, that the damage of the four RHD patients
(P10,P11,P12,and P14) showing an impairment in the two bisec-
tion conditions is anterior-subcortical, affecting frontal areas, the
insular cortex and subcortical structures including the putamen
(see Figure 1). The frontal premotor cortex (PMC) and the puta-
men are known to instantiate a multisensory representation of
peripersonal space. This representation is body part-centered, and
it integrates visual, somatosensory, and proprioceptive informa-
tion regarding stimulus location relative to the body (Graziano
and Gross, 1993, 1995; Graziano et al., 1994; Maravita et al.,
2003b). Moreover, in healthy humans, the experimental manip-
ulation of ownership of individual body parts or of the whole
body is associated with activity in PMC, the intraparietal sulcus
(IPS), and the putamen (Ehrsson et al., 2004; Petkova et al., 2011).
Finally, the insula has been definitely implicated in neurological
disorders including anosognosia for hemiplegia, the sense of body
ownership, the sense of agency and out-of-the-body experiences
(Karnath et al., 2005; Baier and Karnath, 2008; Craig, 2009; Vallar
and Ronchi, 2009; Berlucchi and Aglioti, 2010). Therefore, a dam-
age to this network might disrupt the multisensory coding of the
spatial extension of self-body parts, and the visual capture effect
for fake body parts.

On the other hand, neuroimaging data suggest the existence of
a posterior network concerned with a predominately visual rep-
resentation of body parts; this network might play a crucial role
in the selective deficit for fake forearm bisection, with spared real
forearm. Indeed, the lateral occipito-temporal cortex includes a
category-specific cortical region, the extrastriate body area (i.e.,
EBA), which responds in a selective manner to the visual presen-
tation of real or stylized images of human body parts belonging
to the participant or to someone else (Downing et al., 2001, 20063
Chan et al., 2004). Patients with posterior lesions including either
the left or the right EBA are impaired in the visual processing of
bodily forms, but not of bodily actions, while patients with anterior
brain lesions, including either the left or the right ventral PMC,
show an opposite pattern of deficits (Moro et al., 2008). Moreover,
in humans, the lateral occipital cortex and the posterior part of the
IPS (i.e., adjoining the transverse occipital sulcus) represent the
hand-centered space in a predominantly visual manner, regard-
less of whether the hand is real or illusory, and with no relevant
contribution of proprioceptive information about hand position
(Makin et al., 2007). Instead, the anterior part of the IPS uses pro-
prioceptive multisensory information in representing peri-hand
space (Bolognini and Maravita, 2007, 2011; Makin et al., 2007). It
may be noted that the one patient (P16) with a mainly posterior
(temporo-occipito-parietal, see Figure 1) lesion is significantly
impaired in the fake condition only, as compared with control
participants. Also anterior lesions, however, may bring about this
pattern of deficit (P2).

PA AND AFTEREFFECTS

All participants showed aftereffects after PA, as assessed by the
invisible pointing task, and the size of the aftereffects (i.e., the
difference between pre- and post-PA invisible pointing perfor-
mance) was comparable in the RHD and control participants. A
recent study (Sarri et al., 2008), using a visual open loop pointing
task (broadly comparable to our invisible pointing task), found
that the error of patients with USN was comparable to that of
neurologically unimpaired participants; crucially, the size of the
aftereffects was comparable in patients with USN and in controls.
A different pattern emerges when a dependent variable which has
been considered an index of the neglect syndrome is used, namely
the subjective straight ahead (Jeannerod and Biguer, 1987; Kar-
nath, 1994, 1997; but see Farne et al., 1998). Neglect patients show
a larger rightward shift of the subjective straight ahead, assessed
with participants being blindfolded, and greater effects of PA on
this variable, as compared to healthy participants (Rossetti et al.,
1998; Sarri et al., 2008). These findings may be interpreted as an
indication that the disproportionate rightward shift of the subjec-
tive straight ahead is a pathological manifestation of USN, though
it is not systematically found (Chokron and Bartolomeo, 1997;
Farne et al., 1998; Chokron, 2003); accordingly, in USN patients
the effects of PA may be larger than in unimpaired participants
(Sarri et al., 2008). With respect to line bisection performance,
several studies (e.g., Colent et al., 2000; Berberovic and Mattin-
gley, 2003; Michel et al., 2003; Fortis et al., 2011) have found
a small neglect-like rightward bias on line bisection and Land-
mark tasks in normal participants following exposure to leftward,
but not rightward, optical displacement; in patients with USN
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some studies show a reduction of the rightward bias (e.g., Rossetti
et al., 1998; Pisella et al., 2002; Redding et al., 2005, for review),
others do not (e.g., Luauté et al., 2006; Nys et al., 2008; Fortis
et al., 2010). In the present study, PA diminishes the rightward
bisection bias only in RHD patients in both stimulus conditions
(real and fake forearm, with no effects in control participants,
supporting the view that these deficits are manifestations of the
neglect syndrome brought about by right brain damage (Spos-
ito et al., 2010). This is further supported by the comparison
between patients with and without USN, which shows a greater
PA effect on both the fake forearm and real forearm bisections in
USN patients. On the other hand, the amount of the aftereffects
is not correlated with the amount of shift in the real and fake
bisection tasks both in controls, and in RHD patients. Notably,
the present study, unlike the abovementioned previous reports
(Rossetti et al., 1998; Sarri et al., 2008) included also RHD patients
without USN, in addition to the patients with USN and the healthy

Overall, these novel results demonstrate that in RHD patients
PA affects the metric representation of the body, as indexed by
forearm bisection performance, supporting the view that their
rightward bias in real and fake forearm bisection is a manifesta-
tion of the left USN syndrome caused by the right hemispheric
damage. Finally, the analysis of the performances of individual
patients (showing in a number of patients effects on fake body
bisection, and not on real body bisection) supports the view that
the representations and processing of these two types of objects
are, at least in part, independent.
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