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INTRODUCTION

Time is a dimension which permeates the whole human existdfeeannotavoid to

perceive its passage, to count and measur e
was born together with the fundament al humat
fromo, Awhere are we goingo, but yetts etern
|l ndeed, the nature of time slips out of our

as the philosopher Saint Augustine taught, we cannot formulate a right definition of

time.

Before Science coming, the complex nature of time have been one wfaih topics

of religions. Religions have different points of view regarding the birth of universe, the

meaning of human existence and god countenances. However, they all conceptualize

time as a dimension created by god in order to beat and define segpad every

singular human life on earth, underling that time is an inner component of human

being. This concept of time as a fundamental property of human essence has been

inherited by philosophers, who discussed for centuries about gaheenand the

meaning of timeHeraclitus who in theVI century a.C. stated#éht fever yt hing f1
and themilestone Aristotle (IV century aCwho defined time @fAthe
movement depending on before and aiter o, i n
onedirection our soul stream. In a similar vein, Hobbes in the 1655 identified time

wi th MfAsuccessi oiiCdtiqua ofPradicalrReasoni789, spdcised

that the succession forced by time is the only empirical criterion for the effect of

causality. Of course this is not the right place for an expansive discussion on the
philosophical concepts of time. However, it is worth noting Btaiosophy, during its
evolution has renounced to the question Awh

main features of time. As evident in the citation above, there isebevant feature of
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time conceptualizations which crosses throughout storjhidd$dphy: the linearity of

time.

Mechanical Physics has been the first science which tried to dominate time, treating it
as a simple parameter to apply to the study of physical phenomena. For three centuries
after Galileo, Physics had followed the schewhaeversibility of time: if we have a
system in which the parameter of time assumes increasing values for the unfolding of a
phenomenon, applying decreasing values to the time parameter, the system must
retrace the same backwards step and return tonitied state. But in the 1868, Carnot
shocked classical Physics demonstrating that time is not reversible. For example, in the
reverse passage from kinetic to thermal energy, even if we had a perfect machine that
does not disperse energy, we cannot redeh inhitial state. Physics has been
revolutionized by the concept of time: time is not reversible, but is linear and follows
only one direction, from before to after. Moreover, time is not that simple parameter
and its study deserves more attention. Onlghi@a XX century the time dimension
became the most important tomif study for the physicianélso Physics, similarly to
Phil osophy, did not pretend to answer the
describe the features of time. Thank to Alld&ristein and his precursory Minkowski,

today we know that physical time is represented as a linear arrow with one direction
and that time is deeply related to space, rather, they are almost the same dimension. To
Einstein the Universe itself, and everythiexisting in the Universe is made up of a

spatialtemporal tissue.

The study of time perception in Neuroscience domain is relatively young and started
the last century. Neuroscientists did not wonder about the metaphysical nature of time,
but they focuson how the brain perceives the passage of time, which are the cortical

systems implicated in this process and which factors influence it. There is a very large
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number of studies that addressed those questions, providing several paradigms, results
and modes that will be discusses later in the present dissertation. However, following

a similar ontogenetic evolution to that of Physics, Neuroscience in the recent two
decades focused on discovering and describing the features of time and particularly
how the @ssage of time is represented in the brain. Not surprisingly, we discovered
that time is represented in the brain with spatial features, such as a linear arrow having
one direction and that for the brain time and space are very deeply related as in the

Physical Universe.

The present work, would like to be a depth dissertation on the spatial characteristics of
the cognitive representation of time and on the tight link between the temporal and
spatial cognition in the brain. The exposition will start withcamprehensive
description of the principal cognitive models of time processing and cortical networks
implicated. Then, it will keep on with the current knowledge on the relationship
between time and space cognition. Moreover, the present work providesliaa of

nine experiments describing the mechanisms and neural correlates implicated in the
spatial representation of time. Finally, with a neuropsychological approach, we will
present evidence for the pathological and rehabilitative expressions of dhal sp

representation of time.



CHAPTER 1. THE PROCESSING OF TIME

1.1 Cognitive models of time processing

In the 1985Michon andJackson defined psychological time @sthe conscious
experiential product of the processes which aditle (human) organism to organize
itself so that its behaviour remains tuned to the sequential (order) relations in its
e nvi r ommthen wovds, this definition means that psychological time is related
to cognitive and physiological processes which adaptivelysynchronized to the
linear passage of time. Before this late definition of subjective time perception,
Francois (1927) and Hoagland (193%d founda relation betweenhe ability to
subjectivédy perceive the passage of timend physiologic ariables, like body
temperature. This suggestdtie existence ofan internk mechanism for time
processing, which regulates cognitive and physiological time, similar to an internal
clock. The idea of an internal clock subtending mental time, allowed Tnegl9&3)

to formulate the first cognitive model of time processing. To Triesman itfovased

by a fApacemaker o, which sends pulses to ar
Furthermore, a AReference Memorycdtime or es
val ues, and a AComparatorodo compares accur
reference memory.

The Triesmands model has been resumed mo.l

(Gibbon et al.,, 1984), who added many experimental evidences and cognitive
implications. This model, called Scalar Expectancy Th€8i&T theory), framed in
the Human Information Processing theory, is the most accredited one for time
cognition. According to SET theoryinte perceptionfollows the general rules of

perception of other dimensions. Particularly, for classical Subjective Psychophysics,



perception of any dimensions suchbaghtness, loudness, motion detectard time

al so, foll ows t he tiMedseimiaton Detaveen tsvad stimuling t hat
increases linearly with their intensiti property that derives from this law is the
scalarproperty thatgies SET i ts name: as the interval
variabii t y of judgement s ar thatthestafidard deviaioniofes. Thii
judgements isa constant fractiorof the mean. In other words, the coefficient of

variation (SD/mean) remains constaa fito varies.The fact that time perception is a

function that can be studied based on psychophysigseradral perception, reinforced

the hypothesis of an internal psyepbysiological system deputed to time.

The principal level of the SET system is thelock consisting of a pacemalke
accumulator. Apacemakecreatesticks" or "pulses”, which are gated,ttvia constant
period, via a switch to an accmulator which collects them. To timee stimulus of
some duration, thewitch is closed by stiulus onset, allowing pulses tlow to the
accumuladr, and at the end of stimulus period, the switch opens agaiting the
pacemakegaccumulator connection. At this pairsince pulses have been sent with a
constant periodhe accumulator contairssnumber of pulsewhich correspond® the
durationof the stimulus considered as the first raw representation iofidtis time,
that will be cognitively processed in the next SET levdiddeed his "raw"
representation fathe duration of the stimulus is transferred by the accumulator to a

"shortterm or working memory" for time at thememory level At the memory leve

t her e i s anot her c omemonyn ganet (referende enemdry)o ng t er r
considered ta@ontain "important times" such ,@®r examplestandard durations used

in temporaltasks.Finally, there is adecision level(called also comparatdevel),

where the usualcomparisonis made between a sample wra from the reference
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memory ofthe standarsl appropriate for the task, and the contents of working memory

(See Figure 1).

Figure 1

5
w
I

. . PACEMAKER ACCUMULATOR
Principal level: Clock ] .
H

LOMNG TERM SHORT TEREM

(REFERENCE) " MEMORY
Memory level MEMORY
Dec]s]on le"_'el DECISION PROCESS

b

OBSEEVED BEHAVIOUR

Fig. 1. Schematic representation of the Scalar Expectancy Theory (S&®m. The upper
level (principal level) shows the pacemakecumulator clock, the middle level (memory
level) the longterm reference memory and the skhierm working memory, and the lowest

level shows the decision level.

SET theory is supported by &ny large body of evidence and it has been applied to
animals (Church andsuilhardi 2005; Church andelLuty, 1977, human adults
(Pouthas, 2005Rammsayer, 1997and children (DroitVolet and Wearden, 2001;
Droit-Volet and Rattat, 2006). The experimental paradigm used to prove the validity of
SET is time bisectionln bisectiontasks with humans, participanistially receive
repeated presentationstefo standard stiulus durationgidentified as short and long
standards) and theclassify a range of probe duratiofshort and long, as well as

intermediate stimu) in terms of their similarityo short and longtandardsThis kind
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of paradigm assures that the prob#&ations presented, are compared to standard

durations stored in the reference memory before the decision process occurs for a
behavioural response.

The usual method of prederg data from such a task is tierive a psychophysical

function consisting othepr opor ti on of A | cagamst stimdus ponses
duration.In this way, different psychophysical functiookthepr opor ti on of Al o
responses derived from different experimental manipulation can be compared. For

example, with this method, DiteVolet and Wearden (2001) compared the timing

performance of children aged 3, 5 and 8 years in order to study the relationship

between time processing and cognitive development. They found that all children

showedi ncr easing pr op o reswith mgeasind stimulue dugatton r e S p 0 n S
indicating that all three groups of children performed the task properly. But, the
psychophysical functiongere flater in the younger children (3 and 5 years old) than

in the 8yearsold children (Figure 2).

Figure 2
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Fig.2Mean proportion of Al ongo r es(ipsecosds)sLefpl ot t ed &
panel: data from the years old childrery centrepanel: data from th& years old children; right
panel: data from th& years old children.
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Since the steepness of the function is an indicator of the sensitivity to time Vleit

and Wearden concluded that the sensitivity to time durations growths with cognitive
development. Another way to analyse data within the time bisection paradigm, is
calculate a so called bisection point. Te@respondso thesubjective medium point

of durations distributiongi vi ng ri se t o 5 OMeardei& Férrarang o r e
1995; Allan et al., 2002; Kopec & Brody, 2016jowever, the objective medium i

of the durations distribution (the middle duration), unlike the short and long intervals,

is not repeatedly presented in the initial phase of the task so that its representation is
not stored in the reference memory. Thus, the bisection point provwdeasare of the

subjective mental representation of that duration that can be compared to the objective
oneg or can be experimentally manipulated. For example, in another study;\Motett

and Wearden (2002), found t uradidntodejodgedi n of
by participants, changes the bisection po
This result was interpreted as a change in the subjective time perception due to the
train Aclickso manipul ati on.

It is clear from thisexpositionthat SET is arather complex muklprocess model.

Despite a first representation of stimulus duration is already formed in the first level

(in the accumulator), it needs more cognitive processes for the observation of a timing
behaviour. Moreover, when veeibmit a participant to a timing tasigcording to SET

we must consider the observed behaviasireflecting underlyinglaeck processes only

indirectly. Different condiions and different participamroups may produce different
behavioursot becauseheir "raw" timing (i.e., clock processes differ, but becausfe
differences ilmemory and decision mechanisms (Wearden, 2004). This importance of
cognitive components integrity (memory and decision) in the processing of time has

beenrecenly supported B the identification of cortical mechanisms specializéat
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the encoding of stimuki duration, that will be described in the next paragraph
(Gibbon, Malapan Dale andallistel, 1997;Leon and Shadlen, 2003; Lewis and

Miall, 2003a, 2003pPouthas2005 Ranmsayer, 1997; Rao, Mayer and Harrington,

200)). For this reason today, time processing, is recograsea fundamenitéopic for

Cognitive Neuroscience.

This recent interest in cognitive time processing gave raise to alternative models which
agree WithSET theory for the involvement of processes such as memory, but that
differ from the principal model challenging the idea of a clock |dvet.example, one
model, calledstatedependent networks mod&DNs) assums specific neuronal
system properties for encoditigne not related to a pacemaker. Especially, it proposes
that neural circuits are inherentlgapable of temporaéncodingas a result of the
natural complexity of cortical netwks coupled with the presena# time-dependent
neuronal prperties (Karmakar and Buonomano, 2007; Buonomano and Merzenich,
1995; Buonomano, 2000; Maass et al, 20@2)other model, thenultiple timescale
theory(MTS) proposs that the memory decay processes dne central mechanisms

for time perception (Staddon et al., 199@ similar recent attempt was that of
Eaglemanand Pariyadath2009, postulating thathe amount of energy spent during

cognitive processing defines thebgective experience of duration.

Though numerous thedreal systems formulated to explain time processing function,
the model which received the major consensus and empirical evidence is SET theory

and in the study of time proposed here, we will refer to that frame.

1.2Neural correlates of time processing

Over the past decadeumerous studie@ooch et al.,2010; Ivryand Spencer, 2004

Bueti et al.,2008 Smithet al.,2003 Harringtonet al., 1998; Rao et ak001; Hinton
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and Meck, 2004; Jeclet al., 2005; Koch et al2005; Koch et al., 2008have bee
implemented to understand neural basis of time perception according to SET Aodel
wide circuit comprehensive of different cortical and subcortical areasbbas
implicated as key parts of the neural timekeeping mechanvb@re every area would
under@ a specific component of the model. Indeed, the identification of a brain circuit
and not of a specific area for time, is an indicator of the complexity of this function
and reflects the complexity of the subtended cognitive model. Following SET schema
(Figure 1 para 1.}, neural basis will be exposed starting from the clock level to the

decision level.

Because of their structugmilar to an oscillatorbasal ganglia and specifically the
dopaminergic systenthave been identified as theeus of the pacemaker function: the
clock. The results ofegcent experiments have demonstratedttiesctivity of striatum
ard its afferent projections fronthe substantia nigr pars compacta (SNPC) is
necessary for several temporal tasks suchteaspoml production and emporal
estimation (Clarke et al., 199Mallal and Meck, 1993; Matell et al., 2000) these
studies, rats witHesions of the statum, or selective dopaminergiesions of the
SNPC, areimpaired in regulating their responses relatteethe anount of time
elapsedPharmacological data alsuggest strong basal ganghaolvementin timing
processesAdministraion of dopaminergic drugs administered systemically (Matell
andKing, 1997; Matell et al., 2004; Meck, 1983, 1996), or directly into #meerior
portion of the siatum (Neil et al., 1978) alters the speedndérval timing process.
Indeed, all these researches show dagaminergic agonige.g., methamphetamime
cocaing make subjects responding earlier in time (intended as a speeding up of time
velocity) than under control condition®atell andKing, 1997). An opposite pattern

(respondng later in time than controls intended as a slowing down of time velocity)
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occurs folbwing dopamiergic antagonist administratide.g., haloperidl) (Neil and
Herndon 1978). These results of a predictable effect of dopaminergic activity on time
processing, are compatible with the idea that this system regulates the functionality of
the nternal clock. Indeed an increase of dopaminergic activity makes the clogk to
faster tlan normal, whereas a decreasei®s the clock speed to slow down. Further
evidence comes from the study otflterajopasti ents w
in temporal estimation heae been observed iRD patientsand have been associated
with basal ganglia andopaminergiaysfunctionin these patient?astor et al., (1992)
found, for example, thatgbients with PD underestimated the duration mfirderval
relative to ageenatched healthy controlsMoreover, the dministration of
dopaminergic medication (levodopajgnificantly reduced absolute errors in time
estimation and reproductipsuggesting that dopaminergic system is crucial for time
perception. Ifine, Koch and colleagues (2004), demonstrated that by -ghaldmic
electrode implantation that stimulates the striatal system, the alteration of time
perception is attenuated in these patients similarlyhtat happens with dopaminergic
agonist adminisation. So far, Parkinson patients have been studied to confirm that
basal ganglia support the function of the clock level of SET, that is known as the

physiological lowlevel component of such a cognitive model.

However recent studies reported that Rilignts are impaired in time not only for an
altered velocity of the clock system but also because of cognitive alteration in the
processing of time. In their study, Koch and colleagues (2868)onstrated that PD
patientsare not impaired in time tasks aihintervals are in the millisecond range, but
only when time intervals arén the second rangeconsidered as the range of
cognitively controlled time (Lewis and Miall, 2003). Moreover, the deficits in time

estimation were found onlywhen the different the intervals wre tested in separate
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sessions and patients have to recall the duration of a given interval previously learned.
This suggests that PD patients are impaired in time tasks reqoagmifive processes
such as memory and attentiofhis cogniive impairment of time processing in PD
patients, is not in contrast with a role of basal ganglia in the clock function, but
suggests that clock mechanism is tightly related with the other cognitive components
of the model. Basal ganglia, may support th& level function to count time, but for a
correct time behaviour they needs to interact with cortical areas. In supporigi
recentftMRI study, Coull et al(2004)askedparticipants to modulate their attention to
time or colorwhile measuring bloodlow. When attentiorwas directed to color,
activity increased in visual areas of tlecipital cortex, but wherattention was
directed to timeactivity increass in the supplementary motoareas,dorsolateral
prefrontal cortexand temporal and parietal cortices This work suggests a wide
cortico-striatal network for time, where striatum would be the clock that beats and
counts time passage, while its projections to cortical structures support the cognitive
component of SET model. The following presemtatof several studies showing the
different roles of cortical areas in the cognitive time perception, support this

suggestion.

