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Abstract

Prism adaptation is a well-known method used testigate brain plasticity, and a promising techeiqu
for the rehabilitation of unilateral spatial nedl@dSN). Only little evidence about the mechanigrhprism
adaptation (PA) in patients with left-brain daméagen record, and about putative differences of &#J the
aftereffects (AEs), between patients with left aigtit brain damage. In the present study, PA aadiBs
were assessed in 30 brain-damaged patients, 20ighithsided lesions (10 with and 10 without USahd
10 with left-sided lesions without USN, as wellias control group of 24 age-matched participaflis.
patients underwent adaptation to lenses shiftieditid of vision towards the side of the lesian|dwed by
two measures for detecting AEs: the propriocepi®)eand the visuo-proprioceptive (VP) straight-ahea
tasks. To investigate the temporal course of ABRerdifferent groups, the two measures were recbrd
immediately and 10 minutes after PA. Before PA, anthe end of the 10-minute delayed evaluation, tw
tasks to assess USN (target cancellation and dgwiere also administered. All patients adaptegrigms.
However, left-brain-damaged (LBD) patients presgémtéh reduced AEs, as compared with right-brain-
damaged (RBD) patients with USN. Moreover, whiléhboontrols and LBD patients adapting to left-
shifting prisms had reduced VP AEs in the delayawidion, AEs were not different from zero (i.eo, n
AESs) in LBD patients. Finally, in the delayed caimi USN patients showed an improvement in the
drawing, but not in the cancellation, tasks. Theselts suggest that adaptation to leftward slgfiamses is
associated with larger decay of VP AEs, and aabtbe left hemisphere in maintaining these AEsrafA.

These findings can be of relevance for the clinggadlication of this technique in neurological plapons.

Keywords: prism adaptation; left- and right-brain-damagetigmts; proprioceptive and visuo-proprioceptive
aftereffects.
Highlights:

- Left- and right-brain-damaged patients both adaytrism exposure.

- Aftereffects are reduced in left-brain-damagetiepas.

- Results suggest a role of the left hemispheraamtaining aftereffects after prism adaptation.



1. Introduction

When a person wears a pair of prismatic lensegithaate the visual field, the first attempts tadle a
target, such as an object (e.g., the tip of a g@oyguce final errors in movements in the directibthe
visual displacement, because the object is visyigeived in a position that is not the real @kfeer
subsequent repeated reaching movements, adaptatiois new environmental condition occurs, wita th
person performing correct movements, and beingtabieach the object accurately. After this adagmtat
phase, when the prismatic lenses are removedetiéiets (AEsS) occur, namely: a reaching error m th
opposite direction with respect to the one indumgthe deviation caused by the prismatic lenses, fo
example, AEs towards the left side of the spacadiaptation to rightward shifting lenses (Redding &
Wallace, 1996).

Beside the investigation of brain plasticity, priagaptation (PA) has been shown to be a very
promising and effective tool for the rehabilitatiohunilateral spatial neglect (USN), a syndromevhich
patients fail to perceive, explore and orient tmsti in the part of space contralateral to theesid the
lesion (contralesional), usually the left side phse after a right hemispheric lesion (Heilman, $baf &
Valenstein, 2003; Vallar & Bolognini, 2014; Vall&rCalzolari, 2018). The first elegant demonstratudn
the effectiveness of PA for temporarily reducingnsi of USN was provided by Rossetti and colleagues
(1998): they had six right-brain-damaged (RBD) @&t to adapt to optical prisms bringing about a
displacement of the visual field of 10° towards tiglt; after prisms’ removal all patients showed a
improvement of the clinical manifestations of U&i¥,assessed by psychometric tests, including dopy o
drawings, line bisection, and target cancellatfesllowing this pioneering study, many protocols énéeen
developed to reduce the pathological symptoms df dffecting different modalities and domains, sash
visuo-motor, auditory and representational spaiedes (Farné, Rossetti, Toniolo, & Ladavas, 2002;
Goedert, Chen, Boston, Foundas, & Barrett, 201etjuia-Courtois et al., 2010; Maravita et al., 20B8de,
Rossetti, Li, & Boisson, 1998; Saevarsson, Kriggm, Hildebrandt, & Halsband, 2009; Watanabe &
Amimoto, 2010). Rehabilitative protocols using refeel daily sessions of PA have also been developed.
There is evidence that a 2-week training is effeciin ameliorating several symptoms of USN, and tthia

improvement lasts in the long term, up to six merdfier the end of the training (Fortis et al., 201



Frassinetti, Angeli, Meneghello, Avanzi, & Ladavaep2; Serino, Bonifazi, Pierfederici, & Ladava802).
Some studies in acute or recent stroke patientshawing a significant difference between PA antica-
placebo treatments are however on record (Nys,admHunneman, de Kort, & Dijkerman, 2008, a
Randomized Controlled Trial, RCT, in 16 acute strphtients, treated with PA for four days; Rousseau
Bernati, Saj, & Kozlowski, 2006, 10 right-brain-daged patients, with a single sesssion PA treatrient;
Brink, Verwer, Biesbroek, Visser-Meily, & Nijboe2017, a RCT in 70 patients, treated with PA for two
weeks).

Which is the brain network involved in PA? In héglparticipants PA has been used to study
sensorimotor plasticity in the brain, mainly thepttion to left-shifting lenses associated witrsAfthe
cognitive domain, as demonstrated, for examplehbyresence of a bias in line bisection tests islic
2016). A distributed and complex network provides meural underpinnings of PA, with a key rolehsf t
posterior parietal cortex (PPC), and of the cetabrebf both hemispheres. On the one hand, theiarfer
PPC, contralateral to the arm used during the R&qature, is crucial for its first phase, namely
recalibration, that consists in the early detection of the vimwor error, and in a quick strategic correction
of it (Chapman et al., 2010; Clower et al., 1996auté et al., 2009). On the other hand r&adignment
process of PA (namely: the automatic remappindgp@fvisuo-proprioceptive coordinates) involves the
cerebellum with a key role (Luauté et al., 200%ePa et al., 2005); realignment contributes tolihiéding
up of the AEs (Redding, Rossetti, & Wallace, 20R&dding & Wallace, 2006). Recent evidence points to
role of the right cerebellum in both the realigntnand recalibration phases of PA, as demonstrated b
global interference in PA mechanisms when an itdipielectrical brain stimulation is applied toshirea
(Panico, Sagliano, Grossi, & Trojano, 2016). Aduitally, the primary motor cortex (M1) plays a role
visuo-motor learning: in healthy participants, gsthe right hand for the execution of the task,gkeitatory
modulation of the left M1, through transcranialedir current stimulation (tDCS), influences the méten of
a learnt configuration when a visuo-motor distortis induced (Galea, Vazquez, Pasricha, Orban dey Xi
& Celnik, 2011), and it re-activates the AEs 24 fiscafter the adaptation procedure (Panico et@L7p
Finally, the subsequent cognitive effects of PAhaher-level spatial representations seem to reculater

bilateral involvement of the superior temporal egr(Luauté et al., 2009).



Studies in brain-damaged patients have been castjutiainly in RBD participants exposed to right-
shifting prisms, as used for left USN rehabilitati@-ortis et al., 2010; Frassinetti et al., 20@arting from
data on healthy participants, Luaute and colleaduasuté et al., 2009, 2012; Luauté, Halligan, Rode
Jacquin-Courtois, & Boisson, 2006) have proposetdel for brain-damaged patients: as the left
hemisphere seems involved in different phasesisfrpexposure (i.e., error detection, late cogniéffects),
the clinical benefits of prism exposure on left U&buld result from the modulation of a left hemisgh
network, which, via a bottom-up signal producedhmsy cerebellum, would restore an interhemispheric
equilibrium disrupted by right brain damage. Thypdihesis is based on well-known attentional the=paif
USN, which postulate that the right hemisphericle®rings about an imbalance between the two
hemispheres (Kinsbourne, 1970). Saj et al. (SgarG&ocat, Luauté, & Vuilleumier, 2013) performad
fMRI study testing seven RBD patients with left USMd showed that both hemispheres have a key role:
PA to rightward prisms in RBD patients induces dmin a bilateral fronto-parietal network, inchglithe
PPC and the superior-middle frontal cortex. A fiéhe posterior parietal cortices (particularlg th
Intraparietal Sulcus, and the Superior Parietalul®dPS/SPL) is envisaged by the hypothesis tiat t
modulation by the cerebellum on the left hemispladse influences the right one, in turn modulating,
through callosal connections, the activity of pali@reas responsible for a leftward orientatiomi¢8er &
Danckert, 2010). To sum up, a complex network afrbregions is involved in PA, including severdt le
hemispheric areas, such as the PPC, the mediabtahpbe and the mid-frontal cortex (Luauté et 2012,
2006; Saj et al., 2013).

