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1. INTRODUCTION

Directing the arm towards a seen object that wetwargrasp or touch in the
peripersonal space is a typical example of visuomobordination. To achieve
such actions our visuomotor system must transfotimuus position into
coordinates suitable for producing the proper nmsmbntractions and must
constantly update visual information about the ctgelocation with respect to
the viewer and to other objects. In fact, in evasytife, we perform actions in a
dynamic visual environment. For example, we ar@ ablgrab our phone while
we read a book or even to quickly intercept itlight if it's falling. Crucial for
these processes to smoothly occur is the abilityhiti attention covertly (i.e. in
absence of overt eye movements). This ability adloiw select interesting
information in the field of view in a voluntary wags well as to quickly redirect
the attentional focus when changes in locationrobhject unexpectedly occurs
requiring an update of the current motor plan.

Recent behavioral studies in the human have demadedtthat attention is
shifted to the goal of a reaching movement evennwihe eyes remain fixed,
suggesting that, as for saccade, there is an ¢bfigattention shift to the reach
goal before the reaching movement begins. (Bal@awdl., 2006; Baldauf and
Deubel, 2008). In addition, other recent researad $hown that attention was
allocated in parallel in two locations when papants made simultaneous eye
and hand movements towards separate locationkéitmiand Deubel, 2011).

Previous neuroimaging and neurophysiological stdiave shown that
the mechanisms involved in the attentional selectibperceptual events and the
execution of overt eye movements are implementepldotyally overlapping brain
systems in the posterior parietal cortex (PPC) thadl attentional modulation in
these regions may assist the control of eye movemésee Corbetta & Shulman,
2002 for a review). On the other hand, clear evtdeabout a direct involvement
of reach-related areas of the PPC in attentioradqases related to the control of

arm movements exists (e.g. Goodale, 2011).



It is widely accepted that the PPC is critical fbe on-line control of
action. This has been highlighted especially byrogsychological studies in
Optic Ataxia (OA), a visuomotor deficit resultingpfn lesion of parieto-occipital
region (Karnath and Perenin, 2005). These patiardsunable (1) to perform
accurate reaching movements especially for objecatéd in the periphery of
visual field (Perenin and Vighetto, 1988; Karnatid &erenin, 2005) and (2) to
correct their arm movements in-flight to changesaiget position (Pisella et al.,
2003). Furthermore, recent studies have also detnaded that the deficit in OA
patients is not confined to movement execution dlab appears to affect the
ability to detect and respond to targets locatedhan periphery of visual field
(Striemer et al., 2007; Striemer et al., 2009; Mash et al., 2011). These studies
suggested that visuomotor symptoms in OA patienéy tme affected by the
difficulty in shifting attention away from the cemt gaze position, or reorienting
attention (Striemer et al., 2007; Striemer et2009; Mcintosh et al., 2011).

Consistent with these themes, the present thedixamine whether in
the PPC, similarly to oculomotor areas that prosdamals for overt and covert
shifts of attention, also reach-related regions whagctly contribute in the shifts
of spatial attention necessary to the planning eodtrol of arm movements
towards the object in the peripersonal space. ®adim we conducted studies in
both monkey and human brain investigating whethgpexific reach-related area,
located in the dorsal part of the anterior bankhef parieto-occipital sulcus, has
been implicated in a variety of attentional proesselated to the control of goal-

directed arm movements.



2. BACKGROUND AND MOTIVATION

A brief overview of the theoretical background regented in this chapter. This
study is focused on the PPC, and a brief overvieitsanatomic and functional
properties is given in the following section. Irele in the subsequent sections,
we focus on some well known studies in monkey amghdn brain in which the
functional and anatomical properties of regionghim caudalmost part of superior
parietal lobule (SPL) were investigated, discussirggmain conclusions obtained
from these studies. Finally, the motivations fog thorks presented in this thesis
are described at the end of the chapter.

2.1 General Organization of the Posterior ParietaCortex in Human

and Monkey Brain

An extensive overview of anatomic division of the@®identified regions are out
of the scope of this work. The aim of this sectisnto provide the general
background of the anatomical architecture of th€ RRd illustrate a map of the
anatomical subdivision of the more posterior regudrthe SPL (i.e. the region
around the medial parieto-occipital cortex).

The parietal cortex is anatomically defined bg positions of the three
sulci; the lateral sulcus (LuS) separates it frdra temporal lobe, the central
sulcus (CeS) from the frontal lobe, and the paretaipital sulcus (POS) from the
occipital lobe. Anatomically the PPC is formed hyotlobules: the SPL and
inferior parietal lobule (IPL), separated by theaparietal sulcus (IPS) (Fig. 2-1).
The IPL in humans extends to the angular (Ang) sugtamarginal (Smg) gyrus,
the regions classified as Brodmann area 39 andredpectively. The latter
occupies the junction of the parietal, temporal aodipital lobes. These two areas
play an important role in attention, visual awasmand spatial orientation (see
Driver and Mattingley, 1998 for a review). They aescribed only in the context
of studies in humans, since no evidence of thevatpnt regions is described in
monkeys PPC (Mountcastle et al., 1975; Roland, 1889zolatti et al., 1998;



Michel and Henaff, 2004). On the other hand theoreg)classified as Brodmann
areas 5 and 7a and 7b, the surface inside thealtSthe related regions on the
medial wall of the hemisphere in the parieto-odeipisulcus, have been
extensively  described in both human and monkey nbrai
Specifically, the caudalmost region of SPL contaihe most medial part of
Broadmann area 19, a cortical visual associatien,and it is partly coextensive
with area PO, an extrastriate visual area firstingef on the basis of
myeloarchitectural organization (Colby et al., 1p8Blore importantly, recent
physiological and neuroanatomical studies in thecagae monkey have
demonstrated that area PO contains two distinetsatee visual area V6 and the
visuomotor area V6A (V stands for visual, as it veaginally identified for its
visual properties) (Galletti et al., 1996). Tharn&sneuroimaging methods these
areas have been recently mapped also in the humaam dnd named in humans
based on homologies in their visuotopic organiratrath non-human primate
areas (Fattori et al., 2009; Cavina-Pratesi et281,0; Filimon, 2010; Pitzalis et
al., 2012a; Pitzalis et al., 2012b Pitzalis et &013). Their anatomy and
functional roles will be described in more detailshe following chapter.

A pas P IP5

Figure 2 - 1Representation of Posterior Parietal Cortex in thacaque monkey
(A) and human (B) brain.

Each figure depicts the intraparietal sulcus diviglithe posterior parietal cortex
into superior and inferior regions. Modified frosain and Nachev, 2007).



2.2 Functional organization and cortico-cortical canection of regions

of the medial parieto-occipital cortex

The results showed in this section are mainly olethiby recording electrical
activity in the monkeys brain trained to follow w& or visuo-motor tasks. In a
typical setup, a monkey is placed in front of a+@a®jected screen or in front of a
panel. Microelectrodes are advanced through theetidura and inserted into the
brain tissue, to record extracellular potentialgnaly, the spike trains are
extracted from these signals and used to furthalyae the typical cell behavior.
For analyzing the visuomotor properties, the aninsltrained to execute
movements towards targets in the visual field.oddércing a delay between the
visual input and the movement, separates the seasdrmotor related signals.

Instead, the cortico-cortical connections of argashe parieto-occipital
cortex in monkey have been described in the pasad#eusing neuronal tracers,
which are substances that, once injected in a begion, are captured by the
neurons and/or by the terminals of nerve cells, aral transported along the
neuronal axon up to other brain areas. In this thaytechnique allows tracing the
information flow towards and from the injected @wi

In human we cannot record from neurons, becausetto€al reasons.
Therefore, human studies that are summarized s sbction were obtained
through the use of non-invasive techniques sudhragional magnetic resonance
(fMRI).

In the following paragraphs we will discuss the magsults about the
functional and neuroanatomical characterizationtted areas in the parieto-
occipital sulcus (POS) in monkey and human bralms Tesearch is focused on
area V6A, a reach related region located in thesalorost part of the POS. To
better understand the roles that area V6A playedorimcessing visuospatial
information for the planning and control of goatedited arm movements, a brief
overview of the functional organization of visuaéa V6, from which V6A area

receives directly information, are reported.



2.2.1 Visual area V6

Area V6 is a retinotopically-organized visual aleaated in the ventral part
of POS and was first described in the macaque nyofdeki, 1986; Galletti et al.,
1999) and then, recently, in the human on the hadignctional criteria (Pitzalis
et al., 2006). In both primates it is located miyia the parieto-occipital region
of the brain, distinguished from contiguous extiat¢ areas of the dorsal visual
stream (V2, V3 and V6A). In particular area V6 kenglwith V6A anteriorly and
V3 posteriorly (Galletti et al., 1999a; Pitzalis at, 2006). Similar to the other
extrastriate areas, V6 contains a retinotopic nfagbout 80° of the contralateral
hemifield, although unlike other extrastriate aréakcks an emphasis of the
central visual field (Galletti et al., 1991).

Recent studies have demonstrated that area V6einmtdicaque contains
many cells sensitive to the direction of motion aedl motion cells, which show
a better response to stimulus movement in the Migld than to a similar retinal
image movement self-induced by an eye-movementldtBahnd Fattori, 2003).
Thus, these results indicate that V6 can act dswetion detector to distinguish
actual motion from self-induced motion of retinalages (see Fattori et al., 2009a
for a recent review). More specifically, these evides have suggested that area
V6 could provide useful information to guide acsoand to shift attention
towards moving objects (Galletti and Fattori, 2008gcording to these data,
Pitzalis et al (2012a) recently suggested that M6both human and monkey
brain, is involved in the “recognition” of movementthe visual field (Pitzalis et
al., 2012a).

These conclusions are supported also by evidemre freuroanatomical
studies using neuronal tracers in monkeys. Thas#iest showed that area V6
receives visual information directly from V1 anarn other extrastriate areas of
the occipital lobe, and sends visual informationstveral parietal areas, all
belonging to the dorsal visual stream, includingAv@salletti et al., 1999a;
Galletti et al., 2001; Luppino et al., 2005; PasBaet al., 2011). In particular,
following V6 injection, the neighbouring extrastaaareas V2, V3, V6A and the
V1 cortex was marked strongly. Moreover, area \Muits connected also with



high-order visual areas MIP and LIPv of the intragtal sulcus and with MT/V5,

VAT and MST, classically considered the key motgion of the dorsal visual

stream (Tanaka et al., 1986; Tootell et al., 198i8p involved in attentional

processes (Bisley and Pasternak, 2000; CorbettaSantman, 2002; Martinez-

Trujillo et al., 2007). In conclusion, in line witanctional evidence, the pattern of
connection among these areas involved in highegrdtdhction, such as attention
regulations and motor function, confirm that theaaW6 could perform the fast
form and motion analyzes needed for the visualiggidf action (Pitzalis et al.,

2012a).

2.2.2 Visuomotor area V6A

Area V6A is located in the dorsal part of the aiotelbank of the POS and borders
on areas V6 ventrally, PEc dorsally, PGm mediafigl MIP laterally (Galletti et
al., 1999b). V6A is a non-retinotopically organizeguomotor area receiving
visual input from V6 (Shipp et al., 1998; Galletti al., 2001; Passarelli et al.,
2011).

A large number of studies have demonstrated tlsatVj somatosensory or
bimodal cells are present in V6A area (Breveglarial., 2002; Galletti et al.,
2003). A characteristic of the cells in this regignthat they have large visual
receptive fields, related to coding of peripherather than foveal signals. The
activity of most of the cells is modulated by the gosition, although a minority
of them are independent of the gaze angle (Ga#etti., 1999b). Furthermore, it
has been shown that in a minority of V6A neurons thceptive field (RF)
remained stable in space despite changes in eygopo&alletti et al., 1993).
This observation has shown that area V6A contdsts eells able to encode the
position of objects in the environment (Gallettiagt 1993, 1995). Specifically,
when the monkeys perform a task in which the dimecbf arm movements
remain constant while the position of gaze changdarge amount of neurons in
V6A showed a reach related activity (Marzocchilet2z008). This was due to the
location of reaching target respect to fixationrnpaand not simply to the eye

position per se (Marzocchi et al., 2008). Therefthese studies have suggested



that many of cell of area V6A are influenced by #ye and target position

signals, but the influence of the hand positiond Aaand movement signals was
also observed (Fattori et al., 2005). In fact, moreent studies based on the
delayed reaching and reach to grasp tasks in bothah and monkey brain

revealed the activity related to planning of theafic type of hand movements,

indicating the role of the V6A in the control of fthorientation and grasping

(Fattori et al., 2009; Cavina-Pratesi et al., 2(4#}fori et al., 2010).

More importantly, Galletti et al (1996) have shottyat the cells of area
V6A change in discharge rate after fixation alscewlhe eyes remain fixed, but
this change in discharge rate did not occurs dufreg visual searching in
darkness. These observations have suggested (ldhthactivity of these cells
may reflect the monkey levels of attention (Galllettal., 1996) and (2) that V6A
may play an important role in the planning of motmymmands for hand
movements, and for visual monitoring of target hadd trajectories.

The role of V6A as a visuo-motor area was suppdriedeuro-anatomical
studies performed in the macaque brain (Shipp.etLl8b8; Galletti et al., 2001;
Luppino et al., 2005; Gamberini et al., 2009). Ehesidies demonstrate as V6A
represents the source of most of the inputs tartber and premotor regions of
the frontal lobe, supplying the information necegdar initiation of the reaching
movements. In particular Galletti et al. (2001)vdademonstrated that V6A
receives from V6 and projects the outputs direitlthe dorsal premotor cortex in
the frontal cortex. It is importantly to note thadt these cortical connection are
bidirectional suggesting that area V6A has bothualisand motor properties,
features which can be useful for the visual guigasichand movements (Fig. 2-
2). On the basis of these evidences Galletti §2@0D4) have suggested that area
V6A is a crucial node of the most direct pathwaygsif V1 to the dorsal premotor
cortex, that form a short route from vision to activhich is thought to be useful
for the on-line control of hand actions. In summahjs pattern of connections
helped to highlight that the area V6A is crucial gpatial representation for
control of arm movements, providing signals forualty guided reaching for the

motor-related regions.



Figure 2 - 2Postero-lateral view of partially dissected lefinisphere and mesial
surface of right hemisphere in macacque brain.

Arrows trace anatomical bidirectional connectionstween different cortical
areas of dorso-medial visual stream. It is a catitoop that includes visual,
visuomotor, and motor areas. This pathway connibetgrimary visual area with
the premotor areas of the frontal cortex. As shoarea V6A receives and sends
information from area V6. Likewise, area V6A exdem information with the

premotor cortex. From (Fattori et al., 2007).

2.3Posterior parietal cortex in action: studies on paents with lesions

in the parieto-occipital region

Valuable knowledge on the parieto-occipital regionctions has been collected
through clinical examination of patients with p&desions. Specific impairment
of the visual control of limb movements has beeseobed in patients with

lesions that involve the parieto-occipital regi@iangero et al., 2009).

2.3.1 Optic Ataxia: a specific disorder in visuomatr coordination

The term Optic Ataxia (OA), first introduced by Bdl(1909) and followed by
Holmes (1918), is a high-level visuomotor impairiemaracterized by incapacity
to properly complete visually guided reaching amasging tasks, which cannot

be explained by any simple deficit in visual or oroprocessing. Although



discussions about which parietal regions are reélaaehe emergence of OA still
exist, the common believe is that this disordereapp as a consequence of lesions
of the parieto-occipital region, which include tpetative homologue of monkey
area V6A (e.g. Khan et al., 2005).

Patients with OA exhibit large directional errorshem reaching
movements were performed towards objects locatéderperipheral visual field,
outside the field of view, whereas misreaching éirglisappears if the patient
performs reaching for object presented in centrsibm (Perenin and Vighetto,
1988; but see also Greéa et al.,, 2002; Milner ¢t1899) In particular, several
studies have shown that the errors were towardsliteetion of gaze even when
instructed to reach elsewhere, situation that givise to the “magnetic
misreaching” and suggests that patients programriey movements in
oculocentric coordinates (Carey et al., 1997; Jaclet al., 2005)In addition, a
number of studies have reported that specific ptgp# this behavioral disorder
is the hemispheric asymmetry that was observed itiernesion was unilateral
(Perenin and Vighetto, 1988; Blangero et al., 2088yht-handed patients with
unilateral lesions on the right hemisphere, exatithe so called “visual field
effect”, a deficit that manifests in the inabilitp perform accurate reaching
movements with both hands in the contralateralalispace. Instead, in the case
of left-damaged patients, the “hand effect” waseobsd, the deficit in reaching
appeared for the right hand only, for targets ithbasual fields (Perenin and
Vighetto, 1988; Blangero et al., 2008). On the dadi these results, recently
Blangero et al., (2008) have developed a modettount for these effects. The
authors have proposed that reaching movementsamedbon two independent
spatial representations, i.e. the target and timel hacation, probably controlled
by two distinct modules. The target location wobé&lcoded first in gaze-centered
coordinates and combined with the spatial represient of the hand to control
the movements execution (Blangero et al., 2008).