It could be surprising thaupplementary motor area(SMA), which is a key area for
the motor system, is also involved in cogretprocessing of time. However, there is a
large piece of evidence that this is the cds$es areareceves important inputs from
thebasal ganglia thrggh thalamic relays. In line with motor implication of this aréa, i
has been shown that the SMA is a@ted in musiciansvhile they tap dferent
rhythms with each han@lLang et al. 1990)suggesting that SMA is important for
motor timing. There is now an open debate on the role of SMA on cognitive timoe. T

recentreviews of brain imaging in theontextof time processig provided different
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conclusionsconcerning thanotor and/or cognitiveole of the SMA in time. On one
hand, Lewis and Mial(2003a) proposed thahe SMA is involved mainly inmotor

timing in the subsecond range, whee as 0 6 ¢ ong mriotltihvesedh®gdving o
suprasecond intervals mainly relies upgurefrontal and parietaareas. On the
contrary, Macaet al. (2002) poini out that the SMA and its striatal connections, are
involved in cognitive as welhs motortime. Indeed, as Macar and colleagues state,
SMA activations have been found in relativaedgmplex temporal tasks requiring
controlled attention and in any temporal ranghis discrepancypetween the two
reviews,largely comes from the method that the sets of authors used &nalyse the
relevant studies. However here we will try to find a point of agreement between these
two perspectives. Beyond its involvement in motor taskSyation d the SMA is
typically foundin tasks requiring to exert a deda level offorce, pressing a key, with

a right index finger flexion(Dettmers etal., 1995; KuhtzZBushbeck et al.2001)
Similarly ectivation d the SMA istypically foundin tasks requiring to produce a
definedduration (Brunia et al., 200(Rubia et al 1998). Since,both force andtime

are two dimensions that extend along a continuum, one can postulate that SMA is
essential to encode any continuous dimension. In the time processing SMA may
subtend the role of accumulating in a continuous way, tempaolaes sent by the
pacemaker. Recently, Wencil et al. (2010) addressed this question. Authors
implemented an fMRI study in order to separate the different components of SET
model by using a temporal discrimination task in which intervals durations varied
parametrically. The assumptions were thatadijvationslinearly related to duration
being timed support the clock/accumulator componengcfiyationsrelated to the
quality of performance (i.e., % correcQupport thecomparator/decision making

comporents, and3) activationsrelatedto the presentation of duration to be timed are
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tied to attentiorto time SMA activity was found linearly related to the duration being
timed suggesting that this may be the locusasatumulator function. This finding
reconciles the two opposite positions on the SMA involvement in motor and/or
cognitive time described above (Macar et al., 2002; Lewis and Miall, 2003a). Indeed,
since this area would be responsible of the accumulating functidmeaflock, it is
probably engaged for any sort of duration to be timed regardless its range
(milliseconds, seconds, etc) and regardless task demands (motor or cognitive).
Basically, our purpose is that the SMA involvement in time, would be a central step
between the physiological pacemaker and higher time processing levels, whatever
motor or cognitive. Its function is that of accumulating discrete pulses and probably

that of shaping the first Arawd represent e

Differently from SMA, the role of thelorsolateral prefrontal cortex (DLPFC) in

time, is well established. The DLPFC, especially in the right hemisphB&XeRFC), is
associated with thenemory level of SET model and, peculiarly, witlvorking
memory functions.In humas the rDLPFC is located in theniddle portion of middle

and superior frontal gyri (Brodmann areas 9, @)shworth and Owen, 1998). This
part is strongly associated with working memory per se as widely demonstrated by
neuroimaging data (for a review see Wager and Smith, 2003). Moreover, it has been
shown that the-DLPFC is activated in cognitive time task®re frequently than any
other brain areglLewis and Miall, 2008b; 2006a,h. Behavioural evidence that
working memory and timemeasurementmight draw upon the same cognitive
resourcescomes fronduattask studies showing interferengetween these twiypes

of processing.Fortin and Breton(1995) demonstrated thatoth visuospatialand
phonological working memory tasks disrupt timigd the extent of such disruption

is correlatel with the extent of working memory load\dditional evidence linking
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time perception to workingmemory derives from the observation that both are
moduated by dopaminéMatell andKing, 1997;Pastor et al.1992; Marieand Defer
2003) implying that timing might bemediated via the same dopamsensitive
processors agvorking memory. Lesions studies also support the central role-of r
DLPFC to working memory in timeA casereport study (Koch et al., 2002) examined
the role of the-DLPFCin time perception. The patient, after a lesioth@r-DLPFC,
spontaneously reported t@ve difficulties in estimating durations of events, judging
them shorter than they really wemdoreover, @tient showed difficulties to esteem
how much time had elapsed since the beginning of some e¥erts.and colleagues
(2002) then submittedhé patent and eight healthy control subjects to a verbal
estimation task in which they had to report the duration of trials, indicated by visual
markers (see Mimura et al., 2000). Patient showed underestimation for the longest
interval (90 sec) respect to corfrosuggestingthat rDLPFC plays a role in
monitoring the accumulation of pulses in the central internal clock, during the interval
presentationindeed, if the work of accumulating pulses fails, some pulses are lost, the
amount of pulses is inferior thamrmal and the interval is underestimat8dpporting

this suggestion, in a study on healthy subjectgpetitive transcrana magnetic
stimulation (rTMS) @ r-DLPFC induces underestimation of time intervals (Koch et
al., 2003).Koch and colleagues remadk that FDLPFC plays a crucial rolen
perceiving and keeping, in workingemory, time intervals during the encoding phase.
In more simple words we can conclude that this argheisocus of thetracking of

time passage.

Another aressometimesassociaté with time processing the medial temporal lobe
(MTL). Since the MTL is known to be the locus of episodic memory (Liang et al.,

2012; Joutras and Buffalo, 2010; Eichenbaum et al., 2011; Race et al., 2011), we
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suppose that this area is situated atntiemnory level in the timing model with the role

of longterm reference memory storeof time events.In line, direct anatomical
projection from MTL to dorsal striatum areas, involved in interval timing, was
discovered (Matell et al., 2003; Sorensamd Witter, 1983).In this respect it is
interesting thecase study of H.Mpatienf who underwent a bilateral medial temporal
lobe (MTL) resection that resulted in a severe memioss following surgery
(Richards, 1973). When H.Mwas required to reproducéime durations he
demonstrateda systematic underestimation falurationslonger than 20 seconds,
interpreted as failure to encode or retrieve the takmandgEisler and Eisler, 2001)
Moreover, hemispheric asymmetries in theffects of MTL resection on time
processing, have been observaght MTL resection often produces impairment in
timing, associated with underestimation of retrospective time intervals, while left MTL
resection determines overestimatwinprospective time intervai®rane et al.1999;
Vidalaki et al., 1999)The organization of the episodic events based on their meaning,
is typical in MTL (Liang et al., 2012)These observationsuggest that MTL would
work as a store in which temporal events are ordered based on their temporal
meanings: past events would be scheduled in the right MTL and future events would
be scheduled in the left MTL. Despite this evidence, the right role of MTL in time is

not well established and it needs more attention in the future studies.

Recently, a crucialrole of right parietal cortex in time perception has been
emphasizedueti et al. (2008) compared fMRI activations for time estimation task (P
perception task) and time reproduction taska@ion task). Authors presented subjects
millisecond to seconda@ndard durations (300, 600, 900, 1200 ms), to be estimated or
reproduced after a variable delay (1 or 8 sec) (see Bueti et al., 2008). The aim was to

discover selective brain activation underlying differences in encoding a time interval to
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be esimated orto be reprodued. The most interesting result was the activation in right
inferior parietal cortex (tPC) for time reproduction task but not for the time
estimation task. Authors suggested th#PC plays a role in interfacingensor and

motor processes time reproduction task. Regarding temporal processitiRCrcould

play a role in mediating between the central clock and peripheral motor effectors. This
finding suppor$ the suggestion thatIPC is crucial for the representation of time
intervals, seful for action. At a behavioural level, we need to perform an action at the
right place in the right moment in the environment; therefore space and time have to be
in some way related and integrated in our brain to lead correct movernaetse

recent fndings about right parietal cortex in time, leads us to introduce a topic that will
be deeply discuss in the further chapters: the relationship between space and time
representation in the brain. For the scope of the present chapter, it is sufficiate to st
that when the brain needs to shape the representation of a time interval to give a time
response (whatever motor or perceptual as demonstrated later), it uses a code that is
spatial in nature, similar to a line (Vicario et al., 2007, 2008; Oliveri.e2@09a,b;
Frassinetti et al., 2009). Moreover, this spatial representation of time is suggested to be
located in the right parietal cortex (Walsh et al., 2003; Bueti and Walsh, Fi39)of

all, neuropsychological studies have shown thght parieal patients are impaired in

both time and space cognition (Critchl@953; Basso et all996; Danckert et al.
2007).In their studyLewis and Miall (2006)searching for neural correlates of time
processing, indicatea right hemispheric frontparietal nework for cognitivdy
controlled time. Parietal cortex activation had been attributed by authors to the
encoding of the metric to measure time interv&snilarly, Rao and colleagues
(2001), in an fMRI study, found an activation of right dorsolateral prefrontal cortex

and rIPC in a time discrimination task. According with literaturetheorsexplained
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thatright DLPFC has a role in working memory, maintaining acthe representation

of time intervalsduring processing. More interestingly, Rao et al. attributedaieeof
r-IPC to theformulation ofthe representation of the time interval lengthcordingly,
Maquet et al., (1996)n an fMRI study using a time digmination task,found an
activationof right IPC associated with the egarison between the lengthtefo time
stimuli. Again, Lewis and Miall (2003) foundthat theactivation of rFIPC was related

to thetemporalstimulus length.Togethey theseresults support the suggestion that
right parietal cortexs the key areancoding the metrjdknown as spatially organized,
of the lengthof time intervals The interest to the role of right parietal cortex in the
spatial representation of time is really recéinheeds more studies and it is one of the
aims of the present dissertation. However, if we want to allocate right parietal cortex
functions in the SET timing model we could suppose a roleR& at thecomparator
level, where spatial representationstwhe intervals are measured and compared to

produce a time response.

A last brain structure that has recently received attention in time cognitimsular

cortex. Even though its allocation in the dominant time model is not clear yet, this area

has been implicated in several time studies (Wittmann et al, 2010a,b; Lewis and Miall,
2006a, 2003b). Particularly, insular cortex would be related to stigective

experence of timgassaggWittmann and vaiWassenhove2009, for a review), that

i's not a component Il ncluded i n thethdkoyogni t i
by James and Land&llsworth, 1994) it has beersuggestedhat affective states as

well as &perienced emotions armseparable fromphysiological responses f@r
example,cardiovascular activity and breathipgtterns; Sapei2002; Pollatos et al.

2005). Interoceptive awarenessf physiological responsgdested with heart rate

detection tasksactivatesright anterior insula (Critchley et al. 200Rpllatos et al.
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2007).Moreover, he insular cortex of primates considered as the primary receptive

area for physiological states of the body (Cr&1§02; Saper2002). Moreover, a
posteriorto-aneerior activation of the human insular corte is considered the

anatomical basifor the sequential integration of body states and internal autonomic
responses with coginie and motivational condition&Craig, 2003). Therefore,Craig

(2008) proposed adirect link between the perception of timedaphysiological

processesand claimedhat our experience of time relat® emotional and visceral

processes because they sharedramon underlying neural systethe insular cortex

and the interoceptive sgsn. He suggested thathrough the temporal integration of

signals from within the bodythe insula providesa seri es of O6emotion n
ti me. The perception of thd untegrationoaitheseeo ul d be
successive moments, formed by infaton originating within the body (see also

Craig 2009).

In conclusion the present chapter has illustrated the current state of the art on cognitive
models and neural correlates of time perception in human brain. The evidence
described so far, states tlegistence of a model for time processing made up of
several components from a more physiological internal clock beating and counting the
passage of time, to a series of more cognitive components such as memory and
decision/comparator processes that amenally involved also in other cognitive tasks.
Indeed, studies on neural basis of time perception put in light a wide bilateral eortical
subcortical network for time processing. A fromstoiatal circuit is associated with
clock functions. A frontdempoo-parietal network, with a bias toward the right
hemisphere, has a role in cognitive (memory and decision) functions in time

processing.
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CHAPTER 2. TIME AND SPACE RELATIONSHIP IN THE BRAIN

2.1 Behavioral evidence

It has been proposed that the processing of time and space dimension share common
resourcesA goodway to demonstrate that time and space share common properties, is
to look at behavi@l interactionsbetween themStavy and Tirosi{2000) studied the

ability of children to judge the velocity of running trains of different siziee Trains

ran atthe samerateand he children weravell informed that the trains had the same
velocity. However,subjects stated that the larger train ieerthan the smalleone

This is one demonstration that the spatial feature of a stimulus (size, in this case)
affected the judgment of temporal feature of the same stimulus. Similar findings were
previously pointed out byevin. Levin (1979 asked children irkindergarten d
evaluatewhich of two lights was presentddr the longest timeThe lights were
different for some aspects such sige Results showed thathiddren consistently
judged the larger stimuli to havastedfor more timethan smaller stimuli, again
supporing the hypothesis that the processing of the spatial aspect of the stimulus (i.e.
size) interferes with the processing of the temporal aspect (i.e. duratlmn)same
interference between the processing of spatial and temporal aspects of the same
stimuli has been found not only in children but also in adiXite&n et al. (200); asked

adults tomake duration judgeents on stimuli that varied imontemporal attribtes

such as size. Xuan and colleagobsened that temporal estimation was affected by

this spatial factor: the bigger the size, the longer was the temporal estimation. Another
interesting proof that temporal judgment are affected by spatial feature of stimuli
comes from the study of Zach and Brugger (2008). Trieeyired subjects to make
duration estimates of clock mowee n t i magined at two distan

spaceo and t he o Subjectsreported tinmedun faster fior the pearc e 0O .
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clock than for the far clockSince the clock to be judge wdge same shifted in two
different positions in space, and since the size of the clock was not corrected for visual
angle based on its position, there is the possibihit this experimentested the
relationship betweesize and timerather than distancand time. However, all the
findings reported here, confirm that a manipulation of spatial aspects of the temporal
stimulus being judged, reflects on its temporal estimation, suggesting that the
mechanism to encode time is dependent on the mechanisnotbeesgace. Indeed, in

the experimental context it is possible to isolate time and space asking subjects to pay
attention to one of the two dimensions. But, in the everyday life it is not so simple and
time and space are frequently linked between each: atthen you throw a ball, grasp

a cup of tea or wait for the train to go on vacation, you need to know both the right
place and the right time to perform your activities. If you go at the right station but in
the wrong moment of time, probably you will misee train and your trip. Therefore,

there is reason to think that the brain has developed a common system to encode space

and time.

2.2 Neurophysiological evidence

The study of the brain at a physiological level also supports the tight interaction
between space and time dimensions demonstrating that they rely upon the same neural
mechanisms. Thparietal cortex is the principal brain area suggested to support the
role of linking space and time. In a recent study on healthy subjects Oliveri et al.,
(2009a), found that the application of inhibitory transcranial magnetic stimulation
(TMS) on right posterior parietal cortex (rPPC) induced a bias in setting the midpoint
of a temporal interval and a similar bias in setting the midpoint of a spatial segment.
With a similar intent, Alexander and colleagues (2005) used inhibitory TMS on

healthy subjects while performing a temporal judgment task. They found that the
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disruption @ the right inferior parietal cortex (rIPC), and not of the left IPC or the
vertex, significantly impaired the performance in the temporal task. Alexander and
colleagues, remembering that the right parietal cortex integrity is fundamental for
space percefn (Critchely, 1953) and that it is the main locus of multimodal
integration, suggested that both time and space requires multimodal algorithms that are
integrated in the right parietal cortex. The multimodality of parietal cortex and its
involvement in pacetime interaction, has been also underlined in animals studies. In a
pioneer research, Onoe et al. (2001) submittedkeysto atemporaldiscrimination

task while scanning with PETThey observed duraticrelated activityboth in the
dorsolateralprefrontal cortex andn the inferior parietal cortexInterestingly it was
suggestedhat temporal information iparietalregionsfimay be coded ineurons with
multiplex properties and/or in cedssemblies with overlapping connections in the
samer e g i lo otheer words, this expression states that the temporal information is
encoded by neurons which encode also other kinds of information. In a following
study,Leon and Shadlen 2003), investigated more deeply the role of parietal neurons

in encoding time and its overlapping with other parietal encoding functions. They
recorded the activity of cells in the lateral intraparietal area (LIP) of rhesus monkeys
during a temporal judgnme task. Animals were trained to report whether the duration

of a light was longer or shorter than a standard duration previously acquired. To give
their response, the animals had to make an eye movement to a green target, in one of
the two visual field,fithe choice was short, or to a red target, in the other visual field,

if the choice was long. Results showed that the representation of elapsed time in the
LIP neuronsa ppr oxi mates t he f i debehaviogThi®rhearishe mor
that the timing bBhavior observed is based on tischarge oftheseneurons The

importance of parietal cortex in time perception was not new in literétlaeington
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et al., 1998; Onoe et al.,, 2001; Rao et al.,2001; Schubotz et al., 2000). VWat is
particular interesin this study is thaLIP is frequently associated tbe allocation of
spatial attention (Colbyand Goldberg, 19%®)d to the planning of eye movements
(Andersen, 1997; Mazzoni et al., 1996; Snyder e8D0). For this reason Leon and
Shadlen suggegsee also Walsh, 2003a) that neurons of LIP area are both spatially
selective and temporally selective. Moreover, further spatial functions, LIP area is also
associated withiormation of decisions (Shadlen and Nwme, 2001)The Leon and
Shadlentaslo s s wlso built to verify how LIP neurons are related to temporal
decision. Indeedtime has a direcinfluence on the impotance of the gual field
containing the target of the right choice (shortlong. As time passes, thehort

choice targebecomes Iss important thathe longchoice targetin accordance with

this explanation neurons in LIPencode and measure time information in order to
allocate attention, plan a future ey@vement and formulatth e monkey 6s deci si
choose one or thether targt. This speculation is also in line with our assumption,
expressed in the chapter 1 para. 2, on the role of parietal cortex in time processing. We
allocated this area at the level of the comparator of SET model, with the function of
representing time lenlg in order to compare it for a decision in the timing behavior. A
further information by Leon and Shadlen work is that, the comparator function in the

parietal lobe overlaps with neural spatial mechanisms.

2.3 Neuropsychological evidence

Before the study of behavioral and neural interactions between space and time
developed, classical Neuropsychology had pointed out that brain damaged patients
after a lesion of theight parietal cortex often reported the association between
spatial and teporal deficits. About spatial deficitafter a lesiorof this area neglect

syndrome is frequently described. Neglect patishtsv a deficit in orienting spatial
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attention toward the controlesional space (i.e. the left hemispace) and a severe
attentionalbias toward the ipsilesional space (i.e. the right hemispace) (Husain and
Rorden, 2003; Mesulam, 1999; Driver and Mattingley, 1988jly in the 1953, in his
famous book on the parietal lob€sjtchleyunderlined the importance of this area not
only in space cognition, but also in linking space and time. Particularly, Critchley
noted that parietal lobes were fundamental in the understanding of the chronological
order of time events. In other words, this brain region has the function to shape to time
information. Further auropsychological studies hagenfirmedthat the right parietal

lobe, plays an importantrole in discriminating events that are displaced in time.
Rorden et al. (1997), examined two patients withdefed visual extinction after right
parietal damage. Patients were submitted to two different tasks. In the first task two
bars were presented, one in each visual field, and patients were required to judge
which appeared sooner than the other one. In the second task one continuous line
moving was presented in the same spatial portion, and patients were required to judge
which direction the line moved in. The patients performed wrong only in the first task
underlining that right parietal lesions impaired the ability to temporally order separat
events but not motion perception. Another single case study by Dove et al., (2007),
reported an abnormal temporal order judgment in a patient with right parietal lesion
and unilateral spatial neglect. This evidence support the role of right parietahlobe
ordering temporal events as suggested by Critchley (1953). Temporal order judgment
is a task frequently used to investigate the integrity of the spatial attention system.
Indeed, prceptualtemporalorder judgments require an individual to determine th
relative timing @& two spatially separate events (Davis et al., 2009) and a correct
performance is, to some extent, dependent on the ability to allocate spatial attention to

detect the targets. For this reason one could claim that patients with negecbed
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so far, have not a real temporal deficit but a mere spatial attention deficit. However, a

large body of data have provided evidence of temporal deficits in neglect patients, by

using different paradigmsBasso and colleagues the 1996 moved tle first step

toward a comprehension of pure time processing deficits in a patient with neglect,
trying to understand the patientoés timing p
et al ., 1984, see chapter 1, afereny to 1) . Bas
overestimate time intervals when stimuli were presented in the neglected space (the

left hemispace) In the frame of SET theory authors interpreted this time

overestimation & a consequence ofeducedattentional resources for theffected

space In this wayresources available to tleéock processes in the neglected space are
increasedresulting in a greater number of pulsestl® time units reflecting in a
overestimation of time. In a more recent studgnckert and colleagues (2007)

reinforced the idea that spatial neglect syndrome has an impact on time processing.