As previously mentioned, so far the neuropsychalagnvestigation of PA has mainly focused on the
study of RBD patients. The majority of such studigsed at unveiling the beneficial rehabilitatiféeets of
right-shifting lenses in RBD patients with left USNewport & Schenk, 2012; Redding & Wallace, 2006),
or, in general, at investigating the PA modulatibwarious visuo-spatial functions in RBD patie(tisigues
et al., 2015). Instead, the evidence about if aswd BA works in patients with a left hemispheric da® is
still sparse (Bultitude & Rafal, 2010; Facchin, Blas, & Daini, 2017; Magnani, Oliveri, Mancuso, @Gate,
& Frassinetti, 2011), and no study has systemdgicampared the development of AEs in RBD and left-

brain-damaged (LBD) patients (with or without USNEr time. This is a topic of relevance, both ttdye



understand the involvement of each hemisphereeiméfural mechanisms of PA, and to identify sintilesi
and differences between modulations of spatialtfans after unilateral hemispheric lesions.

To fill this gap, the present study aimed at inigeging if and how LBD and RBD patients adapt to
prismatic lenses shifting the field of vision towarthe side of the lesion. The choice of havingepé to
adapt to an ipsilesional deviation of the visueldiwas based on clinical reasons: there is evaltdrat RBD
patients with left USN do not adapt to left-shiffiprisms, with a consequent null effect on signs/8N
(Luauté et al., 2012; O’'Shea et al., 2014; Rossetl., 1998). Moreover, as we wished to increase
knowledge about how PA works as a rehabilitatiehiméque, we decided to rely on the type of adamtati
which is well-known to reduce the spatial bias @&ib-damaged patients. In fact, based on the plesiof
PA (Redding & Wallace, 2006, 2010), during prismp@sure a spatial discordance between vision and
proprioception generates the need spatial realignmengvisual and/or proprioceptive realignment), and,
after prisms’ removal, AEs, which are in the oppmsiirection of the visual field displacement. ddesing
that RBD patients with left USN have a defectivertion towards the left side of space, we wanteatiapt
them to prism inducing AEs towards this side ofcgpd herefore, we did not include adaptation tedsn
displacing the field of vision contralateral to #ide of the lesion. This manipulation is ineffeetfor the
treatment of left USN (Luauté et al., 2012; O’Skeal., 2014; Rossetti et al., 1998), and, altangh
principle theoretically interesting, was outside thain goal of our study. This directional effettre
visual-field prism-induced deviation is the onetthangs about AEs towards the contralesional sade, an
amelioration of USN in RBD patients, as previoudiscussed, as well as in LBD with right USN, as
assessed by a few recent studies (Bultitude & R2a€4l0; Facchin et al., 2017).

Furthermore, we also wanted to verify how differgies of AEs evolve over time. In order to measure
the sensorimotor AEs, immediately after, and 10utds after PA, two measures were used: i) the
Proprioceptive taskwhich is a measure of the proprioceptive realigntiollowing visual PA, and an
estimation of the subjective body midline, as assgdy asking participants, blind-folded, to paitnaight
ahead in front of them; ii) theéisuo-Proprioceptive taskvhich assesses AEs following PA taking into
consideration the eye-hand coordination. The ladtasually measured by asking participants totpoin

directly at a visual target, or at the verticaljpation of the visual target on the table, withseging neither



the arm/finger’s path nor the end of the movemamigible pointing) (Redding & Wallace, 1997). The
Proprioceptive and the Visuo-Proprioceptive tasksséandard indexes of the AEs after PA. Imporyautl
the context of our study, these two tests have bhewn to be sensitive to the presence and/oetw/ery
of USN, Firstly, there is wide evidence that RBDigeats with left USN present with a bias in the
proprioceptive estimation of their body midlin@&arne, Ponti, & Ladavas, 1998; Karnath, 1994)ctvh
improves after PA (Rossetti et al., 1998). Secanahile USN may affect the reaching of contraleaion
visual targets (Heilman et al., 2003; Vallar & Bgiini, 2014), USN patients typically do not exhihit
general impairment in pointing to visual targetagali, Meneghello, Mattioli, & Ladavas, 2004; Cdko
et al., 2015; Coulthard, Parton, & Husain, 2006tiEet al., 2010; Frassinetti et al., 2002; Jankso
Newport, Husain, Harvey, & Hindle, 2000; Maravitaaé, 2003), but the visuo-proprioceptive invisilAEs
have been found to correlate with the extent of W8provements after the PA therapy (Fortis et2110).

Finally, we also verified whether the procedure aiates the presence of left USN in RBD patients; to
this aim, at the end of each session, we admiedtevo visuo-motor spatial tasks to RBD with UShe t
Star Cancellation test (Wilson, Cockburn, & Halligd987), and the copy of a five-element complex
drawing (Gainotti, Messerli, & Tissot, 1972). Thady aimed at assessing the extent and the duration
PA-induced AEs: accordingly, the clinical tests 88N were administered at the end of the experinzaam
not immediately after the PA session, in order dyamssible interference with the measure of the, AEs
namely with the primary aim of the study.

Based on the current literature on PA in RBD an®litients (Magnani et al., 2011), we expected
adaptation and AEs to prismatic lenses displaatgylly the visual field in both RBD and LBD patis;
for patients with USN we also expected a reduatiosigns of USN after a single PA session (Rosséti.,
1998). Our explorative study allows to assess vdradllaptation and AEs, as well as the decay of Afes,
comparable or different in LBD and RBD patients) anth or without USN; we had no further more

specified hypotheses about how the different gradifgain-damaged patients could behave.

! In the context of the interpretation of the USMdgome in terms of a displacement of the egocergference
towards the side of the hemispheric lesion (seeréeRrlandrin, & Jeannerod, 1984) the results oh&aPonti &
Ladavas (1998) are more complex, and their disoagsioutside the aims of this study.
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2.Materialsand Methods

2.1. Participants

One hundred brain-damaged patients were screemgéidwously during 1.5 year: 70 of them were
excluded, because of general cognitive impairmeBDE 10 patients; RBD= 16 patients), lack of
compliance (LBD= 8 patients; RBD= 12 patients), argkvere comprehension deficit due to aphasia €.BD
24 patients; RBD= 0 patients). Thirty right-hangedients (18 males; mean + SD age: 64.7 + 13 years,
range: 32-89; mean education: 12 + 4.4 years, r&n@8) with unilateral hemispheric lesion werelinied
in the study. Twenty patients presented with alesiffecting the right hemisphere (P#1-20, RBD grdiB
males; mean age: 63.4 + 12.6 years, range: 32-€8nrmaducation: 11.9 + 0.8 years, range: 5-18)18nd
with a damage of the left hemisphere (P#21-30, Ig8dup: 5 males; mean age: 67.4 + 13.8 years, range:
44-89; mean education: 12.3 + 3.8 years, rang&)8The three groups of patients were comparalle wi
respect to age = 0.95, p=0.398). RBD patients were further divid®d two subgroups, with (RBD/N+)
and without (RBD/N-) USN (see section 2.2 below).

The aetiology of the lesion was vascular in 28quas (20 ischemic, 8 haemorrhagic) and neoplastic i
two. Lesion site was assessed by CT or MRI Scae.ektent and the location of the cerebrovascu&ohs
(see Figure 1) were drawn on a standard MRI templith a 1 mm slice distance using the MRIcro safav
(Rorden & Brett, 2000).

None of the participants had a clinical historyegidence of previous neurological (including
cerebrovascular and neurodegenerative diseas@sfimaour, hydrocephaly), or psychiatric disorders.
Motor, somato-sensory, and visual half-field dedeszintralateral to the side of the hemispheriotesi
(contralesional) were assessed by a standardized (Bisiach & Faglioni, 1974). Anosognosia for nroto
and sensory neurological deficits was evaluated standard interview (Bisiach, Vallar, Perani, Rmoa &
Berti, 1986). Table | summarizes demographic angaiegical data of the 30 brain-damaged patients.

Twenty-four right-handed age-matched healthy pigditts, with no history of neurological and
psychiatric disorders, entered the study as the@agroup (7 males; mean age: 68.3 £ 9.9 yeargaas6-

82; mean education: 12.3 + 4.8 years, range: 5-18).



All participants (brain-damaged and neurologicaltympaired participants) were selected from the
inpatient population of the Neurorehabilitation @ddhopaedic units of the Istituto Auxologico I&io in
Milan (ltaly). All participants had normal or coated-to-normal vision, and they were naive to thgppse
of the study. The study was conducted in accordwiitethe principles of the Declaration of Helsinaind
was approved by the Ethics Committee of the hdspiligoarticipants gave written informed consemt f
participating in the study.

-Table | and Figure 1 about here-

2.2. General cognitive and language assessment

In addition to the lack of history of cognitive imipment and previous neurological disorders, the
presence of a general cognitive impairment wassasseand excluded for all brain-damaged particgant
using the Mini Mental State Examination (Folstétn|stein, & McHugh, 1975). As the score of the Mini
Mental State Examination was influenced by USN anldinguage deficits in a few patients (i.e., résglin
a pathological score or preventing task’s admiaigin), the absence of a general cognitive impaitr{eee
Table Il) was also checked with reasoning task&rhal reasoning task was used as a screeningamifer
RBD patients (Spinnler & Tognoni, 1987), while anngerbal reasoning task was used as a screening
criterion for LBD patients (Basso, Capitani, & Leama, 2016).