Additional symptoms in patients with damage of gtroccipital region
are the problems in avoiding obstacles and comgdtie hand trajectory during
reaching (Schindler et al., 2004). In other worddasks where the target position

10



was changed during reaching execution (perturbedliton), patients were not

able to correct the hand direction on time. In castt no major abnormal effects
were observed in the foveal (unperturbed) condi{Pisella et al., 2000; Gréa et
al., 2002; Blangero et al., 2008). Based on thes#erces Rossetti et al., (2003)
proposed that the impaired performance of OA ptdiem tasks requiring real-

time automatic adjustments to moved objects coelexplained by a deficit in

the process of fast on-line visuomotor control, chhis involved in rapid motor

correction of the ongoing action. Moreover the auttsuggested that this specific
impairment in realtime motor control may explaie ghattern of deficit observed
in optic ataxia with respect to distinction betweparipheral/central vision

(Rossetti et al., 2003).

2.3.2 Is there a link between attention and visuontor control deficits in

patients with Optic Ataxia?

Studies on OA patients have argued and demonstitzeédisuomotor deficits for
visual targets, especially in the periphery of aislield, can occur independently
from perceptual disorders. However, recent studibs;ch have investigated more
thoroughly the perceptual and attentional definitQA patients, have revealed
impaired discrimination of object location or theemtation in extrafoveal vision
that may reflect an impairment in orienting attenttowards objects located in
the ataxic fields (Michel and Henaff, 2004; Rossettal., 2005; Pisella et al.,
2009). In recent years, more stringent assessniewis further supported this
hypothesis (Striemer et al., 2007; Striemer e28109), although their conclusions
are mixed. For example, Striemer et al. (2007) havestigated the attentional
deficit of two OA patients using a cued (exogenang endogenous) paradigm. In
this way, the authors have explored the abilitdétect and respond to peripheral
cued target in absence of overt goal-directed alwwement. The authors found
that the deficit affects both the orienting andrieting of attention in the ataxic
field (i.e. the voluntary shift of attention towargeripheral target and the shift of
attention generated by changes in the target mtgtisuggesting that it was

consistent with an overall decrease in the sali@m¢his portion of visual fields.
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Moreover, in a more recent study Striemer et aD@0have investigated the
possible relationship between attention and regcbamparing the response time
to targets detection with the pattern of errorsirduthe reaching execution to
peripheral targets. The authors found a differeattepn of errors between
attention and reaching tasks in OA patients congpargh control group, thus
proposing that attentional and visuomotor defic#tsse from independent
mechanisms, accordingly with the most acceptedryhabout visual of visual
processing (Goodale & Milner., 2006). Instead, iarenrecent studies Mcintosh
et al., (2011) using a task in which peripherabeéarjumps towards peripheral
location have suggested that the two deficits cda@ldinked, because peripheral
target jumps slowed perceptual discrimination armuared the reaching deficit.

In conclusion, although the issue remains contakr overall these
studies suggested that the deficits seen in thdspaflents could be caused by a
deficit in initial decoupling of attention or in me monitoring of movements that
imply covert attention shifts, of non-standard aky+guided reaches, rather than

simply in the planning of reaching movements.

2.4 Posterior parietal cortex in action: “virtual lesion” approach

afforded by TMS to mimic neuro-psychological condibns

In this section, | would like to discuss the morecent advances in our
understanding of the role of the PPC in visuo-mgbtanning and control

provided by Transcranial Magnetic Stimulation (TM&udies. In the last few
years, TMS has been used to investigate in ddtalgelationships between the
PPC and visuo-motor control (see Vesia and Crawf2dd2 for a recent review).
In fact, TMS, by directly interfering with ongoingeural activity to create

transient “virtual lesions”, provides exactly th&armation on causal relations
between brain and behavior that cannot be proviggdorrelative functional

imaging or other neurophysiological techniques (Ban et al., 2011). This

technique has an exquisite temporal resolutiolowatly a detailed investigation

of visuo-motor control while it unfolds over timk addition, TMS has a good
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spatial resolution, allowing a study of functiortabography for visuo-motor
function within human PPC. In other words this ta@gae allows one to interfere
with a specific stage of visuomotor transformatim@ particular cortical area.

In a series of recent studies Busan and collabraised TMS to stimulate
medial parieto-occipital, parietal and premotorisag. In this way the authors
have identified a discrete network of regions thateaninvolved in the preparation
of reaching movements (Busan et al., 2009b; Busat.,e2009a). In particular,
stimulating on-line (i.e. during the execution agk) with a single pulse of TMS
the medial parieto-occipital region at the start @aching preparation,
independently of the use of foveal or peripheraion and independently of the
target position, they found a facilitation in raanttime. This result was explained
by the state-depended theory of TMS (Silvanto anadgdfieton, 2008), which
suggests that TMS may pre-activate this regionithatvolved in the planning of
reaching movements.

In a more recent study, Vesia and collaboratorsl@@Qused TMS to
determine effector specificity in human PPC. In tipaftar, Vesia and
collaborators (2010) used online 10 Hz repetit\dST (rTMS) to examine the
specific functional role of one posteriormedialesitvhich likely includes area
V6A, and two anterior—lateral parietal sites, aagufjyrus and midposterior
intraparietal sulcus (MmIPS), which likely include#® and MIP areas, in the
planning of saccades versus reaches. Vesia €l0)] conducted three separate
experiments using a delayed saccade and reachigraradth six visual targets
(aligned horizontally in steps of 10° from 30° ld¢& 30° right). In the first
experiment, subjects were required to perform sdExa@r reaching movements
(randomly interleaved) with the right hand in coetpl darkness; in the second
experiment, reaching movements were performed e left hand (again in
complete darkness); and in the last one, reachmgements were performed with
the right hand, but now with visual feedback (F2¢B).
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Figure 2 - 3Experimental condition from Vesia et al., 2010.

A: delayed saccade and reaching movement with figimd. B: delayed reach
task with the left hand. C: experiment 3, delayeaich task with visual feedback
of the hand.

Task performance was evaluated in terms of movermeturacy and precision.
Accuracy was measured as the signed differenceeeetwnean endpoint and
target positions, whereas precision was measurdldeaarea of 95% confidence
ellipses fitted to endpoint distributions. One lod tmain findings of this study was
the reduced accuracy of saccades and the reduasmsipn of reaches to
contralateral targets after stimulation over righPS and AG. The TMS-induced
effect in these anterior—lateral sites was furtieeluced by the visual feedback of
the hand and, more importantly, it was limb specghowing a contralateral limb
related bias in precision measures. In contrashugition of more posterior site
around the parieto-occipital sulcus in either hgiése did not affect saccade
precision or accuracy and did produce a signifisdit of mean horizontal reach

endpoints toward central fixation (i.e., hypomeétriahich persisted even when

14



the hand was visible. Based on these data, Vesia @010; 2012) have proposed
that the parieto-occipital region (likely includemea V6A) bilaterally is
specialized for encoding reach targets in retirmrdinates, whereas the more
anterior— lateral parietal regions are involveccamputations for both reach and
saccade motor vectors. In conclusion, Vesia anklmadators (2010) have used
this innovative method (rTMS), complementary toduonal neuroimaging and
electrophysiological technique, to establish a ahlisk between the function of
particular cortical regions and behavioural perfange, although it is worth to
note that some results and interpretation of thislys were raised in a critical
review by Ciavarro & Ambrosini (2011) and, therefpfurther research is needed

to clarify these complex issues.

2.5 The present research

Several studies have suggested that the reacledelata V6A is a crucial node of
the dorsomedial visual stream, the most direct ayhfrom V1 to the dorsal
premotor cortex, which is thought to be usefulgtamning and on-line control of
hand action (Galletti et al., 2004). Electrophysgital studies have demonstrated
that area V6A contains arm movement-related cedistiie during spatially-
directed reaching movements) (Fattori et al., 200&:zocchi et al., 2008) as well
as visual cells (Galletti et al., 1996; Gallettiaét 1999b), and cells that change in
discharge rate after fixation, also when the eyswain fixed (Galletti et al.,
1996). These latter observations have suggesteadiitbaactivity of these cells
may reflect the monkey levels of attention (Galllett al., 1996). On the other
hand, neuroanatomical studies using tracers haverslas area V6A receive
directly information from area V6 (Galletti et aRP01; Galletti et al., 2004),
which is a visual area very sensitive to the diogcof motion and therefore could
provide useful information to guide actions andhift attention towards moving
objects (Galletti and Fattori, 2003). Thus, thessults from monkeys seem to
provide evidences to support the hypothesis thed 6A may participate in
visuo-spatial processes related to the control rof enovements. Moreover, a
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possible causal role of area V6A in attention psses seems to be supported also
by recent neuropsychological evaluation in OA pate(Striemer et al., 2007,
Striemer et al., 2009; Mcintosh et al., 2011) (samgraph 2.3.2). Finally recent
TMS study has suggested that in human this contegabn is causally involved in
the encoding of reach goals (Vesia et al., 2010yévVer, at present, despite these
encouraging results, direct evidences of an invokat of area V6A in attentional
processes associated with the planning and coafrarm movements are still
unknown. To this aim, we conducted studies in bmtimkey and human brain
investigating whether area V6A is implicated inaigty of attentional processes
related to the target detection as well as the notan of peripheral arm
movements.

In a first study (Chapter 3) we performed singlésceecordings in three
macaque monkeys to investigate whether the actofitgingle cells in V6A is
influenced by shifts of covert attention (i.e. imetabsence of overt eye or arm
movements). To this aim we designed a task thatined| covert attention shifts
from a central fixation point outward to a peripdelocation, and then inward
shifts of attention back to the fixation point. Beforally we found faster
response times for outwards shift of attention tolsacued targets. More
importantly, we found that the covert shift of atien influences the activity of
V6A neurons. In particular, the spatially-directgidmodulation observed during
outwards shifts of attention suggested that thiglufedion may be helpful in
guiding the hand during the reach-to-grasp movespepdrticularly when the
movements are directed towards non-foveated objebts addition, the
modulations observed during the inward shift oémtibn from the periphery have
suggested that area V6A may be involved in the ggees of disengagement of
attention from current focus.

In human we have conducted two studies, one beta\iGhapter 4) and
one using Transcranial Magnetic Stimulation (Chaf@g to investigate the
performance of healthy subjects while performingturalistic reaching
movements towards memorized- and cued targetsectgply. To this aim, we
have developed a specific apparatus to investiteekind of errors (spatial
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accuracy) while subjects performed fast-reachingveneents, without visual
feedback of the hand, towards peripheral targetstéal at different eccentricities.
In this way we have investigated (1) the framesredérence involved in the
visuomotor transformation during reaching movemeoigards memorized target
(Chapter 4), and (2) the possible causal role efghtative homologue of area
V6A (pV6A) in the planning of reaching movementswhich the location of
targets is validly or invalidly predicted by spattaies (Chapter 5). In particular,
in this TMS study, we have tested the involvemdmi\66A in the reorienting of
attention towards unattended target (i.e. the tachanges in location with a
probability 25%) by introducing a manipulation tcrease the magnitude of the
validity of the cues (the cue correctly predictathet location with 75%). To this
aim, in addition to the kinematic parameter of heag movements we have
recorded also the response time to target deteclioa results have shown as on-
line TMS on the pV6A selectively interfere with tlemcoding of goal-directed
movements directed towards unattended target, teffedoth the response to
targets detection and the end-point of reachingemm®nts. On the basis of these
results, we have demonstrated that area V6A playsrugial role in the
disengaging/reorienting of attention, an indispéfes@rocess to make a rapid and
adaptive motor response such as reaching, graspinmushing away when a

behaviorally relevant object unexpectedly appetemainattended location.
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3. COVERT SHIFT OF ATTENTION M ODULATES THE ONGOING
NEURAL ACTIVITY INA REACHING AREA OF THE MACAQUE
DORSOMEDIAL VISUAL STREAM 1

3.1 Abstract

Attention is used to enhance neural processingletted parts of a visual scene.
It increases neural responses to stimuli near téwgations and is usually coupled
to eye movements. Covert attention shifts, howedeGouple the attentional
focus from gaze, allowing to direct the attentionat peripheral location without
moving the eyes. We tested whether covert attendiufts modulate ongoing
neuronal activity in cortical area V6A, an areattpeovides a bridge between
visual signals and arm-motor control.

We performed single cell recordings from 3 Macaaadicularis trained to fixate
straight-head, while shifting attention outward &operipheral cue and inward
again to the fixation point. We found that neuronsV6A are influenced by
spatial attention. The attentional modulation osauithout gaze shifts and cannot
be explained by visual stimulations. Visual, motnd attentional responses can
occur in combination in single neurons.

This modulation in an area primarily involved irswo-motor transformation for
reaching may form a neural basis for coupling &itbento the preparation of
reaching movements. Our results show that corficatesses of attention are
related not only to eye-movements, as many stuthege shown, but also to arm
movements, a finding that has been suggested by smevious behavioral
findings. Therefore, the widely-held view that sphtattention is tightly
intertwined with - and perhaps directly derived nfro- motor preparatory
processes should be extended to a broader speofromtor processes than just

eye movements.

! A version of this chapter was originally publisiedPLoS ONE journalGalletti C,
Breveglieri R, Lappe M, Bosco A, Ciavarro M, Faiter(2010).
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3.2 Introduction
When we want to recognize an object in the fieldiefv, or want to grasp it, we
typically direct our gaze towards the object. Thétf gaze is the consequence,
and the overt evidence as well, of the shift of atiention towards the object of
interest. Although under normal circumstances tinection of attention and the
direction of gaze are aligned, we are able to djaga attention from the point of
fixation. This ability, known as covert spatial eattion, allows us to select and
acquire peripheral visual information without simiff the gaze (Posner, 1980).

Attention enhances both behavioral and neurondbpeances (Spitzer et
al., 1988). Reaction to attended targets is fdabkar to unattended targets (Posner
et al., 1980), and responses of neurons to covattiynded stimuli enhance above
those of unattended stimuli (Fischer and Boch, 198&simone and Duncan,
1995; Colby et al., 1996; Connor et al., 1997; Kadat al., 1997). Thus, attention
modulates the processing of information in visu@atical maps, and selects parts
of the scene to receive increased processing resaur

The selection of the part of the scene to receiemtion, i.e. the control of
the focus of attention, is driven by the saliendytle stimuli and by the
requirements of the task that is currently perfatmié motor actions are to be
performed on the selected targets, the focus eh@dn is closely related to these
actions. The initiation of a saccade, for instane@receded by a mandatory shift
of attention towards the saccade goal (Hoffman @midramaniam, 1995; Kowler
et al., 1995; Deubel and Schneider, 1996; Awh et28l06). The deployment of
attention are linked to the mechanisms of seledisgccade target and preparing
the saccade even for covert attention shifts (Maatral., 2003; Cavanaugh and
Wurtz, 2004; Ignashchenkova et al., 2004; Hamk@d52 Thompson et al., 2005;
Liu et al., 2010).

The link between attention and goal-directed matftiron is not confined
to eye movements. Also the preparation of reachmogements is paralleled by a
shift of attention to the goal of the reach (Cdlstjel996; Deubel et al., 1998).
Therefore, one might expect that, similar to ocudtwn areas that provide signals
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for overt and covert shifts of attention, also maitareas that are involved in arm
movements may contribute to shifts of attentionmay use spatial attentional
signals to prepare arm movement or direct the hamdrds the object to be
grasped.

The medial posterior-parietal area V6A acts asidgbr between visual
processing and arm motor coding (Galletti et &103). Our aim in this work was
to find out whether the activity of single cells U6A is influenced by shifts of
covert attention. Since, usually, the directiorgate and the direction of attention
are aligned, and since area V6A contains a highem¢age of gaze-dependent
neurons (Galletti et al., 1995), we had to diseegatjention from the point of
fixation (covert attention) in order to demonstritiat the direction of attention,
and not the direction of gaze, modulates V6A nesirdn a task specifically
designed for this, we found that the neural modutaivas still present when the
covert attention was shifted without any concurmg@nitt of the direction of gaze.
We suggest that this attentional modulation is faélim guiding the hand during
reach-to-grasp movements, particularly when theenmmnts are directed towards

non-foveated objects.

3.3 Materials and Methods

3.3.1 Experimental procedures

Experiments were carried out in accordance withdat laws on care and use of
laboratory animals and with the European Communi@ieuncil Directive of 24th
November 1986 (86/609/EEC), and were approved byBilbethical Committee
of the University of Bologna and authorized by Niero della Salute (Permit N°
DM 47/2008-B, 6/4/2008, signed by the Direttoretbé Dipartimento Sanita
Pubblica Veterinaria). In accordance with the Eemp Legislation and
Guidelines and with the recommendations of the Whezall report, “The Use of
non-human primates in research”, many measurestaiea to ameliorate animal
welfare:  monkey training adopted positive rein@ament techniques. No

deprivation, punishment, or suffering was inflictedl procedures used have
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been approved and controlled by the Central Vedeyiservice of the University
of Bologna. Monkey food and water intake, as wedl daily weight, were
controlled by researchers and veterinarians, irrotd monitor the wellbeing of
the monkeys. Veterinarians were ready to detegiragent, clinical signs of pain
or distress and to suggest the appropriate measkuiresrease animal welfare.