They examineda group of neglect patients compared with a group of right brain

damaged patients (RBD) without neglect and a group of healthy controls (HC). All

subjects had to estaite the time of an illusionary motion stimulus presented on the

center of theeomputerscreen. Neglect patients showed greater underestimation of time

intervals compared to both RBD patients and HC. Authaterpretedtheir result,

suggesting that time ipairment is an epiphenomenon of the neglect syndrome.

In the present chapter a wide body of evidence has been presented, supporting that
space and time cognition interacts in the brain and that this interaction primarily
engages right parietal region. Thegposition leads us to introduce the main topic
deeply discussed in the next chapter. All those findings have been collected and
unified under a theory which assumes that the brain has developed a common system

to encode space and time and that this syssecortically located in the parietal lobe
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(Walsh, 2003; Bueti and Walsh, 2009). For this theory, time and other quantities (such
as brightness and numerosity) are encoded with a spatial code, the same used to
encode the mere space. This theory can expitee interferences between spatial and
temporal tasks and the overlapping of spatial and temporal selective neurons in the
parietal lobe. Moreover, this theory, suggesting that the brain encodes time as spatial
information, also explain why time proceasgiis affected in patients with spatial

cognition impairments.
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CHAPTER 3. THE SPATIAL METRICAL SYSTEM FOR TIME

REPRESENTATION
3.1 A theoretical view

In the previous chapter it has been mentioned a theory which unifies all evidence about

the interaction between space and time in t|
Magnitudeif ATOM t heoryo and it was formul ated by
by Bueti and Walsh (2009). The theory assumes that space, time and also any other

kinds of quantity, such as numbers, are part of a generalized magnitude system, located

in the parietal cortex. In other words, the parietal cortex would work as a metrical map
whenever a quantity needs to be measured, regardless quantity domain (temporal,

spatial, numerical). The same metrical map used to measure all quantities would have

a spatial nature, with the aim to give a spatial shape and a spatial order to the
dimension being measured, to allow the quantification process. Bueti and Walsh

focused on the representations of space and time, to explain why the brain has
developed such an economical system of map representation in the parietal lobe.
Temporal and sgtial information needs to interact in everyday life and particuliandy

action: if you throw, point, reach oattempt to grasp a moving target, you need to
estimatespace and time accurateliiln other words, space aritme are coupled

metricsfor action and it woldl be verysurprising if they wer@aot in close proximity in

thebrain and close to éhareas required for performisgnsorymotor transfomations

for action, i . e. in the parietal | obeso (Bu
the parietal cortexvould be equippedvith an analogue system that computies

process Afirhoeestlsan, fi & la oiwWea s,thieearéri fartheo , Asimal | er

bi gger doractomr Howéver, even if the brain develops this unique map for
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quantities by and for action, there is not any reason to develop another map system for

other brain functions.

3.2 The spatial representation of time and spatigbrocessing

The theory exposed gave rise, in the last decade, to a number of researchesdddres
to the study of the spatial code to represent time dimension. All the studies provide
results suggesting that time intervals are represented via a spatial line, called Mental
Time Line (MTL), with ascending order from left to right, that is, that grarttervals

are represented to left of longer intervals.

Vallesi et al. (2008)trainedhealthy subjectso look at a centralross fixation lasting

for a fAshorto period of 1 heneunderoseverah 1Al on
conditions, subjects hawe press a left or right key f t hey h asho®dorseen t
flongd p e Bubjects were significantly faster and more adeuira responding to

the short period pressing the left key 8ontrast, subjects were also faster and more
accurate in respondinto the longoeriodpressing the right key. This pattern of results
supportedthat elapsing time is internally mapped omigpatial representation and
associated with spatial propertiesnobtor responsewith a shortleft long-right order.

A similar representation of time has been demonstrated not only for durations in the
second range, but also for temporal metaphor concepts. In a recent study by Ouellet et

al. (2010), he results showed that the mere activatiorhefgast or future concepts, by

visually projected wordsprimed motor responses to left or right space, respectively
Similarly, Torralbo et & (2006), showed thawhen participantare asked to give a

left-right manual response, they activate a-fedst rightfuture representeon of time.

In anotherstudy, Santiaget al.(2007) found a facilitation effect whesubjects had to

respondpast words with the left hand, whereas tipposite was true for future words.
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Again, more recentlySantiagcet al. (2010), extended their analysis bis tleftright

spacetime congruency effect tmeaningful event sequences ggated by means of

movie clips orpicture sequences. Ordprdgments between two events were faster
whensubj ects respotheddetd édbefdaktbde woAlhet h t he r
experiments described, have used visual stimuli to prove evidence for a directional
representation of time that primes spatial motor responses. There is also evidence that

this is the case for auditory stimuli. In the studystfihara et al. (2(8), young healthy

subjects listened sequences of auditory clicks, separated each other byfi-onset e r

i nt er v a ffted that, th€ylhad.to julge if the last click (probe click) was earlier o

later than the expected critical I0I, pressing a leftigiht key. Results showed that

reaction times (RTs) for early onset timing were shorter than those for late onset

timing in leftside responses, and giwversa in rightide responses. This proved that

i e a ralidifody events were associated witbsponsen | e f t space, wher eas
auditory events were associated withsponse iright spaceln a very recent work,

similar data have been obtained with past and future words auditory presented (Kong

and You, 2011).

In sum the studies presented, indicatengight relationship between the leight
representation of time and motor response in space, support the thesis of Bueti and
Walsh, of a coupled spatitdmporal metric foraction. However there is evidence
supporting that this metrical interaction betn time and space occurs also in the
absence of action and at other levels of spatial cognikon.instance, Vicario and
colleagues (2008) found that the duration of visual stimislusiderestimated when it

is presented ithe left space and overestimated when it is present#ueinght space,
proving that encoding the spatial location of visual stimuli interferes with the

duration processingn another study, Vicario et al. (2007) showed that a directional
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optokinetic stimuhtion biased time perception in a Htright manner: ightward
optokinetic stimulation induced an overestimation of time perception compared with
baseline and leftward optokinetic stimulati@ince optokinetic stimulation is known

to induce a shift ofspatial attention, this finding suggests that also this spatial

function is related to the spatial representation of time.

Despite a huge literature describing the spatial representation of time and its
relationship with spatial cognition, a lot of aspeot this intriguing interaction remain
unknown. The present thesis is addressed to the study of such interaction, as exposed
in details in the HfAOpen gquestions and
mechanisms, the neural correlate and pathadbgexpressions of the relationship
between time representation and spatial attention will be investigated. To address our
guestions we implemented a series of experiments in which we investigated the effects
of spatial attention plasticity on time represgion with different paradigms and
approaches. To induce changing in spatial attention plasticity we had taken advantage
of a well known technique called Prismatic Adaptation that will be described in detalil

in the next chapter.
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CHAPTER 4. PRISMATIC ADAPTATION AND SPATIAL ATTENTION

PLASTICITY

4.1 Prismatic Adaptation procedure

Prisms are particulaienses mounted ogogglesthat inducea shift of the visual field

(Figure 3)

Figure 3

Fig. 3. Picture representing an example of prismatic goggles which induce a ghitvigual

field toward the right.

During prismatic adaptation (PA), subjects are required to perform a manual pointing

task, while wearing prismatic lenses: they have to point, extending the superior arm, as
accurately and faster as possible, towards a visual target stimulus, presented by the
experimenter in differ@ spatial positions. In the first trials of PA, pointing deviation

towards the side of the visual shift, induced by prisms, is visible. After few trials, this
displacement is gradually reduced (error reduction, ER), until subjects point exactly
towardste st i mul us: this means that subjects i

visual field induced by prisms. This pointing deviation, in first trials, constitutes the
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direct effect of PA. The reduction of this error in pointing deviation is due to a short
latency process activated by the discrepancy between the real position of the target
stimulus and the position of the pointing movement (error feedback, Reddihg
Wallace, 198). At the end of PA procedure, prismatic lenses are removed, and
subjects show @ointing deviation of the adapted limb, towards the opposite side of
the prismatic shift. This visuomotor bias reflects the displacement of visual and
proprioceptive spatial coordinates and is called Afffect (AE). Several studies
(Serino et al., 2006Risella et al., 2006; Angeli et al., 2004) suggested thaAthe
displacement concerns not only the vigootor level directly involved in PA

procedurebut also the spatial representaticauadl spatial attentional level.

4.2 Prismatic Adaptation and spaial processing

Prisms effects on visdmotor and attentional space have been revealed at a
behavioural level in healthy subjects. In the study Gblent et al. (2000)healthy
subjects were required to perform a line bisection task in manual versiorhf&tidy

mark the middle of a line) and perception version (they had to judge whether a line is
pretransected to the left or to the right of its real centre). Tasks were performed before
and after PA with lenses inducing leftward or rightward shift of dtseial field.
Results showed that adaptation to-tt/iating prisms induced a strong rightward bias

for the perception task but not for the manual task. Furthermore, no significant effect
was found after adaptation tbhe oppositeright-deviating prismsResults suggested

that prisms adaptation can induce an asymmetrical perceptual cognitive bias in normal
individuals, only to the right, due to leftward P#Fhis bias is in the same direction as

the biasobserved in unilateral negledtio effects on manual task were found. These
evidences suggested that PA induces a shift at the level of spatial representation, and

not at the primary visuahotor level. For this reasogolent et al. suggested that PA
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can provide a valid simulation of dateral neglect in normal individuals. However,

the effect of the distortion of spatial representation is weaker than that shown in
neglect patients, probably since an intact brain should be more resistant to
manipulation than injured brain. Moreover, taesymmetrical results may reflect the

i nherent bi as of t he brainés structur al
explanation for the lefside predominance of unilateral neglédbre recently, another

study provided by the same research group (Mieheal., 2003) submitted healthy

subjects to the same tasks described above (Colent et al., 2000), before and.after PA
Michel and colleagues wanté¢al establistwhetherthe amountof the spatial bias, after

PA, varied with the relative spatial locatiohtbe lines (position effect), and relative to

l inesd I ength (Il engt h esimilaeto that of Colentetalai m o f
(2000): to understandvhetherthe spatial bias, induced by Prelies uponsensoH

motor or higher cognitive mechanisrT he A Posi ti on effaet o and
present in neglect patients (Monaghamd Shillcock, 1998; Halligarand Marshall,

1995). When lines are presenteéd the damaged left side of space, neglect patients

show a more severe bias in bisectingdit@ward the right, than for lines presented in

the unaffected right side of space (position effdatythermore, neglect patients bisect

longer lines more to the right respect to shorter lines (length effect). The presence of
these effects in neglect patts suggestthat neglect syndrome is not a visual
perceptive disorder, but is a higher cognitive disordeindeed, 1 the deficit of

neglect patients in line bisection would le&plained by sensemotor mechanismshe

same amplitude of deviation Ime bisection tasks would be observed for line in any

spatial location of lines and any line lengBased on these assumptions, Michel et

al .06s group i mplemented a research in two

efficacy of PA in inducing this wo fi Aikeglf d ®tct so. They used t
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and perceptual line bisection task of Colent et al. (2000). Howevenperiment 1

lines were presented in 3 possible positions (on the left, middle and right side). In
experiment 2, the length of angle line, preseted straighiahead, was varied. The
hypothesis were thatf ithe bias, due to PA, was explained by senswior
mechanisms, it would be observed the same amplitude of deviation in line bisection
tasks, regardlessof spatial location of ihes and line length. Moreover, the same
amplitude of deviation in line bisection task would be observed both in manual and in
perceptual bisection task. By contrast, if the bias, due to prismatic adapvedion
explained by higher level mechanisms, thephtude of the deviation in line bisection
taskshouldbeinfluenced byspatial location of the line to be bisected (position effect),
and by line length (length effect). Finally, the deviation in line bisection would be
observed mainly in the perceptuakk respect to the manual task. In Experiment 1
results, after PA, a significant rightward shift, in the line bisection, was observed both
in manual and perceptual tasks for left and middle lines,nbti for right lines.
Experiment 2 results showed thahtward shift in the line bisection increased as a
function of the length of the lines for the perceptual task; a similar, but weaker trend
was found in the manual task. Authors suggested that PA effects depend on spatial
location (position effect) andndine length (length effect), more in perceptual than in

manual task.

Taken together, these studies (Michel et al., 2003; Colent et al., 2000) allowed us to
conclude that left PA, providing a rightward afedfect, can produce negleltte
symptoms in balthy subjectsMore interestingly, @ésults also permitted to understand
that spatial bisection bias, following simple visuamotor adaptation such d3A,
directly affects not onlysensordmotor spatial mechanisms but also higher levels of

spatial cogrtion.
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Given the interpretation of neglect syndrome as a disorder in spatial attention and
representation (Kisbourne, 19#alligan et al., 2003) and given the proved effects of

PA on high levels of spatial cognition, it not surprising that this proceuasebeen
revealed as useful in the recovery of neglect symptoms. Indeed, several studies have
demonstrated that a single sessionPd&, inducing an afteeffect toward the left
contrasts the classical rightward bias of spatial attention and spatial representation

presented by neglect patients.

Rossetti et al. (1998) required neglect patients to perform classical neuropsychological
tests based upon visusphatial tasks (cancalion, copying, bisection) before and after

a session of PA. The procedure consisted of 50 pointing movements for an exposure
period of 25 min. The main result was that patients showed amelioration in all tasks
for at least 2 hours after PRode et al. 1998)alsofound an amelioration of neglect
symptoms, after PA, in drawing from memory task and naming from a mental map
task. Particularly, neglect patients showed an amelioration lasting at least 24 hours for
the drawing from memory task. Other singlse study (Jacqui€ourtois et al., 2008;
Mcintosh et al., 2002) demonstrated that PA can improve spatial cognition as
measured over a wide range of spatial task (e.g. wdiedl driving), or involving
different modalities (e.g. haptic exploration). Othevestigations (Tilikete et al.,
2001; Rode et al., 2001, 1998) reported that also posture and mental imagery can be
improved after PAlnterestingly, Farneét al. (2002) foundhat in neglect patient®A,

not only provide amelioration in visuamotor taks (cancellation and line bisection
tasks), but also in visual verbal tasks (object recognition, object naming and naming of
word and norwords tasks). Improvement was maintained aftday delay from PA,

and decayed afterdeek interval. Since benefadieffects of PA were seen in different

kind of tasks, requiring different solving strategies, but whose common feature can be
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identified in the basic visuapatial nature, authorould confirmthat PA can directly
influence highorder level of visuabpatial representations. PA effects may trigger or
improving active processes involved in brain plasticity related to multisensory

integraion and space representation.

The success of PA in reducing neglect symptoms after a session sigisifEeant

finding for clinical rehabilitation of neglect syndromia theFrassinettietabh. s st udy
(2002) neglect patientsvere administeredwith a battery included classical clinical
measures (Conventional BIT) and ecological vispatial tests (Behavioural BIT),
befae, immediately after, 2 days, 1 and 5 weeks after RAhorsalso investigated

effects of PA on different spatial domains, using room description task for far space,
object reaching task for near space, and fluff test for personal space. Results showed a
consistent improvement of neglect symptoms, equally in all tasks after PA training,
lasting at least 5 weeks. Moreover, some preliminary data suggested that amelioration
can last 17 weeks after the end of treatment. Significant improvements were atso foun

in far space and near space (less evident was the amelioration for personal space). This
study confirmed and extended previous findings (Rossetti et al., 1998) indicating that
the process of PA is not only involved in the recalibration of visuomotoduwdion
(pointing task), but is also able to affect the organization of hilglvet of spatial
representation, such as those impaired in neglect patients. Furthermore, in accordance
to previous findings (Farne’ et al., 2002), PA effects extend to txgtéring visue

motor coordination (cancellation and object reaching test), as well as tests that do not
require motor response (e.g. reading test, room description Aesther interesting

result was thatwhile neglect amelioration was fully maintainfx at least 5 weeks

after PA, AE lasted only 12 hours in me&massinetti et al.suggested that once the

mechanism responsible for neglect recovery is implemented, it continues to exert its
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effect after the treatment procedure is completed. Authorscaldd conclude that the
improvement was not due to a lawder factor such a leftward visuotor bias (AE);

indeed, PA effects on lowrder functions (AE) were sheldsting (12h), while effects
on highorder functions, like neglect symptoms improvenmnspatial representation,

were longlasting.

