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Brief summary

We aimed to investigate the possible role of cadb@sal ganglia loops and
dopaminergic pathways in the mechanisms of top-dawd bottom-up control of visual
attention (VA).

We compared the performances on 3 computerizedstaslspectively suitable to study
attentional capture (AC), motor response selectaod movement initiation, of two
groups of patients with Parkinson’s disease (PDje ®valuated in different sets of
electrical stimulation (without stimulation, or setive stimulation of the sensorimotor,
SM, or associative, AS, parts of the subthalamiclaeus, STN), the other in different
conditions of medication (with or without levodopayjith those of a group of controls.
Our results showed that in PD there is a weakemihghe mechanisms underlying the
top-down control of VA, which also would accountdirectly account for the
enhancement of AC. Dopaminergic treatment provetdaeffective in restoring the top-
down mechanisms of VA, suggesting an involvementlopaminergic pathways in this
cognitive domain. These pathways seem to play @ atdo in the bottom-up mechanisms
of attention, as suggested by the enhancement ofidd&r dopaminergic treatment.

The STN-stimulation showed a similar effect to thabtained by dopaminergic
treatment, establishing a direct involvement of theesal ganglia loops in VA control.
Our results highlighted a functional specializati@indifferent sub-territories of the STN
in relation to the top-down mechanisms. SM stimiolatproduced marked effects on the
movement initiation processes and appreciable pesieffects on endogenous VA
mechanisms, while AS stimulation seems to be esplgceffective in improving the
mechanisms of target selection.

Keywords: visual selective attention, attentional capture,emebrain stimulation,

subthalamic nucleus, Parkinson’s disease.



Bref résumé

Le but de cette étude était d’évaluer le role desdbes des ganglions de la base et des
voies dopaminergiques sur les mécanismes « bottom-et « « top-down » du contrdle
de I'attention visuelle (AV).

Nous avons comparé les performances sur 3 tacliesmatisés, appropriées a I'étude de
la capture attentionnelle (CA), des mécanismes @ecsion de la réponse motrice et
d’initiation du mouvement, de deux groupes de pdteavec maladie de Parkinson (MP)
- un groupe étant évalué dans trois différentesddoons de stimulation électrique (sans
stimulation, ou stimulation sélective de la partensorimotrice, SM, ou de la partie
associative, AS, du noyau subthalamique, NST),tfawgroupe étant évalué dans deux
différentes conditions de traitement médical (avecsans levodopa) - avec celles d’un
groupe des sujets controles.

Nos résultats suggérent dans la MP un affaiblissg¢ndes mécanismes « top-down » de
contréle de I’AV, ce qui pourrait aussi expliguadirectement I'augmentation de la CA.
Le traitement dopaminergique est efficace danstablissement des mécanismes « top-
down » de I'AV, suggérant une implication des vodepaminergiques dans ce domaine
cognitif. Ces voies semblent aussi jouer un rolesdes mécanismes « bottom-up » de
I'attention, comme |'a suggéré le renforcementad€A sous traitement dopaminergique.
La stimulation du NST a montré un effet similairecalui obtenu par un traitement
dopaminergique, en favour d’'une implication directes boucles des ganglions de la
base dans le controle de I'AV. Nos résultats ons ran évidence une spécialisation
fonctionnelle de différents sous-territoires du N&T ce qui concerne les mécanismes de
« top-down ». La stimulation SM produit des effetsarqués sur les processus
d’initiation de mouvement et des effets positifs s&s mécanismes endogenes de I'AV,
alors que la stimulation de la partie AS sembles §tlus particulierement efficace dans

['amélioration des mécanismes de sélection de cible

Mots clés: attention visuelle sélective, capture attentionell&timulation cérébrale

profonde, nayaux subthalmique, maladie de Parkinson



Riassunto sintetico

Lo scopo di questo studio é stato quello di valaetédrpossibile ruolo dei diversi circuiti
cortico-sottocorticali passanti per i gangli delbemse e della via dopaminergica sui
meccanismi di top-down e bottom-up dell’attenziongiva (AV).

A tal fine, abbiamo confrontato le prestazioni inpdradigmi computerizzati, adatti a
studiare la cattura attenzionale (AC), la selezidme#la risposta motoria, e I'avvio del
movimento, di due gruppi di pazienti affetti da maia di parkinson (MP) - uno valutato
in differenti condizioni di stimolazione elettriqg@enza stimolazione, con stimolazione
selettiva dell’area sensorimotoria, SM, o di queléssociativa, AS, del nucleo
subtalamico, NST), I'altro in differenti condiziomérapeutiche (con o senza trattamento
dopaminergico) - con quelle di un gruppo di soggéiticontrollo.

| nostri risultati hanno evidenziato che nella MPeévun indebolimento dei meccanismi
top-down di controllo dell’AV, che puo spiegaredinettamente, il parallelo incremento
del’AC osservato nelle medesime condizioni. Il tteamnento dopaminergico si €
dimostrato efficace nel ricondurre alla normalitameccanismi top-down dell’'AV,
suggerendo un coinvolgimento della via dopamineagitc questa funzione della sfera
cognitiva. Questa via sembra giocare un ruolo anche meccaniesmi di bottom-up
dell’attenzione, come suggerito dalllaumento delGA osservato per effetto del
trattamento dopaminergico.

La stimolazione del NST ha evidenziato un quadrmile a quello ottenuto con |l
trattamento dopaminergico, indicando un coinvolgmeoediretto dei gangli della base
nel controllo dell’AV. In particolare, i nostri nigtati evidenziano una specializzazione
funzionale dei differenti sub-territori del NST, inemeccanismi top-down. La
stimolazione dell’area SM ha degli effetti pronuatci sui meccanismi d’'avvio del
movimento e un effetto positivo sui meccanismi tFVE, mentre la stimolazione AS

sembra essere efficace soprattutto sui meccanisseldzione del target.

Parole chiave: attenzione visiva selettiva, cattura attenzional®molazione cerebrale

profonda, nucleo subtalamico, malattia di Parkinson



Abstract

Introduction. Some findings suggest that non-demented Parkissalisease (PD)
patients may be impaired in visual selective attantasks, which involve the ability
to focus on relevant information in a goal-direcamner (endogenous visual attention,
EVA), while ignoring other interfering irrelevantisiwuli. Indeed, patients may present
enhanced distractibility in the presence of saliebjects/events, which are able to
capture their attention, determining a cost in terof reaction time and accuracy
during a goal-directed behaviour (attentional captuAC), sufficiently to interfere
with their daily activity. These observations sugg@& possible involvement of the
basal ganglia in visual attention (VA), since PDmgtoms are mainly related to a
striatal (dopaminergic) defect. Up to now, eviderfoe a role of the cortico-basal-
ganglia loops in modulating VA mechanisms is pood andirect.

Objective. To assess the role of different cortico-basal dianlgops and dopaminergic
pathways on the mechanisms underlying EVA and A@, using two effective
treatments in PD, that is dopaminergic and subthaaucleus (STN) stimulation.
Methods. The main instrument for our study was an AC taskich was appropriately
integrated with a choice reaction time task andmp$e motor reaction time task, to
assess the effectiveness of the mechanisms undgri&C and visual selection of the
target (EVA), as well as the mechanisms of mot@pomnse selection and movement
initiation. We compared the performance on theskgaf two groups of PD patients,
one evaluated in different sets of electrical (with stimulation, or selective
stimulation of the sensorimotor, SM, or associati&&, parts of the STN) stimulation,
the other in different conditions of medication {wior without dopaminergic
treatment), with those of a group of healthy sutgec

Results. PD patients assessed after withdrawal of dopaminenggatment and after
turning-off stimulation (stim-off) showed increasé&®f compared to healthy subjects.
Also, target selection (EVA) and movement initiati6imes were prolonged in both
groups of patients, while motor response selectiome was significantly increased
only in the otherwise stimulated group. It is notathy that the usual dopaminergic
treatment of otherwise electrically stimulated pats was at significantly lower
dosage than that of the otherwise pharmacologidadigted group.



Under usual dopaminergic treatment and stimulabérthe SM as well as AS part of
the STN, patients showed similarly increased ACtémms of ART (difference in
reaction times between trials with and without d@&tgn distractor of the AC task).
Dopaminergic treatment and AS stimulation improdA, restoring it to the level of
control subjects. Also the SM stimulation allowedsgnificant recovery of EVA
compared to the stim-off condition, but to a lessgtent compared to that obtained by
AS stimulation. No appreciable effects were obsdra motor response selection
times by stimulation of either site. The movemenmitiation RTs were reduced
compared to the stim-off condition only by stimu¢at of the SM part of the STN.
Conclusions. Our results showed that in PD there is a weakemhthe mechanisms
underlying the top-down control of VA, which likelyndirectly accounts also for the
enhancement of AC. This finding is part of a mom@mposite scenario of deficits,
especially in otherwise stimulated patients, whalengo a milder drug treatment than
pharmacologically treated patients, including slogviof the processes of movement
initiation, and slowing of the processes of motesponse selection.

Dopaminergic treatment proves to be effective nailyoin restoring movement
initiation mechanisms, but also the top-down medhias of VA, suggesting an
involvement of the dopaminergic pathways in thigmeitive domain.