Three trained Macaca fascicularis of 6, 5 and 4Mgnkey L, Monkey C
and Monkey X) sat in a primate chair and perforraedattentional task with their
head restrained. We performed single microelectipelgetrations using home-
made glass-coated metal microelectrodes with engedance of 0.8-2 MOhms at
1 KHz, and multiple electrode penetrations using &hannel multielectrode
recording minimatrix (Thomas Recording, GMbH, G&ss Germany). The
electrode signals were amplified (at a gain of @0)Oand filtered (bandpass
between 0.5 and 5 kHz). Action potentials in eacnnel were isolated with a
dual time-amplitude window discriminator (DDIS-1,alB electronics, Mount
Airy, MD, USA) or with a waveform discriminator (M Spike Detector, Alpha
Omega Engineering, Nazareth, Israel). Spikes wangpted at 100 KHz and eye
position was simultaneously recorded at 500 Hz. fiysation was recorded using
an infrared oculometer (Dr. Bouis, Karlsruhe, Gamg)aand was controlled by an
electronic window (5 x 5 degrees) centered on tkatibn target. Behavioral
events were recorded with a resolution of 1 ms. péeormed extracellular
recordings on all the 3 animals; on two of them al& performed behavioral
recordings.

Surgery to implant the recording apparatus wasop@d in asepsis and
under general anesthesia (sodium thiopenthal, 8kgfig/ i.v.). Adequate
measures were taken to minimize the animal’s paidiscomfort. Specifically,
analgesics were used postoperatively (ketorolaandtazyn, 1mg/kg i.m.
immediately after surgery, and 1.6 mg/kg i.m. ore tfollowing days).
Extracellular recording techniques and proceduoesetonstruct microelectrode
penetrations were similar to those described irerotteports (Galletti et al.,
1995b).
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3.3.2 The attentional task

Data were collected while monkeys were performirtgsk specifically designed
to study the effect of covert spatial displacemaritthe spotlight of attention on
neural responses. The monkeys sat in front of mtdrparallel panel which was
located 14 cm from the animal's eyes. The panektained 3 green/red light
emitting diode (LED; 4 mm in diameter; 1.6° of \a@suangle) that served as
fixation point and target to be detected. The fommpoint was the green/red LED
located in the straight-ahead position. Two circdlags (12 mm in diameter; 4.8°
of visual angle), illuminated by a yellow LED, sedvas a cue that indicated the
spatial position of the subsequent target to beatied. The cue and target LEDs
were located 15° peripherally on opposite sidesftioe fixation point.

The time sequence of the task is shown in Figutea3A trial began when
the monkey decided to press the home-button ngachigst. After pressing the
button, the animal waited for instructions in coatpldarkness. It was free to look
around and was not required to perform any actdter 1000 ms, the fixation
LED lit up green. The monkey was required to lookhe fixation target and to
maintain the button press while waiting for annastional cue.

After 1700-2200 ms, another LED (the CUE) lit up 89-150 ms in one
out of the two peripheral positions located 15°rafram the fixation point. After
1000-1500 ms a red flash (TARGET) of 5 ms occuirethe cued position. The
monkey had to release the home-button as soon @etetted the target. The
maximum time allowed to release the button was 1860If the monkey did not
release the button during this period the trial waarked as error trial. After
1000-1500 ms, the fixation point changed in cotonf green to red. The monkey
had to press the home-button again (maximum timpréss was 1000 ms) to
drink the reward. Home-button pressing ended tiad issued monkey reward,
and started the next trial.
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Figure 3 - 1Attentional Task and effects in V6A

a) Schematic representation of the task. Top: Sempief events in a single trial.
After button pressing, the monkey maintained foxatin the central fixation point
(white dot, FP) all throughout the trial while cotlg shifting attention (dashed
circle) towards the cued location (grey dot). Aftarget (black dot) detection, the
animal released the button, continuing to gazefikegion point until it changed

in color (from green to red). Color-change detentiwas reported by the animal
by button pressing. Bottom: typical example of aéwctivity and eye traces
during a single trial. Short vertical ticks are kps. Long vertical ticks among
spikes indicate the occurrence of behavioral evémiarkers). Below the neural
trace, time epochs during a typical trial are ingied. ATNout: outward attention

epoch, ATNin: inward attention epods). Performance of 1 monkeys expressed as
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reaction time to detect the target at differenterstimulus-intervals (ISIs).
Results from valid (continuous) and invalid (daghteihls are shown. Significant
difference in reaction times between valid and lidvaials at ISI 150 shows that
attention is directed towards the peripheral cuealbon at this timec) Peri-
stimulus time histograms of an example neuron rwith different ISIs.
Trials are aligned to cue onset. The neuron shavesdischarges (after cue onset

and button release, respectively) that separateo(@) clearly at longer ISIs.

The correctness of the animal’s performance wabkiated by a software
supervisor system (Fattori et al., 2005) which &eedcthe status of microswitch
(monopolar microswitches, RS components, UK) malinbeder the home-
button. Button presses/releases were checked with fesolution.

Displacements of the spotlight of attention towatlls two peripheral
positions were typically tested as a randomizedisece in order to collect trials
in one position intermingled with the other. Uptém trials for each position were
collected (20 trials in total). The panel could fa¢ated in 4 different positions
(horizontal, vertical, and 2 oblique positions etween the two), allowing to test
up to 8 spatial displacements of the spotlighttte#raion.

The task was performed in darkness. Eye fixatios alwvays maintained
in the straight ahead position within an electronimdow of 5° amplitude.
Fixation had to remain within this window through@ach trial until the fixation
point switched off, otherwise the trial was aborged a new one began without
any reward. Off line inspection of eye records \a#d to check for actual

performance of fixation.

3.3.3 Neuronal data analysis
We divided the trial into functional epochs, deftires follows (see bottom part of
Figure 3-1a):
* FIX: steady fixation of the LED from its appearartoethe cue onset; it
contains the baseline activity of the neuron, usecompare the cell
activity during the other epochs.
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* VIS: from 40 to 150 ms after the cue onset; it docbntain the passive
visual response evoked by the cue appearance.

» outward attention epoch (ATNout): from 200 to 508 mfter the cue
onset; it could contain the response due to theertpoweripheral
displacement of the spotlight of attention.

* inward attention epoch (ATNin): from 400 ms afteitton release to the
change in color of the fixation point; during thepoch the animal
concentrates attention on the fixation point, dsai to detect the fixation
point’s change in color.

For behavioral analysis, the reaction time betw&eget onset and button

release was determined.

Only units which were tested in at least 7 trialsdt least two target positions
were included in the analysis. This is a conseveathoice connected to the
implicit high variability of biological responseKijtz et al., 2003).

For each neuron, the mean firing rate was caladiffiteeach trial in outward
attention epoch and inward attention epoch, antisstally compared with the
mean firing rate in epoch FIX (two-tailed Studerttest; significance level,
p <0.02 with Bonferroni correction for multiple roparisons). Units with a
significant discharge during at least one of the tattentional epochs were
considered task related and were further analyg&dited cells during ATNout
were defined as those cells whose discharge dévidput was stronger than the
one during FIX. Inhibited cells during ATNin werefthed as those cells whose
discharge during ATNin was stronger than the onenduFIX. The same was
done for the epoch ATNin.

The spatial tuning of activity in the task-relatalls was analyzed statistically
by comparing the mean firing rate in each targeditppm (one-way ANOVA, F-
test; significance level, p <0.05) for each of flmactional epochs described
above. A neuron was defined as 'spatially tunednwit showed a statistically
significant difference in mean firing rate in thanse epoch in different spatial

locations. Direction selectivity of neurons modathtduring outward attention
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epoch and/or during inward attention epoch was tfiech by a preference index
(PI) for each functional epoch as follows:

Pl =abs(D - OD)/(D + OD)
where D = maximal discharge for cells excited wigspect to FIX or minimal
discharge for cells inhibited with respect to Faqhd OD = discharge for the
opposite position.
Pl ranged from O to 1.

Population activity of tested neurons was calcdlads averaged spike
density functions (SDFs). A SDF with a Gaussiam&kof half-width 40 ms was
calculated for each neuron included in the analysisraged across all the trials
for each tested condition, and normalized to thekmlischarge of the neuron in
the behavioral epochs of interest. The normalizBiFsSwere then averaged to
derive population responses. We statistically caegbahe population SDFs with
a permutation test with 10,000 iterations compathegsum of squared errors of

the actual and randomly permuted data.

3.3.4 Behavioral data
We performed psychophysical measurements in sepseasions on 1 animal. In
these sessions for monkey L we collected reactroas of the monkeys in valid
trials, in which the target appeared in the cueslitipm, and in invalid trials, in
which the target appeared in the uncued positidres& reaction times were
recorded separately from the physiological dataabse the physiological
recordings contained only valid trials. We recordedhavior during batteries of
trials containing 20% of invalid trials randomlytenleaved with valid trials. We
tested two opposite target positions, to the rigid to the left of the fixation
point.

Various inter-stimulus-intervals (ISIs) were testede used ISIs = 150
ms, 450 ms, 1000 ms (similar to the ISIs testeBawman et al., (1993). ; A
repeated measures ANOVA (p<0.05) with factors: (Blevels) and validity (2

levels) was used to assess the effect of validifylSI, and of the interaction
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between the two, on reaction time to target dedacfio assess the validity effect
for each ISI, post hoc comparisons using the Newi®uis correction were used.

3.4 Results

We performed extracellular recordings on 182 singhds of area V6A in 3
Macaca fascicularis Cells were ascribed to V6A following the functa criteria
described in Galletti et al. (1999a), and on cytbaectonic criteria according to
Luppino et al. (Luppino et al., 2005).

Animals were trained to fixate a light-emitting de(LED) in the straight-
ahead position in darkness while pressing a butoated outside their field of
view. While fixating, the monkeys had to detecteget (5 ms red flash) in one
out of several peripheral positions and respondt tby releasing the button
without moving the eyes (Fig. 3-1a). The targetitpms was cued by a yellow
flash (30-150 ms) preceding the target onset bys1s1The cue signal prompted
the monkeys to covertly displace attention towaitts periphery. After target
detection, the monkeys shifted attention back tdwdhe straight-ahead position
to detect the change in color of the fixation LEIs change in color had to be
reported by pressing the button again. The monkeys trained to maintain gaze
in the straight-ahead position all throughout tha.t Their fixation was checked
using an electronic window and off line inspectainecorded eye traces.

We quantified each cell's discharge during thregetepochs (see Fig. 3-1a): the
starting fixation epoch before cue onset (basddicievity, FIX), the epoch from

200 to 500 ms after cue onset (covert attentiofteshtowards the cue location,

‘outward attention’), and the epoch from 400 meaffiutton release to the change
in color of the fixation LED, when attention is agalirected towards the central
fixation point (‘inward attention’). We also anaba passive visual response to
the cue appearance in an epoch from 40 to 150 testht cue onset (VIS; see

supporting information).

3.4.1 Behavioral bases of covert attention shift
To check whether our experimental conditions induoevert attention shifts, we

measured reaction times (RTs) between target aarsdtbutton release in one
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monkeys. These measurements were collected in atepaehavioral testing
sessions before the onset of single unit recordiingse sessions contained valid
trials as described above, and invalid trials iniolwhthe cue was misleading
because the target appeared on the opposite sidewell known that effects of
covert attention shifts are reflected in differemde the reaction times between
valid and invalid trials both in human (Posner, @9&8nd monkey (Bowman et al.,
1993). In valid trials, especially with brief intstimulus-interval (ISI), the
reaction time are expected to be shorter than dunmalid trials because the
location where the target appears benefits fromnatnal enhancement evoked
by cue appearance.

As reported in Figure 3-1b, reaction times for étrgetection in valid and
invalid trials were recorded at I1SIs of 150, 45@ 4900 ms (Monkey L). Mean
reaction times were 400.01 ms (ISI 150), 360.01(I®ks450) and 335.90 ms (ISI
1000) for valid trials, and 412.89 ms (ISl 150),/35 ms (IS 450) and 336.16
ms (ISI 1000) for invalid trials These data weréeeed in 3x2 repeated measures
ANOVA with ISI (150, 450 and 1000) and validity (Mhvs invalid trials) as
within factors. The ANOVA has revealed a significameraction ISI x validity
(F(2,36)=5.47, p=0.008) with a difference in reawtitime between valid and
invalid trials occurred for the ISI of 150 ms (p&009, Newman-Keulpost hoc
test). The shorter RT for valid trials is an ind&xattention allocated to the cue,
and confirms that the experimental paradigm we udagted covert attention
shifts in our monkey subjects. For longer ISIs, Waddity effect was no longer
significant, although reaction time for both trigpes decreased with increasing
ISI (repeated measures ANOVA, main effect of factBt, F(2,36)=72.87,
p=0.000001) suggesting an increase of alertnesn wieelSI is longer.

3.4.2 Single-unit recordings
Since significant RT difference between valid andalid trials was observed for
ISI of 150 ms but not for ISIs of 450 ms and higheerd because we wanted to

exclude from the analysis the effect of putativeual responses to cue onset (see
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supporting information), we restricted the analysisthe effect of outward

attention shifts to a time epoch from 200 and 508 after cue appearance.
However, we performed also the analysis with a tmredow from 150 ms to 450

ms and the results were the same. Below, we rdpertresults of the former
analysis as a more conservative approach.

Since key-press and key-release actions elicitedaheesponses in V6A
(Galletti et al., 1997; Marzocchi et al., 2008), wanted to separate in time the
responses related to inward shifts of attentiomfitbhe responses related to the
button press. To this aim, in preliminary experitsewe varied ISI during cell
recordings. Figure 3-1c shows an example of areelbrded with different ISIs
(150, 450 and 1000 ms, tested in randomly inteddavials) and a cue duration
of 30 ms. When the ISl was 150 ms (Fig. 3-1c leffig, cell had a strong and long
discharge starting immediately after the cue omsetincrease of the I1SI to 450
ms (Fig 3-1c, center) caused the tendency of tlsehdrge to separate in 2
components (see arrow in Fig 3-1c, center). These ¢components became
further separated and distinguishable at an 110600 ms (see arrow in Fig 3-1c,
right), the first component related to the cue, sleeond to the button release.
Since these components were clearly separableatrdy I1SI of 1000 ms, when
recording from neurons we used ISIs of 1000 and 186, to be able to correlate
each discharge component with the different eveotsirring during the trial.

Of 182 recorded cells, 83 (46%) showed neural @disyggs during the
outward and/or inward attention epochs that wegaifcantly different from the
baseline (epoch FIX) as assessed by Student’'s (v Bonferroni correction,

p<0.02). From now on, we will refer to these calistask-related cells’.

3.4.3 Neural responses during outward attention
Fifty-one task-related cells were modulated durimgiward attention epoch
(Student’ t-test, p<0.05). In particular, 24 cels’%) were inhibited (i. e. the

discharge during outward attention epoch was wetdar during FIX), and 27
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cells (53%) were excited (i. e. the discharge duontward attention epoch was
stronger than during FIX).

FlX ATNout 500 me

204604

500 ms
Figure 3 - 2 Example of spatially-tuned modulations of neuralivaity during
outward attention epoch.

The neuron shows a strong discharge during outvedteintion epoch preferring
covert shifts of attention towards the bottom drthe space. Each inset contains
the peri-event time histogram, raster plots and @gsition signals, and is
positioned in the same relative position as theau¢he panel. In the central part
of the figure, the spike density functions (SDHsthe activity for each of the 8
cue positions are superimposed and aligned on tieeonset. The mean duration
of epochs FIX and outward attention is indicatetbiethe SDFs. Neural activity
and eye traces are aligned on the cue onset. Smaleb peri-event time
histograms, 70 spik&s Binwidth, 40 ms. Eyetraces: scalebar, 60°. Other details

as in Figure 3-1.
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Figure 3-2 shows a cell with a typical outward atiten response for cues
presented in the lower space. The spatially-tundgdard attention activity had a
very long latency (on average 283 ms). The celttdisged strongly after cue
onset and continued to discharge well after cusetfin some trials, the response
lasted until target onset, that is 1 s or morerldtan cue onset. This discharge
was very different from a typical V6A visual resgen(Galletti et al., 1999c). To
compare the effect of what we call “outward attemtito a purely visual response
in our neuronal sample we assessed the influenteeofisual stimulation by the
cue appearance (epoch VIS) on the firing rates. siSmnt with earlier
observations that a stationary light stimulus like cue is not the most effective
stimulus for V6A visual cells (Galletti et al.,, 199, only 40% of the cells
(72/182) were modulated during VIS with respecttlie baseline epoch FIX
(Student’ t-test, p,0.05).

One example of a cell with a typical visual resg@Ito cue onset is shown
in Figure 3-3. The response started about 80 nes #ie cue onset. The cell
showed a brisk response whose duration was sinwolathe duration of the

stimulus (150 ms).

20,A594

500 ms
Figure 3 - 3Typical visual response in V6A.

Neural activity and eye traces are aligned with ocoieset. Peri-event time
histograms: binwidth, 40 ms; scalebars, 38 spikeBigetraces: scalebar, 60u.
Other details as in figures 3-1 and 3-2.The respastarted about 80 ms after the
cue onset. The cell showed a brisk response whasgiah was similar to the

duration of the stimulus (150 ms).
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Comparing the discharges after cue presentatidgfign3-2 and 3-3, it is
evident that the duration of the outward attentiesponse was much longer than
the visual stimulus, contrary to what happens picd®l visual responses where
stimulus and response durations are nearly the .s&®aeond, the latency of
outward atten tion response was much longer arsldg&tly time locked than
the latency of a typical visual response.

Spatial tuning of the outward attention activityssa common finding in
our sample of V6A neurons: twenty-six out of 51 Ixe(51%) resulted
significantly spatially tuned (one-way ANOVA, p,8)0

To investigate the direction sensitivity of cellstiwoutward attention
activity, we computed a preference index (Pl, sepeBEmental Procedures).
Figure 3-4 a shows, separately, the distributiohs?ls for excited (red) and
inhibited (blue) cells. About half of the exciteells were direction selective, with
a PI higher than 0.2. Note that the cell shown igufe 3-2, that was strongly
direction-selective, had a PI1 of 0.44. The inhithitells were even more sensitive
to the direction of covert attention, showing higmeimber of cells with high
preference index.