Other recent studies (Serino et al., @0@&ngeli et al., 2004) set out to better
understand the mechanism to account for the improvement in neglect patients, after
PA. One of the most accredited theorseggets thatPA improve neglect symptoms

modulating eyanmovements

It is well known that neglect patients show a failure to make eye movements toward
stimuli presented in contralesional side of space (Walker et al., 1996; Girotti et al.,
1983; Cledru et al.,1973), and deviation of eyes towards ipsilesional side (Hornak,
1992). Moreover, the irrepressible gaze deviation towards right side of space is
associated with increased time for leftward eye movements (Chedru et al., 1973).
Doricchi et al. (19931991) dscovered that, during REMs sleep, characterized by rapid
eye mwements, neglect patients did reftow eye movements toward left. Authors
suggested that neglect causes impairment in automatic gaze orienting towards the
controlesional visual field, while Wantary eye movements are preserved (Niemeier
and Karnath, 2000). Other authors supposed that unilateral neglect may be due to an
ocular disorder that prevents from exploring controlesional side of space (Gainotti,
1993; Scott et al., 1966n line, in amther studyMeador et al. (1987) found that, in a
representative task, in which neglect patients were asked to imagine the street leading
to their house and to name the building on the street, recall of item lying in the left
hemispace improved when patie rotated eyes on the left. Thiisis finding led to

the hypothesis thdhe direction of eye movement can influence spatial representation.
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On the basis of this hypothesis of relationshyetween neglect symptoms and eye
movement deficit, Angeli et a(2004) studied the amelioration of neglect patients after

PA and disturbance of eye movementsoOo beha
Girotti et al., 1983; Chedru et al., 1973). Authors asked neglect patients and healthy
control subjects to perfor a reading task before and after PA. Results showed that,

before PA, neglect patients had the tendency to explore more the right side of the
stimulus, compax with healthy control subjects. After PA, subjects significantly
improved in reading task. Theyh owed an i ncreased time of |
exploration and a decreased time of exploration on the right side. Furthermore, authors
found a tendency of the first saccade to land nearer the beginning of the letter string.
Authors concluded that, imeglect patients, there is an asymmetrical distribution of eye
movement exploration which disappears after PA, determiningaalamelioration in
reading task. I't is assumed that the sacc
the fovea (site omaximum visual stimuli processing), is linked to the direction of

spatial attention. The functional state of the ocuhmtor system can determine

specific effect on visuspatial attention allocation (i.e. the ability to report letters

located on the lefide of the string): PA can reduce the chronic ocotdor orienting

bias towards right in neglect patients, compensating this asymmetrical distribution of
spatial attention.Again, Serino et al. (208) focused their study to identify the
relationship beteen visuemotor effects of PA and the amelioration in a wide range of
visuo-spatial attention tasks in neglect patients after F#fe aim of the study wae

find out how the loworder effects providetly PA (errorreduction- ER, aftereffect-

AE) can povide and predict higbrder modifications on visuspatiatrepresentation.
Visualspatial abilities in neglect patients before and immediately after, 1 week after, 1

and 3 months after, 10 PA daily sessions, vweeqelored.Moreover, neglect patients
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were required to perform a reading task, in order to measure -ocotor response,
before and after PA. Results showed no correlation between ER and AE, suggesting
that these measures reflect different processes during PA procedure. Furthermore,
Serino et alfound, after PA, an increase in the first saccade amplitude towards left and
in the time of exploration of the left side of the word to be read. In addition, PA effects
on eye movements and neglect symptoms amelioration were correlated: patients with
greaer leftward first saccade deviation after PA obtained also the greater improvement
in visuo-spatial tasksAuthors suggested that the increase in first saccade amplitudes
towards left, after PA, produces also a shift in visual attention towards left, thus

mediating neglect recovery.

In sum,the studies presented abopeovide evidence for an effective influence of PA
on spatial representations and spatial cognition. In the present dissertation, this
procedure will be used to study the spatial representafiime in a very new fashion

never used before.
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CHAPTER 5.0OPEN QUESTIONSAND THESIS OVERVIEW

Despite the evidence on the spatial representation of time and its links with spatial
cognition, a lot of questions are still open. The goal of the present thesis is to explore
the interaction between the spatial representation of time and the spatébmatte

plasticity, adopting prismatic adaptation (PA) technique.

The first experimental part goes into tmechanismsunderlying the interaction tirae
spatial attention, at a behavioural level. In chapters 6 and 7, three experiments on
healthy subjects are presented to answer the question how the modulation of spatial
attention affects the representation of time in nomoghition and in different sensory
systems. First of all, we asked whether directing spatial attention toward a side of
space by PA, time representation of visual stimuli is affected in thsHeft right

long manner, suggested by literature (Vicarioaét 2007, 2008; Oliveri et al.,
2009a,b). Subsequently, we investigated whether time representation of auditory

stimuli are affected by spatial attention modulation as visual ones.

After the understanding of the cognitive dynamics connecting time erped®n and
spatial attention, we focused, for the first time in literature, onnineral basis
subtended. Chapter 8 will start with a neuropsychological study on unilateral brain
damaged patients, searching for the role of left and right hemisphemdiatmg PA
effects on time. The chapter will keep on, with a neurophysiological study exploring
the peculiar role of parietal cortices in this interactive process. The chapter will end
with a neuroimaging study to best indentify which brain areas medregtesffects of

PA on time.

The third experimental parélso addresses an issue never explored before: the

pathology of the spatial representation of time. In the chapter 9, first of all we asked
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whethera spatial attention deficit following a right hempineric strokeimpairs the
function to spatially represent time. Given the wide evidence of the effects of PA in the
recovery of spatial attention deficits, we asked whether PA would be a useful
technique also for the recovery of time impairments. Findllyt, intriguingly, we
explored for the first time, the impact of temporal deficits on daily functionality and

the possible effects of PA on time at an ecological level.
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CHAPTER 6. THE ROLE OF SPATIAL ATTENTION IN THE SPATIAL

REPRESENTATION OF TIME

6.1 Prismatic Lenses shift time perception

6.1.1 Introduction

After the demonstration of a spatial code-tefright oriented for time representation
(Vicario et al., 2007, 2008), avinvestigated whethespatial attention mawork as a
cognitive link between space and timengknsions.Neuropsychological studies in
patients (Basso et al., 199Banckert et al., 2007) and psychophysical studies in
healthysubjects (CheandO6 Nei | | 2 Olrdch, 1998 havdeund a link
between attentioand time perception. Howevesther studies cast doubts on the role
of attention in spatiallgependent temporal illusions (Johns&iral,2006; Morrone et
al., 2005).We testedn young healthy subjectghether spatiahttention shifts, created
through pismatic adaptation (PA)induce relative compression and expansion of
experiential timeMor e s peci yc aisWag that BAlimducimg gorighiard e s
orientation of spatial attentiowould produce an over@sation of time intervals,
whereas PA induog a leftward shiftof spatial attention would produce an

underestimation of timmtervals.

6.1.2Experiment 1

6.1.2.1Methods

Participants and Tasks

Twelve righthanded, healthy subjects (6 men, 6 women;ragge:19i 34 yearswho
were totally naive as to thaurpose ofthe study participated. They had no history of

neurologicaldiseases. All subjects gave their informed consent for participation in the
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study. Subjects sat facing a Macintosh computer, at a distance omg@vith their
right hand on the spadsr of the keyboard. Thésual stimuli were little squares (1
cm x 1 cm) presented at theenter of the computer screen. A blue square was
presented for @ariable time interval: 1600, 1800, 20200, or 2400 milli seconds
(ms). Next, a red square appedron the screen andmained visible for as long as
subjects pressed the space bathlenkeyboard. The task was to reproduce the entire
duration ofthe preceding blue square (tireproduction task) or half thduration of
that squardtime-bisection tak; see Figure 5)No accuracy feedback was given. All
subjects used their right indgxger to respond-or each task, 50 trials (10rfeach
time interval) were pented in random order. Subjects performed each task twice in a
single session, once befoamd once after PA. The task order veaminterbalanced
across subjects. Before starting the experimesgabkion, subjects were allowed to

practice (100 trials) both tasks.

Figure 4

Rightward/Leftward » .
Prism Deviation i A ]

. v
" - Reproduction

r— n T ——
— 2 - = Bisection

Encoding
(1,600, 1,800, 2,000,
2,200, or 2,400 ms)

Fig. 4. Experimental procedure. Subjects performed a -tiepeoduction task and a time

bisection task (represented on the right), before and after leftward and rightward prismatic

adaptation (PA; represented on the left). During PA, subjects performed a pastnghile

wearing prismatic | enses that induced a shift o
time task was articulated in two steps: I n the
the duration of a visual stimulus (shown here aghde square), presented for a variable time

interval; in the second step, a new stimulus was presented (shown here as a gray square), and
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subjects were required to reproduce the entire duration (time reproduction task) or half the

duration (timebisectio task) of the previous stimulus.

Prismatic Adaptationprocedure

During PA, participants sat at a table in front of a box (height = 30 cm, depth = 34 cm
at the center and 18 cm at the periphery, width = 72 cm), open on the side facing the
participant as we as the opposite side facing the experimenter. The experimenter
placed a visual target (a pen) at the distal edge of the top surface of the box, in one of
three possible positions (randomly determined on each trial): a central position (0°),
21° to the éft of center {21°), and 21° to the right of center (+21°). Participants were
asked to keep their right hand at the level of the sternum, to point to the pen using the
index finger of the right hand, and then return the hand to the chest. The experimenter
recorded the end position ,dywritnhdowmptleer t i ci p
number of degrees of visual angle between the index finger and the pen pdsidon.
pointing task was performed in three experimental conditionsexpesure, exposey

and postexposure. In th@reexposure conditiorparticipants performed two types of
trials. On half of the trials, their pointing was visible to them, (30 trials) and on the
other half, they could not see their pointing (30 trials). Note that thesednditions

were comparable to the exposure and the-pogbsure conditions described later,
respectively. In th@xposure condition, participanperformed the task (30 trials for

each spatial position21°, 0°, +21°), while wearing prismatic lenseslucing a 20°

shift of the visual field to the right or to the left. In this condition, they always saw the
trajectory of their arm (i.e., visible pointing).In th@ostexposure conditionrun
immediately after removal of the prisms, participants were required to make their
pointing movements underneath the top surface of the box so that the index finger was

never visible at any stage (i.e., invisible pointing; 30 trials). In this phdke, a
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participants were expected to show pointing movements in the opposite direction of
the visual shift induced by lenses, called aéBect. In the present experiment 1, half
subjects were submitted to lenses inducing a leftward aftereffect, whilehiehatf

were submitted to lenses inducing a rightward aftereffect (see figure 5 for graphical

representation)

Figure 5

Pre-exposure

Fig. 5. Graphical representation of the pointing task under the three conditions of PA
procedure. In the Psexposure condition, theopting is precise to the target. In the Exposure
condition, the pointing is toward the lenses directieft {n this case). In the Pasikposure,

the pointing is the opposite direction of lenses (right in this case) .

6.1.2.2Results

For each subject, we subited the reproduced time intervabefore PA from the
reproduced time inteals after PA. Thus,this difference was positivavhen
reproduced time was longefter than before PA (@erestimation of time duration)
and negative when reproduced éirwas shorter after than befdPé& (overestimation
of time duration). Subjects were diedinto two groups depending on theection of

the prisminduced aftereffect (i.e., leftward feereffect induced by rightwardPA,
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rightward aftereffectinduced by l&ward PA). A seprate analysis of variance
(ANOVA) on the difference betweeprePA and posPA reprodeed time was
conducted for eacltask (time bisection and timeeproduction), with group as a
betweenrsubjects variable and teminterval as a withksuljects variable. Post hoc

comparisons were conductedingthe NewmarKeuls test

A si gni yc anmindaded directionaloshift wa®undsin the timebisection
task, in which subjects werequred to reproduce half the étion of a previously
presentedvisual stimulus. The underestimation of time duration indubgdthe
leftward aftereffect (M= 9 ms ) wa s differerg fromythe averéstimation of
time duration induced bthe rightward aftereffect (M =59 ms),[F (1,10 =7.11;p =
0.03; dp2 = 4164 (Figure 6. In addition, in the group with th&eftward induced
aftereffect, underestimation of time duratioas greater for medium time intervals
(900' 1100 ms) than foshorter (800 ms) and longer (1200ms) time intervals 22)
(see Fig. 8). This effect likelr e pect s a range of -ifducegdher se
shifts[F(4, 40) =3.5, p = O.OZ;dp2 = .261]. The prismatic manipulation of spatial
attention also affectederformance on the timeeproduction task, in whicbBubjects
were required to reproduce the entire duration of a previopsdgented visual

stimulus.

The underestimation of time dai@n inducedby the leftward aftereffect (M = 113 ms)
wassigpi ycantly different from tntlueed gther est i n
rightward aftereffect (M =131 ms),[F (1,10 = 7.96;p = 002, ¢ .444] (see Fig.

6b).
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Fig. 6. Effect of prismatic adaptation (PA) on time perception in Experiment 1. The graphs
show the mean difference betwesproduced time intervals after PA and reproduced time
intervals before PA as a function of time interval and direction of the induced aftereffect (right

or left). Positive values indicate underestimation of time intervals, and negative values indicate
overestimation. Error bars represent standard errors of the means. Results are shown separately

for the (@) timebisection and (b) time reproduction tasks.

We then,ensured that the p#eA/postPA differences in timg@rocessing were due to

the PA procedure by assessing gliesence of both error rediom and aftereffect. To

verify whether subjects showed an error reduction as tbaptad tothe prisms, we

conducted amrANOVA on the mean displacemeéxpressed as degrees ofuak

angle) of sbj e ct s dointwmg, svithbdroep (leftward afteffect, rightward

aftereffect)as a betweesubjects vaable and condition (prexposurecondition, first

three trials of theexposure condition, last threégals of the exposure conditipras a

within-subjects variable (more details on tpi®cedwe can be found in Frassinetti et

al.,,2002). Thent er acti on between groufgF@20dc condi ti
11.1;p <001 pzq 526]. Pointing displacementwasi gni ycantly greater
three trials of the exposureondition than in the prexposure condition (leftward

aftereffect: p <0.05; rightward aftereffept< 0.02, butwasnos i gni ycantl y di ff

between th last three trials of the exgure condition and the pexposure condition
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(i.e., subjectsexhibited error redction; leftward aftereffectp > 0.7, rightward

aftereffect: p > 0.6; Figureaj.To verify the presence of an aftereffect, we compared

s u b j displacentent during invisible pointing in the eposue andpostexposure

conditions. An ANOVA on the mean displacementnvisible pointing responses was

carried out with group(leftward aftereffect, rightward aftereffect) as a between
subjects variable and condition (pFeposure, postxposure) asa within-subjects

variable. The interaction between groapn d condi t i onfF (W&s si gni
163.9 p < 001 pzelc 393]. As expected, théeftward-aftereffect and rightard
aftereffect groups s hrghvead deviatignsrespectimetyt | e f t

in the postexposure codition relative tothe preexposure condition (p < 0.01; Fig.

7).
Figure 7
a Error Reduction b Aftereffect
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Fig. 7.Mean displacement (in degrees of visual angle) of pointing responses in subjects with a
leftward aftereffect and subjects with a higard aftereffect (induced by rightward and

leftward prism adaptation, respectively). Results demonstrating error reduction are shown in
(a), which presents mean displacement of subj
(PA) and hreaand Iasethrgertriald during PA. Results demonstrating aftereffects of

PA are shown in (b), which presents mean disp
and after PA. Negative values indicate a leftward pointing displacement with respleet to

targetds actual | ocation, and positive values
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Finally, to assess wheth#dre prismdependent error redtion or aftereffectaffected

time perception, we conductedsaparate Pearson correlation analysisefzhtask.

Si g ni negative torrelations werednd between error reduction frointing and

the effectof PAon subj ect sd pe-bidediontagki(rc€.67, m<003)e t i me
and the timeaeproduction task (r = 0.76, p < 0)0Zhis means thaas thepointing
displacement in the $athree trials of the exposucendition decreased, the maguie

of the effect of PA on p@rmance in both temporal taskscreased. Similarly,

positive correlations were found betweefteseffect and the PA effeans ubj ect s 0
performance in the timbisection task (r = 0.59, p < 0)0&ndthe timereproduction

task (r =0.54, p < 0.05). Thimeans that larger pointingsfilacements in the pest
exposurecondition (i.e., bigger afteredtt) were accompanied by largsffects of PA

on time perception, in both tasks.

6.1.3 Experiment 2

6.1.3.1Methods

Six righthanded, healthy sulgts (3 men, 3 women; age randé&i 35 years) who did

not takepart in the previous experimeperformed the timeeproducton and time
bisection tasks liere and after both rightward ateftward PA. Order of the tasksd

order of the direction of matic deviation were countbalanced across subjects.
Suljects were examined in two s&&s. In the firstsession, the performed the tasks
before PA(basline), underwent the PA procedure, and then performed thetasks again.
After 1 week, in the second session, subjects underwent the same probatiwid)

prisms inducing the deation oppaite to that induced in the firseéssion.

'Error reduction was measured using pointing displacement in the last three trials in the exposure
condition, and the aftereffect was calculated from pointing displacement in the postexposure condition.
The effect of PA on time perception was measurec&eh task as the difference between performance
after PA and performance before PA; the bigger the difference, the stronger the effect of prism exposure
on time perception.
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6.1.3.2Results

Similarly to the experiment 1,dr each task, we analyzed thiéerences in reproduced

time (postPA minus prePA) in anANOVA with direction of afteeffect (left, right)

and time intervlhas withinsubjects variabledn the timebisection task, diion of
aftereffe¢ had asigi ycant [R4li9n= 9.63f pf<d.01f pzq 659] leftward
aftereffe¢ induced an underestimation (M #53ms) oftime duration that was

s i g nilyyitfesent from the overestimation (M . ms) of time duration induced

by rightward aftereffect (all subjes showed the effect; see Figa)8In thetime-
reproduction task, directioof aftereffect also had asig y ¢ a n[tF (1& £ 25bpt

<002 pzq 837 leftward aftereffect induced an unestimation (M =141 ms) of
timedurat i on that was signiycant(Myl4dms$)bfer ent
time duraion induced by rightward afteffect (all subjets showed the effect; see Fig.

8b). The effect ofime interval and its interaction with the direction of aftereffeete

not si gni yc anTo vefifpthat seibjectd wved an arsokreduction, we
corducted an ANOVA with direction of aftereffect (left, right) andndition (pre
exposure condition yr st t hr e esure conditibnslastottiree tridsetifee x p o
exposure condition) aswithin-s ubj ect s variables. This ana!
pointing deviatior[F (2,10 =17.92;p < 0.01; pzq 782, relative to the prexposure
condition, in theyrst three triad of the exposure conditiop €0.05,for bothleftward

and rightward aftereffect), but not in the last three tadlhe exposure conditiomp

0.81 for both leftward andghtward effect).Thus, subjects exhibited error reduction.

To verify the presence of an aftereffect, we conducteANM®VA on displacement in
invisible pointing in the prexposure and posixposure contibns. This analysis
showed sig i y dR(@,H =198.6;p < 0.01; pzq 979 leftward deviation (in the

leftward-aftereffect condition)and rightward deviation (in the rightwafi@reffect
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condition)in the posexposure condition, relative to the geposure condition

(p<0.02.
Figure 8
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Fig. 8. Effect of prismatic adaptation (RAn time perception in Experiment 2. The graphs
show the mean difference between reproduced time intervals before PA and reproduced time
intervals after PA for each subject (@16) after induction of a leftward aftereffect and
induction of a rightward adreffect. Positive values indicate underestimation of time intervals,

and negative values indicate overestimation. Error bars represent standard errors of the means.