In parallel with the amelioration of the mechanisofstarget selection, the observed
enhancement of AC under dopaminergic treatment estggthat the dopaminergic
pathways may be involved also in the mechanismg¢ toanpute salience of visual
stimuli, or the bottom-up control of attention, ladugh other interpretations are
available.

The stimulation of the STN shows a similar effectthat obtained by dopaminergic
treatment, establishing a direct involvement of thesal ganglia in VA control. In
particular, our results strengthen the idea of acfional specialization of different
sub-territories of the STN, and of the differentrttmo-basal ganglia loops in which
they are integrated in relation to the top-down heausms of VA. As a matter of fact,
two well distinct patterns seem to emerge dependingthe stimulated region: SM
stimulation produces marked effects on the movemantiation processes and
appreciable positive effects on EVA mechanisms, |l&/lAS stimulation seems to be

especially effective in improving the mechanisms tafget selection. On the other
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hand, no functional specialization of the sub-temies of STN in relation to the
exogenous mechanisms of VA seems to emerge, suggetiat top-down and bottom-
up mechanisms are supplied by different anatomicgtworks involving the cortico-

basal-ganglia loops.
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Résumé

Introduction. Plusieurs études suggérent que les patients psrkians sans démence
pourraient présenter des déficits dans des tachadedtion visuelle sélective qui
nécessitent I’habilité a orienter volontairementirleattention vers un but (attention
visuelle endogéne, AVE) en ignorant tout autre slinmon pertinents potentiellement
sources d’interférences. En effet, les patientsrppoant présenter une augmentation de
la distractibilité en présence d’objets ou éveénetmesaillants, qui ont la capacité de
capturer l'attention du patient au cours d'un compment dirigé vers un but,
engendrant un co(t suffisamment important en termestemps de réaction et de
précision (capture attentionnelle, CA), pour inédgr avec les activités quotidiennes.
Ces observations suggéerent une implication possilde ganglions de la base dans
I'attention visuelle (AV), étant donné que les syimpes de la maladie sont
principalement liés a un déficit striatal en dopamiJusqu’a présent, les éléments en
faveur d’'un role des boucles cortico-ganglions deblase dans la modulation des
mécanismes de I’AV sont faibles et indirects.

Obijectif. Evaluer le role des boucles cortico-ganglions @e blase et des voies
dopaminergiques sur les mécanismes sous-jacernsVE let la CA, en utilisant deux
traitements effectifs de la maladie de ParkinsonPjMque sont les traitements
dopaminergiques et la stimulation du noyau subtinédae (NST).

Méthodes. Le principal instrument pour notre étude a été tdzhe de CA, qui a été
intégrée de facon appropriée avec une tache desempéaction de choix et une autre
tache de temps de réaction motrice simple afin aléer I'efficacité des mécanismes
sous-jacents a la CA et a la sélection visuelle la@ecible (AVE), ainsi que les
meécanismes de sélection de réponse motrice ettdiidin de mouvement. Nous avons
comparé les performances de deux groupes de patpamkinsonien sur ces taches - un
groupe étant évalué dans trois différentes condgtide stimulation électrique (sans
stimulation, ou stimulation sélective de la parsiensorimotrice, SM, ou de la partie
associative, AS, du NST), l'autre groupe étant éeallans deux différentes conditions
de traitement médical (avec ou sans traitement chopergique) - avec celles d'un
groupe des sujets contrdles sains.

Résultats. Les patients évalués a jeun de traitement antipaddien et aprées 'arrét de

11



la stimulation (stim-off) ont montré une augmentatide la CA par rapport aux sujets
sains. De méme, les temps de sélection de la ¢AME) et d’initiation de mouvement
étaient augmentés dans les deux groupes de patadots que le temps de sélection de
la réponse motrice n’augmentait de fagcon considérge dans le groupe stimulé. Il
convient de remarquer que le traitement dopamimgrgihabituel de patients autrement
stimulés électriquement consistait en un dosageemant plus faible que le groupe des
patients autrement traités de maniére pharmacolegiq

Sous traitement dopaminergique habituel et souswdtition des parties SM et AS du
NST, les patients ont montré une augmentation coaiga de la CA en termes dRT
(différence des temps de réaction entre les essas et sans distracteur de la tache de
CA). Le traitement dopaminergique et la stimulatioe la partie AS du NST
amélioraient I'AVE, en la ramenant au niveau degetsude contréle. De méme, la
stimulation de la partie SM du NST permettait udeupération considérable de 'AVE
par rapport a la condition stim-off, mais dans uneindre mesure que celle obtenue
par une stimulation de la partie AS. Aucun effepagriable n'a été observé sur les
temps de sélection de la réponse motrice par st de I'un ou l'autre site.

Les temps de réaction motrice simple n’étaient risdpar rapport a la condition de
stim-off que par la stimulation de la partie SMNGT.

Conclusions. Nos résultats suggérent dans la MP, un affaiblissgndes mécanismes
« top-down » de controle de I'AV, ce qui pourraitisai expliquer indirectement
l"'augmentation de la CA. Cette constatation s’iisdans le cadre d’'un scénario plus
composite des déficits, qui inclut le ralentisseindes mécanismes d’initiation de
mouvement, et le ralentissement des mécanisme£kdeton de la réponse motrice,
en particulier chez les patients stimulés électigent qui sont soumis a un traitement
dopaminergique plus faible que les malades trait®sulement de maniere
pharmacologique.

Le traitement dopaminergique est efficace dansélmhlissement non seulement des
mecanismes d’initiation de mouvement, mais egaldndes mecanismes « top-down »
de I'AV, suggérant une implication des voies dopaergiques dans ce domaine
cognitif. Parallelement a I'amélioration des mésams de sélection de la cible, le
renforcement observé de la CA sous traitement dopamgique pourrait suggérer que

la voie dopaminergique puisse également avoir uihe rdans les mécanismes

12



d’évaluation de saillance des stimuli visuels, oa ¢ontrole « bottom-up » de
I'attention, bien que d’autres interprétations saipossibles.

La stimulation du NST a montré un effet similairec@ui obtenu par un traitement
dopaminergique, en favour d’'une implication diredies boucles cortico-ganglions de
la base dans le contréle de I’AV. En particulieosrrésultats ont mis en évidence une
spécialisation fonctionnelle de différents sougiteires du NST et des différentes
boucles cortico-ganglions de la base dans lesqleelsont intégrés en ce qui concerne
les mécanismes de « top-down » de 'AV. En faituxienodeles bien distincts semblent
émerger selon le site stimulé: la stimulation de&éatie SM produit des effets marqués
sur les processus d’initiation de mouvement et eliésts positifs appréciables sur les
mecanismes de I'’AVE, alors que la stimulation deplartie AS semble étre plus
particulierement efficace dans 'amélioration de&canismes de sélection de cible.
D’autre part, il semble y avoir aucune spécialisatfonctionelle des sous-territoires du
NST par rapport aux mécanismes exogenes de I’A\ggétant que les mécanismes
« top-down » et « bottom-up » de I'AV soient fownpar des réseaux anatomiques

différents, impliquant les boucles des gangliondalbase.
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Riassunto

Introduzione. Alcuni studi suggeriscono che pazienti non-demexftetti da Malattia
di Parkinson (MP), possono presentare un’alteraziadelle prestazioni durante
I’esecuzione di compiti di attenzione visiva seledt che consiste nella capacita di
focalizzare volontariamente I'attenzione su infomimani rilevanti (attenzione visiva
endogena, AVE), ignorando nel contempo altri stimakilevanti, che possono
distogliere dall’obiettivo prefissato. Infatti, iagienti possono presentare una spiccata
distraibilita in presenza di oggetti/eventi salierdapaci di catturare I'attenzione
durante I'esecuzione di un compito finalizzato (osh attenzionale, CA),
determinando un costo in termini di tempo di reaeoe di accuratezza tale da
interferire con le loro attivita quotidiane.

Queste osservazioni suggeriscono un possibile adgimmento dei gangli della base
nell’attenzione visiva (AV), poiché i sintomi deldP sono principalmente correlati a
un deficit striatale dopaminergico. Ad oggi, la distrazione di un coinvolgimento dei
circuiti cortico-sottocorticali nell’AV é parzialed indiretta.

Obiettivi. Valutare il ruolo dei diversi circuiti cortico-stotcorticali passanti per i
gangli della base e della via dopaminergica suicaacssmi che sottendono I'AVE e la
CA, utilizzando due trattamenti efficaci nella miia di Parkinson: la terapia
dopaminergica e la stimolazione del nucleo subtadaniNST).

Metodi. Il principale strumento impiegato nel nostro stwéistato un paradigma di CA
opportunamente integrato con un paradigma di “chaieaction time” ed un altro di
“simple motor reaction time”. Questi tests hannampesso di valutare I'efficacia sia
dei meccanismi che sottendono la CA e la selezioisera del target (AVE), sia di
qguelli di selezione della risposta motoria e di i@vvel movimento. Con questi
paradigmi, abbiamo confrontato le prestazioni de duuppi di pazienti affetti da MP -
uno valutato in differenti condizioni di stimolazie elettrica (senza stimolazione, con
stimolazione selettiva dell’area sensorimotoria, ,SMdi quella associativa, AS, del
NST), laltro in differenti condizioni terapeutichgcon 0 senza trattamento
dopaminergico) - con quelle di un gruppo di sogigedni di controllo.