Moreover, for all LBD patients a screening evalomif language deficits was administered. With
relevance for our study, Table Il shows the scofgbe individual patients in a non-contextualbadr
comprehension test (Spinnler & Tognoni, 1987), ianal verbal comprehension test of words and seatenc
(from the E.N.P.A. battery, see Capasso & Micd)P). Whenever present, aphasia was clinicallysifiad
accordingly to the parameter Fluent/Non-Fluent @a% Cubelli, 1999); patients were classified agiig a
pathological score based on the available starmddiorms. A perusal of the single scores showatd th
most LBD patients had a diagnosis of aphasia, sathe of them showing a defective score at the Token
task (Cut-off: 26.5); word (Cut-off: 18.4) and/@rgence (Cut-off: 11.6) comprehension was in a abrm
range for all patients except for P28. All LBD jgaiis showed a good contextual oral comprehensagh, b

during the baseline psychometric assessment, anekiterimental task (see 2.6 Procedure).
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2.3. Neuropsychological assessment of USN

The presence of USN was assessed by the follovéagppsychological standardized tests,
administered to all RBD and LBD patients (Ronchalet2014):

a) Star cancellation taskWilson et al., 1987). Patients were asked toscong all of the 56
black small stars printed on an A4 sheet (30 inaftehand-side, 26 in the right-hand-side), togeth
with distracters (large stars, letters, and word@leg scores were the sum of crossed targets, ardfth
right difference of omitted targets.

b) Bell cancellation taskGauthier, Dehaut, & Joanette, 1989). The patidatk was to cross
out the 35 bell targets (18 on the left-hand siulg B7 on the right-hand side) printed on an A3 shee
together with distracters (objects like trees, Bsand keys). The scores were the sum of crosspztda
and the left-right difference of omitted targets.

c) Line bisection taskThe patients' task was to mark with a pencil thé-paint of six
horizontal black lines (two 10 cm, two 15 cm, amd 5 cm in length, all 2 mm in width), presented i
a random fixed order. Each line was printed on drsleet, with the centre of each line being aligned
with the mid-sagittal plane of the subject's bollye score was the mean deviation of the participant
mark from the objective midpoint, measured to tearast mm; positive scores denoted a rightward
displacement of the subjective midpoint, negato@as a leftward displacement.

d) Drawing task: five-element complex drawing by c@@sinotti et al., 1972). Patients were
required to copy a complex five-element figure witlo trees in the left-hand-side, two pine treethin
right-hand-side, and a house in the centre of ashegt. Each element was scored: 2 (flawless copy),
1.5 (partial omission of one side of an elemen{rdmplete omission of one side of an element), 0.5
(complete omission of one side, together with phdimission of the other side of the same elenmd)
(no drawing, or no recognizable element). The totaission score ranged from 0 to 10.

All patients performed the tasks using the hanilaiesal to the side of the hemispheric lesionilgssonal),
unaffected by motor deficits. Patients were cliesgifis showing USN based on the available starmiatdi

norms for the Bell cancellation test (Vallar, Rus¢céontana, & Musicco, 1994), or on the perforneant

10



the control group for the remaining tasks when aomative data were available. The following cut-off
scores were applied: i) Star cancellation: a diffiee of omissions between the two sides of thet gineater
than 2; ii) Bell cancellation: a difference of ositns between the two sides of the sheet greatar4hiii)
Line bisection: a mean deviation score greater #ta or smaller than -7.7, iv) Five-element comple
drawing: a number of omissions greater than Otérdéized on one (the right or left ipsilesionaties
Patients who obtained a defective score, indicaihan ipsilesional spatial bias, in one of therftasts
assessing USN, were classified as affected by W8bbrding to this categorisation procedure, all LBD
patients were classified as not affected by USN.

Worthmentioning, right USN after left brain lesioan recover over the first three months after strok
(Stone, Patel, Greenwood, & Halligan, 1992): méstur LBD stroke patients (6 out of 10) were asedss
within three months from the onset of the cerebsoutar disease, but all of them showed no sign&N U
both at the hospital admission and at the timestirig. On the contrary, 10 of our RBD patientsever
classified as affected (P#11-20, RBD/N+) and 1Aaisaffected (P#1-10, RBD/N-) by USN (see Tabliil
the results of the neglect assessment of the gnoegs of patients).

-Tables Il and Ill about here-

2.4. Prismatic Adaptation (PA)

Participants sat at a table and positioned thigint(or left) upper limb inside a two-layer woodawox
(32 cm high, 74 cm wide). The lower and upper sigr$eof the box had a pentagonal shape, with thge lon
side facing the participant. The pentagon’s depthecentre was 32 cm, 19 cm at the lateral gidedis et
al., 2010). Participants sat in front of the midofehe box, while wearing prism goggles. LBD patiewere
exposed to left-shifting lenses, and RBD patiebtghi{ N- and N+) to right-shifting lenses; neurotmdiy
unimpaired participants were sub-divided into twougps, with half of them adapting to left-shiftilenses
(Group CL), and half to right-shifting lenses (GpoQR). Participants were asked to point with tiredex
finger (right index for participants exposed tahtigard shifting prisms, left index for participamsposed to
leftward-shifting prisms) at a target (a red pgmgsented by the examiner at the distal side obtixe

Participants were instructed to perform a quickand-back movement, starting from, and coming hack

11



their own stern bone. A black cloth occluded tdipgrants the vision of the arm from the sternhe box,
with only the final movement of the index finger enging from the distal side of the box being visiti the
participant.

Each participant performed 90 pointing movemenk® trget was presented in a pseudorandom fixed
order, in one of the two positions, at 10° to tightror to the left of the participant’s mid-sagltplane. The
distance between the target and the participaimgef was measured after each movement in degfees o
visual angle, using a scale with angular gradataiteched on the distal part of the box on the @xairis
side. A positive score denoted a rightward disptaa® of the finger with respect to the positiorilef

target, a negative score a leftward displacemere.pointing adaptation task lasted about 20 minutes

2.5. Proprioceptive and Visuo-Proprioceptive stnmhead

Participants sat at a table with their body alignéth the middle of the experimental panel usedrayur
the tasks; a chin-rest was used to maintain thetipo during the tasks. A transparent square pgtetm
side), marked with a goniometer with lines radigtirom -90° to +90°, was placed on the table, v@th
corresponding to the participant’s mid-sagittalnglaThe participant’s hand used in the pointingds f@se
right one for participants exposed to rightwardftsig lenses, the left one for participants exposed
leftward shifting lenses) was positioned on thegbawith the index finger on the starting positignarked
with a little sponge) in correspondence of then@ar the body: this position served as a startoagt or all
movements required.

Participants were tested in a dark, quiet roonthénProprioceptive (P) test, each participant wiaslb
folded, and instructed to indicate the subjectivedfimated position of the body midline, laying théex
finger on the panel’s surface. Each participant et straight-ahead pointing movements: after &@h
the experimenter recorded the position of the firigethe panel, as the deviation (leftward or rggrd)
from the objective body midline, in degrees of aisangle. In the Visuo-proprioceptive (VP) tasked
LED was mounted on the top of a black wooden b&xcf8 high), 70 cm distant from the participant'aithe
Each participant was required to perform 10 pogmtimovements on the panel surface to indicate the

downward projected position of the LED. On eacal tparticipants were asked to close their eyealltov
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the experimenter to place the LED in the appropnmtsition; the LED was in fact always placed in
correspondence of the participants’ body midlinedfg, but they were unaware of its position. Dgrthe
pointing movement, the arm was occluded from vidigra wooden box (30 cm high, 75 cm width, 50 cm
depth). After each trial the experimenter recortitedposition of the finger on the panel as the ateun

from the veridical downward projection of the LEDsition (rightward or leftward deviation), in degseof
visual angle. In both the P and the VP tasks, @pants were required to perform the pointing mosets
as fast and accurate as they could. The ordeedfith tasks (P and VP) was counterbalanced across

participants.

2.6. Procedure

The experiment included three successive phasdsamall lasted about 60 minutes.

1. Pre-exposure phasbefore adaptation to prisms. In this phase (PRi&) tests assessing the
egocentric reference were administered, namelyPtaed VP straight ahead tests, as describedai det
above (Calzolari et al., 2015; Calzolari, AlbiniglBgnini, & Vallar, 2017; Fortis, Ronchi, Calzolari
Gallucci, & Vallar, 2013).

2. Exposure phase: PARarticipants were exposed to prism, displaciteyddly the visual field of 12.4°,
leftward or rightward (Fortis, Goedert, & Barre2Q11).

3. Post-exposure phasafter adaptation to prisms. The P and VP tests a@n@nistered immediately
after prism adaptation (POST1), and at a 10-midetay (POST2). Finally, at the end of the POST2
assessment, the effects of PA on left spatial megieRBD/N+ patients were assessed by two tesés: S
Cancellation (Wilson et al., 1987), and copy oivaflement complex drawing (Gainotti et al., 1972)

During all phases of the procedure, the examinefally checked that each instruction was fully
understood, and verified the comprehension of &sdhwith a first trial, not considered in the fisaunt
and analysis: this procedure was followed to cantinat all patients, particularly the LBD patientish

language impairments, could correctly perform tkigegiment.
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2.7. Scoring and statistical analyses

With respect to there- and post-exposure measyrine average deviation scores of the 10 pointing
movements were computed for the P and VP taskevalvate the presence of AEs following the adamtati
procedure, the differences between the post- angrigrexposure mean deviation scores were comgoted,
express the relative shift for each task (P SYi#,Shift); two P and VP shifts were computed far BOST1
and the POST2 assessments. For the tests assgSdih@dministered after the second post-exposuaseph
(POST2), the omission scores in the target carimelland drawing tasks were computed using the same
procedure described for the baseline evaluatidbSN (see section 2.2).