Figure 3-4 b shows the population activity of V6&lls that were excited
(red lines) or inhibited (blue lines) during theoep of outward attention. The
continuous lines represent the average mean aoti/itells in trials in which the
cue appeared in the position evoking the maximuxtitgd) or the minimum
(inhibited) discharge rate. The dashed lines remtssthe average mean activity
of the cells in trials in which the cue appearedhi@ opposite position. The plots
have been aligned on cue onset.

The discrimination between two opposite spatialitpiss at population
level began around 100 ms after cue onset and geakeind 300 ms (Fig. 3-4b).
This agrees with the time course of the shift & #potlight of attention as
assessed from the behavioral data: a behaviorattefif attention at the cued
location was detectable 150 ms after the cue arskteased within 450 ms after
the cue onset. Also the rapid change of populadictivity just after cue onset
reported in Figure 3-4b well agrees with the fdwttthe displacement of the
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spotlight of attention during outward attention efpas exogenously driven by the

cue.

0.7 T
a® b

28 excited cells
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Figure 3 - 4Activity modulation during outward attention epoch.

a) Distribution of preference index (see Experimémaocedures) for cells
excited (red histogram) and inhibited (blue his@g) during outward attention
epoch. b) Effect of the covert dislocation of tip@tkght of attention on the
activity of V6A cells during outward attention epodhe average SDF for the
excited (red lines) and inhibited (blue lines) seflre shown. Continuous lines
represent the average SDF for the cue location iegokhe maximal (excited
cells) or minimal (inhibited cells) activity, andhé dashed line that for the
opposite location. Two dotted lines for each SDé#idate the variability band
(SEM). The activity of cells in each populatioraigned on the cue onset. Scale
in abscissa: 200 ms/division; vertical scale 0.Th& details as in Figure 3-1.
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Independently from the effect of outward shift d¢tieation (excitation or
inhibition), the number of cells preferring contri@ral shifts of covert attention
(i.e. cells whose maximal discharge was for shiftwards parts of the space
contralateral with respect to the recording sitggswhe same as that of cells
preferring ipsilateral shifts (i.e. cells whose nmaal discharge was for shifts
towards parts of the space ipsilateral with respiectthe recording site).
Interestingly, the spatial distribution of visuaceptive fields in V6A, mostly
contralateral, is significantly different from tlepatial selectivity of attentional
responses (Chi-squared test, p,0.0001), as shotigume 3-5. This fact is against
the view that the attentional effect could be th&uit of a modulation of the visual

response, suggesting a functional separation batihestwo phenomena.

*%

% of 100 ~ | |
cells ATN VIS

60

40

20

o} | C |
Figure 3 - 5 Preferred attentional and visual receptive-fielccdtions in area
V6A.
Columns indicate the percentages of neurons maetlildairing outward attentional
epoch (ATN) preferring contralateral (C) or ipséatl (I) targets, and the
percentages of visual cells (VIS) with the recephigld center in the contralateral
(C) or ipsilateral () hemifield. ATN and VIS poptibns include 26 and 684 cells,
respectively. The percentage of visual cell withepive fields centered in the
contralateral hemifield was significantly higher atih those centered in the
ispilateral hemifield (Chi-squared test, chisquared4.92, p,0.0001).
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3.4.4 Neural responses during inward attention

After target detection (i. e. after button releatiegg animal was requested to
respond to a change in color of the fixation LERttbccurred 1000 to 1500 ms
after button release (see Fig. 3-1a). Thus, itlasigble that, during this period,
the focus of attention was brought back to thetiora point (inward attention

epoch). Because the fixation LED remained illumsdatin the same color

throughout the inward attention epoch, and becaoskirther visual stimulation

was given after the target presentation and thdobutelease, modulations
occurring in the inward attention epoch cannot $&ibed to a visual stimulation.
They had to be related to endogenously driven shftattention towards the
fixation point.

Out of the task-related cells, 63 (76%) were sigaiftly modulated during
inward attention epoch with respect to the basdl8tadent t-test, p<0.05): 33%
of these cells were excited whereas the majorit¢{pwere inhibited. Figure 3-6a
shows a cell with a strong discharge during inwattention epoch. This
discharge occurred independently of the directibieavert attention during the
preceding outward attention epoch (cue locatior)sivbf the excited cells of our
population showed this behavior (71%). Figure 3sBbws a cell with direction
selectivity: its response during inward attentigmo@& was different for the
different cue positions. Neurons like these, shgwinchange in discharge in
periods in which neither the processing of visnébimation, nor the execution of
motor acts is taking place, strongly support théomothat attention modulates
V6A neurons.
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Figure 3 - 6Examples of two neurons excited during inward dib@nepoch.

a) neuron excited during inward attention epochemstive to the direction of
the focus of attentiorb) Neuron excited during inward attention epoch, germs
to the direction of the focus of attention. Leftlaight: neural activity, raster dot
displays and eye traces are aligned twice, withdhe onset (left) and with the
button release (right). Center: SDFs of the two positions are superimposed
(blue line: right position, purple line: left pogin). Peri-event time histograms:
binwidth, 40 ms; scalebars, 18 spikes/s (a), 2%&jis (b). Eyetraces: scalebar,
60u. Other details as in Figures 3-1 and 3-2.
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Figure 3 - 7 Example of a cell modulated during outward and irdvattention
epochs.

This cell was excited during outward attention dpaten attention was covertly
directed towards bottom locations, and inhibitedidg inward attention epoch
for all attended locations. In addition, this celbs excited during button release
and in the visual epoch, especially in the 3 lowesitions. Neural activity and
eye traces are aligned three times: from left ghti with the cue onset, with the
button release and with the change in color offikation point. Peri-event time
histograms: binwidth, 40 ms; scalebars, 180 spi&eBketraces: scalebar, 60u.

Other details as in Figures 3-1 and 3-2.
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Selective responses in the different task epochddcte found in
combination in individual neurons: 31 cells werevein by both outward and
inward shifts of attention, as the example repoiteéigure 3-7. This is a cell
whose activity was strongly modulated by the cosaéitt of attention towards the
cue (outward attention epoch), but also by theoactif button press, and by the
bringing back of attention focus towards the figatipoint (inward attention
epoch). This last modulation was actually an irtfobi A one-way ANOVA on
the activity of this cell around the button prefserfi 150 ms to 650 ms after target
onset) gave a significant influence of target posit(p,0.05). Therefore, the
example of Figure 3-7 shows that the effect ofrditd® can modulate not only the
ongoing activity but also the motor-related acyivtf a single cell. The large
majority of V6A cells are of this type.

Spatial tuning for inward attention epoch was lessnmon than for
outward attention epoch (17/63, 27%; 1-way ANOVA®5). We calculated the
distribution of preference indices separately foe population of excited and
inhibited cells. The majority of excited cells (2% 71%) showed weak
directional selectivity, with Pl lower than 0.2 ¢Fi3-8a, red histogram). The
directional selectivity of cells inhibited duringward attention epoch (Fig. 3-8a,
blue histogram) was slightly higher than that ofited cells.

Figure 3-8b shows the population activity of thésceignificantly excited
(red lines) or inhibited (blue lines) during inwaattention epoch (N=21 and 42,
respectively). The plots have been aligned on thieob release. On average, cell
activity changes after the button release, i.@, tine when attention is redirected
to the fixation point in order to detect its upcagnichange in color. Cell activity
then remained high or low (according to the typeeif) up to the end of the trial.
This behavior is in line with a shift of attentibmthe fixation point and can not be
explained by visual stimulation, oculomotor, or astiter motor-related activity.
The delay of the change in cell discharge is lorigan that observed in outward
attention epoch (see Fig. 3-4b), in agreement thiéhview that the phenomenon

is endogenously driven.
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3.5 Discussion

We have recorded responses of cells in monkey\&éain a task that required
covert attention shifts from a central fixation pioutward to a peripheral
location, and then inward shifts of attention bdokthe fixation point. The
outward shift was exogenously driven by a visua athile the inward shift was
endogenously driven by the learned requirementiseofask.

We found that the activity of V6A cells was modelatby the outward
shift of covert attention, often in a directionesive way, with half of the cells
excited and half inhibited by the attentional shifhe onset and duration of
attentional response correspond well to the typealporal profile of exogenous
attention shifts in humans (Posner, 1980) and ® dhentional benefits on
reaction times in our monkeys. Because the outvediention shift is driven
exogenously by the visual cue signal, the cell sasp may contain a visual
component. However, the latency and duration @ndittnal responses are clearly
different from the typical visual responses in V@&e Fig. 3-3). Visual responses
have short latency, small variability between #jadnd a duration that matches
the duration of the stimulus (Galletti et al.,, 1R78ttentional responses have
longer latency and higher variability (see for argte rasters of spikes in the
bottom part of Fig. 3-2). In cases where both isma attentional responses were
present in the same cell (e.g. in the bottom insétBig. 3-7), the brief visual
response (same duration as the stimulus) was soe®tseen alone (e.g. in the
bottom right panel), while in other cases (e.g.the bottom central and left
panels) it was followed by a tonic (attentionalyafiarge lasting hundreds of ms
after the end of visual stimulation.

The activity of about 35% of V6A cells (63/182) wasdulated by inward
shifts of attention (inward attention epoch). Thajonity of the affected cells
(about two-thirds) were inhibited, one-third werecieed. These activity
modulations were usually not spatially tuned, thatthey did not vary
significantly with the change in location of theecurhis was in agreement with
the fact that during inward attention epoch therdtbn was focused on the same

spatial location (the fixation point) regardlesscok location. It is worthwhile to
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note that contrary to outward shifts, inward sh¥tsre endogenously driven, so
they were not prompted by any visual stimulatiohergfore, cell activity during
inward attention epoch cannot be ascribed to aal/simulation.

Activity modulations during outward and inward atien epochs may
reflect a process representing the spatial locadiothe focus of attention. The
spatial sensitivity of many cells is in line withig view. The excitation observed
in the majority of neurons after outward attentihifts might reflect the better
responsiveness at the new cued location commonlydfon attentional studies.
The inhibition observed in the majority of neuromken attention was directed
back to the fixation point might reflect the demieg responsiveness at the
formerly cued location. Inhibition at previously exli locations is a common
finding in attention research (Klein, 2000) andiaportant contribution to the
shaping of the “attentional landscape”. Comparigbthe population activities in
the outward and inward attention cases (Figs. 318 &-7) shows that the
magnitude of the modulation is higher in the inweades. This could be because
in inward cases gaze and attentional focus arenedigor because the inward
attention shift is an endogenous process wher@agutward shift is exogenously
driven. It is also possible that the modulationthe outward attention cases is
smaller because attention is not maintained abthward locus long enough to
reach the same level of modulation as in the inwase.

It may be argued that the responses observed dthengutward and/or
inward attention epochs could be related to otlgnitive processes, such as the
preparation of the monkey to get ready for thedsutelease/press, or arousal, or
also the expectation of a later reward. Nevertlsele® believe that, if this were
the case, we would have no spatial tuning of ttepoeses, because the arm
actions are button presses occurring in a fixediapacation. Since many cells
here are spatially tuned in their attentional shifte believe we can rule out other
interpretations of the results.

Many studies have focused on the influence of attieron neural activity
in different brain areas, namely area LIP (Colbyplet1996; Gottlieb et al., 1998;
Goldberg et al., 2006; Buschman and Miller, 2005l and Goldberg, 2010;
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Herrington and Assad, 2010; Liu et al, 2010), swpe colliculus
(Ignashchenkova et al., 2004), frontal eye fieM&ildak et al., 2006; Buschman
and Miller, 2007), area 7a (Bushnell et al., 198bnstantinidis and Steinmetz,
2001; Raffi and Siegel, 2005; Rawley and Constaiiin2010), area DP (Raffi
and Siegel, 2005), area MT (Cook and Maunsell, 268&rington and Assad,
2010), area VIP (Cook and Maunsell, 2002). Whiléamge amount of those
studies shows that spatial attention modulatem¢ueonal response to a stimulus
(Desimone and Duncan, 1995; Constantinidis, 20@&k; findings provide
evidence that spatial attention modulates the emgactivity of a neuron, and this
happens in an area never studied before in thetiatal context. Other previous
studies have demonstrated that the ongoing actfitgells in a high number of
cortical areas, including V6A, is modulated by thieection of gaze (Galletti et
al., 1995; Bremmer et al., 1998). This was gengiaterpreted as an oculomotor
effect. However, since the direction of gaze anel $potlight of attention are
usually aligned, the gaze modulation could be #@sailt of an attentional process
which modulates the neuronal activity, rather thagirect oculomotor effect. By
disengaging the attention from the point of fixatwwe have shown that this is the
case for at least 30% of the neurons in area VéAward attentional effect). For
these neurons, neural modulation was still presdmn covert attention was
shifted without any concurrent shift of gaze dimct confirming that the
modulating factor is the attentional process.

Recent brain imaging studies have shown that in hbman medial
superior parietal lobe there were transient agowatby shifts of covert attention
from one peripheral location to another (Chiu arahtts, 2009; Esterman et al.,
2009). The activation was located in the anterimkbof the dorsalmost part of
the parieto-occipital sulcus, that is just in fraftwhere area V6 is located in
human (Pitzalis et al., 2006). Since in macaquea &6A is located just in front
of area V6, in the anterior bank of the parietoipital sulcus, we suggest that the
medial superior parietal region described by Cmd #antis (2009) is the human

counterpart of the macaque area V6A. If this wée ¢ase, we could conclude
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that in both macaque and human, area V6A is moellléty covert shifts of

attention.

3.5.1 Why an attentional modulation in a reaching eea?

V6A is an area that contains visual, gaze, and mrowement-related neurons
(Galletti et al., 2003). Present results show W@ neurons are also modulated
by covert spatial shifts of attention, and thatuals motor, and attentional
responses can co-occur in single V6A cells. Wepragliously demonstrated that
several single V6A cells were particularly sengtio arm movements directed
towards non-foveated objects (Marzocchi et al.,,800he covert attentional
modulations could allow these cells to select thmal gof reaching during
movement preparation, as well as to maintain ertoded possibly update, the
spatial coordinates of the object to be reachediotuhg movement execution.
Our results have shown a homogeneous spatial twifiatgiention. This behavior
parallels the homogeneous distribution of prefergede and reach directions
observed in area V6A (Galletti et al., 1995; Fattral., 2005), while it is in
contrast with the preferred contralateral represen of the visual field, since the
distribution of visual receptive fields in V6A m&mnrepresents the contralateral
visual field (Galletti et al., 1999b) (see also.F3g4). In other words, the spatial
tuning of attentional preference does not follow sensory tuning, but rather the
oculomotor and arm-reaching tuning found in V6A.

We believe that present results provide crucialpsupfor the hypothesis that
spatially-directed attention is linked to motor gramming. Our study thus
extends previous findings of a connection betwa&nton and eye movement
control (Moore et al., 2003; Cavanaugh and Wur@42 Ignashchenkova et al.,
2004; Hamker, 2005; Thompson et al., 2005; Bisley &oldberg, 2010) to the
case of reaching control, and points towards aatesubstrate for interactions
between attention and reaching that are known flamrman behavioral data
(Castiello, 1996; Deubel et al., 1998).
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4. BEHAVIORAL |INVESTIGATION ON THE FRAMES OF REFERENCE
INVOLVED IN VISUOMOTOR TRANSFORMATIONS DURING
PERIPHERAL ARM REACHING 2

4.1 Abstract

Several psychophysical experiments found evideacéhe involvement of gaze-
centered and/or bodycentered coordinates in armememt planning and
execution. Here we aimed at investigating the friafereference involved in the
visuomotor transformations for reaching towardsiaigargets in space by taking
target eccentricity and performing hand into ac¢olWe examined several
performance measures while subjects reached, ipletendarkness, memorized
targets situated at different locations relativeéhie gaze and/or to the body, thus
distinguishing between an eye-centered and a bediered frame of reference
involved in the computation of the movement vecfbne errors seem to be
mainly affected by the visual hemifield of the tagindependently from its
location relative to the body, with an overestiratierror in the horizontal
reaching dimension (retinal exaggeration effecthe Tuse of several target
locations within the perifoveal visual field allodieis to reveal a novel finding,
that is, a positive linear correlation between hamial overestimation errors and
target retinal eccentricity. In addition, we fouad independent influence of the
performing hand on the visuomotor transformatiomcpss, with each hand
misreaching towards the ipsilateral side.

While supporting the existence of an internal medma of target-effector
integration in multiple frames of reference, thegant data, especially the linear
overshoot at small target eccentricities, cleanlyigate the primary role of gaze-

centered coding of target location in the visuomatansformation for reaching.

2 A version of this chapter was originally publisied®LoS ONE journalAmbrosini E*,
Ciavarro M*, Pelle G, Perrucci MG, Galati G, FattoP, Galletti C, Committeri G
(2012) *Equal contribution
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4.2 Introduction

Directing the arm towards a seen object that wet weagrasp or touch is a typical
example of visuo-motor coordination. Albeit appdhersimple, this operation
actually requires a series of complex processes.slimulus position is initially
coded by the visual system in retinal coordinatgsereas the motor output
guiding the arm movement is coded in intrinsic nuleccoordinates. Therefore,
the representation of target location must be foamsed into coordinates suitable
for producing the proper muscle contractions (Steghand Flanders, 1989b, a;
Henriques et al., 1998). Moreover, retinotopic miation about target location
must be integrated with the position of the effedim compute higher-level
movement parameters, such as the direction anahdistthat the hand must cover
to reach the target (movement vector) (Buneo g2802).