Results are shown separately for the (a) dmsection and (b) timeeproduction tasks.

Finally, a positive correlation was found between aftereféaxt the effect of PA on
subje¢ s & per f or mahisecton fakn(r 2 h68, p t<i0.028 and the time

reproduction task (r = 0.75, p <0.01).

6.1.4 General Discussion

The main fnding of this study ido investigate if altering spatial attentioma PA

i nduces a mbdmgc gtriocre s 8 T nwgacessiigl efore PA s 6
differed from their time processing aftBA, and the directional bias observed after PA
depeneéd on tke direction of the prismaticeviation. Indeed, leftward antghtward
prism deviation nduced opposite effects on botime-processing tasks: After
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rightward optical deviation (olucing a leftward aftereffe;t subjects showed a
S i g n i underestimatiorof time duation (relative to before PA)hereas after
leftward opticaldeviation (inducing a rightwardftereffect), they showed agsn i y c a nt

overestimation of time duration.

Also supporting the notion od link between PA and temporptocessing arehe

s i gni yrel@ions bewveen the effectBfA on subj ect gshétimeer f or m;
reproduction and timbisection tasks and the paramstegrdexing the effectiveness of

the PA (error reduction and afteiedt). The effect of PA on timgerception coelated
negativelywith error reduction during PAnd positively with aftereffecfThese results

were highly casistent across the two exprgants, one following a betwa-subjects
experimental desigfExperiment 1) and the other using a witsimbjects gperimental

design (Experiment 2). Moreover, the effects of PA wggrerally the same for all

time intervals. These results do romintradict the hypothesis that short durations are
representedoivard the left and long durations toward thghtj but simpy indicate that

sensitivity to prisminduced (left or right) shiftsvas similar for all time interval
considered in this study. Tlnsistency of this result fueh supports the conclusion

that attention shifts are linked to ahges in the durations of experiential time.
Evidence for a link beteen spatial attention and tinperception comes from st

of both patients and healttgubjects. Recent investigations have demonstrated that
patenswh o ex hi bi t a atestiprcin spacd (ire., reglguatiemts) imayg

also be impairedn orienting attention in tim¢Berberovicet al., 2004; Basso et al.,

1996; Bayliset al, 2002; Husairet al, 1997). lor example, Basso et al. (1996und

that visual spatial negtt cancause overestimation sfimulus duration at a neglected
location. Also, in healthy pari ci pant s, a temporal ipropcesaingi i® n of

obtainedfollowing manipulation of spé&l attention (Mattes and Ulrici,998). Mattes
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and Ulrich foundthat subjectseproduced longeduration in an attended than in a
unattended location (see al€thenandO6 Nei | | , & @l.0 1999). ¥icamos
Caltagironeand Oliveri (2@7) reported opposing biases t#dmporal estimation
following rightward and leftward optoketic stimulation. Here we hav&hown that
time processing cape directly affected by alteringpatialattention processing vi2A,
thus demonstrating that Pilhduces a shift of spatial tahtion that can modify the
processing of the time duration wisud stimuli according to the attentional shift in a

left-short rightlong manner.

A last point deserving idcussion concerns the linktlheen PA and spatial attéon.
Although numerous clinicattudies have found that PA incks an amelioration of a
visual spatal deficit (i.e., neglect; Farne et 2002; Frassinetti et al., 2008ee also
chapter J, few experiments have expligi addressed the question of whether
adaptation affects the bias @patial attention that is at thereoof neglect (Striemer
ard Danclert, 2007). Previous investigati® have examined the effects BA on
spatial attentionn patients, with partially conflictingutcomes. Maravita et al. (2003)
showed that visual and tactilextinction were reduced Hfowing adaptation to
rightward prisms, whereas Morris et al.Q@4) found no effect of adapian on the
pathological spatial gradient of visual searchesnin right-brainrdamaged patients.
The present results add to tpievious evidence, providing eergent support for the

notionthat PA indues shifts of spatial attention.
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CHAPTER 7. MULTISENSORY SPATIAL REPRESENTATION OF TIME

AND ITS RELATIONSHIP WITH SPATIAL ATTENTI ON

7.1 Experiment 37 Changing auditory time with prismatic lenses

7.1.1 Introduction

Looking at the literaturethe most part of thestudies focused on the spatial
representation of time hawesedvisual stimuli (Vicario et al, 2007, 2008; Vallesi et

al., 2008; Oliveri et al., 2009pincluding the experiments 1 and 2 just expoJdus
raisedthe question of whether time processing in other sensory modalities would also
show a similar spatial organizatioithe studied we described in the chapter 3,
dedicated to the spatial representation of time (Ishihara et al., R0Odg; and You,
2011), are in favor to this purpose. For examjglihara and colleagues (20G8und

a leftto-right correspondence between responsesition and auditory stimulus
duration These results were interpreted as evidence for a spatial representation of
audtory time, horizontally aligned from left to right, which interacts with motor
preparation in space. The hypothesis of a spatial representation of auditory time has
now received further support by evidence in bid@amaged patients with herspatial

negle¢ (Calabria et al., 2011), showing that duration comparison between a standard
tone and a test tone is worse in brdamaged patients showing neglect, compared to

braindamaged patients without neglect or healthy controls.

However, he fact that interfence betweespaceand time processing can emerge in a
similar fashion in the visual and the auditory modabtyin some respect, surprising.

In the visual modality, space is immediately available in retinotopic coordinates on the
receptor surface. By atrast, in the auditory modality information is initially encoded

tonotopically, and space is not immediately available on receptor surface (Barker et al.,
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2011; Hall et al., 2009). The brain reconstructs the spatial location of an auditory
stimulus basedn interaural and monaural auditory cues (Blawerd Lindemann,

1986), and the output of this computation is typically less precise than the localization
of a visual stimulus. Studies on animals (lseed Middlebrooks, 2010; Populiand

Rajala, 2010) andumans(Pavani et al., 2002) have also shown that localization of
sounds is most precise when the spatial encoding of the auditory stimuli is salient for
the task. In cats, Lee and Middlebrooks (2010) showed that the width of spatial
receptive fields (froml80° to 360°) of neurons in the auditory primary cortex (Al)
becomes sharper when the localization of sounds is requested by the task, as compared
to when spati al factors are not salient for
neuropsychological wdence that hemispatial neglefdr auditory targets worsens

when patients are asked to encode the spatial location of the stimuli, with respect to
when they are asked to process the tonal aspect of the stimuli (Pavani et al., 2002; see
also Deouelland Soroker, 2000). These considerations raise the possibility that any
spatial representation of auditory time would emerge more strongly whenever a spatial

encoding of the auditory stimuli is enforced.

The first goal of the present study was to verify thipdihesis. To this aim, 28 young

healthy participants were submitted to two time bisection experiments with auditory

stimuli. Time bisection is a classical task, frequently used in the time perception

literature (Wearden, 1991; Weardeand Ferrara, 1995).It consists in verbal

classification of auditory stimuli of different duration, with respect to previously
acquired pair of reference durations (fAshor
auditory stimulus was either of high or low pitch, and it wasented to the left or to

the right with respect to the participantds

bisection task was presented as a ggodask. This means that, ithe Spatial
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experi ment, participants were asked to cl
only when the stimulus occupied a fatetermined location in space (left or right), but
regardless of its pitch. This forced spatial encoding of each auditory stimulus,
regardless of its pitch. Ithe Tonal experiment, participants were asked to classify tone
durations as before, but only when the stimulus was of -@lgiermined pitch (high

frequency or lowfrequency), regardless of its spatial location. This forced tonal
encoding of each auditory stimulus, regardless of its location. The choice of the go/no

go paradigm was instrument al to selective
spatial or the tonal feature of the stimulus, while maintaining the stimulplebaty

identical between the two experiments. Participants were equally exposed to spatial

and tonal variations ihe spatial and tonaéxperimaéts However, by instructing
participants to respond to the foretipuentl!| vy
basis of a spatial or tonal feature) and
stimuli, we ensured that our duration measures were linked selectively to the

processing of either the spatial or the tonal aspect of the auditory stimulus.

Our predctions were as follows. If the spatial representation of auditory time emerges
primarily (or selectively) when spatial encoding of the auditory stimuli is enforced, we
expected interference of spatial location on time perception iSpha&al experiment
more than in thdonalone. More specifically, we expected duration underestimation
for left sounds and duration overestimation for right sounds, in line with the hypothesis

described above of a lef-right orientation of the mental time line.

Another essential goal of the present study, was to verify whether the manipulations
that proved effective in changing the spatial representation of visual time would also
be effective in changing representation of auditory time. One manipulation that

recently we proved useful in distorting the spatial representation of visual time is
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prismatic adaptation (PA). Using visual stimufi,the previous two experiments we
demonstrated that PA can induce spatial attentional biases toward the left or the right
side of space, which in turn produce opposite measurable effects on time estimation
(Frassinetti et al., 2009; Magnani et al., 2011). Specifically, duration underestimation
emerged following leftward shift, and duration overestimation emerged following
rightward attentional shift. If PA induces effects on time representation for auditory
stimuli similar to those found on visual stimuli, underestimation of sounds duration
should be expected after leftward attentional shift and overestimation of sounds

durationshould emerge after a rightward attentional shift.
7.1.2 Methods
Participants

Twenty-eight righthanded, Italiamativespeakerstudents (5 males), aged 20 to 30

years (mean age = 24.8 years; SD = 1.9 years), were enrolled in the study. All
participants wee naive as to the purpose of the study and had not history of hearing or
neurological diseases. All participants gave their informed consent to participate in the

study.
Apparatus and Stimuli

Participants were tested individually in a silent and dimlyodm, with the apparatus

approximately 70 cm in front of them. The appardaee Figure 9¢omprised a HP

laptop computer to control stimuli and collect responses, and two Olidda2 G

|l oudspeakers (0.4 W, 6 Y) t®cdeltiovdrhet tsaubg e
midsagittal line, one loudspeaker was positioned 25 cm to the left and the other 25 cm

to the right. Loudspeakers were covered by a black cloth mounted on a wooded frame,
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to avoid any visual cue about sound location. The auditory ktoonsisted in pure

tones that could vary in fundamental frequency (523 Hz, corresponding to the DO5

and 262 HZ, corresponding to the DO4 on the musical scale) and duration (1400,
1700, 2000, 2300, 2600 ms). Tones were presented at approximately 70LJBaESP
measured from the participantds head. The

Prime software (Psychology Software Tool Inc.), which assured millisecond accuracy

/

for timing.

Figure 9

Fig. 9. Schematic view of the experimental setup. The dasijedre indicate that the two
loudspeakers (one on the left and one on the right) were hidden behind by black cloth mounted
on a wooded frame. The dashed line indicates central fixation during the trial.

Experimental Procedure

All participants were first trained to classify two reference tone durations (1400 and
2600 ms) as short or long (practice session). Subsequently, they were presented with
the full range of tone durations (1400, 1700, 2000, 2300, 2600 ms) and were again
aked to classify them as short or long (time bisection task). This range of tones

durations, was chosen because they proved sensitive to PA effects in visual modality
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(Frassinetti et al., 2009) and because we wanted to focus on the cognitive controlled
time perception. Classically, time perception is known to rely on cognitive systems
when the estimated intervals are in the range of sedondsutes (Meck, 2005;
Gallistel and Gibbon, 2000; Lewis and Miall, 2@03. Given the length of the
intervals emplogd, participants were explicitly required not to count aloud or sub
vocally in all phases of the experimental procedure, in accordance with similar

paradigms used in previous studies (Oliveri et al., 8009

The time bisection task was always performedoating to one of two go/ngo
instructions. In the Spatial experiment, participants only responded when the tone was
delivered from a specific location (left or right), ignoring its pitch; in the Tonal
experiment, participants only responded when the e of a specific pitch (high
frequency or lowfrequency), ignoring its location in space. After the time bisection
task, participants performed a prismatic adaptation (PA) session, in which no auditory
stimulus was delivered. Finally, they repeated time tbisection task (both Spatial and
Tonal experiments). In the following paragraph, all phases of the experimental session

are described in details.

Practice session

The practice session served to familiarize participants with two reference durations

(1400 and 2600 ms). Twenty stimuli were presented in a pseudimom order, from

both loudspeakers stereophonically, giving the impression of a sound delivered straight

ahead of the participant. For each duration (1400 or 2600 ms), half of the tones were

high pitch and the other half was low pitch. Participants were instructed to verbally
classify the stimuld.i as Ashorto or Al ongo,

Cross, and ignoring the tone pitch. The
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respogk e by pressing one of the two mouse
and controlled that the participant complied with the fixation instructianng
stimulus presentationThe practice session was repeated until the participant had
reached ateast 80% of accuracy. All participants reached saitével of accuracy

with no more than two practice sessions.

Time bisection task

The experimental procedure of the time bisection task was the same of practice
session, with the following exceptionsirdt, the full range of tone durations was
presented (1400, 1700, 2000, 2300, 2600 ms); second, each tone originated either from
the loudspeaker on the left or from the loudspeaker on the right; third, participants

responded in a go/Ago manner, as a fution of stimulus location or stimulus pitch.

When responding as a function of stimulus location (Spatial experiment), participants

k ey

classified the tones as fishorto or Al ongbod

when the stimulus occupied a gspedfied spatial location, regardless of its pitch. In
one block, the participant responded only to stimuli presented on the left, ignoring
stimuli presented on the right. To maximize go trials, in this block 80% of stimuli were
presented on the left and 20%ere presented on the right. In the other block,
instructions and proportions were reversed: participants responded only to stimuli
presented on the right, ignoring stimuli presented on the left and 80% of stimuli were
presented on the right and 20% ofraili were presented on the left. The proportion of

high and low pitch tones remained equiprobabile in both these spatial blocks.

When responding as a function of stimulus pitch (Tonal experiment), participants

classified the t onegwheratbe stimalhsomas adpspecifiedi| on g o

pitch, regardless of its spatial location. In one block, participants responded only to
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high pitch tones, ignoring low pitch ones. In this block, 80% of stimuli were high pitch
and 20% of stimuli were the low pitcim the other block, instructions and proportions
were reversed: participants responded to low pitch tones, ignoring high pitch tones;
80% of stimuli were the low pitch and 20% of stimuli were high pitch. The proportion

of left and right tones remained egrobabile in both these tonal blocks.

Both the Spatial and Tonal experiment comprised 50 stimuli, resulting in 200 trials
overall. The order of experiments before and after PA and of blocks within each

experiment was counterbalanced across participants.

Prismatic Adaptatiomprocedure

The procedure adopted is the same exposed in the previous chapter 6 experiment 1.
Participants were randomly divided in two groups. One group, was only exposed to
prisms inducing a rightward visual shift and showed a leftvadiel-effect, whereas

the other group was only exposed to prisms inducing leftward visual shift and showed

a rightward afteeffect.

Data Analysis

For each participant and each conditiove computed the bisection point as the

estimated temporal value (in milliseconds) for which participants would respond

Al ongo or Ashorto with digteanputeg andittechthei | i ty . T
percentage of Al ongo rus gumtios esimg aalagistc s s di f f
regression. The bisection point corresponded to the estimated stimulus duration giving

ri se to 50% o fWedrdemamlgeorara 1869%5;pAlan at al.s20q2; Kopec

and Brody, 2010). In our paradigm, the objectivarailus duration representing the

medium point between the short and long reference duration was 2000 ms. Bisection
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points below 2000 ms reflects duration overestimation (i.e., durations are perceived
longer than they actually are), whereas bisection paabisve 2000 ms reflects
duration underestimation (i.e., durations are perceived shorter than they actually
are)For each participant, the bisection points were separately calculated in the tonal
and spatial experiment, for each stimulus position (left &gtd)rand tone (high and

low).

Then further analyses were madetorhe per cent age of Al ongo

interval duration (1400, 1700, 2000, 2300, 2600.ms

7.1.3 Results

First of all we analyzed data on PA procedure to ensure that participant reached
adaptation and aftereffect. Then, order to investigate if the spatial location of the
auditory stimulusnteracts with auditory temporal processing, and to examine whether
this is more pronounced during the spatial compared to the tonal encoding, we
analyzed performances in the time bisection task before PA. Subsequently the effect of
PA on auditory time bisection task was assessed. Futhnezlationalanalysesvere
perfomed to better investigate the relation between the effects of PA and the temporal
task. Finally, weinvestigate the spatial location of stimuli and PA effects on the
percentage of Al ongd responses across i

experimats.

In the whole results section pdsdc analyses are conducted with the Least Significant

Difference test (LSD test) and effect size is provided as partial eta square.

67

n



Prismatic Adaptatiomesults

To ensure that prBA/postPA differences in time bisection task were due to the PA

procedure we assessed the presence of both error reduction asaffetter

To verify that participantshowederror reductionas they adapted to the prisms, we
conductedan ANOVA on the mean displacement (expressed as degrees of visual
angle) of participantsd visible-sphgectmti ng, w
variable and Condition (prexposure condition, first three trials of the exposure
condition, last thre trials of the exposure condition) as a withubjects variable
(more details on this procedure can be found in Frassinetti et al., 2002). Post hoc
comparisons were conducted using the LSD test. The effect of Group was significant
[F(1,26) =80.41;p<000 Q)ZL- ;756 LG showed an overall pointing displacement

to the right while RG showed an overall pointing displacement to the left (0.376°, SE
= 0.17;-0.553°, SE = 0.26), compatible with the rightward and leftward prismatic
deviation respectivelyThe interaction between Group and Condition was significant
[F (2,52) = 80,4 I756]: posthec afalysisQevealpd that pointing
displacement in prexposure condition and in first three trials of the exposure
condition was significantly dferent both for LG (0.000°, SE = 0; 1.127°, SE = 0.15; p

< 0.0001) and for RG (0.000°, SE =-Q;661°, SE = 0.27; p < 0.0001), whereas it was
not different from the pointing displacement in last three trials of the exposure

condition (LG = 0.000°, p = RG =-0.000°, p = 1) (see FigutdA).