For theexposurghase, the mean deviation error of the pointingentents towards the target, brought
about by the prism-induced displacement of thealifiald, was computed for the first (1-4), and thst
(87-90) four pointing trials, out of the 90 moverntgeperformed during the exposure condition. Theaihi
(four) and the final (four) pointing trials includéwo pointing movements towards the left-sideddéfrand
two movements towards the right-sided target.

Finally, in order to make comparable the directi@reor made by the various groups of brain-damaged
and unimpaired participants, with respect to the sif the prism-induced visual shift (left- andhtighifting
prisms), all scores were converted as follows: sitpe value corresponded to a deviation ipsildterahe
prism-induced visual field shift, a negative vataea deviation contralateral to the prism-induciesdi& field
shift. For example, the deviation of a pointing &ds the right-side of space (or to the right eftrget,
during the exposure phase) performed by a partitipdapted to rightward shifting prisms, corresgmhtb
a positive score; the same movement performedpdarticipant adapted to left-shifting prism corresged
to a negative score. Thus, according to the cufiterditure, we expected errors ipsilateral toghem-
induced visual field deviation for the first triadsiring the exposure adaptation (positive scofelpwed by
the subsequent reduction of such pointing errer, Walues close to 0°) in the last trials. Instéadthe AEs
scores we expected values indicating a shift ctatenal to the prism-induced visual field deviation
(negative scores). Table IV shows a schematic sugnofahe sign attributed to right and left movensn

deviation, for each group.
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Statistical analyses were performed using the soéw/Statistica™ (version 7.0) and SPSS (Version
25). To evaluate if and to what extent participattapted to prism exposure, correcting the latlraiation
induced by the prismatic displacement, repeatedsorea analyses of variance (ANOVA) were performed,
with Time (first/last four pointing trials) as thathin-subjects, and Group as the between-subjets)
factors. Parametric analyses (t-tests, ANOVA) vagplied to the mean P and VP scores, and to P Bnd V
shifts, to assess the presence of AEs, and thereliftes across groups. The presence of a signifcand
VP shifts was computed comparing the mean shifinayaero, that is the intercept of the ANOVA, dthw
ad-hoc t-tests against zero. Post-hoc tests wenpuied using the Newman-Keuls correction for midtip
comparisons. Non-parametric analyses (Siegel &ellagt 1988) were computed in order to compare in
RBD/N+ patients the neglect omission scores ifSfae and Drawing tasks, before and after PA.

The alpha-level was set at 0.05. To quantify thgmitade of the effects we report, we provide péartia
eta squaredq(,z) values for F-tests.

-Table IV about here-

3. Results

3.1. Prismatic adaption

Figure 2 shows the average pointing deviation srobthe first and of the last trials for contr@ksft
panel), and for LBD and RBD patients (right panal).participants reduced their pointing error frahe
first to the last trials, showing adaptation to dmical prisms. CR participants made an overadjdaerror
than CL participants.

At first, ANOVAs were conducted, in order to assed®ether participants adapted to the visual field
displacement induced by prisms. With respect tq#réormance of controls, the ANOVA with Time (2
levels: first pointing deviation, last pointing dation) as the within-subjects main factor, and @pr¢2
levels: CR and CL) as the between-subjects matorfa@vealed a significant main effect of Time {f=
256.68,P< 0.001,11,)2 =0.921), with control participants showing a retittn of the pointing error from the
first trials (M = 7.48) to the last trials (M = AP Also, the main effect of Group was significéit,,= 8.81,
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P= 0.007,np2 = 0.286), with CR showing a greater deviation etinan CL, independently from the Time
main factor. Finally, the interaction Time by Grasipowed a tendency towards significance4E 3.82,P=
0.063,11,32 = 0.148): a perusal of the data suggested thadr@@RCL tended to differ with respect to the
deviation in the first trials (CR: M = 8.69; CL: M6.27), while this difference was not presentthar last
pointings of the adaptation phase (CR: M = 1.31; K3l= 0.50).

With respect to the performance of brain-damageigma, the ANOVA with the within-subjects main
factor Time (2 levels: first pointing deviationstgpointing deviation), and the between-subjectis rfzator
Group (3 levels: RBD/N-, RBD/N+, LBD), showed arsigcant main effect of Time (7= 140.55P<
0.001,np2 = 0.839): all patients adapted to the prisms, @ihg an error reduction from the first trials @1
7.05) to the last trials (M = 0.92). No other sfgr@int main effects or interactions emerged [Gr{fep,=
0.53,P=0.60,n,” = 0.037); Time by Group (k= 1.58,P = 0.22n,> = 0.105)].

A comparison between patients and controls, whewment the same type of PA, was also conducted.
Both the first ANOVA [main within-subjects factoirie (2 levels: first pointing deviation, last pong
deviation), main between-subjects factor Grouge(@ls: RBD/N-, RBD/N+, RC)], and the second ANOVA
[main within-subjects factor Time (2 levels: fimbinting deviation, last pointing deviation), mdietween-
subjects factor Group (2 levels: LBD, CL)], reveh&significant main effect of Time [for right pm&tic
adaptation: (F,o= 163.12P< 0.001,1,> = 0.849); for left prismatic adaptation;@= 353.28,P< 0.001 1,
= 0.946)], with a reduction of the deviation errbian the first trials to the last trials. No othegnificant
difference was found [for right prismatic adaptatiGroup (k9= 1.18,P= 0.32,np2 =0.075), Time by
Group (F.20= 0.62,P= 0.55,” = 0.041); for left prismatic adaptation: Group 4= 0.68,P= 0.42,n,° =
0.033), Time by Group (ko= 1.57,P= 0.23,1,” = 0.073)].

-Figure 2 about here-

3.2. Post-Pre differences: Proprioceptive and \fsuaprioceptive AEs

Figure 3 shows the amount of AEs in the two tasksdntrols and brain-damaged patients: the P shift
decreases in CR patrticipants, and the VP shiftedeses in CL and LBD participants, with the LBD Ipeia

zero (i.e., no POST-PRE differences) in the VPtShifThe scores of the individual patients in the &hd P
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Shift 1 and Shift 2 are reported in the Appendite presence of immediate and long-term AEs wasssde
by the following analyses, comparing the exterthefshift over time (Shift 1: POST1-PRE; Shift D$T2-
PRE) for controls and patients.

For control participants, an ANOVA with Time (2 ls: Shift 1 and Shift 2) and Task (2 levels: P and
VP) as the within-subjects main factors, and Gr@uevels, CR and CL) as the between-subjects main
factor, was conducted on the deviation scores.iffieecept was significant (.= 59.77,P< 0.001,,” =
0.731), revealing the presence of AEs independeftige time and task considered. Also the Timd agk
by Group interaction was significant;(f;= 12.04,P= 0.002,np2 = 0.354). This significant interaction was
first explored by Newman-Keuls post-hoc tests, thdtnot reveal any significant difference; therghier
post-hoc tests were used: the analyses showetbtHaR there was a significant difference for thehift
between Shiftl and Shift 2 (p< 0.01), with a redhrcof the P AEs in the delayed condition; for @L,
significant reduction of the VP shift between Shitand Shift 2 (p< 0.01) was detected. No othenrfaitor
or interaction were significant [Group;(f = 1.16,P= 0.29,n,” = 0.050), Time (F,,= 3.18,P= 0.09,n,° =
0.126), Task (Ex, = 0.43,P= 0.52n,> = 0.019), Time by Group (k. = 0.05,P= 0.82n,> = 0.002), Task by
Group (F,= 0.41,P= 0.53,n,° = 0.018), Task by Time (.= 0.13,P= 0.721,> = 0.006)]. To summarize,
control participants showed a reduction of the iR 88R), and of the VP shift (CL) in the delayedndition.

For patients, an ANOVA with Time (2 levels: Shifahd Shift 2), and Task (2 levels: P and VP) as the
within-subjects main factors, and Group (3 levRIBD/N-, RBD/N+, LBD) as the between-subjects main
factor, showed the presence of AEs, independent Trione and Task (Intercept; = 54.26,P< 0.001,11,32
= 0.668), and a significant effect of Group = 4.20,P= 0.026,n,” = 0.237). The Group effect was due to
a significant difference between LBD and RBD/N+gats (p< 0.05), while the difference between LBD
and RBD/N- patients was not significant, althougthva trend in the same direction (p= 0.068). Naeot
factor or interaction were significant [Time, (7= 2.08,P= 0.16,1,” = 0.072), Task (F; = 0.01,P= 0.92,

n,’ = 0.000), Time by Group k; = 2.69,P= 0.09,n,” = 0.166), Task by Group {gv = 1.22,P= 0.31,n,° =
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0.083), Task by Time ¢f; = 0.11,P= 0.74,n,° = 0.004), Task by Time by Group,(f = 0.40,P= 0.68,”
=0.029)]

The comparison between brain-damaged patientsartdots was performed by two analyses. A first
Time by Task by Group ANOVA was run to compare REHRBD/N+ patients and CR participants: the
intercept was significant, to confirm the preseotAEs (R = 96.64,P< O.OOl,np2 = 0.769), with no other
significant main effects or interactions [Group £5= 0.96,P= O.40,np2 =0.062), Time (Ex = 0.53,P=
0.47,11,32 =0.018), Task (Fg= 1.44,P= O.24,np2 =0.047), Time by Group ¢bs= 1.07,P= O.36,np2 =
0.069), Task by Group ¢l 0.03,P= 0.97,n, = 0.002), Task by Time (ks 1.47,P= 0.231,% = 0.048),
Task by Time by Group ¢hs= 0.88,P= 0.43,np2= 0.057)].