Risultati. | pazienti valutati a digiuno di trattamento dopasrigico e dopo lo

spegnimento della stimolazione (stim-off) evidewaao un aumento della CA rispetto
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ai soggetti sani. Inoltre, i tempi di selezione delrget (AVE), e di avvio del
movimento risultavano prolungati in entrambi i gpugi pazienti, mentre il tempo di
selezione della risposta motoria era significatieate aumentato soltanto nel gruppo
degli stimolati. E rilevante notare che l'usualattamento dopaminergico del gruppo
dei pazienti stimolati elettricamente era signifigamente inferiore rispetto a quello
del gruppo di pazienti trattato solo farmacologieante.

Per effetto sia del trattamento dopaminergico adégusia della stimolazione delle aree
SM e AS del NST, i pazienti evidenziavano un inceaito simile della CA in termini
di ART (inteso come differenza nei tempi di reazioreeittrials con e senza distrattore
del paradigma di CA). Il trattamento dopaminergeda stimolazione dell’area AS del
NST miglioravano I’AVE, riportandola al livello dquella dei soggetti di controllo.
Anche la stimolazione dell’area SM consentiva diteaere un miglioramento
significativo dell’AVE rispetto alla condizione dstim-off, ma di entita inferiore
rispetto a quello ottenuto per stimolazione delkarAS. Per stimolazione di entrambe
le aree del NST non si sono ottenuti modificaziapprezzabili sui tempi di selezione
della risposta motoria.

| tempi di avvio del movimento risultavano accotciaspetto alla condizione di stim-
off solo per stimolazione della parte SM del NST.

Conclusioni. | nostri risultati suggeriscono che nella MP vi 8 indebolimento dei
meccanismi top-down di controllo dell’AV, il che puspiegare, indirettamente, il
parallelo incremento del’AC osservato nelle medesicondizioni. Questo risultato e
parte di un quadro variegato di deficit, in parteo@ nei pazienti stimolati
elettricamente - i quali abitualmente assumono gnantita di terapia dopaminergica
inferiore rispetto a quelli trattati solo farmacgloamente - che include il
rallentamento dei processi di avvio del movimergoil rallentamento dei processi di
selezione della risposta motoria.

Il trattamento dopaminergico si & dimostrato eftieanon solo nel migliorare i
meccanismi d’avvio del movimento, ma anche nel moharre alla normalita i
meccanismi top-down dell’AV, suggerendo un coinvoignto della via dopaminergica
in questa funzione della sfera cognitiva.

Parallelamente al miglioramento dei meccanismi €éiezione del target, 'aumento

della CA osservato per effetto del trattamento dope@rgico suggerisce che la via
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dopaminergica possa avere un ruolo nei meccanisndothputazione della salienza
degli stimoli visivi, o il controllo “bottom-up” dé&attenzione, sebbene altre
interpretazioni siano possibili.

La stimolazione del NST ha evidenziato un quadmmil® a quello ottenuto con il
trattamento dopaminergico, indicando un coinvolgiteediretto dei gangli della base
nel controllo dell’AV. In particolare, i nostri ndtati rafforzano I'ipotesi di una
specializzazione funzionale dei differenti sub-ttemi del NST, e dei diversi circuiti
cortico-sottocorticali passanti per i gangli debase in cui essi sono integrati, nei
meccanismi top-down dell’AV. In effetti, due quadrén distinti sembrano emergere in
funzione della regione stimolata: la stimolazionelldrea SM ha degli effetti
pronunciati sui meccanismi d’avvio del movimento uwn effetto positivo sui
meccanismi dellAVE, mentre la stimolazione AS semlessere efficace soprattutto
sui meccanismi di selezione del target. D’altratpanon abbiamo evidenziato alcuna
specializzazione funzionale dei differenti sub-temi del NST in rapporto ai
meccanismi esogeni del’AV. Cio suggerisce che daiéhti circuiti neuronali, che

coinvolgono i gangli della base, sottendono i me&dcsmi di top-down e bottom-up.
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Abbreviations

AC: attentional capture

AS: associative

BDI-1I: Beck Depression Inventory-II

DBS: deep brain stimulation

DBS-STN: deep brain stimulation of the subthalamicleus
DM: decision-making

EVA: endogenous visual attention

FAB: Frontal Assessment Battery

fMRI: functional magnetic resonance imaging

IE: inverse efficiency

MDRS: Mattis Dementia Rating Scale

MMSE: Mini-Mental State Examination

med-off: medication-off condition

med-off/ASstim-on: medication-off/associative stil@ation-on condition
med-off/SMstim-on: medication-off/sensorimotor stilation-on condition
med-off/stim-off: medication-off/stimulation-off culition
med-on: medication-on condition

PET: positron emission tomography

PD: Parkinson’s disease

RT: reaction time

SAS: Starkstein Apathy Scale

SE: standard error mean

SM: sensorimotor

SRT: simple reaction time

STN: subthalamic nucleus

UPDRS llI: Unified Parkinson Disease Rating Scadetgll
V: voltage

V1: primary visual cortex

V2: visual area V2 or prestriate cortex

V3A: visual area V3A

V4: visual area V4
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Background

Parkinson’s disease (PD) affects 1.8% of peopler @& years. In rare cases,
termed “early onset”, sometimes of genetic origime disease begins between 18 and
40 years of age. PD is a gradually progressive odegenerative disorder. The main
clinical signs are: tremor at rest, rigidity (hypamia), bradykinesia (slowed and
reduced voluntary and spontaneous movements), skinédifficulty to initiate
movements), and postural disordérs.

Moreover, PD is known to be accompanied in manyanees by a variety of
cognitive deficits’ Generalized deficits in intellectual functiof'shave been reported,
as well as more subtle and specific difficultiesttwivisual-spatial perceptioh,®
memory? *language'? concept formation and behavioural regulatfgn'> **

Findings from several studies of PD patients sugggmt this clinical
population may have an attentional deficit. Poona@ntration® and the inability to
attend to more than one act at a ttfhieave been reported in PD patients. In addition,
these patients have been shown to exhibit diffishlifting from one set to another on
the Wisconsin Card Sorting Te$tt* to be unable to maintain a set against competing
alternatives on the Odd-Man-Out choice discrimioattask!’ and are more prone to
interference in the presence of a distactor stimuhan normal controls as measured
on a dichotic listening tas¥.

Several behavioural studies indicate that PD pasiemith normal cognitive
status may be impaired on visual attention ta8k8,and more specifically on visual
selective attention tasks: ?? Besides, there is some evidence of an enhanced
distractibility of PD patients in the presence af arelevant but salient stimulus,
sufficient to interfere with their daily activity? %

Visual selective attention

One of the most severe problems of visual perceptsoinformation overload.
Our capacity-limited brain is not equipped to death the vast amount of sensory
information that more or less continuously is pregee to us at any given time. Thus,
it is important for the nervous system to make dexis which part of the available

information needs to be selected for further, mdetailed processing, and which

18



parts are to be discarded. Furthermore, the salestienuli need to be prioritized, with

the most relevant being processed first and the legportant ones later, thus leading
to a sequential treatment of different parts of thsual scene. This selection and
ordering process is calladsual selective attention

Visual selective attention can be accomplished gigine of two functionally
different control mechanism&ndogenous or top—dowecontrol refers to a voluntary
mode of orienting that serves to keep attentionected at locations where
behaviourally relevant stimuli are expected, red¢sd of the actual presence of
stimuli.?® Endogenous attention is said to be goal-directeémwattentional priority is
given to those events and objects that are inWrth the current goals of the observer,
personal history, and experiences. In contragsggenous or bottom-up driveontrol
refers to a presumably automatic mechanism in wisilent stimuli capture attention,
without taking into account the internal state loé brganisnf.2°

A dramatic example of a stimulus that attracts riten using bottom-up
mechanisms is a fire-cracker going off suddenly,ilevban example of top-down
attention is the focusing onto difficult-to-find dd items by an animal that is hungry,
ignoring more "salient" stimuli.