To investigate the reference frames involved m-arovement planning,
many psychophysical studies have focused on th&akpattern of reach errors,
basing on the assumption that the error patterdirectly determined by the
specific reference frames involved. Several worksehfound evidence of an
oculocentric spatial coding (Henriques et al., 19B@nriques and Crawford,
2000; Poljac and van den Berg, 2003; Beurze et 2006; Sorrento and
Henriques, 2008), showing that errors in goal-deé@arm-movements vary as a
function of the position of the target relativetive current gaze. It has been shown
that the spatial position of a reach target is dedoand updated in an eye-
centered frame of reference, regardless of whdtteetarget is visual, auditory,
tactile or even imaginary (Pouget et al., 2002}erestingly, a gaze-centered
coding of the location of visual and proprioceptiaegets has also been proposed
in position judgments (Fiehler et al., 2010) andrein tactile localization (Harrar
and Harris, 2009).

These psychophysical results are in accordandesaigle-unit recordings
in monkeys and human functional brain imaging sisdsuggesting that a gaze-
centered frame of reference is used to represahtupdate target locations in

specific reach-related areas of the posterior frmortex (PPC) (Batista et al.,
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1999; Cohen and Andersen, 2000; Medendorp et @03;2Medendorp et al.,
2005). For example, Batista et al. (1999) showed itih the parietal reach region
(PRR) of the monkey neuronal activity varied whezeywas changed relative to
the reach target. More recently, Marzocchi et #largzocchi et al., 2008)
demonstrated that the reach-related activity od &r6A, a reaching area of the
medial PPC, was modulated by the retinotopic coateis of reaching target.
Neuropsychological studies on unilateral and hitdteptic ataxia patients (with
damage in PPC regions corresponding to monkey RRRIR/8A) showed deficits
in reaching that are consistent with a dynamic gardered internal
representation of reach space. For instance,qus\studies (Khan et al., 2005a;
Khan et al., 2005; Dijkerman et al., 2006; Blanget@l., 2009) have shown that
patients with unilateral optic ataxia make largacteng errors when, after foveal
target presentation, a saccade prior to movemesdtdarces them to ‘remap’ the
location of the target into their ataxic visualdie

However, other psychophysical experiments haveealed that in the
visuomotor transformation process the hand andetampsitions could be
compared also in body-centered coordinates (Soerlaind Flanders, 1989b, a;
Flanders et al., 1992; Gordon et al., 1994; Mcktgt al., 1998; Vindras et al.,
1998; Carrozzo et al., 1999) or in both gaze- andykcentered coordinates
(Battaglia-Mayer et al., 2001; Battaglia-Mayer &t 2003; Beurze et al., 2006;
Khan et al., 2007; Marzocchi et al., 2008). Fotanse, in the study of Khan et al.
(2007), reaching errors of both control subjectd patients revealed an influence
of target position in gaze-centered coordinates, adép showed a large quasi-
independent shoulder-centered influence of targeditipn. Their results thus
suggest that, during visuomotor transformations,téiget and hand positions are
compared in multiple reference frames at more tobae level, and these
comparisons are then integrated.

The purpose of the present study was to investitiest frames of reference
involved in the visuomotor transformation processimy reaching movements
towards memorized visual targets in space. To thm, we employed an
experimental paradigm that allowed disambiguathmg role of eye-centered and
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body-centered reference frames, by measuring ttékitive weight in determining
subjects’ errors in a reach-to-point task towahdsremembered position of visual
targets in darkness. This was achieved by expetatigrvarying the position of
the fixation point, as in previous works (e.g., Bod986; Enright, 1995;
Henrigues et al., 1998). When only gaze fixatiowasied, indeed, the reaching
movement remains fixed with respect to the bodyhwitial hand position and
reach target) and errors possibly arising from afrinsic body-centered
representation should remain constant; in contesgrs arising from a gaze-
centered frame of reference should vary dependingaze direction. Notably,
several works have shown that reaching errors aarg function of the target
position relative to current gaze, but it is stiiclear if a linear influence does
exist (e.g., Bock, 1986; Enright, 1995; Henriquésak, 1998). Therefore, to
clarify this point, we used several perifoveal &rgositions. Finally, we also
explored the impact of the performing hand on reacbrs, that is, an issue which

has not been systematically addressed so far.

4.3 Materials and Methods

4.3.1 Ethics Statement

Participants provided written informed consent befdhe beginning of the
experiment, which was approved by the Ethics Cotemitof the “G.
d’Annunzio” University, Chieti, and was conductedaiccordance with the ethical

standards of the 1964 Declaration of Helsinki.

4.3.2 Participants

Twelve human subjects (four males and eight fematesan age + SD = 24.1 +
1.1) participated in the experiment. All participgmere right-handed, as defined
by the Edinburgh Handedness Inventory (Oldfield71)9, without any known

neurological or muscular deficits, and had nornralarected-to-normal vision.
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4.3.3 Apparatus

Subjects were seated on a height-adjustable amaiomplete darkness, with the
head mechanically stabilized with a chin rest andead holder, which were
mounted onto a wooden table directly in front adrth A Plexiglas screen (120 x
50 cm) covered with a matte black sheet was placeithe table in a frontal plane
within the subject’s reaching distance (at 42 cime height of the chair and the
chin rest were adjusted so that the subject's pgdo eye (located midway
between the two eyes) was vertically and horizontaligned with the central

fixation light-emitting diode (LED) (see followingection).

The stimuli array consisted of nine LEDs alignedtioa horizontal plane.
Three red LEDs, located at -17.2°, 0°, and 17.8fyesd as fixation points. Six
yellow LEDs, located at three different eccentigst(11.5°, 8.6°, and 5.7°) on
both left and right sides of the central fixatioB[L, were used as reaching targets
(Figure 3-1). All LEDs were installed behind theeiblas screen. They were
visible only when illuminated and gave no tactigedback when touched. The
starting position of the hand reaching movement admitton placed under the
chin rest and immediately in front of the subjettisso.

Movements of the left or the right index finger wanonitored using an
electromagnetic tracking device (3 Space Fastrakolhemus Navigation;
Colchester, VT, USA), which detected the positidrsmall sensors attached to
the tip of the left and right index fingers (samplirate: 120 Hz, static accuracy =
0.8 mm, resolution = 0.05 mm). Data were digitiaed recorded on a PC for off-
line analysis. During the experiment, eye movemeavise monitored with an
infrared tracking system (ISCAN ETL-400, BurlingtoA, USA), which was
placed behind the Plexiglas screen.

Stimulus presentation and recording of the paricip’ responses were
controlled by a custom software (developed by Gasgalati at the Department
of Psychology, Sapienza Universita di Roma, Itadge Galati et al., 2008),
written in MATLAB (The MathWorks Inc., Natick, MAUSA) that implemented
Cogent 2000 (developed at FIL and ICN, UCL, Lond&i) and Cogent
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Graphics (developed by John Romaya at the LON, d&biele Department of
Imaging Neuroscience, UCL, London, UK) platforms.

4.3.4 Experimental procedures

Participants were requested to reach to the remmmibgosition of atarget
location in complete darkness, while maintainingfion at the fixation LED. In
order to dissociate the visual from the body spat@ordinates of the reach
targets, four experimental conditions were testgdnlnipulating the position of
the fixation LED as illustrated in Figure 3-1: Axdtion on the central LED and
reach targets presented on the left visual fiel&)(dnd left body field (BF)
(IVF/IBF: Figure 3-1A); B) fixation on the centrdlED and reach targets
presented on the right visual and right body figldé~/rBF: Figure 3-1B); C)
fixation on the left LED and reach targets presérdr the right visual and left
body fields (rVF/IBF: Figure 3-1C); D) fixation othe right LED and reach
targets presented on the left visual and right bicelgs (IVF/rBF: Figure 3-1D).
The four conditions were studied separately in fexperimental sessions and, to
examine the influence of the performing hand omiwog errors, the four sessions
were repeated for both hands. The resulting eigssiens were presented in
pseudorandom order for each participant, with thestraint of alternate sessions
performed with left and right hand.

At the beginning of each trial, subjects fixated tlkd fixation LED. Next,
one of the yellow reach LEDs (target) was illumethtfor 300 ms, while the
subject was required to maintain fixation. Aftevaaiable delay (200, 300, or 400
ms) from the target offset, the fixation LED flickel, signaling the subjects to
reach to and touch the remembered location ofatget, while maintaining their
gaze fixed at the fixation LED. Reaching movemewtse performed in darkness
and the subjects reported being unable to seertiwiing arm. Participants were
required to complete the reaching movement witl@8ms, after which the next
trial began. For every experimental condition, eatlthe three reaching targets
was presented 16 times in random order, for a t§tdB trials in each session. To

prevent darkness adaptation, at the end of evepgrarental session the room
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light was switched on for two minutes. Subjectsenv@structed to perform a fast
reaching movement as accurately and fluidly asiplessBefore the experiment,
subjects completed a brief training session to lfanie with the experimental
procedure. The training section lasted until subjéearned to maintain fixation
and to move their arm only after the go signal. ti#g end of the experiment, a
calibration procedure was conducted. Participaatched all the LED targets
(with visual feedback of the hand) while fixatifgem. Reaching errors that we
report later are computed as the reaching posittative to the corresponding

reached position during this calibration procedure.

4.3.5 Data analysis

Performance was evaluated by mapping the reachowggment endpoints on the
horizontal (x) and vertical (y) axes of the scrdeéor. every trial, endpoint position
in the x and y axes was estimated at the point iofrmum z position (i.e. the

point at which the finger touched the screen). iSrravere calculated as the
difference between finger endpoint and target pmsitas computed in the
calibration procedure.

To quantify movement accuracy we computed threterdifit types of
constant errors. The first one, termed “distanée”cfn), was computed as the
Euclidean distance between the mean endpoint agettposition, and represents
the absolute error. The other two measures, namlgelraic x and y errors” (in
cm), are equal to the horizontal and vertical congmb, respectively, of the
absolute error and were calculated as the sigrieatetice between the horizontal
and vertical components of endpoints and the cporeding values of each target
position. “Movement precision” (variable error)stead, was measured by fitting
the 95% confidence ellipse on the reaching endpadligtribution separately for
each subject for every target and condition. Véaeiadror was then calculated

using the area (in cm2) of these ellipses.
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IBE - IVF rBF - IVF

‘:u Central Fixation Central F'ncation-"'{___?
Left Targets Right Targets
C D
IBF - rVF rBF - IVF
r.'r-
Left Fixation Right Fixation
Left Targets Right Targets

Figure 4 - 1Schematic representation of the experimental pgradi

Red circles represent the three possible red fixallEDs (left, central, right)
while the yellow stars indicate the six target piogsis used in the entire
experiment. Note that three target locations weresented in each of the four
conditions. Light red and light blue rectangulareass represent the left and right
body fields (BF), respectively, whereas light reu dight blue circular sector
areas are determined by the fixation point and esent the left and right visual
field (VF), respectively. The upper part of theufe illustrates the two
experimental conditions with the central fixation,which the three targets are
presented in visual and body compatible fields gbax left compatibility; panel
B: right compatibility). The lower part of the figu illustrates the two
experimental conditions in which the visual and yobe@mifields are dissociated
by varying the location of the fixation LED. In sigecases, the fixation is lateral
and the three targets are presented in visual andlykincompatible fields (panel
C: left fixation, left body field but right visuakfd; panelD: right fixation, right
body field but left visual field). | = left; r = ght.
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For each dependent measure (mean constant errdrsllgtical areas),
the statistical significance of the difference betw the experimental conditions
was tested using repeated-measures analysis ahear{ANOVA) and Newman-
Keuls post hoc tests. When the sphericity assumptias violated, we applied
Greenhouse-Geisser correction of degrees of freddmticated as &).

4.4 Result
The aim of the present study was to investigateffimes of reference used in

planning and guiding visuomotor reach-to-touch ammovements. For this
purpose, we have examined several measures ofaagcand precision. Each
measure was entered as dependent variable in aB3222XNOVA with Visual

Field (VF) (IVF vs. rVF), Body Field (BF) (IBF vsBF), Target Eccentricity (TE)
(5.7°, 8.6°, 11.5°) and performing Hand (IHand kdand) as repeated factors.
Data were collected for a total of 4608 trials (384 each subject). A small
percentage of trials (323, i.e. 7% of the total)swhscarded off-line because
subjects did not maintain fixation or began the amovement too earlyi.e.,

when movement onset time was less than 100 ms).

4.4.1 Accuracy (constant errors)

The analysis conducted on the absolute constamrtseDistance) showed a clear
influence of the oculocentric frame of referenceN@VA, indeed, revealed
significant main effects of both VF {k; = 7.95; P = 0.017), with larger errors in
the IVF (M = 2.42 cm, SD = 0.94 cm) than in the rf = 1.90 cm, SD = 0.71
cm), and TE (k22 = 15.71; Rs = 0.002), with larger errors as target eccentricit
increases [M = 1.82, 2.09 and 2.5 cm (SD = 0.587 @nd 1.02 cm) for 5.7°, 8.6°
and 11.5° of TE, respectively]. The interactionluése two factors, instead, only
approached statistical significance (VFxTE;2f= 3.3; Rg = 0.056). Post-hoc
analysis revealed a stronger influence of targeemiticity in the left visual field
(P < 0.001 for all comparisons), whereas in thétrigsual field a difference
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emerged only between targets presented at 11.5thaiseé presented at 5.7° and
8.6° (Ps <0.001) (Fig. 4-2).
3 -

2.5 1
£
L2
2 2 n.s.
L 1
Q
3
S
21.5'
(m]

-11.5°| —8.6°| -5.7°) 5.7° | 8.6° | 11.5°
IVF rVF
Visual Position (degrees of visual angle)

Figure 4 - 2Absolute errors (Distance).

2-way Visual Field x Target Eccentricity interaatio Absolute constant errors
are represented as a function of visual positiontlod targets (i.e., with the
eccentricity of the targets located in the leftuakfield indicated by negative

values). Error bars represent standard error of thean.

The analysis conducted on the horizontal algebeaiors (Fig. 4-3) revealed a
high global accuracy across subjects (x error gram@hn = -0.06 cm). The
ANOVA revealed the significant main effects of iR (1 = 6.04; P = 0.032), TE
(F222 = 7.79; Rc = 0.005) and their interaction (VF x TE; & = 7.05; Rg =
0.021). The main effect of VF showed that the pguéints systematically
overshot the targets (the so-called retinal exadmer effect; see Discussion
section). In other words, subjects made rightwardre when reaching towards
the targets located in the right visual field (M09 cm, SD = 1.02 cm), and
leftward errors when reaching towards the left aidield (M = -0.92 cm, SD =
1.75 cm). Post-hoc analysis of the 2-way interactibbowed slighter overshooting
errors for targets located at lowest eccentriaitythe IVF (-5.7° vs. -8.6°: P =
0.044; -5.7° vs. -11.5°: P = 0.005) (Fig. 4-3A).tdlthat errors for targets located

in the same VF and TE position are not affectethieyfact of being in a different
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BF. On the contrary, within the same BF, the facbeing in a different eye-

centered position radically changes the patteermafrs.

A Effect of Body field B Effect of Hand
3 = 3 9 =
2 2 -
1 - ]
= . <
g E
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i ; i
y -1 4 Left BF -1 4 —a— Lefl Hard
o =g [Right BF == Right Hand
| -2 9 —p— [ fEan -2 e RN
3 = &
348 o, ‘E
-11.5" -BB" -57" 0 5.7 BE® 11.5° -11.5° -B&° -57° 0 &7 BB 1150
Visual Position (degrees of visual angle) Visual Position (degrees of visual angle)

Figure 4 - 3Horizontal errors.

(A) 2-way Visual Field x Target Eccentricity inter@on. The black diamonds
represent mean horizontal errors as a functionhef ¥isual position of the targets
(i.e., with the eccentricity of the targets locatedhe left visual field indicated by
negative values) * indicates P < 0.05; ** indicat€®s< 0.01. For illustrative
purpose, the data were also split by body fieldhwthe data for the left BF shown
in orange, and those for the right body field shawgreen. (B) Linear regression
analyses were computed, for each subject, on thmesdata of A (black
diamonds), and on data splitted for performing h&retl and blue circles for left
and right hand, respectively). For each of theethrregression models, we
calculated the mean regression parameters (averagesveen subjects); the
corresponding three mean regression lines, of Hmaescolor of the data points,

are superimposed.
Moreover, the ANOVA revealed also a significant maffect of performing

Hand (k11 = 6.69; P = 0.025), with the left hand misreachimgards the left (M
=-0.40 cm, SD = 0.92) and the right hand towahdsright (M = 0.27 cm, SD =
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0.85). This effect seems to be purely additiveg¢esiit did not interact with other
factors (Fig. 4-3B).