A second Time by Task by Group ANOVA was run to pane LBD patients and CL participants. The
intercept was significant, to indicate the presesfcgignificant AEs (F»= 19.57,P< 0.001,n,° = 0.495).
Moreover, the main factor Time was significant {f= 7.23,P= 0.014,11,)2 = 0.265), with a significant
decrease of the AEs in the Shift 2. Also, the extéon Time by Task was significanty(l5= 6.74,P= 0.017,
np2 = 0.252): post-hoc tests showed no differencesdst Shift 1 and Shift 2 for the P task, but aificemt
decrease of the VP AE between Shift 1 and Shift<2Q.01). No other main factor or interaction restth
significance [Group (F=1.17,P= 0.29,np2 =0.055), Task (&= 1.69,P= O.Zl,np2 =0.078), Time by
Group (R 0.19,P= 0.67,n,° = 0.009), Task by Group {&= 1.72,P= 0.20,n,” = 0.079), Task by Time
by Group (k.= 0.28,P= O.60,np2 = 0.014)]. Therefore, in both groups adaptingefodeviating lenses,
there was a reduction of VP AEs in the Shift 2.

In the two control groups, t-tegs. zero analyses were performed to assess whethevéhall Shift
(i.e., the VP and the P shifts, averaged oventioetime-periods) was significantly different froraro (i.e.,
no POST-PRE differences), revealing the presenédesf(CL : ;= -4.37,P= 0.001; CR: = -6.79,P<
0.001). Further analyses specifically exploredgésistence of the two assessed AEs at the delayed
assessment (Shift 2). In both control groups, hifas still significantly different from zero, iiwéting that
the AEs were still present: CR (P Shift g=t-2.46,P= 0.032; VP Shift 2:1t= -5.46,P< 0.001); CL (P Shift

2: t,= -2.59,P= 0.025; VP Shift 2:;4= -2.34,P= 0.039).

2 The ANOVA showed similar results even if the RBD/patient P14, who exhibited large AEs (see Appendsx
excluded from the analysis.
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In brain-damaged patients, these analyses shogsificant differences from zero for the overall Bhi
of RBD patients (RBD/N+gt -4.72,P= 0.001; RBD/N-4¢=-7.06,P< 0.001), but not for the overall Shift of
LBD patients, for whom only a trend was detected {2.11,P= 0.065). Therefore, LDB patients presented
with little, if any, AEs, which in fact did not dér from zero, indicating the absence of a POST-PRE
difference. t-tests. zero statistics further assessed specifically ndreShift 2 in the P and VP tasks differed
significantly from zero, indicating in turn wheth&gnificant deviations (AEs) were still presentta
delayed assessment: LBD patients (P Shif§=2:2.11,P= 0.064; VP Shift 2:¢t 0.07,P= 0.945); RBD/N+
patients (P Shift 23t -4.95,P= 0.001; VP Shift 2:¢t -3.20,P= 0.011 ); RBD/N- patients (P Shift 2=t-
4.71,P=0.001; VP Shift 2:¢& -4.01,P= 0.003 ). To summarize, RBD patients exhibitegsisgent P and VP
AEs in the delayed assessment; conversely, LBRpatishowed shifts not significantly different fraero
at the delayed assessment, namely: no AEs.

-Figure 3 about here-

3.3. USN assessment

The Wilcoxon signed ranks test was used to comphar& SN scores of RBD/N+ patients (n= 10)
before and after the exposure to prisms. No sicpanifi differences were found for the omission scoréise
Star cancellation task (z = 0.7 0.445; omission errors pre-PA: mean + SD: 23.B1#4; omission errors
post-PA: 20.9+20.79). A significant difference waand for the omission score at the copy of a Five-
Element Complex Drawing (z = 2.28+ 0.024; omission errors pre-PA: 5.4+3.81; omisgmors post-PA:
3.95+3.23), with a reduction of the number of oraigs after adaptation to prismatic lenses (befoias =
5 omissions; after prisms = 3 omissions). Thes#irigs are overall in line with the evidence, reveen

the introduction, that PA to prisms displacing timual scene rightward improves signs of left USN.

3.4. Lesion analyses

Figure 1 shows the localisation and the maximunrlapeof the lesions of the LBD, RBD/N- and
RBD/N+ groups (P1, P14 and P15 scan images weravadgable for mapping; P2 was not mapped because

the lesion had neoplastic origin). For the RBD/Keup the maximum overlap (n = 4 patients) was on a
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small area in the white matter under the right teraplobe and in the right insula. For the RBD/Noup
the maximum overlap (n = 8 patients) was in theiah@sd superior right temporal lobe, including thght
insula. For the LBD group the maximum overlap (B patients) was in the left putamen.

The size lesion of the three groups of patientsaeaspared. An one-way ANOVA was conducted: the
analysis showed a significant effect of Group.4F 8.23,P= 0.002,np2= 0.417), with LBD patients having
smaller lesion (mean + SD: 14887 cc + 17506, rah§48-56570 cc) than RBD/N- (89115cc + 89850,
range: 4651-242457 cc) (p< 0.05) and RBD/N+ (14898 86771, range: 70718-241024 cc) (p< 0.01)
patients. Even if RBD/N- patients had smaller lasiwith respect to RBD/N+, the difference betwdesée
two groups did not reach the significance level Qp39).

The mean duration of disease of all stroke patienats 6.61 months (£10.61, range: 0.57-35.53;
RBD/N-: 8.73 £ 14.5, range: 1.13-49.2; RBD/N+: 64580.9, range: 0.90-35.53; LBD: 4.53 + 4.9, range:
0.57-15.97). No significant differences in timecgrstroke across the three groups were detecieg-(F

0.37,P=0.692).

4. Discussion

4.1. Adaptation and AEs after left and right brdamage

In this study, the immediate and delayed (i.eeraf0 minutes) effects of exposure to prisms itinbra
damaged patients, taking into account the exteRtfoéfter left- and right-sided hemispheric lesijonsre
examined. Both RBD and LBD patients adapt to prismexposure, with consequent P and VP AEs after
prism removal, but, in LBD patients, the averagé&tsAend to be close to zero (t-test vs. zero: B8).and
appear globally reduced, as compared to those &8f/RB patients. In particular, when the left hemieghis
damaged, the VP AEs do not differ from zero by i6utes after prism exposure (see Figure 3). Also
healthy controls adapting to left-shifting lenskew reduced VP AEs in the 10-minute delayed coouliti
Unlike the case of LBD patients, however, these Afesstill present, being significantly differenbrin zero.
In RBD patients the AEs were comparable in thedPiarhe VP tasks. In a previous study (Sarri gt al

2008), larger AEs in the P task were found in RBiignts with USN. However, while the present P task
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was comparable to the one adopted in that stutywis not the case for the VP task, in which visias
available to participants. Indeed, in the studyShyri et al. (2008), the task was a “target pogitione, with
participants being “asked to make repeated pointingements to a single visible target placed aatiteal
centre of their mid-sagittal plane”, although Satral. (2008) write that “the correct response dastical
to the objectively correct response for the Subjec$traight Ahead task”. Instead, our VP taskrdit
require a pointing to a visual target, with pagamts being required instead to perform pointingeneents
on the panel surface to indicate the downward ptefeposition of a LED (corresponding to the stiaig
ahead), but not to point to an actual visual targeérefore, results from the study by Sarri e{2008), and
from the present experiment, are not directly capi@ with respect to their visual component.
Furthermore, in stroke patients more variable pagtef PA effects on both P and VP tasks (morelaintd
the present one) have been reported by Facchinaledgues (Facchin, Beschin, Toraldo, Cisari, &
2013), who analysed their data with a multiple Ergase approach (see Shallice, 2015).
Complementary to these data, the present studysstiat; independently from the presence of USN,
the two groups of patients adapted to the prisnbatises. In particular, during the exposure tonpsisboth
RBD and LBD patients presented the well-known réidncof pointing errors from the first to the last
movements (Fortis et al., 2010). After removalhe prisms, both patients’ groups displayed P andhifes
towards the contralesional side of space, witheaesip the visual field deviation induced by th@gles.
However, when the first and the delayed assessmamtsanalysed together, the averaged AEs of LBD
patients did not significantly differ from zerotést vs. zero, p=0.065). On average, the two PV#hAEs
were also smaller and significantly different inpatients compared to RBD/N+ patients; the santtempa
was present when LBD patients were compared to RBpdtients, although this comparison did not reach
the statistical significance. Additionally, the \iRtest vs. zero, p=0.945) and the P (t-test vo,7@= 0.064)
shifts in the delayed condition were not differeoin zero in LBD patients. This finding can be efavance
for the use of prismatic goggles in LBD patientsila visuo-motor integration seems to return ¢opite-
exposure situation in ten minutes. This coulddast in part) explain the findings of the previcase
reports of patients with right USN after left braiamage, in whom the improvement in visuo-motdkgas

returns (Facchin et al., 2017), or tends to reBuititude & Rafal, 2010), to the pre-PA levelstite long-
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term assessment. Compared to such an evidenseataworthy that our LBD patients did not shovitig
USN; it follows that, potentially, different mechHams may be recruited by PA if spatial functions ar
mainly lateralized in the right or in the left hesphere, in turn influencing the PA outcomes.