To verify the presence of aafter-effect we comparedparticipans 6 di spl acement
during invisible pointing in the prexposure and posixposure conditions. An
ANOVA on the mean displacement of invisible pointireggponses was carried out

with Group (LG vs RG) as a betwesubjects variable and Condition (pEgposure vs
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postexposure) as a withigubjects variable. The interaction between Group and
Condition was signifi cangf=.88Fsincelas e@egted= 206 .

LG and RG showed significant leftward and rightward deviations, respectively, in the

postexposure condition relative to the grposure condition (LG =4.558°, SE

0.36; vs-1.773°, SE = 0.31, p < 0.0001; RG = 3.060°, SE = 0/5060.867°, SE

0.42; p < 0.0001) (see FiguteB).

Figure 10
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Fig. 10. Mean displacement in degrees of visual angle (deg) of pointing responses in
participants with a leftward aftaffect (LG) and in participants with a rightward afédfect

(RG) induced by rightward and leftward prism adaptation, respectively. Results demonstrating
Error reduction shown in (A), which represen
pointing before prismatic adaptation (befét8) and in the first three (Rfrst 3) and last

three trials (PAast 3) during PA. Results demonstrating Afdiect of PA shown in (B),

which represents mean displacement -RAjanparti ci
after PA (aftefPA). Negative values indicate leftwapwinting displacement with respect to

the targetés actual |l ocation; positive values
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Representation of auditory temporal stimuli before exposure to Prismatic Adaptation

For each experiment we conducted an Aralgg Variance (ANOVA) on bisection
point values before PA, using Stimulus Position (left ght) and Stimulus Pitch

(high tone vslow tone) as withirsubjects variables.

In the Spatial experiment, a significant main effect of Stimulus Positiorfouasl [F
(1,27) =5 .p24: 5168]. timudi présended on the left were underestimated
compared to stimuli presented to the right (mean = 1898 ms, SE = 42 mean = 1836 ms;

SE = 45; see FigurelA). No other effect reached significance (p = 0.23).

In the Tonal experiment Stimulus Pitch (p = 0.09), Stimulus Position (p = 0.80) (see

Figure 11B) and their interaction (p = 0.67) were not significant.

Effect of Prismatic Adaptation on the representation of auditory temporal stimuli

For each experimern ANOVA was conducted on bisection point values obtained in
the experimental sessions before and after PA, using Group (LG = leftwardftdtzr
group or RG = rightward afteaffect group) as betweesubjects variable and
Condition (beforePA, or afterPA), Stimulus Position (left or right) and Stimulus

Pitch (high tone or low tone) as withgubjects variables.

In the Spatial experiment, a significant main effect of Stimulus Position was found [F
(1, 26) = 8. &% ;240pshowingGhatOstinipresedted to the left were
underestimated compared to stimuli presented to the right (mean = 1878 ms, SE = 41,

mean = 1816 ms, SE = 40). A significant effect of the interaction between Group and

Condition was al so f oun ¢= R3] Roshoc2abalysis= 7 .

(LSD test) revealed that the two groups were not statistically different before PA (LG=

1841, SE = 45; RG= 1893, SE = 74; p = 0.16), whereas after PA opposite effects were
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observed as a function of prismatic shifts, with the grsaups providing significantly
differentbisection pointd.G: 1873, SE = 50; RG: 1783, SE = 55; p = 0.02). However,
the effect of PA on time was asymmetric: RG overestimated time after PA with respect
to before PA (p = 0.005), whereas this difference wasignificant for LG (p = 0.37;

see Figure 1C) despite a numerical trend toward time underestimation. No other main
effect or interaction reached significance. In particular, there was no interaction
involving Stimulus Position, revealing that a simithfference in duration estimation

as a function of sound location was maintained after PA.

In the Tonal experiment, a significant effect of the interaction between Group and

Condition was al so founﬁ:.LQB].%mocarﬁaWsis: 6 .

(LSD test) revealed that the two groups were not statistically different before PA (LG=
1858, SE = 34; GR= 1830, SE = 56; p = 0.45) whereas after PA opposite effects
emerged as a function of prismatic shifts, with the two grqupsiding significantly
different PSE (LG: 1917, SE = 56; RG: 1757, SE = 57; p = 0.0002). Again, the effect
of PA on time was asymmetrithe rightward aftereffect group overestimated time
after PA with respect to before PA (p = 0.05), whereas thisreifte= was not
significant for leftward aftereffect group (p = 0.12; see Figurell) despite a
numerical trend toward time underestimation. The absence of any main effect or
interaction involving the Stimulus Position variable shows that PA did not erdasce
difference in duration estimation as a function of sound location both before PA and

after PA.
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Figure 11
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Fig. 11. Bisection point values in milliseconds (ms). Effect of Stimulus Position (left, right) in

the Spatial Experiment (A) and in tA@nal Experiment (B). Effect of interaction between
Group (LGleftward aftereffect, RGrightward aftereffect) and Condition (beforRA, after

PA) in the Spatial experiment (C) and in the Tonal experiment (D). Asterisks indicate

significant differences

Correlational Analysis

To assess

f

P A

i npuenced ti

me

percept.i

analysis. As a measure of PA effect on time we took the difference between bisection

point before and after PA, separately for the Spatial and the Tonalirent.

Negative values indicate underestimation after PA compared to before PA, whereas

positive values indicate overestimation. As measure of error reduction during PA, we

computed the difference between timean pointing displacement in the first three

trials minus themeanpointing displacement in the last three trials in the exposure

condition. Since pointing displacement in the last three trials was always zero, this
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difference corresponds to tineeanpointing displacement in the first three trial® (
the starting pointing displacement). As a measure of-aftect, we took pointing

displacement in the pesixposure condition.

The analysis revealed a negative correlation between starting pointing displacement
and aftereffect ¢ = -0.82; p < 0.001) suggesting that the larger the pointing
displacement in the direction of lenses deviation, the larger theeffitet in the
opposite direction. Most interestingly, the analysis indicated a negative correlation
between starting pointing displacememtd auditory duration processing both in the
Spatial (r =-0.60; p = 0.001) and in the Tonal (r-8.43; p = 0.02) experiment (see
Figure 12A). Specifically the larger the pointing displacement in the direction of
lenses deviation, the larger the effeEP@\ on time: when pointing displacement was
positive (lenses to the right inducing leftward affiect) the effect on time was an
underestimation, when pointing displacement was negative (lenses to the left inducing
rightward aftereffect) the effect ortime was an overestimation. Finallgt positive
correlation was found between afeffect and time both in Spatiat € 0.52; p =
0.005) and Tonal (r = 0.38;9€0.05) experiment (see Figut@B): the larger the after

effect to the left the larger the derestimation, the larger the afeffect to the right

the larger the overestimation.
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Figure 12
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effect of PA on Time estimation was calculated for each experiment as the difference in
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duration (1400, 1700, 2000, 2300, 2600, ms) was calculateehfdr participant and

each condition. Then, for each experiment we conducted an Analysis of Variance

( ANOVA) on percentage of Al ongo reffectponses,
group or RG = rightward aftesffect group) as betweesubjects variableand

Condition (beforePA, or afterPA), Stimulus Position (left vs right) and Intervals

(1400, 1700, 2000, 2300, 2600, ms) as wisbjects variables. Pesbc analyses

were conducted using the Least Significant Difference (LSD) test and effect size is

provided as partial eta square.

In the Spatial experiment the effect of Stimulus Position was significant [F (1,26) =
5.69; p = 0.03; dp2 = .179]. Means indica
higher (overestimation of time) for right stim61%, SE = 8%) than for left stimuli

(58%, SE = 8%). The effect of the interaction between Stimulus Position and Intervals

was also significant [ F (4, 10hbg analyse . 7 3 ;
reveal ed that even i f nseshwas higeer foreight sigué o f A
than for left stimuli, this difference was significant for the middle interval (2000 ms)

(right, 77% vs left, 67%, p < 0.001), but not for the other intervals (1400 ms, 1700 ms,

2300 ms, 2600 ms, p > 0.07 fali comparisas) (see Figure 13 for means and SE).
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Figure 13
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Fig. 13. Results of the interaction between Stimulus Position and Intervals. Percentage of
il ongd responses ( %) for each inter w40, durati ol
1700, 2000, 230®600 ms), for stimuli presented on the left (Left Stimuli) and right (Right

Stimuli) side of space.

As far as the effect of PA, a significant main effect of Condition [F (1,26) = 6.35; p =

0.02; dp2 = .196] and of t hen[k(d26e=r9a44&t i on be't
p = 0.004; dp2 = . 273] was found. An effe
Condition and Intervals was found [F (4,104) =2.97;p=00g;2 = . 102] . Figur

shows that in RG group there was a tendency, for all intervals, tosvdmgher
percentage of Al ongo responses after PA rel
the two central intervals (1700 ms, 41% vs 27%; 2000 ms, 78% vs 66%; p< 0.001 for

both comparisons). By contrast in LG group, even if means suggest a tetmleacy

a | ower percentage of Al ongo responses afte

central intervals (1700 ms and 2000 ms), this difference was not significant.
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However, for the 1700 ms interval, t he hi
groupafter PA was significantly di fferent
responses of LG group after PA (RG, 41% vs, P@%, p = 0.03) (see Figure 1ar

means and SE).

Figure 14
Interaction Group x Condition x Intervals
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Fig. 14. Results of the interaction between GroupGLR-G), Condition(b-PA, aPA) and
I ntervals (1400, 1700, 2000, 2300, 2600 ms) .

interval duration expressed in millisecond.

In the Tonal experiment, the effect of Stimulus Position (p = 0.53) and its interaction
with other variab#s were not significant (p > 0.06). As far as the effect of PA the
interaction between Group and Condition was significant [F (1,26) = 6.46; p = 0.02;
dp2 = . 1héc9ahalysisPevesaled that the two groups were not statistically
different before PA (G= 59%, SE = 11%; RG= 60%, SE = 11%, p = 0.96), whereas
after PA the effect on time was asymmetric: RG group showed a higher percentage of

Al ongo responses (overestimation of ti me)
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SE = 11%, vs 60%, p = 0.005), whkas this difference was not significant for LG

group (57%, SE = 11%, vs 59%, p = 0.36). Moreover a significant effect of the
interaction between Group and Intervals was
.092]. Posthoc analyses revealed a higher ppe nt age of Al ongo resp
relative to LG group, for the central intervals (1700 ms, 39% vs 27%, p = 0.03; 2000

ms, 79% vs 68%, p = 0.05) é&s€igure 15or means and SE).

Figure 15

Interaction Group x Intervals
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Fig. 15. Results of the interaction between GroupGL R-G) ard Intervals (1400, 1700,
2000, 2300, 2600 ms). Percentage of Al ongodo resp

in millisecond.

In sum these results show that the spatial location of stimuli influences the percentage
of Al ongo r es pecestimatian oftrighivstinuld relaive todett stimuli, in

the spatial and not in the tonal experiment. This effect of spatial location is significant

for the very central interval of the distribution (2000 ms), suggesting that the spatial
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location exertgts effect in the point of maximum uncertainty when judging a time

interval.

However, parallel to what found with the analyses on bisection point, prismatic

adaptation influences the percentage of i
experiment. This influence was asymmetric: prisms inducing a rightwardeéfieet
significantly increased the percentage of

leftward aftere f f e c t did not significantly <change
degite a trend of means toward a decrease. Similarly, the effect of PA on time
intervals was significantly evident in the central stimuli of the distribution, suggesting

that the effects of a spatial manipulation (whatever spatial location or PA) occurs when

the participant is uncertain about the response when judging a time interval.

7.1.4 Discussion

The present studgxaminedhe spatial representation of auditory tifoeusing on two

novel aspects: first, the role of spatial vs tonal coding of sound in enhancing such a
representation; secondhe role of prismatic adaptation as modulatory effedft
auditory time is spatially represented on a mental time line (MTLi}tdefight
oriented, underestimation of stimuli presented to the left and overestimation of stimuli
presented to the right was expected. The present findorggmed this prediction by
showing that duration of auditory stimuli was underestimated whenhey were
presented to the left side of the participant, with respect to when they occurred on the
right side.Most important this effect was evident only whahe auditory stimuli
requiredprevious spatial encoding (Spatial experimeht)t not when they required

tonal encoding (Tonal experiment). Whparticipantswere asked to respond taking

into account the stimulus spatial location (left or riglsace influenced duration
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estimation. This suggests thehenaudi t ory st i mul i wehrted ,coded
this information about their location in external space was reflected in their
representation on the mental temporal liAs. a result, duration of left stimuli was
underestimated with respect to the duration of right ones. By contrast, when subjects

were asked to respond taking into account the stimulus tonal frequency, the actual

location in space (left or right) did not influence duration estimation.

Spatial coding of auditory time is taslkependent, but independent of motor response

These findings corroborate and extend the results of a recent work on auditory time by
Ishihara and colleagues (2008), showing thatdefé responses were faster for early
onset timing than latenset timing, whereas rigiside responses were faster fate-

onset timing than eadgnset timing. These results supported the idea that time and
space metrics interact in action (Walsh, 2003; Bueti and Walsh, 2009). The present
work extends the findings of Ishihara and colleagues (2008) in several wayswé€irst,
show that spatial interference on time processing for sounds requires previous spatial
encoding of the stimulus. The auditory system is not inherently spatial, because
information is initially encoded tonotopically and space is not immediately awailabl

on receptor surface (Barker et al., 2011; Hall et al., 2009). To encode the spatial
location of auditory stimuli the brain implements additional processes, based on
interaural and monaural auditory cues (Blaa@d Lindemann, 1986). As a result, the
output of this computation is typically more complex and less precise than the
localization of a visual stimulus. Our results indicate that the spatial representation of
auditory time emerges more strongly whenever a spatial encoding of the auditory
stimuliis enforced. Second, di fferently from |Is
duration instead of timing expectancy. Third, we did not use a motor response and our

findings show that a spatial representation of auditory time emerges also without
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interactions wh a spatial motor response. The observation that time and space can
interact even in the absence of motor actions is particularly relevant. One possible
explanation is that the brain develops spatial metric maps during action interactions
with the envirmment. Once this metric system has completed its development, it is
used as a code to compute other cognitive operations and not just for measuring
qguantity dimensions useful for action (Bueti and Walsh, 2009). The existence of tight
links between motor gptial maps and cognitive spatial maps has been widely
demonstrated. On one hand, the findings described so far, including the present study,
indicate that a manipulation of spatial attention influences the spatial representation of
time both with or withotimotor response (Vicario et al., 2007; 2008; Oliveri et al.,
200%). On the other hand, the reversed condition has also been demonstrated: a
manipulation of the representation of time influences spatial attention orienting and
motor preparation in spaceor example, Ouellet and colleagues (2010) examined the
nature of the spacéme conceptual metaphor, by testing whether the temporal
meaning of words presented centrally on screen can orient spatial attention and/or
prime a congruent left/right motor resgpse. They found that the mere exposure to past

or future words both oriented attention and primed motor responses to left or right
space, respectively. Similarly, a recent ERP study by Vallesi et al. (2011) found that
centrally presented time intervalgefactivated the corresponding motor cortex and
speeded up a response mapping compatible with a short/left and long/right order. This
evidence of a multidirectional influence among spatial attention orienting, spatial
representation of time and spatial wotesponses, suggest that spatial metric is a very
centralized representation that is employed for spatial operations at other different
levels of the cognitive system, and that a perturbation in the spatial metric at one level

reflects in the same perhation at all other levels.
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Prismatic adaptation modulates spatial coding of auditory time

A further novel result of the present study is that representation of auditory durations
was modulated by prismatic adaptation. More precisely, leftward and ragttw
attentional shiftinduced by PA resulted inopposite effects on the estimation of
auditory time intervals, regardless of the side of sjpa@ehich stimuli were presented

(left or right) andrrespectiveof whether the task required a spatial or atonding of

the sound. Strikingly, our correlational analysis indicae®lationship betweeRA
parameters (namely, starting pointing displacement andeffemt) and thePA effect

on duration processindyoth in the Spatial andn the Tonal experimentFinally, we

found that this effect was asymmetric in magnitude. PA affected time estimation more
strongly when attention was shifted to the right, compared to when it was shifted to the

left.

The strong effects of PA onspatial coding ofauditory time has several relevant
implications. First, itprovides evidence that adaptation of visowtor coordination

can affect performance on a sensory modality (audition) that is not directly implicated
in PA. In this respect, there is a parallel between PA sff@ctauditory time and PA
effects on auditory spatial processing (Eramudugolla et al., 2010; Ja@quitois et

al., 2010).In braindamaged patients with visual and auditory neglect, Eramudugolla
and ceworkers (2010) found that the overall auditory datn performance improved
after PA relative to before RAimilarly, JacquirCourtois et al. (2010) found that PA
improved discrimination of auditory stimuli delivered at the contralesional ear
JacquinCourtois and colleagues explain their data suggestinat the lateralized
remapping of visugnotor information induced by prism could subsequently alter
attention orienting in the auditory modality. In our opinion, and in accord with the

present data showing an effect of prismatic adaptation on auditoeysiimuli, the
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results of JacquuCourtois et al., suggest that PA transferred benefit to the auditory
modality that is orthogonal to the visual, proprioceptive and motor modalities directly
implicated in the visugnotor adaptive process. This impliesttiedfects of PA can
extend to unexposed sensory systems, suggesting implication of arsugebeffect.

Once the sensory representation of duration is translated at high cognitive level in a
spatial representation, it is not auditory featured anymorthisrsense, PA may have

not affected audition but rather a spatial supal representation of temporal
stimuli.In this respect, it is important to note that a shift of spatial attention to opposite
sides have produced opposite effects on time, indepégdan the stimuli location

(left or right) and independently on the kind of encoding (spatial or tonal). This result
reinforces the hypothesis that PA affects the spatial representation of any auditory
duration once it has been encoded and translatedaimognitive one. The resulting
effect of PA is similar to a fAdistortiono
by shortening or extending it according with the leftward or rightward attentional

deviation.