In order to better clarify the influence of the tmmentric frame of reference on
horizontal errors, we applied a linear regressioalysis approach evaluating, for
each subject, the relationship between the visasitipn of the targets (in which
the three positions with negative values indiche|VF) and the horizontal error
(pooled across hands and BFs). The regression maaekignificant in most (9
out of 12) of the subjects, predicting that horiabrrror is proportional to target
position (mean beta coefficient = 0.59; one sanople-tailed t test against Q%
2.99; P = 0.012). It is also important to note thia intercept (i.e., the error
expected for targets presented at the fovea) isigotficantly different from zero
(t12=-0.29; P > 0.77). Moreover, a linear regressuas conducted for each hand
to verify the additivity of the Hand main effecto® regression models were
significant and explain a large amount of variamcenost of the subjects (mean
R? = 0.75 and 0.73 for left and right hand, respetyivPs < 0.05 in 8 out of 12
subjects for both hands). In addition, by compating beta coefficients of the
two regression models, the regression lines for twe hands were not
significantly different (mean beta coefficient =66.and 0.39; two sample two-
tailed t test: ) = -1.86; P = 0.09).

The analysis conducted on the vertical algebrammrerevealed an overall
downward bias (y error grand mean = -0.67 cm) as@yaificant main effect of
target eccentricity (2 = 22.03; Rg = 0.0002). Moreover, also the VFxBF 2-
way interaction (F11 = 5.06; Rg = 0.046) and the VFxTExHand 3-way
interaction (k2> = 8.07; Rc = 0.005) were significant. Post-hoc analysis @& th
VFxBF interaction showed that VF affected perforoeonly when targets were
presented in the left BF, with subjects making éargrrors for targets in the
incompatible right VF [rVF = -0.81 cm (SD = 0.77 rws. IVF =-0.53 cm (SD =
0.74 cm); P = 0.05) (Fig. 4-4A). Post-hoc analysisthe 3-way interaction
showed larger errors for targets presented at bigiezentricities, but only when
these were located in the visual field oppositeht® performing hand [-11.5°:
IHand = -0.59 cm (SD = 1.17 cm) Vs. rHand = -0.81 (SD = 0.60 cm); 11.5°:
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IHand = -0.92 cm (SD = 0.70 cm) Vs. rHand = -0.M (SD = 0.98 cm); P<
0.031) (Fig. 4-4B). Finally, we investigated theretation between horizontal and
vertical errors, finding that these two types ofistant errors were independent (n
=24;r =-0.14; P = 0.5), in line with the patterihobtained statistical results and
with previous findings (Henriques et al., 1998; Hgues and Crawford, 2000).

A Body Hemifield B Visual Position {degrees of visual)
D L] L] 0 L] L L L L] L]
|BF rBF -11.5% -B8" -67° 57" 86" 115"
~02 ——ve 027 —o— | Hand
ag— -8 -rVWF =—&—r Hand
= =
-e_ =04 =04 |
i
3 .
2 -06 - =06
g *
-08 08 4

_r -1 -
Figure 4 - 4Vertical errors.
(A) 2-way Visual Field x Body Field interactiono{sl line
dashed line = right visual field); (B) 3-way Hand\Wisual Field x Target

left visual field;

Eccentricity interaction (red circles = left hanblue circles = right hand). Error

bars represent standard error of the mean.

4.4.2 Precision (variable errors)

The ANOVA conducted on the finger endpoints disttibn area showed the
significant main effect of TE @, = 5.71; Rg = 0.01) and the significant
VFXBFXTE 3-way interaction @, = 6.20; R = 0.007). Post-hoc analysis
revealed that ellipse areas for targets locatetlldi® were larger than the other
two degrees of Target Eccentricity, except for étsgpresented in the right
compatible condition (rVF / rBF) (Fig. 4-5).
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Figure 4 - 5Confidence ellipses areas.

3-way Visual Field x Body Field x Target Eccentticiinteraction. The areas of
confidence ellipses in the four experimental cood# are represented versus
target eccentricity relative to the fixation poifgignificant post-hoc comparisons
are: *=11.5° vs. 8.6° # = 11.5° vs. 5.7°). Camibus lines represent compatible
visual and body fields, whereas dotted lines repn¢ incompatible visual and

body fields (red circles = left hand; blue circlesight hand).

4.5 Discussion

The main purpose of the present investigation washed light on the frames of
reference involved in planning and executing a r&aig-range reaching
movement (Galati et al., 2011) towards visual terge space. To this aim, we
examined the kind of errors performed while sulsjemached, in complete
darkness and with both hands, memorized targetsddcat different locations
relative to the gaze and/or to the body. This maaipn allowed us to
distinguish between an eye-centered and a bodgmzhtframe of reference
involved in the computation of the movement veckirthe same time, it allowed

us to gain insights into the influence of targetestricity and performing hand.
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4.5.1 Influence of visual and body fields
The main result indicated that errors were largeflyenced by factors associated
with the use of an oculocentric frame of refereng& indeed found that two
reaching movements show similar errors if targeafions are the same in eye-
centered coordinates but not if they are identicdy in body coordinates.
First, we found that subjects’ accuracy was strpngfluenced by the visual
hemifield in which targets were presented. Morecigady, subjects made
horizontal errors that did not depend on targeitjposrelative to the screen or
their bodies; instead, errors were influenced bgda position relative to the
fixation point. In other words, when subjects parfed a movement towards a
target located in the left or right visual hemifiethey made leftward or rightward
errors, respectively, regardless of the positiotheftargets relative to the screen
or their bodies. This pattern of errors is well Wwmoand mentioned as retinal
exaggeration effect (Henriques et al.,, 1998; Hemsqgand Crawford, 2000;
Medendorp and Crawford, 2002; Pouget et al., 280&2n et al., 2005) or retinal
magnification effect (Bock, 1986), and was demaistt also in more complex
tasks in which subjects performed a saccade betwéen foveal target
presentation and the pointing movement towardsstbeed position of the same
targets (Henriques et al., 1998; Sorrento and lgaed, 2008). These latter works,
in particular, suggest that the position of the eerhered visual target is not
converted into a coordinate system centered orbtitly or the effector, but is
stored and updated in a gaze-centered frame oferefe, at least during the
preparation of arm movement. It is not clear whaicly produces this systematic
mislocalization of targets relative to the gaze.clBqBock, 1986) originally
described this constant overestimation of reaclestive to the gaze as a
magnification of the retinal distance of the targeative to the fovea. Henriques
and Crawford (Henriques and Crawford, 2000) suggkdhat this retinal
magnification effect is the result of miscalibratiin eye-head coupling when
pointing to distant targets with deviated gaze.

Besides confirming the retinal exaggeration effébe present results

indicate a linear correlation between the overediion errors on the horizontal
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axis and the target retinal eccentricity (i.e. ttistance between target and
fixation). Figure 4-3B shows the good approximatainthe linear model to the
data, and since the intercept is very close toahgin and not significantly
different from zero, no systematic errors were miadeeaching the target at the
center of the visual field. This suggests thatrt#taal eccentricity of targets has a
linear influence on the representation of targetation in the perifoveal visual
field (within 10° from the fovea), an influence th&ould remain constant upon
entering the peripheral visual field (“saturaticeffect for targets located beyond
10-15 degrees of eccentricity (Bock, 1986; Henrggae al., 1998; Henriques et
al., 2002; Crawford et al., 2003). The present navgervation of a linear
influence within the perifoveal visual field was deapossible by the use of
several target eccentricities smaller than 10 degrérevious studies, which
found the saturation effect, employed only one @amaller than 10 degrees, thus
preventing such an important observation.

While the effects of the eccentricity discussedascseem attributable to a
systematic bias during the visuomotor transfornmatprocess (i.e. impairing
subject’s accuracy), the results of the analysishendispersion measures suggest
that target eccentricity affects also the precisadnreaching movements (i.e.,
increased the variability of subject’'s performanchklspection of Figure 4-5
shows that increasing the distance between thettargl the fixation point results
in an increase of endpoint dispersion, regardléghe target distance from the
body. In other words, in contrast with previougdfitgs (Gordon et al., 1994), the
increase of endpoint dispersion observed for mareerric targets is not
influenced by the distance that the arm has torctmveeach the target.

4.5.2 Influence of performing hand

Besides visual field and target eccentricity eemh accuracy and precision, our
work provided further results about an issue wihels not been systematically
addressed so far: the influence of the performiagdhon reaching errors. This
influence has been highlighted by the analyses wcted on horizontal errors.

These revealed that participants make rightwardrerivhen performing the
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reaching movement with the right hand, and, corelgrdeftward errors with the
left hand. In addition, the regression lines calted for each hand were parallel.
These results therefore suggest that the perforimang exerts an influence on the
visuomotor transformation processes that is indégen from that of the
oculocentric frame of reference. The influence @ performing hand on reach
errors observed in the present study could be mgdaby assuming an
overestimation bias in proprioceptive localizatiohthe hand starting position
(Jones et al., 2010) that would occur independemfy the visuomotor
transformation cascade. However, it remains unaearhich stage this influence
of the hand can occur. According to the multipléerence model (Battaglia-
Mayer et al., 2003; Sober and Sabes, 2003, 20G&hnBland Crawford, 2007;
Marzocchi et al., 2008), hand—target informatiomlddoe compared in multiple
reference frames depending on task requiremendsalable information (Neely
et al., 2008). Current evidence from neurophygploneuroanatomy, and
psychophysics strongly supports the existence oftiple; independent, and
coexisting levels of representation for combined-énand movements in the PPC
and connected premotor areas. The parieto-fromtaark combines information
about target and effector locations during the atisator transformation process
and neural activity in several parietal and premateas appears to be modulated
by both hand and target position in different franoé reference (Batista et al.,
1999; Burnod et al., 1999; Battaglia-Mayer et a001; Battaglia-Mayer et al.,
2003; Batista, 2005; Pesaran et al., 2006; Beurzd.,e2007; Marzocchi et al.,
2008; Bernier and Grafton, 2010; Chang and Sny2i&t0; McGuire and Sabes,
2011). These results are also consistent with tefiedings showing that an
artificial neural network of the visuomotor trangfation for reaching performs
this comparison gradually across different framésrederence (Blohm and
Crawford, 2007).

Our data also showed an interesting result thanba®een observed in previous
works, i.e. a downward bias of reaching errors ta$ modulated by both target
eccentricity and performing hand. Other studiegyoal-directed arm-movements
showed an overall vertical undershoot of the tangesition (Enright, 1995;

61



Henriques et al., 1998; Henriques and Crawford 02G®ljac and van den Berg,
2005). Whereas the former hypothesis cannot accoundur pattern of errors,
since we did not find any bias toward initial hapdsition in the horizontal
component of reaching errors (i.e., an undershiostead of an overshoot, in
reaching peripheral targets), the latter hypothétssbetter with our results. In
fact, a further interference due to a maintainedctatonus may interact with the
imperfect calibration of the retinal read-out, whits the cause of the retinal
exaggeration effect, so leading to the target dacéy modulation of the vertical
error that we found.

To conclude, we showed that humans make differemtrse when reaching to
remembered target locations with gaze at diffedargctions. The present results
suggest that the location of visual targets is prity coded in an eye-centered
reference frame. Furthermore, our data show that ghrformance is also
influenced by the sensorimotor transformations eoting the spatial coordinates
of an action target in an independent hand-centén@de of reference. The
present results thus support the existence of @nnial mechanism of integration
between target and effector information in multifsemes of reference. They are
in line with the view of a visuomotor transformatian the dorsal visual stream
that changes the frame of reference from retinomenypically used by the visual
system, to arm/hand-centered, typically used byntlo¢or system. It remains a
challenge to understand the temporal dynamicseoféimsorimotor transformation

for reaching implemented by the dorsal visual stredthe human brain.
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5. RTMS OF MEDIAL PARIETO -OCCIPITAL CORTEX INTERFERES
WITH ATTENTIONAL REORIENTING DURING ATTENTION AND
REACHING TASKS °

5.1 Abstract

Unexpected changes in the location of a targetaforupcoming action require
both attentional reorienting and motor planning atpd In both macaque and
human brain the medial posterior parietal cortemi®lved in both phenomena
but its causal role is still unclear. Here we usedline repetitive transcranial
magnetic stimulation (rTMS) over the putative humé@&®A (pV6A), a reach-
related region in the dorsal part of the anteremkbof the parieto-occipital sulcus,
during an attention and a reaching task requiriogedt shifts of attention and
planning of reaching movements towards cued targetgace.

We found that rTMS increased response times tdiglyacued but not to validly
cued targets during both the attention and reactask. Furthermore, we found
that rTMS induced a deviation of reaching endpoiatgards visual fixation, and
that this deviation was larger for invalidly cueatdets. The results suggest that
reorienting signals are used by human pV6A arempidly update the current
motor plan or the ongoing action when a behavigralélevant object
unexpectedly occurs in an unattended location.

The current findings suggest a direct involvementhe action-related dorso-
medial visual stream in attentional reorienting anchore specific role of pV6A

area in the dynamic, online control of reachingoss.

® A version of this chapter is currently in pressiaurnal of Cognitive Neuroscience:
Ciavarro M, Ambrosini E, Tosoni A, Committeri G,tteai P, Galletti C.
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5.2 Introduction
Effective goal-directed behavior depends on thétpho flexibly adapt a motor
plan in response to unexpected changes of targeatibm. Such motor
reorganization requires that attention is rapidiifted to the new spatial location
even without an overt eye movement, a process dijpidefined as reorienting
response (Corbetta et al., 2008). This adaptivporese is typically associated
with a right-lateralized ventral fronto-parietaltwerk (Corbetta and Shulman,
2002; Corbetta et al., 2008). Recent human neugimgastudies, however, have
shown that attentional reorienting also inducesamsient increase of neural
activity in regions of the medial superior parietabule extending from the
precuneus to more posterior regions around theab@spect of the parieto-
occipital sulcus (POS) (Yantis et al., 2002; Molerghs et al., 2007; Kelley et al.,
2008; Shulman et al., 2009; Vossel et al., 200%onoet al., 2012). This portion
of cortex is also specialized for visuo-motor cooation during arm-reaching
movements (Astafiev et al., 2003; Prado et al. 52@usan et al., 2009a; Cavina-
Pratesi et al., 2010; Vesia et al., 2010; Galasile2011; Striemer et al., 2011). In
particular, the anterior region in the so-calleghesior parietal occipital cortex
(SPOC) is robustly involved in both proximal (arnmedtion) and distal (hand
orientation) aspects of reach-to-grasp movementwi(@-Pratesi et al., 2010;
Monaco et al., 2011).

The pattern of deficits exhibited by neuropsychalapgpatients suffering
from optic ataxia (OA) (Perenin and Vighetto, 198&rnath and Perenin, 2005)
offers further insights on the particular combioatiof attentional and motor
functions of the dorso-medial parietal cortex. Odtignts typically fail to make
fast corrections of reaching movements when thgetas unexpectedly displaced,
suggesting a role of the medial parietal corteglyinamic aspects of visual control
of action (Pisella et al., 2000; Gréa et al., 20B&yver, 2003). More importantly,
the deficit in these patients is not confined toveroents execution, but also
appears to affect the ability to detect and resgorntdrgets located in the portion
of the visual field (typically contralesional) inhveh the visuomotor deficit is
most evident (Striemer et al., 2007; Striemer gt24109; Mcintosh et al., 2011).
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Striemer et al. (2007; 2009) suggested that thieitkein attention and visuomotor

control are independent (i.e. the two deficits ltedtom damage to distinct

mechanisms), while Mcintosh et al. (2011) have mdgesuggested a single

mechanism, showing that the visuomotor deficitseoled in these patients , and
in particular their failure to use extrafoveal \asinformation to drive immediate

actions, could depend from an impairment in théitgkio shift attention between

visual locations.

Evidence from monkey neurophysiology has shown W& neurons in
the dorsal POS, which are particularly sensitiveatmm movements directed to
non-foveated objects (Marzocchi et al., 2008) arednaodulated by gaze position
(Galletti et al., 1995), also respond to coverfitshof attention (Galletti et al.,
2010). In particular, Galletti and colleagues (20X@ave shown that covert
attentional modulations in V6A are consistent witle distribution of preferred
reach direction in this area, suggesting that afpatilirected attentional signals
could be linked to arm motor programming.

To summarize, neuroimaging, neuropsychological mewurophysiological
evidence all converge to suggest a role of theegart the anterior dorsal part of
the POS both in visuomotor transformations for gbedcted reaching
movements and in attentional functions necessargetect salient or relevant
information in the environment. It is unclear, hawe whether action- and
attention-related signals act independently (Steiest al., 2007; Striemer et al.,
2009) or interact with each other in this corticagion (Galletti et al., 2010;
Mcintosh et al., 2011) and whether they are caysablsociated with its
functioning.

To investigate these issues we used a goal-staridainthique of neural
interference, such as transcranial magnetic stitmonlg TMS), which allows to
draw causal inferences about the role of a brajionein a particular cognitive or
sensorimotor function by inducing a “virtual lesian a restricted portion of the
cerebral cortex (Pascual-Leone et al., 2000; P2065; Bolognini and Ro, 2010);
but also see (Casali et al., 2010), for a discmssfoTMS effects on regions that

are anatomically/functionally connected to the stated cortical sites).
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Individual MRI-guided TMS was carried out over gimn in the dorsalmost part
of the anterior bank of the POS (i.e. anterior SPQi&at likely corresponded to
the human homologue of monkey area V6A (CavinaeRradt al., 2010; Pitzalis
et al., 2012b) and that from now on we will referas the human putative area
V6A (pV6A). We used a cueing paradigm in which mgarants performed both
an attention and a reaching task. During the taskisjects were asked to detect
the appearance of a brief visual target presem¢hle peripheral visual field and
to respond as quickly as possible with a right-hlatlon release only (attention
task) or with a right-hand reaching movement toténget location (reaching task)
while maintaining central fixation.