According to thebiased competition modebdf attention, as developed by
Desimone and Duncan (1995), the competition amompal stimuli for neural
representation occurs within visual cortex itsedhd it can be biased by both top-
down influences and bottom-up sensory-driven mewdmsa. The stimulus that wins
the competition for neural representation will h&uether access to memory systems

for mnemonic encoding and retrieval and to motatems for guiding actiofl (Fig.1)

Competition among visual stimuli biased by bottom-p mechanisms

Now, we have a fairly good understanding of howtbot-up sensory-driven
mechanisms modulate the sensory interaction amougipte visual stimuli for neural
representation, as revealed by the recording aflehaell activity, and hemodynamic
events in neuroimaging studies. One way is by shisiconspicuousness which occurs
when anobject has a unique feature (e.g. color, luminamcegntation,motion, size)
that sets it apart from the rest of the ima§élhe term “pop-out” is often used to

describe this capturing @ttention through a bottom-up selection process.
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Top-down feedback mechanisms:
fronto-parietal attentional

Output to:
Competition among multiple stimuli
for representation in visual cortex
Memory and
motor systems

Bottom-up sensory-driven

Fig.1 The biased competition model of visual attemnt

Single-cell recording studies in the monkey haveedksHight on the neural
correlates for competitive interactions among npl#iobjects in the visual field, by
comparing responses to a single visual stimulussgméed alone in a neuron’s
receptive field with the responses to the same @tismwhen a second one is presented
simultaneously within the same receptive fiefds>® It has been shown that the
responses to the paired stimuli within the receptiield were a weighted average of
the responses to the individual stimuli when presdralone. For example, if a single
effective stimulus elicited a high firing rate aadingle ineffective stimulus elicited a
low firing rate, the response to the paired stimwias reduced compared to that
elicited by the single effective stimulus. This wésindicates that two stimuli present
at the same time within a neuron’s receptive fietd not processed independently, for,

if they were, then the responses to the two stimuthien presented together would
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have summed. Rather, the reduced response to thedpstimuli suggests that the two
stimuli within the receptive field interacted widach other in a mutually suppressive
way. This sensory suppressive interaction amongiplel stimuli has been interpreted
as an expression of competition for neural repréestén. Sensory suppression among
multiple stimuli present at the same time in thewdl field has been found in several
areas of the visual cortex, including extrastriateas V2, V4, the middle temporal
and medial superior temporal areas, and the infegmporal cortex?3°

Based on hypotheses derived from these monkey plogy studies, Kastner et
al. (1998) examined competitive interactions amangltiple stimuli in the human
cortex using functional magnetic resonance imagifiRI).3® In these studies,
hemodynamic changes, as measured by fMRI, were @sedndirect measures of
neural activity. Complex, colourful visual stimuknown to evoke robust responses in
ventral stream visual areas of the monkey brainewgesented eccentrically in four
nearby locations of the upper right quadrant of theual field, while subjects
maintained fixation. The stimuli were presented endwo different presentation
conditions, sequential and simultaneous. In theusatjal presentation condition, a
single stimulus appeared in one of the four logagiothen another appeared in a
different location, and so on, until each of theifestimuli had been presented in the
four different locations. In the simultaneous pmasgion condition, the same four
stimuli appeared in the same four locations, b@ytlwere presented together. Thus,
integrated over time, the physical stimulation paesers were identical in each of the
four locations in the two presentation conditiortdowever, sensory suppression
among stimuli within receptive fields could takeapé only in the simultaneous, not in
the sequential presentation condition, and in thieespondent brain areas seen for the
monkeys. Importantly, the difference in activationsetween sequential and
simultaneous presentations was smallest in V1 arwdeased in magnitude towards
ventral extrastriate areas V4 and temporal-occi@taa, and dorsal extrastriate areas
V3A and middle temporal area. This increase in mtagle of the sensory suppressive
effects across visual areas suggests that the semsteractions were scaled to the
increase in receptive field size of neurons withhese areas. That is, the small
receptive fields of neurons in V1 and V2 would emgass only a small portion of the

visual display, whereas the larger receptive fiedfl®eurons in V4, temporal-occipital
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area, V3A and middle temporal area would encompasdour stimuli. Therefore,
suppressive interactions among the stimuli withé@ceptive fields could take place
most effectively in these more anterior extrasgiaisual aread" *’

Competition among visual stimuli modulated by top-@wn biasing signals

Several findings support the idea that unwantedracsing information is
effectively filtered out by attention. Single-ceBcording studies in the monkey have
demonstrated that when a monkey directs attentioorne of two competing stimuli
within a receptive field in extrastriate areas fidav4, the response is similar to the
response to that stimulus presented albh€hese findings imply that attention may
resolve the competition among multiple stimuli bgpuateracting the suppressive
influences of nearby stimuli, thereby enhancingimiation processing at the attended
location. This may be an important mechanism by olhiattention filters out
unwanted information from cluttered visual scefi®s.

A similar mechanism operates in the human visuateoq as revealed by fMRI
studies, while subjects have to spatially dire¢emation on multiple competing visual
stimuli in two different attentional conditions, atis either unattended or attended
condition3!" 3¢ During the unattended condition, attention wasdied away from the
visual display, while in the attended conditionbgcts were instructed to maintain
fixation and attend covertly (in an act of mentalbcusing on one sensory stimulus,
apart from eye movements) to the peripheral stimuhcation closest to fixation in
the display. In the attended condition the extehtactivation of visual striate and
extrastriate cortex areas increased significantinpared to the unattended condition.
More importantly, and in accordance with predictidrom monkey physiology,
directed attention led to greater increases of fMRjhals to simultaneously presented
stimuli than to sequentially presented stimuli. Atdzhally, the magnitude of the
attentional effect scaled with the magnitude of ®hepressive interactions among
stimuli, with the strongest reduction of suppressimccurring in ventral extrastriate
areas V4 and temporal-ocipital area, suggesting tina effects scaled with receptive
field size.
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Visual attention paradigms to separately study topdown and bottom-up driven
control

The most common experimental paradigm used to suuslyospatial attention
is the Posner paradignf® 3! 3% 3%Thijs experimental task revolves around cued
visuospatial orientation that requires attentiorstivation. Subjects staring at a
fixation point are usually presented with a cuetthaides the individual toward a
particular spatial locatiof® ** This prepares the attentional system of the irtliai
to anticipate and respond specifically to the cepanding target following the
eliciting cue.

The cue and target are usually separated by ralgtilong intervals so that
neural activation of attention can be assessecthénpresence and absence of visual
stimuli.* This helps to elucidate the neural mechanisms cased with attentional
activation versus direct visual activation. A vdrom to this task increases
visuospatial target unpredictability by using mor@ndomly cued locations. This
forces bottom-up pathway activation related to ttemulus-driven processes of
visuospatial attentiof® 4 4

The Posner’'s cueing paradigm includes slight vearet, which allowed to
elucidate the different pathways underlying endamen and exogenous visual
selective attention (i.e. top-down vs. bottom-upcimenisms), as reported in the next
section.

In the endogenous orienting condition, a centrad ¢iypically an arrow) points
to a possible target location, thereby allowing feeticipants to focus their attention
on that location. After cue presentation, the targdl appear at the cued location
(valid) in the majority of the trials, but will somtimes appear at an uncued location
(invalid). The typical finding is that participant®nd to respond faster and with
higher accuracy to the target if it is presentedhet cued location than when it is
presented at the uncued location, revealing a beotfocation-cueing.

In an exogenous orienting condition, typically aerperipheral onset cue is
presented at one of the target locations. The agsdot predict the location of the
subsequent target and it is assumed that the curactt attention automatically.
Similar to central cueing, subjects are fasterasponding to targets presented at the
cued location than at the uncued location. Howeuatike in central cueing, when the
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stimulus onset asynchrony between cue and targeeexs approximately 250 ms,
subjects respond more slowly to targets presentethe cued locatiofi? *? This
phenomenon is called inhibition of return. Inhibiti of return is believed to be the
result of an automatic build-up of inhibition thatcurs over time following the
withdrawal of attention from the cued locatigh*?

Posner and colleagues’ merit was to be able to szsda isolation the
exogenous and endogenous components of visualtettehy means of two variants
of a very simple paradigm.

Top-down attentional control

Tract-tracing studies in monkeys have given inssginto a distributed network
of higher-order areas in frontal and parietal certeat appears to be involved in the
generation and control of attentional top-down fesck signals, as proposed by the
biased competition model. In particular, these saddemonstrated direct feedback
projections to extrastriate visual areas V4 andperal-occipital area from parietal
cortex and to anterior inferior temporal cortex rfroprefrontal cortex, as well as
indirect feedback projections to areas V4 and terapoccipital area from prefrontal
cortex via parietal corté® > (Fig.2).

The evidence that the top-down biasing signals geted in frontal and parietal
areas produce a change within visual cortex derfv@® single-cell recording studies,
which showed that spontaneous (baseline) firingesatvere 30-40% higher for
neurons in areas V2 and V4 when a monkey was caetend covertly to a location
within the neuron’s receptive field before the siims was presented thet® This
increased baseline activity, termed the ‘baselimiét’s has been interpreted as a direct
demonstration of a top-down signal that feeds bfackn higher-order control areas to
lower-order processing areas. In the latter arstimjuli at attended locations would
be biased to ‘win’ the competition for processirgsources at the expense of stimuli
appearing at unattended locatiofis3! 47 48

Prefrontal cortex, namely the dorsolateral prefedmiortex in humans, provides
both inhibitory and excitatory input to distributexctural circuits required to support

performance in diverse selective attention taSks.
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Fig.2 Anatomical substrate for top-down influenc€ortical visual processing, as outlined
on a lateral view of a monkey brain, originates the primary visual cortex (V1) and
proceeds both ventrally and dorsally to temporadl garietal regions, respectively, before
converging in prefrontal cortex. Red arrows indecgiotential feedback connections that
might provide the anatomical substrate for top-dattentional effects. Abbreviations: PFC,
prefrontal cortex; PG, inferior parietal cortex; ,TEnterior inferior temporal area; TEO,

temporal-occipital ared-

The distractibility theory postulates that prefrahtpatients are unable to
suppress responses to irrelevant stimuli in a ramjesensory and cognitive
processes? In particular, enhancements of primary auditoryd asomatosensory
cortical responses to task-irrelevant distracteesveh been found in neurological
patients with dorsolateral prefrontal dam&gand in schizophrenic patients with
prefrontal hypometabolism on positron emission tgnaphy (PET) scannintf. This
suggests that prefrontal damage disrupts inhibitexydulation of inputs to primary
sensory cortex, perhaps through abnormalities predrontal-thalamic sensory gating
system, contributing to the attentional deficitssetved in these patients. In addition
to a critical role in inhibitory control of sensofyow to primary cortical regions,

prefrontal cortex also exerts excitatory input tatiaty in multiple sub-regions of
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secondary visual and auditory association cortexildteral prefrontal damage results
in multi-modal decreases in neural activity in posr association cortex in the
hemisphere ipsilateral to damage. This excitatogduiation is necessary to sustain
neural activity during working memofy.