Concerning the asymmetric effects ol Rleviation on auditory time, it should be
emphasized that such asymmetries are not new in the literature on PA. Previous studies
showed that rightward shifts of spatial attention induced by prismatic adaptation are
stronger than the leftward ones, as \g® @ocument here (Goedert et el., 2010; Colent

et al., 2000)As we explained in chapter €olent and colleagues (2000) demonstrated
that after a session of PA shifting spatial attention to the right, participants bisected
horizontal lines more to the right relative to before PA. The opposite effect was not
found with leftward PA deviation. Ste rightward line bisection is a typical behavior

of patients with hemispatial neglect, the authors considered their results in terms of a

simulation of neglect in neurologically healthy individuals. Because neglect syndrome
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is more likely to occur afteright rather than left hemispherical lesions, inducing a
rightward bias of spatial attention, Colent and colleagues proposed that the
asymmetrical effect of rightward and leftward PA on space might reflect an inherent
bias of the brain's structural orgartipa in directing attention to the right.
Accordingly, some studies suggest that neglect {lgsgdn in patients) and pseudo
neglect (physiological bias that is observed in some tasks in healthy subjects) could be
expressions of common cognitive and néarachansms (McCourt and Jewell, 1999).

In other words,
cognitive performances of healthy subjects after PA could be considered as correct
approximation of a negletike behavior, with common main characteristics (i.e.
directional bias, directional spécity, predominance of perceptive effects; Michel et

al., 2003).

An explanation that is not in contrast but complementary to the last one, is that-the left
to-right shift of spatial attention (and of temporal representation) is easier to be
induced tharthe rightto-left shift, because it has been acquired more extensively in a
culture adopting a lefto-right writing/reading system. Therefore it would be difficult

to overcome with a short prismatic adaptation training phase. Our participants were all
Italian native language speakers, learning exclusively aokeftjht writing/reading

habit. Supporting this explanation there is evidence about the strong influence of the
writing/reading habits on the congruency effects involving space (Dehaene et al.,
1993). Alternatively, the asymmetrical results on the line bisection task could be
attributed to sensofgotor aftereffect. However, this can be excluded because in the
present study, similarly to the study of Colent et al. (2000), we observed symmetrical
sensorymotor aftereffects, regardless of prismatic deviation side, despite an

asymmetrical effect on the representatiodwfation.
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Whatever the interpretation of the asymmetry of PA effects found in the present study,
our findings strongly suggest théhe engaged process concerns some supramodal
level of spatial representations. These effects confirm that semsxoy integration

can structure spatial cognition and hence that sensaior and cognitive
representations of space are not fully disgediasupporting our hypothesis that PA

has affected the high cognitive spatial representation of time for auditory modality.

In conclusion this study indicates that the spatial representation of auditory time
emerges more strongly whenever a spatial engoaf the auditory stimuli is enforced
and that this spatial representation of auditory time can be modulated by a shift of

spatial attention obtained through the PA procedure.
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CHAPTER 8. NEURAL CORRELATES OF THE  SPATIAL
REPRESENTATION OF TIME AND ITS RELATIONSHIP WITH SPATIAL

ATTENTION

8.1Time and spatial attention: effects of prismatic adaptation on temporal
performance in unilateral brain damaged patients

8.1.1 Introduction

Accordingto the demonstrations thatoving attentive focysy PA,along themental
time-line can bias time perceptiom apen question in cognré neuroscience remains
how thetwo dimensions of space and time int#ravith each other in the brain.
Neuropsychological studies in stroke patients (Bastsal., 1996; Danckert et al
2007; Harringtoret al.,1998; Kochet al.,2002) and neuroimaging steg in healthy
subjects (Bueti et al2008; Buetiand Walsh, 2009; Ivry and Spenc2004; Kochet
al., 2009 2003; LewisandMiall, 2003b;Wieneret al.,2009 have explored the oeal
correlates of spatiatemporal interactionssuggesting a critical role of fronfmarietal
structureswith a preference for right hemisphere (see also chapters 1, 2 .anke3)
present study was dgsed to investigate, by usinBA procedure to direicinally
manipulate spatial attention, the neumachanisms subserving the etieof spatial
attention on timeperception in amodel of brain dmage.We were interested to
address two questions: (1) studying the effects of PA on temgefigits in brain
damaged patients and (2)estigatingwhich hemispherenedates the effects of PA
on timeprocessing. Tothisaimtwoexpge nt s wer e C 0 experimdnte d . [ n
(Experiment 4)two groups of patientsith right and left brain lesio(RBD andLBD)
and a group of agmatched healthy subjects wesabmitted to a time reproduction
task before and after rightwaat leftward PA (betweegroup csign). In a second

experiment (Experiment 5RBD and LBD patients were bmitted to the same task
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before and after rightward and leftward PAwithin-group design). In both
experiments, participants wereqrered to reproduce half of thduration of a
previously studiedvisual stimulus (time reprodtion/bisection task). The logic
subseving this task is thadettingthe midpoint of a temporal inteal requires a spatial
computdional processing: in fact, the task of bisecting a playsitervalmeasures the
spatial ability of computing extent along the laterdimension. This spatial compennt
becomes cruclawhen we applyPA, which typically directionally shifts spatial
attention. Moreover, the tempoal bisection task documented a#$ in time
percepion in RBD patients similar to thikne bisection deficits observad spatial
tasks (Oliveriet al., 2009p We expected that RBD, but noBD patients, should be
impaired in time bisection task before PA as compamwidh healthy subjects.
Moreover, if the effects of spatial attention on time processingna@diated by the
right hemisphere, RBD patients shoulok showthe effects of PA on time processing.
Onthe other hand, if the effectd spatial attention on time procesgiare mediated by
the left hemisphere, LBD patients should tnehow the effects of PA on time

processing.

8.1.2 Experiment 4

8.1.2.1. Methods

Participants and Muropsychological assessment

Sixteen patients with unilateral braitamage, eight RBD (7 male; meage = 69.9
years) and eight LBD (5 male; meagea= 63 years) and sixteen papants without
history of neurological or pghiatric disase (6 male, meaage = 64.8 years) gave
their informed consent to participate in the study, which agsroved by the local

ethics committee. All procesles were in agreement witthe 1975 Helsinki
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Declaration. Patients were recruiteonsecutively at thEondazione Maugeri Hospital

(Castel Goffredo, Italy) andt San Giacomo Hospital ¢fonte @ | | 6 Ol i o ( Pi acen
Italy). The criterions for exclusion from the study wethe presence of cognitive

impairment (score lower than 24 at the Mitental State Examation; Folstein, et al.

1975) and the presence of visd@ld deficits. RBD patientsvere not affected by

neglect (as assessed by Bell cantielhatesti Gauthier et a).19891 and line bisection

test) and LBD patientsad no comprehensiompairment(as assessed by Token test)

(data of each pati¢mre provided imTable J.

Table 1 Summary of clinical and demographic data for RBD patients group (rP) and LBD

patients group (IP) in Experiment 4 and in Experiment 5

Parficipants G ender Age Education  Lesionsite Hemiplegia
(years) (years)
Experiment 4
1Pl M 64 16 MNA +
22 M a3 5 MNA
123 M ] 7 C-Th +
24 M 6l g C-FP +
123 M 6/ 3 A +
1P M 6l 12 NA +
127 F 76 3 NA
28 M s 14 FF
Pl M a2 18 F
B2 M 63 13 NA +
B3 F 28 15 NA -
F4 M L 3 A
P35 F L) 6 HA +
B4 F 61 5 T +
B7 M 64 10 MNA -
iz M 635 3 GB-FF +
Experiment 3
1Pl il 63 3 C +
2 F 63 3 F-T® +
123 M L 5 FF
24 F 66 12 F-T®
13 il 6/ 3 FF
Pl F 63 3 T -
B2 M 62 10 F
B3 M 52 i Th-F-P
P4 M 64 3 GB-FF +
B3 il & 3 GE +

Tab. 1. F: frontal; T: temporal; Pparietal; O: occipital; C: capsule; BG: basal ganglia; Th:

t hal amus. (+) hemiplegia; (7T) no hemiplegia; N A
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Timebisection task

Subjectssata di st ance o fcorbpdter monitof, with theirespothdh@
hand (left or rightdepending on expemental group) placed on ttepace bar of the
keyboard. The vigalstimulus was a square (1°x1° of visual anglesented on the
center of thanonitor. A blue squarevas presented on timonitorfor a variable time
interval: 1600, 18002000, 2200 and 240fs (timeencoding phase). Immediately
after the encoding phase, a red squaas presentecbn themonitor. Subjectavere
required to press the space bar of the computenthey judged that half the duration
of the previously ecoded 8mulus had elapsedime bisection phase). Patients pressed
the space bar Wi their ipsilesional hand®BD patients and 8 control subjects (right
controls: FC) performed the task using their right index finger; LBD patients and other
eight contol subjets (left controls:LC) performed he task using their left index
finger. Cotrol subjects were assignedndomly to the two groups. The computer
program ecorded the reproduced timgth 1-ms resolution. No fedzhck was given
on accuracyFifty trials wererandomly presented, ten for each ginmterval. Before
startingthe experimental session, subjects were predemith 100 practice trialsAll

subjects performed the time bisection task bedmk after PA.

PrismaticAdaptation procedure

Prismatic adaptation procedure is the same used in the previous experiments 1, 2 and 3
(Chapters 6, 7 and 8). RBD patients and ®€&re submitted to ipsilesional (rightward)
deviating prisns according to the liteare describing the effects of such prisors

spatial tasksn RBD patients (Frassinetgt al., 2002; Rossetti et al., 199&8BD
patientsand LC,were submitted to ipsilesionélleftward) deviating prisms. Therefore,

following the description of time bisection tagRBD patients ad RC performedhe
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PA pracedurewearingrightwarddeviating prisms ang@ointing with their right hand;
LBD patients and LC performed the PA procedwearing ldétward-deviating prisms

andpointing with their left hand.

8.1.2.2 Results

Since leftward and rightward devia by PA are expected to induce opposite effects
on time (see chapters 6, 7 and Frassinetti et al., 2009), for the time bisection task, we
separately analyzed the data from RBD patients and RC and from LBD patients and
LC. After the exposition of PA efféon the time task we will present data on PA error

reduction and aftereffect.

PA effect on time bisection task

RBD patients and RC (leftwa attentional shift). In ordeto verify the effects of

leftward shifts of spatial attention dime processing, aANOVA was performed with

Group (RBDvs RC) as betweesubjects fator and Condition (BPA: before prism

adaptation vA-PA: afterprismadaptation) and IntervgBOGi 900/ 1000 1100 1200

ms) as withirsubjects factorRe s ul t s s h o w dfatt oGroapi [f(In14)y=c ant e
8.85; p <0.01]: RBD patients underestiated time durations as comparaith RC

(1237ms vs985ms) (Fig. 1@&). The Condition factowas alsss i gni ycant [ F( 1, 1
4.63; p 0.05]: in the APA condition, tmne wasunderestimated as comparethwB-

PA condition (APA: 1169 msvs B-PA: 1054ms). Time undemdimation following

PA was sinlar in both groups, as revealed ltge lack of significance of the

interaction Groupx Condition (p =0.49; RBD: 1314ms vs 116Ims; RC: 1024ms vs

947 ms) (Fig.16b) (see Table 2 for RT value3he factor Interval [F(4,56) = 5.66; p

<0.0007] and the interaction Group kterval [F(4,56) = 3.02; €0.02] were

Si gni y c araproduced time R@he time bisection task increased dattreals
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to-betimed incrased (800ms vs. 1000, 1100 and 120pm$.03; 900ms vs. from
1200ms: p 8.03) whereas in RBD patientsere was not any difference between
intervals. Furthermore, RB[Patients underestimated all #mntervals as compared

with RC (p < .04) (Fig. 16).

Figure 16
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Fig. 16. Experiment 4. (a) Mean reproduced tirffres) in RBD patients vs. rightontrols
(RC). (b) Mean reproduced time before and following rightward prismatic adaptation in RBD

patients and rightontrols (RC) together. (c) Mean reproducedetias a function athe five
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time intervals in RBD patients and rigtwntrols (RC). Error bars indicate standard error of

mean.

LBD patients and LC (rightard attention shift). An ANOVAwas performed with
Group (LBD vs LC) as beteenrgroup fator and Condion (B-PA: before pism
adaptation vs APA: after prism adaptation) and Intals (8009001 1000 1100
1200ms) as withi#subjects factorsResults showed no differencestiming between
patients anatontrols (LBD: 1062ms vs LC: 1086ns: p = 0.86) (Fig. 1&). Condition

and the interactionGroup x Condition (p = 0.89) weren o t Si deftwagddPAnt :
(rightward aftereffect) did not influence time procesg both in LBD patients (1085
msvs 1039 ms) and LC (1104 ms 1867ms) (Fig. 1D) (see Tabl@ for RT values).

The factor Intervawas si gni ycant (J.0B00Y: inFaet) reprodu®d 7 O ; p
time in the time bisection task increabas the intervals doe-timedincreased: 800ms

vs. 1000, 1100 and 1200ms: ©.61; 900ms vs1100 and 1200ms: 0.341). The
interaction Group x Interval was ot s i g n i0.89%, adichatingthat this effect

was similar inLBD patients and controls (Fig. 17c).
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Figure 17
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Fig. 17.Experiment 4. (a) Mean reproduced time (ms) in LBD patients vsdetrols(LC).

(b) Mean reproduced time before and following rightward prismatic adaptation in LBD
patients and leftontrols (LC) together. (c) Mean reproduced time as a function of the four
time intervals in LBD patients and lefontrols (LC). Error bars indicatstandard error of

mean.
To control for the role of theesponding hand, a new contgrioup of six agenatched
healthysubjects (4 male; mean age = ¥€ars) was submitted to the timesdxtion

task using their righband, before and after leftward\Rrightward after effect). The
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performance of subjects perfommgi the pointing task with thenight hand (LCRH)
was compaxd with the performance of gelbt performing the pointing taskitiv their
left hand (LGLH). An ANOVA with Group (LGRH vs. LGLH) asbetweensubjects
factorand Condition (B?PA vs. APA) as wthin-group factor, showed thagroup,
Condition and theirintecat i on wer e n ofesulsrileg out & ccuaial ole

of the responding hand in mediatitige effects of PA on time procesgi

Table 2Summary of RTs in time bisection task in RBD patients (rP), «éghtrols (RC),
LBD patients (IP) and fe-controls (LC) in Experiment.4

Participants Before-PA After-PA Participants Before-PA After-PA
Pl 1204 1281 1Pl 1029 1200
P2 1284 1332 P2 1064 979
3 1069 1159 IP3 931 1009
P4 808 203 P4 1366 1193
P35 1131 1063 IP3 132 804
il 1473 1390 IP6 966 968
P7 1353 1408 1P7 n7 693
P8 961 1770 i 1487 1831
Cl 851 929 IC1 626 759
1C2 987 1168 1c2 1060 1002
rC3 830 967 IC3 889 1034
C4 113 819 1C4 1377 1493
1C3 1057 281 1C3 1191 1142
Cé 932 986 1IC6 1387 1386
1C7 1128 1072 1C7 1043 1027
C8 1054 1268 1C8 %66 268

Tab. 2.RT values (milliseconds) of RBD patients (rP), rigbntrols (RC), LBD patients (IP)
andleft-controls (LC) in the time bisection task before prismatic adaptation (BEfdyeand

after prismatic adaptation (Aft€?A) in Experiment 4.

Prismatic Adptationresults

To ensure that any potential difference in time processing were due to prismrexpos

error reduction and afteaffect were assessed

The errofreduction is the tendency to compensate, during prism exposungiidorinduced spatial
errors in pointing. The aftezffect is the subsequent tenderioypoint to the directiompposite to the
optical displacement inded by prism, afteprisms removal. Pointing displacement measamies a
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Error reducti on: To demonstrate the prese
and of error reduction, in the last triat prisms exposure conditionisible pointing
performance dimg pre-exposure and exposure condition were compared with the
foll owing predictions. First, expobure,saubj ect
difference should be found between fivst trials of theexposure condition and the
pre-exposure condition. Second,subjectswere actually able to adapt to the prisms,

no difference shoulde found between the last trials of the exposure condition and the
preex posure condition, . e. OU shauld el ose t
registered in both conditiongwo different ANOVAs were performed for subjects

(patients and controls) submitted to righand and leftward prismatic detion
respectively, taking Group as betwegnoup variable andCondition (preexposure,

exposure yr st t hlasetleee triak)iaswitsinsubjacts vagiablp.o s ur e

Rightwarddeviating prisms (RB patients and RC). ANOVA indiat ed a signiy
effect of Conditim [F(2,28) = 57,19; p < 0.0001Post hoc analysis reveals that

pointing displacement before RAT . 0 0 1) wfaom expasife tomditiennirt the

yr st trinldr(2.29ep €.0001) but not from exposure condition in the ldste

trials (.16, p =0.47). This effect was present both in RBD @amdRC, as proven by the

lack of signifcance of the interactioGroup xCondition (p =0.16).

Leftward-deviating prisms (LBD patientand LC). ANOVA indc at ed a signiy
effect of Condition and of the interacti@roupx Condition [F(2,28) = 4.50; pG02].
Post hoc analysis revealsat in both LBD patients and LC, pointirdisplacement
before PAwas di f f er ent f neeotnals of exgdsure conditioh @BDy r st t

02vsi 1. 15; L C: . 0MO01 forsbothicampadigbns) bpt noet from that in

negat i ve sdregted to(thie )eft amdh eepositive sign (+) when dieddo the right with respect
to the target actual location.
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the last three trials of exposucendition (LBD: .03, p 0. 9 9 ; OL,(:=0.92).
Pointing deviation n t he yrst three trial s000G)s small e

(see Fig. 18a).

After-effect: To show the presemof an aftefeffect, invisiblepointing was compared
betweerthe postexposure condition artthe preexpacsure condition. If PAproduced a
leftward visuemotor bias in response to the rightwladeviation induced by prism, a
leftward (i.e. negative) or rightwe (i.e. positive) error duringpointing, after
rightward or leftward prisms respectively, sholle faund when prismatic gages
have been removed, wherethgs effect should not be preseddiring preexposure
condition. To verify this prediction, an NOVA was performed taking Groups
betweergroup variable and Qulition (preexposure invisiblepointing and post

exposure invisible pointing) as withBubjecs variable.