By manipulating the validity of the cues in botlska (the cue correctly
predicted target location with 75% probability), vested the involvement of the
pV6A in attentional reorienting during both theeation and the reaching task. To
provide a comprehensive account of the TMS effemisthe reorienting of
attention towards unattended targets both when lia@g simply to be detected
(attention task) and when they have to be processed goal of a reaching
movement, we measured response times (RTs) tot tdegection in both tasks
and the end-points of reaching movements in thehrag task. We hypothesized
that pV6A is causally involved in attentional resriing, thus predicting a marked
rTMS-induced increase of RTs for invalid trialshoth tasks. Given that invalid
targets, compared to valid ones, also require aatepof the current motor plan,
we additionally predicted a selective effect ofid#y on the pattern of rTMS-

induced reaching errors.

5.3 Methods

5.3.1 Participants

Eight right-handed subjects (4 males, mean age y&ats) participated in the
experiment. All participants had normal or corrélctésual acuity and reported no
history of neuropsychiatric illness or epilepsy,vasl as any contraindication to

TMS (Wassermann, 1998; Rossi et al., 2009). Allegawitten informed consent
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in accordance with the guidelines of the local &hCommittee and the ethical
standards of the Declaration of Helsinki.

5.3.2 Stimuli and Apparatus
Subjects were seated on a height-adjustable amaiomplete darkness, with the

head mechanically stabilized by a chin rest anceadhholder mounted onto a
wooden table positioned directly in front of themPlexiglas screen (120 x 50
cm) covered with a matte black sheet was locatetheriable within a reaching
distance (35 cm). The height of the chair and tha cest were adjusted so that
the subject’s cyclopean eye (located midway betwkernwo eyes) was vertically
and horizontally aligned with the central fixatibght-emitting diode (LED). The
stimuli array consisted of nine LEDs aligned to tieizontal plane: one green
LED, located at 0°, served as fixation point, wlasréhe remaining eight yellow
LEDs were located at four different eccentricitis, 10°, 20° and 30°) on the left
and the right of the central fixation LED and weiseed as cue and target stimuli.
On each trial, a target was preceded by an infovmmateripheral cue of 10 ms
duration, which correctly predicted the target tama with a probability of 75%
(valid trials). LEDs were installed behind the Rigas screen, were visible only
when illuminated, and gave no tactile feedback wioeched.

Eye position was monitored during both the attentand reaching task
with an ISCAN ETL-400 remote infrared eye tracksarqipling rate: 120 Hz).
Moreover, during the reaching task the accuracyeatching movements were
recorded in all trials with an electromagnetic kiag device (Fastrak Polhemus).
This electromagnetic tracking system provides measaf the position of small
sensors attached to the tip of the right indexdmsgwith a sampling rate of 120
Hz and a spatial accuracy of 0.8 mm. Data wereigggl and recorded on a PC

for off-line analysis.

5.3.3 Individuation of Anatomical rTMS Sites
Cortical sites of rTMS stimulation were localizaaividually. To identify left

and right pV6A stimulation sites within anterior @€, and to monitor the TMS
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coil position at the end of each experimental bloale used a frameless
stereotaxic neuronavigation system (Softaxic, EE8lpgna, Italy). Prior to the
experiment, a T1-weighted MR scan was obtained feaich participant using a
Siemens 3T scanner (1x1x1 mm, sagittal acquisit®tinulation sites were then
identified on the scalp by co-registering referescalp locations to individual
MR images using a neuronavigation system (Fastrakheus digitizer,
Polhemus; Colchester, VT) running a SofTaxic sofewdhe pV6A sites on each
hemisphere was localized according to individuatlgtermined anatomical
landmarks, i.e. the region that is medial to thet@aor end of the intraparietal
sulcus and anterior to the dorsal end of the papetipital sulcus (POS) (Fig.
1A). This is the region where the human area V6dusth be located. In fact, in
the monkey, area V6A is located just anterior to(&@lletti et al., 1999b; Galletti
et al., 1999d). Since in humans area V6 is locatetie dorsalmost part of POS
(Pitzalis et al., 2006), the human homologue of kegnV6A should be located
just anterior to the dorsalmost part of POS, ae alsgygested by recent works
(Cavina-Pratesi et al., 2010; Pitzalis et al., 2012 he target sites were marked
on a tightly fitting Lycra cap worn by subjectsdaihe coil was maintained in that
position by an articulated metallic arm for the \Wehduration of the experimental
block. The localization procedure was performed tla beginning of the

experimental session and was controlled at theoéedch experimental block.

5.3.4 Procedure for rTMS Stimulation

TMS was delivered via a 70-mm figure-of-eight intlois coil, connected to a
MagStim Rapid system (MagStim Company; WhitlandK..and applied

tangentially to the target scalp site, with the dilanpointing posteriorly. The
intensity of TMS was set at 60% of the stimulatotpait in accordance with
previous studies on reaching- and attention-relatetivity in parietal cortex

(Dambeck et al., 2006; Vesia et al., 2010). The Tixé$h consisted of 3 pulses
(10-Hz) delivered at 0, 100 and 200 ms following tiffset of the cue stimulus.
The on-line rTMS train frequency, intensity and ation were well within safe

limits (Rossi et al., 2009; Wassermann, 1998).
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The specificity of the behavioral effects of rTM&mulation over left and
right pV6A were controlled by including two contretimulation conditions in
which rTMS was delivered, in equal number, overdame two sites but with the
coil held perpendicular to the scalp (Sham) or dher Vertex (Cz according to
the 10-20 EEG coordinate system).

5.3.5 Procedure

Each experimental block started with central fieat{green LED; cross in Fig. 5-
1B). In each trial, a cue (yellow LED; filled greyrcle in Fig. 5-1B) was flashed
for 10 ms in one of the eight possible locatiorsnglan horizontal line at eye
level (i.e., four locations in each hemifield), % 10°, 20°, 30° of eccentricity,
respectively. After an inter-stimulus interval (JSif 240 ms, a target (yellow
LED; filled black circle in Fig. 5-1B) was presedteither at the very same
location (valid trials, 75%), or at a correspondilagation in the opposite
hemifield (invalid trials, 25%). Behavioral indicesere measured during an
attentional and a reaching task in which participamere instructed to indicate
target detection by releasing a response buttdm tivé right index finger. In both
tasks, we measured the response time (RTs) agnbebetween the onset of the
target stimulus and the release of the responserbuln the reaching task,
participants were also required to perform a katlieaching movement to touch
the location of the target on the screen.

Participants were informed about the task to perfdre. attentional or
reaching task) at the beginning of each block. Tlecks included 64
experimental trials (48 valid and 16 invalid) am catch trials, in which the ISI
was extended to 1000 ms to prevent early respdisdge cue stimulus. Catch
trials were not included in the subsequent analyBegninimize TMS exposure
and fatigue and to exclude learning effects, eadbjest completed the entire
experiment in four sessions (performed in differggys). Each session comprised
six blocks, with task order and order of stimulatisites (both blocked)
counterbalanced across sessions and individuath Rarticipant completed 24

blocks (six blocks for each session) for a total ®86 trials.
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A Sagittal Transverse

Fixation
6000 ms

(o] + o

rTMS —| o +
(10 Hz 200 ms)

Target
(@] + [ ] @ + (o] 100 ms

Valid Trial (75%) Invalid Trial (25%)

Figure 5 - 1Stimulation Site and trial structure.

(A) The neuroanatomical region that was stimulateth rTMS (white arrow) in

a representative subject, as determined by meandramheless stereotaxic
neuronavigation, is indicated by the intersectiorelin the sagittal (upper) and
transverse (bottom) sections of the T1-weighted. MRérage (x SD) Talairach
(Talairach J, 1988) coordinates of pV6A are thédwing: left hemisphere, x = -
10.4 £3.5,y =-78.2 +3.5, 2 = 40.2 £2.7; rightemisphere, x =-10.7 £ 1.7,y = -
77.6 £5.0, z = 40.4 £ 3.2. (B) Typical display seqce for a valid and an invalid

trial. For illustrative purpose, only two of thegkit possible locations are shown.
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5.3.6 Data Analysis

Gaze position (right eye) on the Plexiglas screan mecorded in each participant
using an eye-tracking system, which was recalidraefore each block by means
of a standard calibration procedure. Trials witle ®&jinks or with gaze deviation
greater than 3° from central fixation (364 triaterresponding te=3% of total
trials) were discarded from the analyses of rTMSeat$ on behavioral
performance. The dependent measures for both tasks RTs, i.e. the button
release times. Trials with RTs shorter than 100omknger than 1200 ms (626
trials, corresponding to 5% of total trials) wersadrded from the analyses,
because they were considered anticipatory or abalbyrnslow responses,
respectively.

RTs were analyzed using a repeated measure ANOVH wWask
(attention, reaching), Stimulation Site (right-pV6keft-pV6A, Sham/Vertex),
Target Validity (valid, invalid), Visual Hemifieldleft HF, right HF), and Target
Eccentricity (£ 5°, 10°, 20°, 30°) as factors. Nttat because no differences were
found between the two control stimulation conditidsee “Procedure for rTMS
Stimulation” section), they were collapsed in a gin control condition
(Sham/Vertex). When the sphericity assumption wasdated, Greenhouse-
Geisser corrected values (indicated assc) were applied. The Newman-Keuls
test was used for post-hoc analyses. The thresbplstatistical significance was
set atp < .05 for all comparisons.

The accuracy of the reaching movements was evaluatemapping the
reaching endpoints on the horizontal (x) and valtiy) axes of the screen.
Endpoints were defined as the points at which tpesition of the finger crossed
the value that demarcates the location of the Blexiscreen. We then estimated
horizontal endpoint errors, measured in degreesisafal angle, as the signed
difference between finger endpoint and target pwsitas computed in the
calibration procedure. In this calibration proceguwvhich was conducted at the
end of the experiment, participants were requekidtkate and reach each LED
targets with the full vision of their hand, and katt temporal constraints. We
assessed the position of each target as the meaoiahposition averaged across
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five of these calibration reaching movements. Was done to take into account
the possible small differences in the location bé telectromagnetic sensor
between participants. Reaching endpoints were aedlpy a repeated measure
ANOVA with the same factorial design described afobut without the Task

factor.

5.4 Results

We first describe the main effects and interactiemerged from the RT analysis
that did not involve the Stimulation Site factorgF-2). As shown in Figure 5-
2A, there was a significant effect of Validiti#((,7) = 20.54;p = 0.003), with
longer RTs for invalid than valid trials (424 vs713ms, respectively) and a
significant effect of Target Eccentricityr(3,21) = 25.3;pcc < 0.0001), with
progressively longer RTs as a function of targeeatricity (364, 386, 409 and
430 ms for targets located at 5°, 10°, 20° and 3@Spectively; all post-hoc
comparisons were significant). Validity was also dulated by Target
Eccentricity £(3,21) = 4.02psc = 0.036) with post-hoc tests indicating a greater
validity effect for targets located at 30° (66 neempared to other eccentricities
(46, 52 and 50 ms for 5°, 10° and 20°, respectjvalyps < .001). These results,
obtained during control baseline stimulation, confithat our paradigm was
effective in generating a bias of spatial attentionthe cued location that
progressively increased as a function of eccentridvloreover, as shown in
Figure 5-2B, the results indicated a significarfeeff of Task, with slower RTs
during the reaching compared to the attention (488 ms vs. 367 m$:(1,7) =
11.73;p = 0.011).

Finally, there was a significant Task by Visual Hisd interaction
(F(1,7) = 10.5p = 0.014) with post-hoc tests showing longer RTthanreaching
task for target located in the left (431 ms) rekatto the right (424 ms) visual
hemifield, whereas no hemifield differences wersesteed in the attention task
(364 and 370 ms for left and right hemifields, exgjvely). This finding suggests

that RTs can be inflated by the additional processsuired by movement
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planning, especially during reaching to the leftmifeeld, i.e. the field
contralateral to the responding hand.
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Figure 5 - 2Mean response times during Sham/Vertex controlition.

(A) Validity by Target Eccentricity interactionoB-hoc analysis revealed that
the Validity effect i.e., significantly faster resyge times for valid than invalid
trials, was higher for targets located at 30°. ¥@.001. (B) Main effect of Task:
response times in the reaching task were signifigdrigher than response times

in the attention task.
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5.4.1 TMS Effects

TMS Effects on Attentional Reorienting

The main finding of our study was that rTMS over6g\V/selectively affected
attentional reorienting in both the reaching and #itention task (Fig. 5-3).
Specifically, we observed a significant, selectiverease of RTs to invalidly cued
targets during rTMS over both left and right pv6Angpared to Sham/Vertex
stimulation (Validity by Stimulation Site interacti: F(2,14) = 8.58p = 0.004).
Specifically, while TMS did not affect RTs on vahdals (left-pV6A: 372 ms and
right-pV6A: 372 ms vs. Sham/Vertex: 368 nps;> 0.6), we observed a virtually
identical increase of response times to invaligdts in the two tasks during TMS
stimulation of mMPOC compared to Sham/Vertex (I&6A: 433 ms and right-
pV6A: 444 ms vs. Sham/Vertex: 394 nps < 0.001). This result indicates that
rTMS over pV6A specifically impairs attentional remting during invalid trials

but not attentional orienting during valid trials.

TMS Effects on the Accuracy of Reaching Movements

Consistent with previous findings, the ANOVA on ckang endpoint errors
(reaching task) indicated a significant decrease hofizontal hypermetria
following rTMS stimulation of pV6A compared to ShArertex (Vesia et al.,
2010). In other words, the stimulation caused aiadiewm of reach endpoints
towards visual fixation, thus reducing the clasgadency to reach too far
peripherally relative to the central fixation pgiatpattern of overshoot errors that
we found in the Sham/Vertex condition and thay@dally observed in reaching
experiments. As shown in Figure 5-4, however, vge albserved that this typical
rTMS-induced decrease of hypermetria was modulétedhe location of the
visual target (Visual Hemifield by Stimulation Sitgeraction:F(2,14) = 10.01p

= 0.002). Specifically, we found that while rTMSep'eft pV6A vs. Sham/Vertex
induced a significant decrease of hypermetria srduring reaching movements
directed towards both hemifields (left HF: -0.0bdpoint errorsp = 0.017; right
HF: 0.41° endpoint error@ = 0.038), I TMS over right pV6A vs. Sham/Vertex
only induced a significant decrease of endpoinbrerfor reaching movements
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directed towards left contralateral targets (lefttcalateral targets: endpoint errors
=-0.20°,p = 0.013; right ipsilateral targets: endpoint esrer0.83°p = 0.065).

A Attention
1 O Vvalid B Invalid

B Reaching
550 - i}

500 - ! !
450 -
400 -
350 -
300 -
250

Mean Response Time (ms)

Sham/Vertex  left-pVBA right-pV6A

Figure 5 - 3rTMS effects on attentional orienting and reoriegtiduring the

attention and the reaching task.

Mean response times (x s.e.m) to valid and invdfidls as a function of

stimulation condition are plotted for both the rbawy and the attention task to

highlight that a similar effect of validity was @sed in both tasks.
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Horizontal errors (degrees)
Figure 5 - 4 rTMS effect on reaching endpoints.
Mean horizontal errors (x s.e.m) in degrees as @acfion of stimulation site and

visual hemifield (HF). * indicates significant gdsoc comparisons (p < 0.05).

The ANOVA on reaching endpoints also revealed aiigant Stimulation
Site by Target Validity by Visual Hemifield intetzmn (F(2,14) = 8.29;p =
0.004) (Fig. 5-5). Post-hoc analysis indicated S over pV6A led to a
greater decrease of baseline hypermetria duringliththan Valid trials, deviating
reach endpoints even more towards visual fixatianother words, the rTMS-
induced reduction of reaching errors was strongenvalid than valid trials, with
this validity-dependent effect depending on theuaishemifield of target
presentation (i.e., a greater rightward deviation Ieft targets, and a greater
leftward deviation for right targets). This vatigidependent, rTMS-induced
effect was significant in all conditions with thexception of those in which
stimulation was applied to left pV6A and targetsravg@resented in the left
hemifield (endpoint errors: 0.12° and -0.14° in dhe& and Valid trials,
respectivelyp = 0.12).
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Figure 5 - 5Validity-dependent rTMS effect on reaching endgoint
Mean horizontal errors (+ s.e.m) in degrees as acfion of stimulation site,
visual hemifield (HF), and target validity. * irgites significant post-hoc

comparisons (p < 0.05).

5.5 Discussion
In the present study we used on-line rTMS to tést telationship between

attentional modulations and reaching movement di@tun a region of the
anterior SPOC that likely corresponds to the hummamologue of monkey area
V6A (Cavina-Pratesi et al., 2010; Pitzalis et aD12b), an area known in the
macaque to have both reaching and attentional msgigo(Fattori et al., 2005;
Galletti et al., 2010). We designed two tasks nenq@i subjects to detect
peripheral visual targets, which were either validr invalidly cued, and to

respond with a simple button release (attentioRk)tas with a button release
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followed by a ballistic reaching movement toware@ tlarget location (reaching
task). In both tasks we evaluated the effect of E#fimulation (pV6A vs. control
Sham/Vertex) on attentional components of orienttsg reorienting to target
location. In the reaching task, we further evaldates effect of TMS on reaching
kinematic (endpoint errors).