In humans, several studies provide evidence th&tato-parietal attentional
network may be the source of feedback that gensr#te top-down biasing signals
modulating activity in visual corte¥ Interestingly, a fronto-parietal network of
regions consisting of areas in the superior parietaule, the frontal eye field, and the
supplementary eye field has been consistently atéi in a variety of tasks involving
visuospatial attention> >’ Other studies showed that directed attention mahsence
of visual stimulation activated the same distriltluteetwork of areas as directed
attention in the presence of visual stimulation amsisted of the frontal eye field,
the supplementary eye field, and the superior paribule. A time course analysis
of the fMRI signals revealed that there was an éase in activity in these frontal and
parietal areas during the expectation period (i@ éibsence of visual input), with no
further increase in activity evoked by the attendédhulus. These results suggest that
the activity reflected the attentional operatiorighe task per se and not the effects of
attention on visual processing. This conclusiosupported by the finding that, in the
unattended condition, no significant visually evdkactivity was observed in these
frontal and parietal regiors: >°

Additional evidence for a fronto-parietal network oegions involved in
attentional control comes from another imaging gtudy using an endogenous
orienting condition similar to that of the Posneparadigm, Corbetta et al. (2000)
showed that the intraparietal sulcus was uniquelyva when attention was directed
toward and maintained at a relevant location (pdecg target presentation),
suggesting that the intraparietal sulcus is a topsd source of biasing signals
observed in visual corteX.Conversely, the exogenous orienting condition o$Rg’s
paradigm, revealed right-hemisphere predominant ivagbns, specifically
encompassing regions in the temporal-parietal jwmct anterior insula, and the
ventral frontal cortex.

Corbetta and Shulman (2002) have recently proposed anatomically
segregated but interacting networks for spatiadraibn. According to their scheme, a
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dorsal fronto-parietal system is involved in thengeation of attentional sets
associated with goal-directed stimulus-responseectign. Key nodes within this
largely bilateral network include the intrapariegllcus/superior parietal lobule and
the frontal eye field. A second, ventral system,iaghhis strongly lateralized to the
right hemisphere, is proposed to detect behavidpralevant stimuli and to work as
an alerting mechanism for the first system wherséhstimuli are detected outside the
focus of attention. This latter network is thougint involve the temporo-parietal
junction (at the intersection of the inferior padklobule and the superior temporal
gyrus) and the middle and inferior frontal gyri. €uall, the dorsal and ventral
networks can be thought of as subserving, respeltivendogenous and exogenous
spatial attention function¥.

This fronto-parietal source of top-down biasing reats revealed by imaging
studies exhibits great overlap with the set of omgi implicated in visuospatial neglect
in studies of patients with brain lesions affectitite right cerebral hemisphete.
Patients suffering of visuospatial neglect fail detect stimuli on the side of space
opposite the lesion, and they are not consciousigra of contralesional objects or
parts of object§! For example, a patient will read from one sideaobook, apply
make-up to only one half of her face, or eat fromlyoone side of a plate. Patients
with visuospatial neglect typically exhibit extimaeh. Detection reaction time (RT) in
the contralesional field is not significantly slo@vef a valid cue is given. When,
however, a cue draws attention to the ispilesioirlld and the target subsequently
appears in the opposite, contralesional field, thdetection time is slowed
dramatically. This pattern of results (i.e. extiioct) is often interpreted as a deficit in
one of the proposed elementary operations of atieiit namely, disengagement.
Visuospatial neglect may follow unilateral lesiomtsvery different sites, including the
parietal lobe, especially its inferior part and tieenporo-parietal junctior’> regions
of the frontal lobé* the anterior cingulate cortéX,the basal gangli& and the

thalamus, in particular, the pulvin&t.

Saliency map
A remarkable attempt at understanding bottom-uprdaibn and the underlying

neural mechanisms was made by Koch and Uliman (L98%hey proposed that the
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different visual features that contribute to atteatselection of a stimulus (colour,
orientation, movement, etc.) are combined into simgle topographically organized
map, thesaliency mapwhich integrates the information from the indivadufeature
maps (each of which encodes contrast within a sinfglature dimension) into one
global measure of conspicuif§.’® The bottom-up saliency is thus determined by how
different a stimulus is from its surround, in masybmodalities and at many scales.
To quote from Koch and Ullman (1985), “saliencyagiven location is determined
primarily by how different this location is fromsitsurround in colour, orientation,
motion, depth etc®’ Then, the saliency map is a topographically aremhguap that
represents visual saliency of a corresponding \lisecane.These authors posited that
the most salient location in a visual scene wouddabgood candidate for attentional
selection. Once a topographic map of saliency ialdshed, the attentional location
is obtained by computing the position of the maximin this map by a winner-take-
all mechanism. After the selection is made, supgogs of activity at the selected
location leads to selection of the next locationtla location of the second-highest
value in the saliency map and a succession of tkesats generates a sequential scan
of the visual scene.

The Koch and Ullman study was purely conceptual.e Tfirst actual
implementation of a saliency map was described gbNr and Koch (1996% They
applied their saliency map model which made useadbur, intensity, orientation and
motion cues both to simplified visual input (astigpically used in psychophysical
experiments) and to complex natural scenes and tHesnonstrated sequential
scanning of the visual scene in order of decreasalgence (Fig.3).

Bottom-up mechanisms (and thus the saliency map) ndd completely
determine visual selective attention. In many cadeg-down influences play an
important role and can override bottom-up salieags. Various mechanisms have
been proposed to integrate top-down influenceshim $aliency map? Activation in
the salience map may be a function of feature wasigtvhich are determined by the
search goals. Visual conjunction search represartigpe of task which shows clearly
that top-down factors can influence visual selestiattention. In the conjunction
search paradigm, the target, which is embedded gniwalevant distracters, does not

have a unique feature; instead, it is defined lmpajunction of features, as for example
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Fig.3. A visual scene on the left, with the corresging saliency map to the right. The figure
shows a complex visual scene and the correspondaligncy map, as computed from the
algorithm in Niebur and Koch (1996). The scene tigtis so the motion component of the
algorithm does not yield a contribution. The surfel is well-represented in the saliency map
since it combines input from several feature mapsgensity, orientation and color all have
substantial local contrast at several spatial scatethis area. The same is the case for the

clouds and the island in the distance.

when a red T has to be found among red L’s andrgiiée — here only the conjunction
“red + T” defines the target and not the featunedividually. The conjunction search
requires serial search, in which the RTs increaseally as the function of the
number of elements in the displ&yEgeth et al. (1984) had participants search for a
red O between black O’s and red N’s, a typical cowcfion search. They found that
RT increased with increasing numbers of red eleméntthe display? RT did not
increase at all, however, when the number of bl@atkincreased. Participants seemed
able to ignore all black elements in the displagd aestrict their search to the red
ones. This experiment suggests that attentionadcsi@n can be influenced by top-
down settings (e.g., to select only elements inrdlevant dimension). This suggests
that a mixture of bottom-up and top-down processeslikely at play during
conjunction search: target features guide attentoothe target, while subjects use the
target feature information to form an attentionak $o guide search in a top-down
fashion?” 72 7>°77

Thus, visual conjunction search paradigms are aafigcsuitable to study the
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interactions between top-down and bottom-up medrasiof visual attention, more
so than Posner’'s paradigms, which are instead lsl@itdo study exogenous and
endogenous orienting of attention in isolation.

The question where the saliency map is locatedhm lirain arises thus quite
naturally. Koch and Uliman (198%) proposed that it may be located in the lateral
geniculate nucleus of the thalamus, an area prelyosuggested as playing a major
role in attentional control by Crick (1984§.Another thalamic nucleus, the pulvinar,
is known to be involved in attention and has als®m suggested as a candidate for
housing the saliency mdap. Another possibility is the superior colliculus (§C
likewise known to be involved in the control of extion®® Several neocortical areas
have been suggested as well, including® V4 2% and posterior parietal corté.