With relevance for our data, a previous study (Magret al., 2011), which investigated if PA
modulates time perception, assessed PA effect8i &hd LBD patients. Patients performed the adiptat
with the ipsilesional hand, and were adapted titeipenal and contralesional lenses. LBD patieaithiough
adapting to prisms as RBD patients did, preseniddaweduced pointing deviation in the first tsiaf PA,
but showed a pattern of quick error reduction dugrposure to prisms. In our experiment, this tagtéect
was found only in healthy control participants, @gitt&y to leftward shifting/s. rightward shifting lenses, but
not in brain-damaged patients. Magnani et al. (2@%%essed the consequent AEs only with a VP task:
interestingly, their LBD patients exhibited redudefiward AEs compared to RBD patients, when both
groups adapted to rightward shifting lenses; fapation to leftward shifting prisms, the AEs ie tfvo
groups of patients were comparable. At variancenfoor study, the amounts of contralesional AEs ¢edu
by lenses displacing the visual scene towardspsitesional side (i.e., rightward displacing prisimsRBD
patientsvs. leftward displacing prisms for LBD patients) wera directly compared by Magnani et. al.
(2011), who also did not analyse the AES’ time-seuin sum, although a precise comparative discusdi
the present findings and of those of Magnani amwdockes (2011) can not be performed, due to therartie
methodological differences, the suggestion can deéenthat PA in LBD patients can take place, but the
subsequent AEs may be less pronounced and lomgglashis finding might be due to a reduction af th
visuo-motor deviation in the first phase of prismxposure, as demonstrated by Magnani et al. (201 dur
study, in LBD patients, but not in LC control paipiants, for the global AEs the difference betwt®n
assessments made before and after PA did not &iffierzero, as well as the delayed shift, possibly
indicating in LBD patients a reduced duration ofsAE

The reduction of VP AEs in the delayed assessmasibben found also for healthy participants
adapting to leftward shifting lenses (LC), but fmtadaptation to rightward shifting lenses (whigre
delayed P AEs decreased). One possible interpyetatithat the effect induced by leftward shiftprigsms

(and/or by the use of the left hand during prismposure) is weaker than the one brought about Iwigrd
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shifting prisms (and/or the use of the right handrdy prism exposure) in maintaining the VP AEs,
independently from the presence of the lesion.rékerse appears however to be the case for theiassn
between decreasing of the P AEs with PA to rightihsdnifting lenses and the use of the right hane. o
groups of control participants (CR and CL) showntaecomplex pattern of interaction between thectiva
of the prismatic shift and the used hand, withdeeay of specific AEs, that however remain difféfeom
zero at the assessed delay. Nevertheless, thenpresalts in LBD patients cannot be completelylaixed
by an effect of the direction of the visual-fieldplacement. In fact, although the direct comparisetween
patients and controls (LBD and LC) did not showistigally significant differences, the LC group/$
AEs remain significantly different from zero at thelayed 10-minute assessment, although reducgdan
(see Figure 3); this is not the case for the AHSRI patients. As the VP task requires the coottitimaof
visual and motor/proprioceptive information, anliéabrequired in most activities of daily life, thresult
may have a relevant clinical impact. In fact, USHignts are usually impaired in ecological daife-Nisuo-
motor tasks, beyond the traditional standardizet$ @\zouvi, 2016), and their undamaged left hehesp

may provide a relevant neural network for the PAdiced amelioration.

4.2. Effects of prism adaptation on left and riglgN

As additional results, we also found that a sifRpesession brings about improvement of USN in the
Five-Element Complex Drawing task, but not in thar £ancellation tastk. This finding is broadlylime
with previous evidence showing the immediate eifectess of a single session of PA on a variety of
manifestations of the USN syndrome, including d&feadrawing, target cancellation and line bisettio
(Rossetti et al., 1998), spatial dysgraphia (Rdds.e2006), left auditory extinction (Jacquin-Ciis et al.,
2010), wheel-chair navigation (Jacquin-Courtoisg®dPisella, Boisson, & Rossetti, 2008), bisectibn
body parts (Bolognini, Casanova, Maravita, & Val2012). One recent study (Facchin, Bultitude, Nditn
Peverelli, & Daini, 2018) found effects of PA omgat cancellation, only when two counterbalanced
sesssions of PA of concurrent and terminal expdsueee combined, with no effects of a single session

PA; interestingly, as in the present experimerigaté of PA on USN were the last to be assess#in

% In the concurrent exposure paradigm the pointingia visible to participants; in the terminal espee paradigm
only the participants’ finger, when close to thegt, is visible to them (Redding et al., 2005).
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experimental sequence. Other evidence of effed®&Aabn neglect signs only at a delayed (after Irhou
assessment is on record (Rode, Pisella, RossattieF& Boisson, 2003, Figure 3b). Even if the liersd
effect of a single exposure to prisms can lasbupfew hours after adaptation (Farné et al., 200auté et
al., 2006; Rode et al., 2003; Rossetti et al., 1,99& finding can be accounted for by the combamadf a
single session of prism exposure with a delayedhpmyetric assessment (i.e., after the POST2 evahsat
of AEs) of USN, since the investigation of the etfeof PA on USN was not the primary objectivelsf t
study.

The PA method has been successfully used in trabiléhtion of left USN after right brain damage
(Fortis et al., 2018; Frassinetti et al., 2002; &b, Bonifazi, Catena, & Serino, 2011; Mizunolgt2®11;
Serino, Barbiani, Rinaldesi, & Ladavas, 2009; Skiriget al., 2010; Shiraishi, Yamakawa, Itou, Mur&k
Asada, 2008; Vangkilde & Habekost, 2010). The Ikngwn hemispheric asymmetry in the occurrence of
USN, contralateral to the side of the lesion, afigit- vs. left-brain lesions, is reported in most studies in
terms of a greater frequency of left USN after rigiain damage (Beis et al., 2004, Bisiach, Corhigc
Sterzi, & Vallar, 1984; Stone et al., 1992; VallRysconi, Geminiani, Berti, & Cappa, 1991), in limgh
findings from the present study. When frequency sackrity were compared, USN was found to be more
frequent, but not more severe, after right braimalge than after left damage (Suchan, Rorden, &athrn
2012), more severe, but not more frequent (OgdeB5d), and comparably frequent (Ogden, 1985b, 1987)
Right USN seems also featured by a prevailing talfdric” pattern, at least in the acute or sub-@stdge
of iliness in stroke patients (Chechlacz et al12& leinman et al., 2007). So far, then, the vaajority of
investigations have focused on the effect of PAgbtward shifting lenses in patients with left USN
following right brain damage.

To our knowledge, only two studies have investigate effects of leftward shifting prisms on the
symptoms of right USN. Bultitude and Rafal (Bultu& Rafal, 2010) examined a patient with a lagge |
fronto-parietal haemorrhagic lesion and a mild riglsN. After exposure to leftward shifting prisnise
patient’s performance significantly improved inirgel bisection task, as compared to a sham stironlatith
goggles not inducing any deviation of the visueldi In the follow-up assessment, administeredaysd

after prism exposure, the patient’s performandmbisection was still improved, but tended ture to
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the pre-PA. In another recent case report (Faathéah, 2017), an amelioration of right spatial @edsonal
neglect after exposure to leftward shifting prisadiministered to a left-brain-damaged patient fomés,
was found; however, in a 1-week follow-up USN ssamturned to the baseline level. These data stigges
that leftward shifting prisms can be effective indunlating right USN after left-sided brain lesioasd they
may involve mechanisms similar to those effectivéhie left-sided deficit associated with right lrai

damage.