The results of the RTs analysis on simple behalveifacts first indicated
that our cueing paradigm was effective in genegagirbias of spatial attention to
the cued location in both tasks (i.e., the validyect) (Posner et al., 1980).
Importantly, the validity effect increased as adtmn of target eccentricity, i.e.
progressively longer RTs for invalid targets présdnat greater eccentricities.
This is in line with a widely accepted assumptidil@minant models of attention,
which poses that the longer the path of attenticstafting, the greater the
response delay for target detection (HendersonMaxchuistan, 1993; Hamilton
et al., 2010).

The main result of the study is the finding of deestve rTMS-induced
increase of RTs for invalid trials during both taskConsistent with recent
neurophysiological findings (Galletti et al., 201€)ese results demonstrate that
pV6A does not simply participate in the sensory-andtansformations needed to
encode reach goals during goal-directed actionsalse encodes critical signals
for shifts of spatial attention. In particular, dirdings suggest that pV6A plays a
causal role in attentional reorienting, i.e. whéeration must be disengaged from
one peripheral location and redirected to anotleipperal location, but not in
attentional orienting. These findings are in agreethwith recent neuroimaging
results showing that signals for shifting attentimtween peripheral locations, i.e.
reorienting, are specifically encoded in the medsbect of the superior parietal
cortex (Wojciulik and Kanwisher, 1999; Yantis et @002; Serences and Yantis,
2006; Molenberghs et al., 2007; Kelley et al., 2008ssel et al., 2009; Tosoni et
al., 2012), whereas spatially-selective signals rmaintaining attention at a
location, i.e. orienting, are encoded in more HEtparietal regions (Corbetta and
Shulman, 2002; Serences and Yantis, 2007).
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Importantly, our results also indicate that stiniola of pV6A during
invalid condition is not associated with a moduatiof RTs performance that
depends on target eccentricity (Stimulation SiteTarget Validity x Target
Eccentricity: p > 0.5). Although this is a null vés it is an intriguing observation.
One possible interpretation is that pV6A is speaify implicated in the
disengagement phase of reorienting rather thahdrstibsequent shift to the new
location (Posner et al., 1984). In fact, a regioat tspecifically supports signals
for shifting attention between peripheral locatiomsuld be expected to show a
linear increase of invalid response times as taggeeéntricity increases, and this
was not the case.

In the reaching task, the analysis of movement raoyurevealed that
stimulation of pV6A significantly reduced the reau “overshoot” errors by
deviating reach endpoints toward visual fixatiomisTresembles the “magnetic
misreaching” found in OA patients (Carey et al.97p In particular, we observed
that reaching hypermetria, the classic tendencyetrh too far peripherally
relative to the central fixation point, which ispigally observed in behavioral
experiments involving spatially-guided reaching moents (Bock, 1986;
Medendorp and Crawford, 2002; Ambrosini et al., 20ivas reduced following
pV6A compared to Sham/Vertex stimulation. Such rFid@uced effect on
reaching kinematics is consistent with previoudifigs (Vesia et al., 2010),
indicating that our stimulation sites effectivelyvolved a reach-related cortical
region.

The present rTMS results on reaching performane@lao consistent with
the visuomotor deficits observed in OA patientshwinilateral posterior parietal
lesions (Perenin and Vighetto, 1988). We indeedhdothat inactivation of right
pV6A (ipsilateral to the responding hand) affectedching accuracy only in the
contralateral visual hemifield, resembling the atled “field effect” observed in
OA patients (Perenin and Vighetto, 1988) and sugggshat reach accuracy is
influenced by visual hemifield (Ciavarro and Ambnes2011). Differently from
right pVG6A inactivation, the left pV6A inactivationcontralateral to the

responding hand) impaired reaching movements @dedd targets in both

79



hemifields, an effect which is also reminiscenttloé so called “hand effect”
typically observed in OA patients (Blangero et #Q10). However, as we
required participants to perform reach movementth wie right hand only,
further investigations are needed to confirm treselusions.

Importantly, consistent with the selective effe€tp6A stimulation on
RTs during invalid trials we found that rTMS ovevgA, compared to baseline,
induced a greater reduction of baseline hypermethan reaching movements
were directed towards invalidly cued targets. Tfoeee pV6A stimulation during
invalid trials was associated with both an overalirease of RTs at target
detection (in both attention and reaching tasks)waith an increment of reaching
endpoint errors. This suggests a tight functionak Ibetween reaching and
attentional processes when attention is reoriefited one location to another, as
if shifts of attention are necessary for the cqroegling update of reaching target.
This result is consistent with recent neurophygimal data (Galletti et al., 2010)
showing modulations for covert spatial attentionmankey area V6A, although a
direct comparison between the studies is complicaty the absence in
neurophysiological recordings of conditions in whimonkeys are trained to
reorient attention and execute reaching movementsirtls unattended targets.
Galletti and colleagues (2010) showed that coviéeinion modulations in area
V6A are consistent with the distribution of pretsirgaze and reach direction
observed in that area, rather than with the distidim of visual receptive fields
(that in V6A are mainly located in the contralatergual field), suggesting that
attentional and reach activity are closely relatethat cortical area.

Moreover, our findings can help disentangling déf@ hypotheses about
the link between attentional and visuomotor defigit OA patients (Striemer et
al., 2009; Mcintosh et al., 2011). For example, hMosh et al. (2011) have
suggested that the two deficits could be linkedabee peripheral target jumps
slowed perceptual discrimination and mirrored thaching deficit. Although the
experimental tasks in this neuropsychological stweye mainly designed to test
specific deficits associated with reaching on-lewrection in OA patients, the
findings are in line with our results. On the camyr our results are in contrast
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with those of Striemer and colleagues (2009), widondt find a common pattern
of errors between attention and reaching tasksAnp&@ients compared with the
control group, thus proposing that attentional arstiomotor deficits arise from

independent mechanisms. However, it is worth notimgt in this study the

authors have not used a cued paradigm and compargdifferent behavioral

measures (RTs and reaching accuracy), which ddegpieesent an optimal basis
to contrast the performance between attention geaseand planning of arm-
reaching movements.

It should be noted here that the issue of atteatiand reaching functions
in parietal cortex has been already addressed o regent TMS studies. In
particular, in the study by Vesia and colleague81(® rTMS was used to
determine effector specificity (spatially-directeg@aching and saccadic eye
movements) in the posterior parietal cortex. Onehef main findings was that
stimulation of SPOC did not affect saccadic eye emoents but deviated reach
end-points toward visual fixation. This result iatieely consistent with our
findings of a significant decrease of horizontapégmetria following stimulation
of pV6A, a region that is included in the SPOC. @aned to our work, however,
the study by Vesia and collegues (2010) did notesithe question of attentional
modulations in the reach-related SPOC region. Atiaal effects associated with
target spatial validity were instead investigated the series of studies by
Capotosto and colleagues (Capotosto et al., 2R & Capotosto et al., 2012b),
who employed a Posner-like task to examine TMSfetence on EEG rhythms
and behavioral performance during spatial orien@ngl reorienting. As in our
work, Capotosto and colleagues (Capotosto et @0922012a; Capotosto et al.,
2012b) observed that TMS more strongly impairedgperance during invalid
than valid trials (note however that also a sigaifit TMS effect on valid trials
was observed in Capotosto et al 2012). One impord#iference, however,
concerns the location of stimulation sites. Speaify, while Capotosto and
colleagues applied TMS to parietal regions in theterior IPS, we targeted the
putative human V6A region, which is located in thaterior bank of the
dorsalmost POS (i.e. anterior SPOC) and thus mediahand posterior than the
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IPS by Capotosto (note that the estimated distartseen the two cortical sites
iIs~ 4 cm, that is beyond the spatial resolution of TIMS, (Wagner et al., 2007).
Other notable differences include the use in audystbut not in that of Capotosto
et al (Capotosto et al., 2009, 2012a; Capotos#ab..e2012b), of peripheral stimuli
at different visual eccentricity, which allowed test specific TMS effects on
visual representations, and the combined evaluatidivS effects on attentional
and action-related (i.e. reaching) functions in pV6

To sum up, our findings represent both a confiraratind an extension of
available data about attentional and reaching fonstin the medial PPC. They
are in line with current proposals of a functioeagregation between medial and
lateral PPC regions for attention (Capotosto etZ8l13) and reaching (Vesia &
Crawford, 2012) processes. In particular, whileeralt areas including the
posterior IPS would encode spatially-selective aigrfor attending a location
(Corbetta & Shulman, 2002) and encode also mottaildeor the reach vector
(Vesia et al., 2010), our findings suggest thatialeateas including pV6A would
be specialized for encoding signals for shiftingeation between peripheral
locations (e.g., Yantis et al., 2002) as well apgdpheral reach goals (e.g., Vesia
et al., 2010).

5.6 Conclusions
On the basis of the findings reported in this paperpropose that reorienting

signals are used by the human pV6A to rapidly upda¢ current motor plan or
the ongoing action when a behaviorally relevanecbynexpectedly appears at an
unattended location, requiring a rapid and adaptivetor response such as
reaching, grasping or pushing it away. On this fasie suggest a direct
involvement of the action-related dorso-medial slsstream in attentional
reorienting and a more specific role of pV6A aredhe dynamic, online control
of reaching actions.
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6. GENERAL CONCLUSIONS

In 1982, Mishkin and Ungerleider argued that visimbrmation is segregated
along two functionally specialized but complementpathways originating in
striate (V1) cortex: a ventral (occipito-temporstileam that processes information
for objects recognition whaf), and a dorsal (occipito-parietal) stream that
mediates the localizatiomvbere of those same objects (Mishkin and Ungerleider,
1982). This model was proposed mainly on the bafsieonkey studies and was
interpreted as a distinction between subdomaingeofeption. This framework,
though still important, has been superseded byrigafha alternative formulation
proposed ten years later by Goodale and Milner Z12$d revised in the two
most recent updates by the same authors (Milnat.,e2006; Milner & Goodale
1995). In particular, Goodale and Milner introducad important distinction
between perception on the one hand and the guid#raxion on the other hand,
suggesting an important update to the original gaéhways model in which the
dorsal pathway was not simply about spatial vigherg but, instead carried
out the necessary computations to control visugliled actionshiow). Within
this model the function of the dorsal stream hanhaferred from a broad range
of studies in monkey and from neuropsychologicald&s of the reaching
movements in patients with optic ataxia (OA), whisltonsidered to be a specific
visuo-manual guidance deficit independent from @gineal and attentional
deficits. At this regards Milner and Goodale hawggested that this does not
preclude that OA patients can experience defiditspatial attention but suggests
that the two deficits, where they co-exist, likelsult from “different neural
systems” (Milner & Goodale, 1995).

Although discussions about which parietal regiome eelated to the
emergence of visuomotor symptoms in OA still exisent studies suggested
that this disorder appears as a consequence ahtesf the medial parieto-
occipital region, which include the putative hontle of monkey area V6A (e.g.
Khan et al., 2005). V6A area is considered to lxemtral node of the so called

dorsomedial visual stream, a system that has bedrdescribed as an “express”
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pathway that provides visual input from region ¢t@to the dorsal premotor
cortex (Rizzolatti and Matelli, 2003; Galletti etl.,a 2004). Monkey
electrophysiological studies conducted in the &nty years have provided
detailed information on the functional propertidsMbA area. Neurons in this
region have large visual receptive fields (relatethe coding of peripheral rather
than foveal signals) and are influenced by combieyethand position signals as
well as by hand movement signals. In addition, la@ohoteworthy feature of this
region is that its cells change in discharge réter dixation also when the eyes
remain fixed (e.g. Galletti et al., 1996). On tlasis of these evidences it has been
proposed that this activity may reflect the monlkesels of attention required for
monitoring visually targets and/or hand trajecteri€Galletti et al., 1996).
However, these aspects were unclear before thiglystibecause direct
experimental evidence had not been provided.

In the present study we have investigated whetresxr ¥6A play a causal
role in spatial function. To test this hypothesthépter 3) we have conducted a
study investigating in a systematic way whetherattévity of single cells in V6A
Is influenced by shifts of covert attention (i.e.the absence of overt eye or arm
movements). To this aim we designed, and behalyotakted, a task that
required covert attention shifts from a centralafign point outward to a
peripheral location, and then inward shifts of rtiten back to the fixation point.
We have demonstrated that the firing rate of V6AIroas was modulated by
covert shifts of spatial attention. In particulewe found that the activity of V6A
cells was modulated by outward shift of attentiofien in a direction-selective
way. This finding suggests that V6A may play a ehusle in attention function
because spatially-directed modulation may refltiogslevels of attention that is
necessary both to select the goal of reaching gumiavement preparation, and to
maintain encoded, and possibly update, the spai@idinates of the object to be
reached out during movement execution. Finally, faiend that most of V6A
neurons are modulated during the inward shift ¢érdion from the periphery,
suggesting that the activity of V6A neurons mayeat also the processes of

reorienting of attention.
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On the basis of this result we have conducted thdurstudy in healthy
human subjects using the on-line TMS to explorethdrethe putative homologue
of area V6A (pV6A) is causally involved in attentad processes and whether
these processes may modulate the execution ofdyesked arm movements. To
this aim we have used a MRI-guided TMS, to betteralize and stimulate
accurately the pV6A area, and a cuing paradigm hichy by manipulating the
validity of the cues (i.e. the probability that tbee correctly predict the location
of the target), we have tested specifically theoimement of the pV6A in
attentional reorienting processes towards unattetatgets. To test whether these
attentional processes to target detection couldente the execution of reaching
movements, in addition to the response time, we magoded also the kinematic
parameter of the long-range reaching movementoeeid towards the same
cued targets, considering in particular the distidn of end-point errors. In this
way we demonstrate not only that the pV6A is cdysavolved in the reorienting
of attention to target detection (i.e. longer resmtime only for invalidly cued
targets), but also that this process interferes Mite execution of reaching
movements (i.e. greater end-point error in invaiidls). In summary, these data
demonstrate that pV6A stimulation during invalichis was associated with both
an overall increase of response time at targetctiete (in both attention and
reaching tasks) and an increment of reaching entpairors. Moreover, our
results indicate that stimulation of pV6A duringahid condition is not associated
with a modulation of response time performance thapends on target
eccentricity. This evidence suggest that pV6A iscHcally implicated in the
disengagement phase of attention reorienting rathan in the subsequent
attention shift to the new location, because i tteégion would support directly
signals for shifting attention between peripheoakltions, it would be expected to
show a linear increase of invalid response timdam@et eccentricity increases.

Beyond doubt, despite these encouraging resultay ragpects remain to
be investigated. For example, in our study we hdemmonstrated that TMS on
pPV6A area can alter reach endpoint errors andthieste errors were greater when

reaching movements were directed towards invaludigd targets. These results
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suggest that these processes may be helpful inrtH@e control of action. It is
important to note, however, that in our experimtet target changes its location
before the movement initiation (i.e. during thenpleng phase). For this reason,
further studies should be performed in order toegtigate how the kinematic
parameters, as well as the patterns of endpoiat,amay change if we interfere
with the normal activity of area V6A, when the tatr¢gpcation changes during the
movement execution. In addition, it is currentlyclear whether the attentional
processes that we reported impacts exclusively thighupdate of coordinates of
the target location or whether it may influenceoalsore complex events such as
the integration between the hand and target pasitiequired to compute higher-
level movement parameters (i.e. movement vectar, Geapter 4). Therefore,
further research is needed to clarify these issues.

In conclusion, our findings clearly demonstratedtthrea V6A, known as
a reach-related region of the dorso-medial vistrabs, is also causally involved
in attentional process, encoding critical signaids dlisengaging/reorienting of
attention to target detection (i.e, the shiftingattention focus upon an object or
event potentially relevant or unexpected). This Ibsn demonstrated both in the
human and in the non-human primate.

These evidences have a great impact on clinicatipeabecause can help
disentangling different hypotheses about the linktwleen attentional and
visuomotor deficits, emerging from recent studie©A patients (Striemer et al.,
2007, Striemer et al., 2009; Mcintosh et al., 20These studies have suggested
that OA patients may have also an inability to detend respond to targets
located in the periphery of visual field, but thiegve used different methods to
investigate these aspects, thus reaching diffe@mtlusions about the meaning of
their data. Our results suggest that a more ddtadesessment may be
recommended for a better understanding of deficitpatients with lesions
involving the medial region of the PPC, since atteral functions may influence
directly visuomotor function. Therefore, it is impant to include in the
neuropsychological evaluation also techniques baseduing paradigms which
can allow to better understand if the visuomotoficttein these patients may
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depend also on an inability to shift the attenfiontarget detection and/or for the
update of object position.

More importantly, although these aspects need duritlivestigations (see
above), our findings are in line with recent dagay( Pisella et al., 2009; Schenk
and Mclintosh, 2010) that suggest a revision ofcthssic perception-action model
of visual processing proposed by Milner and Goadaearticular, our findings
demonstrate that action related regions of the adoredial visual stream can
process directly information related to spatia¢iatibn, bringing into question the
radical dualism and then the independence betwe&uomotor and
attentional/perceptual processes. Finally, ourltesue in line with other recent
evidences showing that not only the ventral bub dle dorsal fronto-paietal
attention network, and specifically the more medgiaftion of PPC, would be
specialized for encoding signals for shifting atitem between peripheral locations
(e.g. Yantis et al., 2002; Capotosto et al., 2@iBebert et al., 2013).
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