The results of a series of experiments with monkpgsforming visual search
tasks have identified a population of frontal ey@d visually responsive neurons that
exhibit all of the characteristics of a visual salce mag® The frontal eye field is
located in the rostral bank of the arcuate sulaushie prefrontal cortex of macaques
and is undeniably a part of the oculomotor syst€éwer the recent years, it has
become rather obvious that neurons in frontal eigédfnot only are able to issue
signals for oculomotor control, in particular fonading the saccadic goal, but they
also encode the location of a salient or otherwmslevant visual stimulus falling in
the receptive field, indicating that they play deron visual selection apart from and
beyond the role in guiding gaZé.n fact, the frontal eye field is ideally positied to
contain a map of visual salience for guiding sdlectspatial attention. Frontal eye
field is reciprocally connected with both the ddrsad ventral visual processing
streams, and these connections are topographyoatjgnized®® About half of the
neurons in frontal eye field have visual responségsh spatially defined visual
receptive field$® The visual cortex of primates is organized intondtionally
specialized areas that contain neurons that areediuto one or a few feature
dimension®’ The preattentive processing in these visual areasresponds
conceptually to the feature maps in the theoretimaldels of visual searclf. The
frontal eye field receives the signal from extréste visual cortex representing
specific features such as form, color, and directad motion. However, the frontal

eye field visually responsive neurons do not exheilectivity for specific feature®:
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8 instead they exhibit selective activation thatrédated to the overall behavioural

relevance of stimuli, whether relevance is derivexin the intrinsic properties of the
stimuli or from the viewer’'s knowledge and goalshig selective activation in the
frontal eye field is not in itself a motor commahdcause the magnitude of activation
reflects the relative behavioural significance ok tdifferent stimuli in the visual
scene and occurs even when no saccade is fade.

In conclusion, there are a number of identified didates which may
correspond to different flavours of salience, pghanore bottom-up driven in some

area and more strongly modulated by behaviouralggmasome other area.

Effects of time and space on visual selective attBan

Most current accounts of visual perception sugdgésit there are two main
stages of visual information processing: a low-lepeeattentive stage and high-level
attentive stagé” % '® “preattentive processing occurs prior to the alfiocrof focal
attention, has a large capacity and occurs in paréhshion across the whole visual
field. It has been suggested that one of the outwf preattentive processing is a
salience map. The map location with the highesivation is then selected for further
“attentive” processing. Attentive processing hasmall capacity and occurs only for
a part of the visual field?

Models of visual selection usually do not take iatcount the effect of time or
space on selectiotl: ">7"" 90 %Theoretically, it is possible that early in prosigy,
the salience map is computed from bottom-up facalmne, while top-down factors
contribute late in processirfg: °% 929

Another way in which the issue of top-down versusttbm-up control of
selection could be resolved involves not time bpaice. Implicit in the idea of spatial
attention is that some selected contiguous aretenvisual field receives priority in
information sampling. This area has been refere@d the “attentional window” of
observers! Although spatial attention is mostly investigatéd the context of
selection of stimuli once they appear, observersbpbly use their expectations to
limit spatial selection in advance of stimulus metation. One way in which top-
down settings might influence performance is thhservers adjust the size of the

attentional window according to their expectatiaishe task. This is precisely what
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we can expect in Posner’s paradigms, which areatarized by 50% of valid cues,
with a consequent focusing of the attentional wiwddn particular, when observers
expect an easy search, they presumably set theidaw so that it encompasses the
entire display, and then pick the most salient &efrin it?® In case of a serial search
task the window does not encompass the whole dysplestead, search elements are
examined individually or in small clusters. If set®n is limited to stimuli within the
attentional window, setting the window size may\de a way for top-down control

to influence selection from the bottom-up infornati’?

Attentional capture

Although the Posner’s cueing paradigms are exceltenls to study the top-
down and bottom-up driven processes of attentiomsalation, their use in studying
interactions between top-down and bottom-up dripeocesses are somewhat limited.
In particular, one notable disadvantage of the mgeparadigm is that two different
types of cues are used to modulate top-down vebsusom-up control of attention,
making it hard to modulate these two forms of atiitem within the same framework.

A potentially better way to investigate the relatidetween top—down and
bottom—up driven control is the attentional captpegadigm®®

Attentional captureAC, refers to the phenomenon for which objects werds
(which act as distracters) in visual space recepreority independent of the
observer’s goals, disrupting target search, anddilgp to slowed, incorrect and
missing response¥.It can be considered as a measure of distradiybili

Scientific interest in AC has grown exponentiallyeo the last 20 year$’ 102
A good part of this interest stems from the faattimodelling AC has the potential to
provide fundamental insights into the nature of mibige control.

To study the properties of AC, stimuli are typigallsed that are highly salient
and “pop out” from the display (such as a redrabnt surrounded by green elements),
the so-called feature singletons. In the early X990heeuwes et al. developed a

e

paradigm, referred to as the “irrelevant singletem™additional singleton” paradigm,
which became a classical test to study C?3 1°°1%3n this paradigm, observers are
asked to search a visual display and respond toeapgcified target defined by a

particular feature value (usually a unique shapelorc or onset element). This

32



condition is compared to a condition in which anelevant, yet salient non-target
singleton item (object unique in a different dimemg may also be present (Fig.4).
Critically, the presence of a salient distracteigdered a shift of attention to its
location before attention was allocated to the ¢&rgncreasing the time required to

respond to the targét: 1°* *°°

no-distracter condition distracter condition

Fig.4 Example of trials of a classical attentiomalpture task referred to as the “irrelevant
singleton” paradigm. In this case, in the no-distea condition, the target is represented by
the single green circle that contains a horizofailt it could be vertical) oriented white line,
surrounded by four green squares, which containhitewline tiled by 22,5 degrees. This
condition is compared to a condition in which areievant, yet salient non-target singleton
(distracter) may also be present. In this casedibracter is represented by a red square.

Recently, this AC effect has been investigated bging event-related
potentialst®® In particular, as reported by Van der Stigchehkt(2009), some studies
have focused on a component of the event-relateédnpi@ls called the ‘N2pc’ that is

considered an index of the deployment of spatigdraton/? The N2pc is defined as a
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larger negative voltage at electrodes contralatéoalan attended stimulus and is
thought to reflect the attentional selection of #&em via the suppression of
surrounding items?’ Hickey et al. (2006) investigated whether a salieolour
singleton in the AC paradigm elicits an N2pc. Whtearget and distracter were
presented in opposite hemifields, an N2pc was oleskrfor both stimuli, with the
distracter-elicited N2pc preceding the target-eéddi N2pc. This indicates that
participants shifted their attention first to thiestdacter and then to the target, in line
with the idea that irrelevant salient singletonptcae attention independently of the
top-down set.?®

It is noteworthy that in the AC task the singletan always irrelevant but
salient, and nonetheless it is able to disrupt tdrget search, while in 50% of the
trials of the exogenous orienting condition of Pexsa paradigm the exogenous cue
validly predicts the target. This suggests that A paradigm is more suitable than
Posner’s task to study the competition betweendoph and bottom-up mechanisms
of visual attention, and a distraction effect.

The RT cost due to the distracter led Theeuwes 119992) to argue that the
colour singleton captured attention automaticallgchuse of its high level of
saliency?? % The experiments described above can be interpnetedreference to a
salience map? Both the target and distracter objects are reprieseon the map, with
the distracter having a larger activation than taget. If activation in the salience
map is determined by top-down goals, there shoakkehbeen no interference from the
distracter, but there is. The presence of a saliestracter slows down the search for
the target, and it can also reduce the target’saability. On the basis of these
findings, several authors have argued that AC isidadly bottom-up and not subject
to top-down controf? 104 106.108. 109mpqrtantly, the critical factor for the AC is the
relative salience of the target and distracter: nvtiee target was more salient than the
irrelevant singleton, AC by the distracter was éfiated.?? 93 109

According to another view, the ability of a stimalduo capture attention is
contingent on whether an attentional-capturing stims is consistent with the top-
down attentional setting; stimuli that do not mattie top-down settings will be
ignored**% 1 For instance, when searching for a red targetirmevant red cue that

preceded the search display captures attentionewdml irrelevant onset has no effect
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on performance.

Recently, Theeuwes (2004) suggested that the dizleeoattentional window”®
of observers could be one of the factors explainiiy salient colour singletons fail
to capture attention in some studies using a visealrch task*® *?*'*As discussed
earlier, observers may adjust the size of the &tteal window according to their
expectation of a search task. When the targetusique object, as in the task used by
Theeuwes (1992, 1994), the optimal strategy to fihe target is to divide attention
across the whole displdy.As a consequence, the uniquely colored item tladls f
inside the attentional window is processed in pgatadnd captures attention. In case
of a serial search task the window does not encesighe whole display. Instead,
search elements are examined individually or in Isrobusters. This increases the
chance that the unique element is not includedh@initial salience computations and
does not capture attentidh’ *** **Therefore, as put forward by Van der Stigchel et
al. (2009), changing the attentional window chandke set of objects that are
attended? Then, the size of an attentional window is a vhlgathat needs to be
considered when AC by a salient singleton is ingsged. The only thing that is
under top-down control seems to be the size of daitentional window. However,
there is no top-down control within the attendechaow.

In conclusion, although both fMRI and event-relatgmbtential studies
convincingly showed a possibility of top-down modtibn of feature selective areas,
the behavioural findings from AC paradigms suggésitt this neural modulation does
not necessarily influence initial selection.