Rightwarddeviating prisns (RBD patients and RC). ANOVAeveal ed a signiy
effectof Condition [F(1,14) = 146.73 <0.0001]. Post hoc analysib®ved that pre
exposure invidlle pointing condition was different from pesiposure invisikd
pointing ondition (aftere f f ect ) (. 02 vs T 2CoBditonwash e i nter

not sign0BPcant (p =

Leftward-deviating prisns (LBD patients and LC). ANOVA eveal ed a signiy
effect of Condition [F(1,14) = 209.2; pG<0001].Post hoc analysis showed that
exposure invisible pointingcondition was different frompostexposure invisible

pointing comlition (aftereffect) (.07 vs. 2.5). The interaction GroxpConditionwas

not s it(pr0.B)x(seaFig. 1.
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Figure 18
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Fig. 18. Pointing deviation. (A) Mean pointing displacement (expressed in degrees of visual
angle) of subjectsd visible pointi#fadvP) res
mean pointing displacementf t he yryrtstt htr.e)e dmPA t Rastt) ast th
during prism adaptation. (B) Mean displacement (expressed in degrees of visual angle) of
subjectsd invisible pointing (I ) arderegnonses
pointing displacement after prism adaptation (Afiek). RBD, right brain damaged patients;

RC, right controls; LBD, left brain damaged patients; RC, left controls.

8.1.3 Experiment5

8.1.3.1Methods

Participants and lesions mapping

Ten patients with unilateral brastamagefive RBD (3 male; mean age = 68.6 years)

andfive LBD (4 male; mean age = 65.4 years), who did not take part in the previous
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experiment, performed the time bisecti@sk before and after both righard and

leftward PA, following the same procedure of exipeent 4. The order of the direction

of prismatic deviation was counterbalanced across subjects. Subjects were examined in

two sessions, separated by an interval of one week. The exclusion criterions used for
Experiment 4 were also applied for selectinggyds for Experiment 5data of each

patient are provided in Table 1). I n the yr
(baseline), then they underwent PA procedure and then performed the task again (as in
Experimentd). One week later, in the seabsession, subjects were submitted to the

samepr ocedure with prisms inducing the opposi
session.In all expeiments, in line with previous ridings (Frassinetti et al., 2009),
whenreproduced time is longer than the real timerefer to underestimation; when

reproduced time is shorter than the real time, eferrto overestimation. Reptocing

a time interval longer than the real timecsnsidered time underestimatibecause

subjects press the key later as if they bel@veat time is elapsing slowdn line with

this interpretation, if participants peoduced a time interval longeafter than before

PA, the effect induced by prisnstoward an underestimation of time.

CT/MRI digitalized images of fve RBD and four LBD patients, who piaripated in
Experiment 5 ~weae mapped using MRIcro software(available on
http://www.cabiatl.com/mricro, Rorden C.) The regionnmeéximum overlap, which
contained the overlap of at least thre¢ pae n torss,0wad egtdted. Thereaftdre
mean number of v o xoeerlapping Was pakcilated. TBeaddand e si ons

areas involved by the lesion for morexets than the mean were identified.

In RBD patents the Brodmann areas ider@diwere in frontal (BA 47), parietalBA

7, 39 and 40), temporal (BA 20, 21, 38, 41 42) and occipital (BA 19) areasd the
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region of maximum overlap was locdta the deep white matter int@mporeparietal

region

In LBD paients the Brodmann areas idéi ed werein frontal (BA 4, 6, 44, 45 and
47), parietal (BA 2 and 40), temporal (BA 222 and 38) areas and the region of
maxmumover | ap of at | e avad loatedvio the feomtal eorteix s 6 | e

(Figure 19.

Figure 19
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Fig. 19. CT/MRI digitalized images of fie RBD (a) and of four LBD (b) patients mapped

using MRIcro software. One color refers to one patient. Dark violet: one ROI (region of

interest); red: all ROIs. See text for details.
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8.1.3.2Results

PA effects on time bisection task

A shift of spatial attention to the left space induced time underestimation as compared
with before PA in RBD patients (1453 ms vs 1318 ms; p < 0.05) but not in LBD
patients (1004 ms vs 1029 ms; p = 0.30). A shift of spatial attention to the right space

did not influence time perception either in RBD (1388 vs 1332ns,

p =0.45) or in LBD patients (1195ms vs 1105ms p.%4). Before PARBD patients
tended to underestimate time durations as compaitedLBD patients (1325ns vs.
1067ms, p = .08) (see Tabl3 for RTvalues).

Table 3. Summary of RTs in time bisection task in RBD patients (rP) and LBD patients (IP)

in Experiment 5

Participant Lefrward attentional shift Rightward atrentional shift
Before-PA After-PA Before-PA After-PA
rP1 BB7 1198 1379 1493
k2 1291 1346 1317 1129
rP3 1787 1855 1600 1617
rP4 1582 1563 1091 1158
rP5 1046 1301 1275 1293
IP1 1555 1404 1487 1831
IP2 889 1004 1029 1200
IP3 981 973 1043 1014
P4 1038 958 966 968
IP5 G684 681 598 963

Tab. 3. RT values (milliseconds) of RBD patients (rP) and of LBD patients (IP) in the time
bisection task before prismatadlaptation (Befor€A) and after prismatic adaptation (After
PA), for leftward shift of spatial attention (Leftward attentional shift) and rightward shift of

spatial attention (Rightward attentional shift) in Experiment 5.

Prismatic Adaptation results

Error reduction: To verify that subjecshowed an error redtien, we conducted an

ANOVA with Group (RBD and LBD patientsas betweemgroup variable and

100



Prismatic Deviation (right and leftand Condition (preexposure condt i o n, yrst t

trials of theexposire condition, last three trials of the exposure condition) as

within-subjects wriables. The interaction Group X Prismatic Deviatio©ondition

was sitgmi,18)c=a2d.26; p < 0.000lThi s anal ysis reveal e
pointing deviation, irthe yrstthree trials of the exposure conditjaelative to the pre
exposurecondition, in RBD patients for rightavd (.04 vs. 2.08) and leftwaptisms

(1T .06 v s 0.0001Dr bt comparisens) and in LB@atients for rightward (0

vs. 1.02, p €.01) but not for leftward prismé 0 vs. 1T .56, p was . 27) .
found between prexposurecondition and the last three triald the exposure

condition in RBD as well as in LBD patients, for tho rightward and leftward

prismatic deviation. ThusLBD patiers did not exhibit the expectegdointing

deviation during leftwat prisms exposure. Moreover, inh e yr st three tr
exposure condition, LBDpatients showed smaller pointing deviation than RBD

patients, bottwith rightward(1.02vs. 28p 0. 0001) and with | eftwa

vsi 2. 42) .

To better investigate the beging pointing deviation and thepidity to correct the
pointngce vi ati on, RBD aaintng displacenmera (absaenvalies)
was submitted to aANOVA with Group as betwengroup variable and Prismatic
Deviation and Blocks (trialsiB = block 1; trials 46 = block 2;719 = block 3) as
within-subjectsvariables. The deviation in thgrst three trials is a measure of the
immediate effects of prismatienses a pointing accuracywhereas the deviation in
the followingtrials is a measure of the ability ¢orrect the pointing deviatioindeed,

if patients rapidly correctheir pointing deviation, a d#rence should be found
betweenh e yr st a n dckobflriaels; enehe othed haridl| ifgpatients slowly

correct their pointingd e vi at i on, the difference should
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andthe second block, but rather betwdbha second and the third block of trialhe

variables Group and Blockendtheir interaction were sigi ycant [ F( 2, 16)

1
N

<0.0001] The pointing deviation in thgrst block of trialswas bigger irRBD than in

the LBD patients (.22 vs79, p €.0002). No differences bseen RBD and LBD
patients were found in the second (v8102, p =0.50) and in the third block (.0és O,

p =0.97). The rapidity of error reductiomas similar in RBD and.BD patients, since
pointing deviat on  was si gni ytheasecontd (awell & dnutleahird), i n
comparedwi t h 't h e trials, tin bdtH groads of @dtients (0.801, in d

comparisons) (see Fig. 20

Figure 20
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Fig. 20.Mean pointing displacement (absolute values, expressed in degrees of visual angle) of
trials 1 3 (block 1), trials #6 (block 2) and trials 7@ (block 3),during prism adaptation in
RBD patients and LBD patients. RBD, right brain damaged patients; LBD, left brain damaged

patients.

After-effect: To verify the presnce of an afteeffect, we coducted an ANOVA on
displacement in invisible pointing witGroup (RBD and LBD) as betweegroup
variable and AfteiEffect (left and right) and Conditior(pre-exposure and post

exposurecondition) aswithin-subjects varial@ s . This analysis showed
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interaction Group x AfteEffect x Condition [F(1,8) = 2.5; p <0.001]:with prisms
inducing a lefward aftereffect, RBD and LBDpatients showed a leftward pointing
deviation in the posexposurerightward pointing deviation in th@ostexposure
condition, reléive to the preexposure condition (RBD 2.13 v&3; LBD 2.21 vsi .04,
p <0.0001 in both comparisonErucially, the leftward aftegffect in LBD patients was
smallert han i n RBD piat36, p9.0081) wherdas therightwahafter
effect was not signifantly different in LBD and RBD patients (2.26 2.13, p =

0.68).

8.1.4General discussion

The yrst ai m e fo studip the effexts ef #A deimporaladetits in
brain damagedoatients. Prismatic adaptaticghifting spatial attention to the fte
induces time underestimatian both heally subjects and RB[Patients. Prismatic
adaptatiorshifting spatial attention to the right fails to affect mgiin healthysubjects
or in patients. LBD patiestdo not present any distortiohtiming following prismatic
adaptationTime underestimatiofollowing a right hemisphere damagas found in
previ ous dpTdMs stadies (Banckeatret aRO07; Harrington et al., 1998;
Koch etal., 2002, 2003; Oliveret al., 2008). Mapping of tle distribution of brain
lesionsin our RBD patients presentgn temporal deficits showed involvent of
temporeparietal cortex. These data are in agreematht studies suggesting a specifi
role of the inferior parietal cortex itime processing (Battelkt al, 2008;Bueti and
Walsh, 2009; Harrington et al1998; Oliveri et al., 2009). Interestingly, a greater
involvement of posterior brairegions (parietal and/or tempo@rtex) is reported in
studiesemploying temporal tasks that enggize the use of spatial codsesch as the
present study and the study byiv@ri, et al. (2009a).As to the phase of time

processig impaired in RBD patients, ithe adopted time bisaoh task the supposed
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timing deficit couldoperate in the encoding phase, whet he t empor al I nt er \
presented, or in the reproductiphase, when the same inter{eé. half of it) has to be
reproducd. The more probable hypothesssthat right hemispheric damag®apairs
selection of response the reproduction phase as suggestedecent data (Olivergt
al.,, 2009), showing bhat time is underestimated wheie activity of the right
hemispheres disrupted with transcraniatagnetic stimulation during threproduction
and not during the encoding phase. The timecdeshowed by RBDpatients is in the
direction of a time underestimain. The tedency to underestimate time RBD
patients could depend ompairment of a timing mechanisper se (Wiener et al.,
2009), asvell as on impairment of otheognitive functions such as attenti@liveri,

et al.,200%; Casiniandlvry, 1999), working memory or longgermmemory(Koch et
al., 2002, 2003). n particular, working memory deficitsould have played an
important ole in the present study, wheitee temporal task required suldg¢o hold

in mind the intervabefore bisecting it. The meory load is indeed greater in this task
compared to a <classical l i neisbmmedately i on t as
available. For this reason, the correlation betw&erking memory abilities and time
processing in brain damgedpatients shouldéd considered in future studiess far as
the role of attention inime processing, a debated pointthe literature isvhether
temporal processing deficits in RBpatients are correlated with the geace of
contralesional spatialeglect. In fact, tim&nderestimabn in time bisection tasks was
found in patients with spatial negtgBasso et al., 1996; Danckettal., 2007; Oliveri
etd ., 2009a) . Istndy Q@0W),cRB@ patientewith aad witliosglect
estimatedime intervals as shtar comparedo controls. To estimate a tinngerval as
shorter corresponds teproduce it as longer, thatts underestimate time intervadn

the other hand, in the RBpatients of the above mentioned studies, l&son was
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largerin patients with nglect comparedo those without neglect. Thdifferent lesion
pattern could eXpin the presence or absencetiofie underestimation. Data of the
present paper suggest that timederestimation can follow lesion of theght
hemisphere per segardless othe presence of negle@s suggested by other authors
(Harrington et al., 1998; Koch et @2002). However, this does nexclude that spatial
attentioncould influence time processintndeed, amanipulation of spatial attention
by PAinfluences timgrocessing: after prismatic deviati inducing a leftward shift of
spatial attention, RBD patients anblealthy subjects showed a mig y c ant
underestimation of time dation (relative to before PAYhis result is in line with the
hypothesis of the existencef a memal temporal line, where shortudhtions are
represented on thieft side of space and long duoats on the right side of space
(Frassinett et al., 2009;Vicario et al., 2007, 2008). According to the proposed
mechanisnof actionof prismatic adptation proceduren time perception (Frassinetti
et al., 2009), one could hypothesizetitine leftward shift of spatiattention biases the
temporal encodg phase of the time bisectidask. Because of this bias, subjects
woul d per cei vidhe présented/tengporal iptervatshouer, such that
when askedo reproduce it thewould produce an interval longerath the reahalf. In
RBD patients the bias irencoding produced by rightwardrismatic adaptation
interactswith the bias inreproduction depetent on right brain damage, leadito a
greater underestimatiasf the reproduced time as compared with corgrdijects On
the other hand, after lefawd prismatic deviation (indutg a rightward shift of spatial
attention) neither RBDpatients norcontrols showed the attded time overestimation.
This finding only partially confms previous data obtained in hbg subjectswhere
time underestimation nal overestimation were observe@spectively following

leftward and rightward attetional shifts(Frassinetti et al., 2009; Vicario at, 2007).
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A possible explatai on coul d be rel aiteg gdiognihyec amtbljy ch

in the control subjects of the present as compavitd those of preious studies.
Indeed, aging can ihfence mechanisms involved a@ognitive functions, and it has
beenassociated with a reduction leémispheric asymmetries (Cabhe2002) and with
a progressiveeduction in the activity of posteridrain regions (Davigt al.,2008).
Interestingly, in spaal attentiontasks, Fujii, Fukatsu, Yamadoriné Kimura (1995)
examining old,middle aged, and young subjects inraditional line bisection task,
found a trend of greater rightwaetror with increasing age. Theffect of age on
bisection perfanancehas been ascribed to agyretrical decline of hemispheres, with
greater decline of the righas compared with the left hemisgre. Further studies
conductedn subjects of several ages coulditdreclarify any role of age imediating
the spatial attentitd effects on time perceptiorAs regards the second aim of the
study, that was to investigathich hemisphere mediates thffects of PA on time
processing, the novelnfding was that LBD patients did not show affects of PA on
time processing, egardess of the side of prism deviatiom fact, there were
differences in the effects of PA pexmture inLBD as compareavith RBD patientsand
controls: LBD patients peznted less pointing deviation cugileftward and rightward
prismexposure as comparedth controlsand RBD patients respectivelihe reduced
pointing deviationwith rightward prismwas followedby a reduced leftward after
effect in LBD than in RBD patients. It ismportant to note that even tingh LBD
patients show a reducgumbinting deviation during rightwat prism exposure, they are
ableto adapt to prismatic lenses likewise RBRigats. Moreover, theapidity of error
reduction wasimilar in RBD and LBD patientsas shown by the analysis comted
on t he bl oaskdsrngadaptation priocedure.iishinteresting result, that

was never reported in previous studies onsmratic procedure, putforward the
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hypothesis of a rolelgyed by the left hemisphere PA. Left hemisphere mediates
pris mat i ¢ ef f ect ofwisuonotoreadagtatient Thys,hLBPatents are
less sensitive tthe visuemotor shift induced bynsm, independently from th&de of
prismatic deviation. Ouhypothesis is consistent with racent neuroimaging study
showirg a role of the left hemispheire the initial pointing errors durgnPA (Luauté et
al., 2009). Theauthors found that the left anterimtraparietal sulcus was agited in
direct proportion to pointing deviationyhile the superiortemporal cortex was
selectively ativated during thdater phaseof prism exposure. Interestingly, g
lesions in our LBD patientsmainly involved parietdempor& and premotor cortex.
Furthemore, studies on RBD patients witinilateral neglect (Frassinett al., 2002;
Rossetti et al.,, 1998)howing @ amelioration of thevisual spatial dicit after
rightward PA, suggest the dpibbution of the left intact hemisphere in whating the
effects of prism orspatial representatio®ngoing neurophysiological studies could
better clarify the specific conbiution of the right and the left hemisphere in mediating
the effects of prismatic adaptation on spatial and temporal perception and the potential

of PA to manipul ate tempor al in addition t

Experiment 6 - Posterior Parietal Cortices role n relating spatial attention and

time representation

8.2.1 Introduction

Similarly to the previous work,he present study is aimed to investigate neural
correlates responsible of the interaction between spatial attention and spatial
representatiorbut here weusedrTMS technique. We stimulated posterior parietal
cortex (PPC), as the best candidate to discharge this integrating function since it is

known to be involved both in spatial representation of time (Walsh et al. 2003; Bueti
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and Walsh 2009; Oliveri et .al200%) and in shifting spatial attention by PA

(Chambers et al. 2004; Rushworth et al. 2001; Pisella et al. 2006).

Neural substrates of spatial representation of time

PPC in the right hemisphere has been described as a critical region in the spatial
reppesent ati on of ti me. Wal shdés (2003) t heory
cortex (right IPC), as the locus of thlearedmetric system between space and tifke.

we revised in chapters 1 and 2Jo& of neuroimaging studies, searching for neural
correlates of time processing, indicate a right hemispheric frpat®tal network for
cognitively controlled timen this network, frontal areas would be related to working
memory functions, while parietal cortex would be related to the encoding of the met

to measure time interva(see Chapter 1, 2 aétwis and Miall 2006,b, 2003b; Rao

et al., 2001; Maquet et al., 1996Moreover, neuropsychological studies show that
right parietal patients are impaired in both time and space (Critchley 1953; Batso et
1996; Danckert et al. 2007), while frontal patients are impaired in time only (Koch et
al., 2002). Together, these results, raise a suggestion: an involvement of a right fronto
parietal network for time with a specific role of parietal cortex in eimgpthe metric,
supposed as spatially organized, of the length of time intervals, that is the spatial

representation of time.

Neural substrates of Prismatic Adaptation

As in the previous experiments,ewusedPA to shift spatial attention. As far as
research on cortical areas implicated in PA, neuroimaging and neuropsychological
studies have described a wide cortisabcortical network in both hemispheres.
However, the most critical region in both hemispheresnset be the Posterior

Parietal Cortex (PPC). As the ending component ofdiwsal systemalso called

108