4.3. Neural underpinnings of prism adaptation

As detailed in the introduction, the procedure Afdhd the induced AEs rely on a vast bilateral
cerebral network. Our results support to a roleefbfhemispheric, cerebral (and cerebellar), ativi
Complementary to our findings, there are two sikgglee neuropsychological studies showing thatta lef
sided hemispheric lesion, injuring the left cer&bal may disrupt rightward [the patient wears pgsm
deviating the visual scene leftward (Pisella et2005)], and leftward [the patient wears prism@aténg the
visual scene rightward (Calzolari et al., 2015)]sABccordingly, in right-brain damaged patientshwéft
USN, the cathodal-inhibitory transcranial directremt stimulation (tDCS) of the left PPC reduces th
clinical benefits of the PA rehabilitation (Ladawetsal., 2015), while the anodal-excitatory tDCShaf left
(but not of the right) PPC is able to restore thappoceptive AEs, disrupted by a left cerebellad ilateral
occipital damage (Calzolari et al., 2015). It isrthanoting that in our LBD patients, the lesionesizas
smaller than that of RBD patients. This may impigttthe overall integrity of the left hemispheratigity is
relevant for obtaining reliable and long-lastingsA&nd that a comparatively smaller lesion mayfteetive
in reducing AEs after left brain damage. Also, sonae specific regions in the left hemisphere may b
more relevant for PA to occur. The inspection &f lgsion maps indicates that most LBD patients had
subcortical lesions, mainly affecting the left patn (5 out of 10 patients), although this findihgld be
treated with some caution, considering the sizd®patients’ sample. In healthy participants, MRF
study (Seidler, Noll, & Chintalapati, 2006) repaatdivations in the basal ganglia, bilaterally luiing the
putamen, during the process of sensorimotor adaptatsing the right hand. Hence, subcortical regio

seem to work in concert with cortical areas sucthagprimary sensorimotor, premotor, posteriorgiatj
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prefrontal and temporal cortices (Clower et al9@;9Ghilardi et al., 2000; Inoue et al., 1997, 1988 well
as the cerebellum (Imamizu et al., 2000; Kupet.eR@14, using PA). For instance, in sensorimotor
paradigms using PA, activations in healthy partioig have been reported in the PPC contralatetiakto
adapting upper limb (Clower et al., 1996), andhi& &nterior cingulate, in the left PPC, and inléfie
primary motor cortex contralateral to the right gtiteg upper limb (Danckert, Ferber, & Goodale, 20@8
main role of the left hemisphere is further sugggdty a study in brain-damaged patients, showiag th
damage to the left, but not to the right pariat@jnly posterior, cortex impairs visuo-motor adéiptato a
30° deviated visual feedback in a pointing tasktfMuSainburg, & Haaland, 2011). However, in thegt
by Mutha et al., at variance with our experimeatjgnts used their contralateral, affected, upipdo,|
namely: LBD patients the right arm, RBD patients lft arm. No left-right differences in the seteof
hemiparesis, defined overall as “mild”, were repdr(Mutha et al., 2011); in this study, at vareffrom the
present one, lesion site and size were companaliieth LBD and RBD patients. In sum, the available
evidence, from both activation experiments in Hgaftarticipants and LBD patients, is compatiblenvite
suggestion of a role of left-sided brain structunesluding subcortical grey nuclei, in PA and ABs,also
suggested by the present study. The associatilefitdfemisphere damage along with a subcorticabtes

may exert a greater impact on the prism-induced, Aih a faster decay.

4.4. Limitations and Conclusions

This study did not address some issues, which raayhsidered for future research. Firstly, sinee th
study aimed at analysing the effects of PA withexapeutic perspective, we did not include in our
experiment adaptation lenses deviating the field<ibn contralesionally, namely leftward in RBDtipats
(rightward AESs), which in healthy participants gaimic left USN (Michel et al., 2003; Schintu et,&014,
2017), and alter motor interhemispheric inhibit{fartin-Arévalo, Schintu, Farne, Pisella, & ReilR018).
Secondly, purely visual (Calzolari et al., 2017rtioet al., 2013) AEs measures of PA were notssese
Thirdly, some of our LBD patients presented witigliistic deficits, differently from RBD patients; our
sample, such deficit did not prevent the correchm@hension and execution of the tasks in thisgrou

Finally, since we required patients to performpb@tings during PA, as well as the the tasks agsgshe
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AEs, with the non-paretic upper limb, we shouldsider that the non-dominant left upper limb wasdusg
LBD patients, and the dominant (Oldfield, 1971 htigpper limb by RBD patients. The use of the da@nin
(in LBD patients) and of the non-dominant (in RB&tipnts) upper limbs features also the study byhsl et
al. (2011), although reversed with respect to tiesgnt experiment, since patients used the uppér li
contralateral to the side of the lesion, and pdgsiffected by a primary motor deficit. Both invigsttions,
however, concur to suggest a role of the left hphese in sensorimotor adaptation even if different
paradigms (PA, in the present experiment, and apnlation of the cursor visual feedback relativéhe
hand motion in Mutha at al., 2011) were used. Faurtfore, in that study both RBD and LBD patients had
lesions of comparable size, confined to the PP@emresent study, the lesion size of LBD patieras
smaller than that of RBD patients, with an oveilathe left putamen. Taken together, these findfugher
suggest a role of left hemispheric cortical andcsuiical regions in sensorimotor adaptations, idicig AEs
induced by PA.

In conclusion, the present study demonstratesiibtht LBD and RBD patients, with and without USN,
show a similar quick pattern of adaptation to pasimlenses during exposure, which is also sinmiar
magnitude. However, the weaker AEs in LBD patiesuggport the contribution of a left-sided hemispberi
(intact in healthy participants, and not structyrdhmaged in RBD patients) network on the presemce
the persistence of AEs following prism exposurdasTiovel evidence may have an impact on the

implementation of the PA procedure as a rehabilgaechnique in brain-damaged patients.
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APPENDI X
Immediate and delayed (after 10 minutes) P and VP shifts of the 30 brain-damaged patients

Patient Group Shift Shift Shift Shift
P1 P2 VP1 VP2
P1 RBD/N- -6,2 -5,25 -1,8 -4,35
P2 RBD/N- -3,2 -6,5 -8,75 -7,45
P3 RBD/N- -0,15 04 -1,9 -3,4
P4 RBD/N- -1,5 -3,55 -1,9 -1,15
P5 RBD/N- -4,1 -2,05 -5,2 14
P6 RBD/N- -4,05 -2,3 -4,9 -5,5
P7 RBD/N- -8,1 -1,1 -4,9 -10,45
P8 RBD/N- -4,8 -4,7 -4,25 -3,45
P9 RBD/N- -4,5 -2,15 2,1 2,1
P10 RBD/N- -1,15 -3,35 -10,4 -5,9
P11 RBD/N+ -8,4 -9,9 -7,4 -7,4
P12 RBD/N+ -0,55 -0,85 -6,4 -3,6
P13 RBD/N+ -3,2 -6,9 -0,5 -1,9
P14 RBD/N+ -7,05 -5 -18,8 -20,5
P15 RBD/N+ -2,35 -4,6 -4,7 -6,1
P16 RBD/N+ -7,15 -5,6 -5,45 -5,55
P17 RBD/N+ -0,85 -4,75 -4,6 -2,5
P18 RBD/N+ -7,1 -5,6 -2,4 -5,8
P19 RBD/N+ -7,8 -6,5 4,5 -3
P20 RBD/N+ 0,1 1,2 -5,6 -0,6
P21 LBD -4,45 -1,45 -3,4 -1,2
P22 LBD -2,35 1,45 1,9 7,45
P23 LBD 1,05 -1,1 -0,85 0,35
P24 LBD -7,75 -8,85 -2,85 -3,8
P25 LBD -1,1 0,6 -3,1 -1,5
P26 LBD 0,5 -2,2 -4,9 -0,6
P27 LBD -3,6 1,3 3,6 4,6
P28 LBD -3,4 -4,3 -1,2 -1,1
P29 LBD -4,95 -4,8 -5,2 -5,3
P30 LBD -1,85 -1,8 -2,95 1,95

RBD/N-: right-brain-damaged patients without lef6N; RBD/N+: right-brain-damaged patients with [66N; LBD:
left-brain-damaged patients. SHIFT: differencesweetn the post- and the pre-exposure mean deviatiores. A
positive value corresponds to a deviation ipsikteéo the prism-induced visual field shift, a négatvalue to a
deviation contralateral to the prism-induced vidiield shift (see section 2.7 for more details) FPoprioceptive task,
administered immediately after prism adaptation)(Bfd after a 10-minute delay (P2). VP: Visuo-piageptive task,
administered immediately after prism adaptation{}/Rnd after a 10-minute delay (VP2).
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Captionsto Figures

Figure 1. Lesion localization of brain-damaged patientshveft (LBD), and right (RBD/N-, RBD/N+)
hemispheric lesions, and overlay lesion plots @mttow = frequencies of overlapping lesions, fraamkd
violet, n=1, to red, n= maximum group patients’ tam). Lesions were drawn on standard MRI template
with a 1-mm slice distance (voxels of 1 MinBcan images were not available for mapping &iepts P01,
P14 and P15. Patient P02 was not mapped becaussithe had neoplastic origin. Montreal Neurologica
Institute (MNI) Z-coordinates of each transversetisa are reported.

For RBD/N- group the maximum overlap (n = 4 pati¢ntas on a small area in the white matter under
the right temporal lobe and in the right insular RBD/N+ group the maximum overlap (n = 8 patiemas
in the mesial and superior right temporal lobeluding the right insula. For LBD group the maximum
overlap (n =5 patients) was in the left putamen.