The actual orienting of attention on the basis oftbm-up factors appears to
depend on the conjoint activity of areas in theigt@l and frontal networks **°

Covert attention orienting

Selective attention can be directed to discreteafions in the visual field
without saccades (covert attention), which improvesrception at the attended
location relative to nonattended locatiotis.’!® Recent research indicates that
attention and eye movements are highly related, theg may be implemented via a
common mechanism. According to the premotor theofyRizzolatti et al. (1987)

saccade programming in the frontal eye field anteotoculomotor structures provides
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the basis for covert orienting/

In humans, functional imaging studies show that fitemtal eye field is active
during the allocation of attention with and withostye movement3d ''® and
transcranial magnetic stimulation over the frontaye field facilitates visual
perception'® and modulates performance in visual search taskisowt saccade&?°
Recently, Moore et al. (2001, 2003) demonstrateat theak electrical stimulation of
the frontal eye field below the threshold for prathg saccades improves the
perceptual abilities of monkey4! and produces enhanced responses in extrastriate
visual cortex that resembles the effects of diréctpatial attentiorf®?

The close relationship between covert attention sadcades suggests that the
relative contribution of bottom-up and top-down ¢tmh of selection can be
investigated by recording eye movements. In paléicupart of the evidence for the
influence of timing on attentional selection confesm visual search experiments in
which eye movements were recordéd® In a variant of the AC paradigm, the so-
called ‘oculomotor capture’ paradigm, observersmed displays containing a number
of grey circles positioned on an imaginary circtewnd a central fixation poirtt: 123
After a fixed period, all circles changed colourcept one (the target circle). Upon
the presentation of the target, on some trials aditeonal irrelevant red circle was
presented with abrupt onset in the display. In 3®44of trials in which the additional
onset circle was presented, participants did naicade to the target element, but
made an eye movement to the onset distracter elerntem eye was ‘captured’ by the
onset distracter. Consistent with the idea thatiahiselection is stimulus-driven,
latencies of the saccades directed to the irrelevaset are generally shorter than the

latencies directed to the target.

Visual selective attention and attentional capturen Parkinson’s disease

Several behavioural studies indicate that non-deéscerPD patients may be
impaired on tasks of visual selective attentionr Egample, PD patients demonstrate
abnormal performance on the Stroop task, which iregu subjects to attend
selectively to the colour of the ink in which wordse printed while ignoring the
actual word itself! *** These patients are also impaired on visual sesasks that

require subjects to attend selectively and locatamgets among distracte?s?* 124In
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particular Deijen et al. (2006), studied the sugidrlity to distracters in early stage
PD, using an “oculomotor capture” task, like thassdribed in the previous paragraph,
and in which in half of the trials an irrelevaninsulus with sudden onset was added
to the display’® They found a deficit in suppressing reflexive sabes to these
stimuli in spite of the fact that they were entyreéask-irrelevant. This important piece
of work is very important for the purposes of otmdy because it allowes us to make
some predictions on the relation between top—dowa bottom—up driven control in
PD patients. Indeed, it was the study of Deijemletwhich inspired our current study.

Maddox et al. (1996) found that a significantlydar proportion of a group of
non-demented PD patients, as compared with a groumealthy subjects, were
impaired in making perceptual judgements aboutnapsé visual stimulus when it was
presented with other irrelevant visual informatigA.However, the fact that nearly
one third of the PD patients were able to attenttderely in an optimal fashion
suggests that visual selective attention was natadg compromised in all PD
patients. These results are consistent with the fiagt PD can manifest itself with
heterogeneous cognitive profilés.

Some authors have argued that in visual searchstREk patients are impaired
in certain aspects of the build-up and maintenantdanhibition of the irrelevant
stimuli over time.

Filoteo et al. (1997) studied the endogenous amugerous shifts of attention
in non-demented PD patients, using the tasks devisePosner?® They showed that,
like in healthy subjects, at longer stimulus onasynchronies, the responses of PD
patients in the cued condition relative to the msges in the uncued condition were
delayed compared to the ones measured at shortulstsnonset asynchronies, which
has been interpreted in terms of inhibitory meckars?® 2’ However, in both
exogenous and endogenous conditions, namely foligwpieripheral as well as central
cues, the magnitude of this delay was lower for gdients than for healthy controls.
Therefore, the authors supposed that attention@titlein PD patients were caused by
a rapid decay of inhibitory mechanisms which, und#rysiological conditions,
impede access of irrelevant information to the dtige processing system. Thus, PD
patients could be more vulnerable to distractingpimation than healthy controls.

This idea has been supported by studiesnegative priming?® Negative priming
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refers to the phenomenon of delayed response l@grand increased error rates when
participants have to respond to a target presemed probe display that was ignored
in a previously presented prime display (ignoredet&tion condition). It has been
assumed that negative priming is due to inhibitadrthe mental representation of the
previously ignored stimulu¥?® **° Before an appropriate response can be performed
to the target of the probe display, this existinthibition has to be overcome.
Interestingly, clinical studies revealed that PDtipats did not show negative

131,132 show a reduction in the magnitude of the negafriming®® Also

priming,
these findings suggest that attention-related inbrg mechanisms are severely

impaired in PD patients.

Cortico-basal ganglia loops

PD is a neurodegenerative and progressive disoafethe basal ganglia
characterized by a selective loss of dopaminergetirans, predominantly in the
substantia nigra pars compacta.

The basal ganglia can be viewed as componentsraitimnal circuits including
thalamus and higher-level cortical aréds. Higher-level cortical areas send
projections to the basal ganglia, which outputsjgebto the thalamus and back to the
originating cortical area%’® Within the basal ganglia a direct pathway from the
striatum to the globus pallidum internum and substa nigra pars reticulata
associated with excitation of motor actions, can digtinguished from an indirect
pathway connecting the striatum and the globusighath internum/substantia nigra
pars reticulata via external globus pallidus and slubthalamic nucleus (STN). This
indirect pathway is associated with inhibition aftian. The balance between these
two pathways is moderated by the neurotransmittepadnine which exerts an
inhibitory or excitatory effect depending upon tpestsynaptic receptor type, i.e.
receptors of either the D1 or D2 receptor family.tiArd pathway connects directly
the cortical motor and premotor areas to the STMpéndirect pathwayj3’ and it
mainly inhibits all motor programs in a reset-likashion'*® Considering that the
entire cerebral cortex actually projects to thedbaganglia, a global subdivision of
cortical activity into three functional territorieeferred to as sensorimotor (SM),

associative (AS) and limbic was adoptéd These three functional cortical territories
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project to different portions of the basal ganghaclei, the SM territory in the
dorsolateral portions, the limbic territory in tlventromedial portions, and the AS
territory in the central intermediate portiohs:**! The basal ganglia system works as
a device that receives a sample of the three sigetuihctional aspects of cortical
information and processes this information in a v@ngent manner. Moreover, a
complex integration of cortical information taketape in each of the basal ganglia
nuclei, that results in the elaboration of a conlye new and specific output message
that will be sent to the frontal cortex.

Thus, a deficit of the central dopaminergic actyvdan determine a functional
impairment of the cortico-basal ganglia loops, exping way in PD patients not only
control of motor actions, but also cognitive fumets, such as selective attention, are

compromised.

Subthalamic nucleus

In spite of its small size, 12 x 5 x 3 millimetrabe STN seems to play a key
role in modulating the output activity from the laganglia, in reason of its anatomo-
functional organization, and its afferent and edi®rconnections with the cortical and
subcortical structures?®

The role of the STN must be considered at differsrales. At the macroscopic
scale it works like a thermostat that would regel#te level of execution of cortical
commands. In the normal state, with an appropriavel of activity, it enables normal
execution of cortical commands. When hyperactive,sliows down all cortical
programs, like in parkinsonian akinesia, which ¢enreleased by its inactivation by
lesion*? or high frequency stimulatiot®> At a territorial scale, considering its
functional subdivision, the STN can process semdyatmotor, AS, and limbic
information’** Non motor effects, such as improvement of obsessivmpulsive
disorderst* or production of a hypomanic stat®; **®as well as mirthful laught&t’
have been obtained by stimulation in the ventrorakdiikely limbic part of the
nucleus. At the neuronal scale, STN assures a nfimen neuronal representation of
limbic, AS and motor cortical commands, which anstidbuted in a medio-lateral
gradient without any clear-cut segregation betwddferent territories. In this sense,

the whole nucleus has to be considered an integmaEt@motional and motor aspects
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of behaviourt*®: 148

Striatal dopamine depletion, the hallmark of PDassociated with an abnormal
activity of STN*? Inactivation of the STN has thus been propose@raslternative

therapy to dopaminergic treatments in Parkinsonism.

Current treatments in Parkinson’s disease

Current treatment options for PD patients includwodopa and dopamine
agonists. However, levodopa principally causes matmmplications after long-term
treatment (i.e., wearing-off and dyskinesia) angamine agonists may cause non-
motor complications, such as excessive sedatiordiaa valve damage, psychosis and
dopamine dysregulation syndrom®.