Figure 2. Adaptation to prismatic lenses. Left/right panetsntrols’/patients’ groups. Pointing
deviation from the visual target (mean pointingpesrin angle degrees in the first and last foalgriSEM)
induced during prism exposure. Positive valuescai#i pointing deviations ipsilateral to the prisrdiiced
visual field shift (see section 2.7 for more dedail

Figure 3. Immediate and long-term AEs: proprioceptive (Ajlaisuo-proprioceptive (B) shifts
immediately after prism exposure (POST1-PRE exmsamd after a 10-minute delay (POST2-PRE
exposure), in mean angle degrees (SEM). Dashesldimaw the immediate AEs values, full-colour lines
show the long-term shift values. Control (on thfedele) and brain-damaged (on the right side)igpents
are illustrated. Negative values indicate pointilegiations contralateral to the prism-induced Vi$eéd

shift (see section 2.7 for more details).
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Tablell. Performance scores of 30 brain-damaged patientsin neuropsychological tasks assessing USN and general cognitive
impair ment.

Patient Group Line Target cancellation Complex MM SE Colored Verbal
Bisection Drawing Progressive  Judgments
Matrices
Bell Star
Total L-R Total L-R
P1 RBD/N- 2.8 2 2 0 0 0 29 36 52.25
P2 RBD/N- -0.5 4 2 0 0 0 29 n. a. 35.25
P3 RBD/N- 3.3 3 1 0 0 0 28 325 48.25
P4 RBD/N- -0.5 6 2 0 0 0 30 32 48
P5 RBD/N- 4.2 0 0 1 1 1# 28 255 395
P6 RBD/N- 2.2 1 1 2 0 0 30 31 51.25
P7 RBD/N- -0.8 1 1 0 0 0.5 25 19.5 38.5
P8 RBD/N- 0.2 0 0 0 0 0 29 19.5 45.75
P9 RBD/N- 0.5 0 0 0 0 0 29 36 50.25
P10 RBD/N- 3.5 1 1 3 1 0 29 22 43
P11 RBD/N+ 19.8* n.a. n.a. 49 11* 10* 19* n. a. 40
P12 RBD/N+ 10.8* 3 3 1 1 0 29 32 43
P13 RBD/N+ -2.3 4 4 16 14* 1* 26 14.5* 38.25
P14 RBD/N+ 74.3* 2 2 41 9* 8* 28 n. a. 27.75*
P15 RBD/N+ 46.2* 2 0 48 12* 5.5% 25 n. a. 46.5
P16 RBD/N+ 60.8*% 2 2 13 1 5* n.a. n. a. n. a.
P17 RBD/N+ -2 6 4 6 6* 1* 28 215 37
P18 RBD/N+ 66* 33 3 40 10* 8.5* 28 n. a. 44.75
P19 RBD/N+ 24* 1 1 1 1 0 28 18 52.5
P20 RBD/N+ 34.2* 31 5* 34 18* 7* 27 n. a. n. a.
P21 LBD 1.7 0 0 0 0 0 n.a. 33 n. a.
P22 LBD -1.3 1 1 0 0 0 n.a. 30.5 n. a.
P23 LBD -0.5 3 1 0 0 0 n.a. 30.5 n. a.
P24 LBD -2.2 0 0 0 0 0 27 29 n. a.
P25 LBD -2.0 4 2 0 0 0 n.a. 22.5 n. a.
P26 LBD -2.3 0 0 0 0 0 n.a. 24 n. a.
P27 LBD -0.7 1 0 0 0 n.a. n.a. 20 n. a.
P28 LBD 2.7 0 0 0 0 0 n.a. 36 n. a.
P29 LBD -0.3 0 0 0 0 0 29 30.5 n. a.
P30 LBD -0.8 0 0 0 0 0 26 28.5 44.5

RBDI/N -/+: right-brain-damaged patients without/with left USN. LB&t-brain-damaged patients.

Line bisection: percent deviation of the participants’ mark from the objeatingpoint. Cancellation tasks: omission errors (total), and difference between
omissions on the two sides of the sheet (left - righomplex Drawing: omission errorsMMSE: scores compared with tailoreje- and education-
adjusted cut-off Colored Progressive Matrices. scores adjusted for age and education, cut-off=V&8bal Judgments: scores adjusted for age and
education, cut-off= 33.

n. a.: not assessed. * Defective scores.

# Omission errors bilateral or lateralized in the side of theazieipsilateral to the side of the lesion.



Tablel. Demographic and neurological data of 30 brain-damaged patients.

Group Sex Age Education Time after Aetiology/ Lesion Neurological deficits Associated deficits
(years) lesion (days) Lesion site Size (cc) M SS V AN PN SP

P1  RBD/N- F 71 18 34 1P n.a + - - - - -
P2  RBD/N- M 32 10 232 N/P s-cort n.a + - - - - -
P3  RBD/N- M 57 13 101 [/FTIn 115469 + + - - - -
P4  RBD/N- F 50 18 164 I/FP 194345 + + - - - -
P5  RBD/N- M 57 13 292 I/sylvian areas 242457 + + + - - -
P6  RBD/N- M 77 13 63 H/F wm 22222 + + - - - -
P7  RBD/N- M 75 6 80 I/bg s-cort wm 4651 + - - - - -
P8  RBD/N- M 64 13 85 /PO crb 28605 + - + - - -
P9  RBD/N- M 71 13 91 H/bg wm 12026 + + - - - +
P10 RBD/N- M 47 18 1476 H/Tin wm 93147 + - - - - -
P11 RBD/N+ F 77 5 48 I/FTP bg 239970 + + - + + -
P12 RBD/N+ M 78 5 34 [/'wm bg 12120 - + - - - -
P13 RBD/N+ M 60 13 36 I/sylvian areas 241024 + + + +SSV o+ -
P14 RBD/N+ M 70 13 29 N/T na + + + +V + -
P15 RBD/N+ F 76 8 1066 H/FT n.a. + + + +SSM + -
P16 RBD/N+ F 73 5 27 [/PO wm 70718 + + + +SSV o+ -

P17 RBD/N+ M 60 5 37 I/sylvian areas 78502 + + + +V-M  + -



P18 RBD/N+ F 60 18 234 I/sylvian areas wm bg 206067 + + + +SSV  + -

P19 RBD/N+ F 67 13 396 H/TP s-cort 135435 + + + +sS - -
P20 RBD/N+ M 45 18 66 I/FTOIns-cort 200887 + + + +SSV  + -
P21 LBD F 44 14 38 H/TP 56570 - + - - - -
P22 LBD M 65 8 479 I/FTPO 32249 + + - - - -
P23 LBD M 65 13 127 I/sylvian areas 5007 + + - - - -
P24 LBD F 78 8 242 Ilic 3158 + + - - - -
P25 LBD M 70 18 246 I/F wm bg 17127 + + - - - -
P26 LBD M 69 13 17 I/bg wm 2649 + + - - - -
P27 LBD F 89 18 84 H/Thwm 1048 + + - - - -
P28 LBD F 70 10 41 I/sylvianareasswmbg 15470 + + - - - -
P29 LBD M 46 13 40 H/swm bg 12102 - + - - - -
P30 LBD F 78 8 45 Il/ic 3490 + + - - - -

RBD-N-/+: right brain-damaged patients without/with left USN. LBD: left brain-damaged patients.

Lesion aetiology: 1/H/N (ischemic/hemorrhagic/neoplastic).

Lesion site. F: frontal; P: parietal; T: temporal; O: occipital; In: insulg; ic: internal capsule; bg: basal ganglia; s-cort: sub-cortical; crb: cerebellum; wm: white matter,
pnt: pontine.

Neurological and neuropsychological spatial deficits contralateral to the side of the lesion. M/SS/V: motor/somatosensory/visual half-field deficits; e extinction to
double simultaneous stimulation; AN: anosognosia for neurological deficits; PN: personal neglect; SP: somatoparaphrenia.

+/-: presence/absence of deficit. n.a.; not available.



Tablelll. Language assessment of L BD patients

Diagnosis Token test Word Co. Sentence Co.
P21 No aphasia 26.5 n. a n. a
P22 Non-fluent aphasia 30.25 184 14
P23 Non-fluent aphasia 7.5* 184 131
P24 No aphasia 305 19.6 14
P25 Non-fluent aphasia 26.25* 20 128
P26 Fluent aphasia 25.75* 20 131
P27 Fluent aphasia 26.25* 17.6* 13
P28 Non-fluent aphasia 20.25* 194 10.1*
P29 No aphasia 31.75 20 14
P30 No aphasia 30.75 19.9 14

Scores represent the sum of corrected answers, adjusted for age and education (years).

Token test: scores adjusted for age and education, cut-off= 26.5. Word Co.: auditory comprehension of individua words, cut-off= 18.4. Sentence Co.:
auditory comprehension of sentences, cut-off =11.6.

Nn. a: not assessed. * Defective scores.



TablelV. Summary of the sign attributed to the measuresrecorded in the pre and post- exposur e assessments, and during the adaptation phase,
depending on thedirection of the movement and on the visual-field displacement induced by prisms.

Prism-induced visual field deviation

Rightward Leftward
CR RBD/N- RBD/N+ CL LBD
Movement deviation:
Ipsilateral to prism-induced deviation + + + - -
Contralateral to prism-induced deviation - - - + +

C: healthy controls R/L: Rightward/L eftward; RBD/N-/+: right-brain-damaged patient without/with left USN; LBD: left-brain-damaged patients.
-/+: sign attributed to data.
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