Very little is known, however, about the capacitlylevodopa and dopamine
agonists to improve cognitive deficits in PD. Inetrearly 1970s, many studies
suggested a positive effect of levodopa on coggitsigns:>! Downes et al. (1989)
have noticed an elevated sensitivity of the non-io@ietd PD patients to distractibility,
thus suggesting that the attentional deficit colblel corrected at least partly by
levodopa therapy>? Later on, the influence of levodopa on cognitivendtions has
been assessed in patients subjected to controlidivawal. Data showed that certain,
but not all, aspects of the cognitive functions &ealtered, emphasizing putative
dopaminergic control on frontal lobe related fuocts such as working memory or
executive functiond>?

Therefore, the cognitive effect of levodopa mighbtndepend on a
neuropsychological specificity of the drug or thevsrity and progression of the
disease, but, more likely, may be a function of @mmergic depletion in the different
parts of the basal ganglia and prefrontal corter¢ces improvement or impairment of
cognitive function with dopaminergic treatment iarpal and task-related. In fact, the
effects of levodopa on cognitive functions haverbeeported as beneficial as well as
deleterious:>**°® In a recent paper, Cools et al. (2081)studied the effects of
levodopa administration in PD on behavioral taslssomiated with the different
components of corticostriatal circuits described Alexander et al. (1986%° The
data showed that switching between two tasks, whecjuires high level of attentional

control and involves the dorsolateral part of poafial cortex and parietal cortex, is
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improved by levodopa treatment, whereas probalxlistversal learning, associated
with the orbitofrontal loops, is impaired. Conseqtlg, it can be speculated that doses
of levodopa necessary to improve motor aspects Dfalso contribute to facilitate
dopamine transmission in dorsolateral-parietal icattareas, but may “overdose any
area where dopamine regioase relatively intact”, such as the orbitofrontarical
areas™™’ Such a view is reinforced by the data by Wederle(#999), showing that
working memory and directed attentiaieficits correlate at subcortical levels with a
specific decreasen dopaminergic innervation at the level of the date nucleus and
not at the level of the putamén®

During the last two decades, deep brain stimula(ibBS) has revolutionized
the treatment of advanced PD, becoming a routinthate*>°*®* The main indication
for DBS in PD is advanced PD with motor complicasowith relevant disability or
therapy-resistant parkinsonian tremor. The ultimaggeal of the DBS surgical
procedure is the precise implantation of a stimolatquadripolar electrode in the
targeted brain area and the connection of thistedde to a programmable pulse
generator usually located subcutaneously in theclawicular area (Fig.5). The
stimulation is accomplished via one or more of ther contacts on its distal end. The
pulse generator settings can be adjusted post-tpeha by telemetry with respect to
electrode configuration, voltage, amplitude, pulsedth, and frequency. The
implantation of the electrode is done by a steretdtaprocedure in the awake patient
in the medication-off state after 12-h drug withaded. Prior to the operation, the
target is predetermined by means of stereotactiagimg procedures such as MRI,
computed tomography or ventriculography. Many répa@locumenting significant and
long-term benefit in PD with DBS surgery have beeported so faf®*'®* In
particular, STN-DBS has been shown to improve tgre@at extent all the levodopa-
responsive parkinsonian signs and levodopa-indudgskinesia, and significantly
reduced the need for daily anti-PD drugs.

In STN-DBS, the literature regarding neuropsychotay outcome reports
mixed results. In carefully selected patients, mgsbups have reported relatively
little cognitive morbidity®? *°° ®%ith improvements in some are¥:*%°In contrast,
other studies have reported declines. The mostgsobnding across studies appears to

be a decline in word fluency® %% '7° However, a minority of studies have

41



documented declines in verbal memory and selectedasmres of executive
function’%172

From a scientific point of view, since DBS modulatieasal ganglia activity, it
represents a rare opportunity to study the involeetmof basal ganglia in motor,

behavioural and cognitive functions.

Quadripolar
electrode for
DBS ™ 3389

Subcutaneus
lead extension

Pulse
generator

0-3, contacts of
Programmers platinum-

iridium

Fig.5 The deep brain stimulation system.

Involvement of the cortico-basal ganglia loops inigual attention

In animals, there is some evidence for the asswnpthat the basal ganglia,
and in particular central dopaminergic activity,aps an important role in visual
attention.

Baunez et al. (2007) studied the effects of highgtrency stimulation of the
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STN in rats performing a visual attentional td$k.They demonstrated that the
stimulation administered to control (non dopamirepketed) rats impaired
performance in the visual task. The same resultd hlaeady been observed as a
consequence of STN lesioh§.

Considering the interconnections of the basal ganglith the cortical areas,
the selective attention deficits may be the resd@ildysfunction in other brain regions
secondary to basal ganglia damage. For example,gbssible that dysfunction in the
prefrontal cortex results in PD patients’ selectigdention deficits. Post-mortem
examination of Parkinson brains has revealed a etepli of dopamine in the
mesocortico-limbic projectioh’> The depletion of dopamine in these pathways has
been implicated in the mediation of attentional ggsses in animals. In rats and
monkeys, localised lesions of the ascending dopangiic projection to the prefrontal
association cortex caused an attention deficit amsasured by a visual selective
attentional tasR’® "’ The deficit produced by these lesions in monkegs &lmost as
severe as that caused by direct lesion of the pnéfl cortex and could be partially
reversed by dopamine agonists.

The putative contribution of the dopaminergic newgoin the regulation of
attention was also examined in a series of expertmeconsisting in recording
dopaminergic neuronal activity directly at the mesepahlic level or from neurons in
the target area of the dopaminergic terminals. ldg technique, it was shown that the
typical electrocortical rhythms associated witheative behaviour was suppressed
either by the lesion of mesencephalic dopaminergaurons’® or injections of
neuroleptics:’® In contrast, these rhythms were shown amplified dppaminergic
precursors. Moreover, the neuronal discharge ofditygaminergic neurons recorded at
mesencephalic level in behaving animals correlandth attentional processe$®
Schultz (1994) showed that in primates dopaminergieurons responded to
unexpected events, then representing an alertigigasiwhich interrupted the ongoing
behaviour, allowing an adaptive reactitfi. The suppressiorof the dopaminergic
neurons could thus result in los$ the adaptive capacities of behaviour, as shomn i
Parkinsonism.

Chudasama et al. (2003) using a disconnection phoee showed that rats with

disconnected lesions of the medial prefrontal codad STN were impaired in a test
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of visual attention’®* This study provides direct evidence that perforoein tasks
that require optimal attentional and executive cohtelies on a corticosubthalamic
interaction within the neural circuitry of the basgmnglia.

The SC is part of a network of brain areas, tha¢dlis saccadic eye movements.
In particular, it receives inhibitory input from ehfrontal eye field via the caudate
nucleus and the substantia nigra pars reticui#taduller et al. (2005) showed that
microstimulation of a specific location in the S@asial map would enhance visual
performance at the corresponding region of sp&teThis data provides direct
evidence that the SC contributes to the controlcofert spatial attention. Then,
dysfunction within the frontal lobes or the basalnglia could determine a deficit in
visual spatial attention.

In humans, the demonstrations of an involvementhef cortico-basal ganglia
loops in visual attention are poor and indirect.arstudy with normal subjects, PET
has identified hypermetabolism within the basal gjeax during the administration of
selective attention task&?

Applying PET, Volkow et al. reported a positive agbnship between
dopaminergic activity in the striatum and performanon the Stroop Test® As
regards this test, in PD patients treated by STNSDBome authors pointed out an

increase of the errors during the stimulatigfy.*8¢- 87
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Summary of the introduction

Our capacity-limited brain is not equipped to de@éth the vast amount of
sensory information that is presented to us at a@men time. Visual selective
attention is the basic cognitive faculty that albws to filter out irrelevant sensory
information in favour of the relevant input. It isow well accepted that visual
selective attention may be accomplished using twteikent anatomically segregated
but interacting networks, endogenous or top-dowoa(glirected), and exogenous or
bottom-up (automatic) mechanisms, as demonstratgdabnumber of lesional,
neurphysiological, behavioural, and functional M&id PET studies in animals, as
well as in humans.

In humans, several studies provide evidence that dbrsolateral prefrontal
cortex and a fronto-parietal attentional networkayrbe the source of feedback that
generates the top-down biasing signals modulatictgviay in visual cortex, while a
second ventral cortical network, including the tempparietal junction and the
middle and inferior frontal gyri is thought of asilsserving the exogenous spatia
attention functions.

Essential for the understanding of the bottom-ugeration is the concept of
saliency map, which is a topographically arrangedirb map that represents visual
saliency of a corresponding visual scene.

Different paradigms have been developed by sewesdarchers during the last
decades to measure visual attention processes.ighier example, the case with the
Posner’s cueing paradigms which allow to study solation bottom-up from top-
down mechanisms. In the AC paradigm, observers haveespond to a prespecified
target, but in a number of trials their search rbaydisrupted by the appearance of a
salient but irrelevant element, the distracter, abhidetermines a cost in terms of
reaction time and accuracy (AC phenomenon) of tbaelglirected behaviour. This
task proves to be suitable to study the competibetween top-down and bottom-up
mechanisms of visual attention, and it representseful tool to measure the degree
of distractibility. Several experiments suggestttA& is basically bottom-up and not
subject to top-down control. But this is controvalsand other studies indicate the
involvement of the top-down system. Further workhsrefore required to clarify this

issue.
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Numerous neuropsychological tests have been usetlutty visual attention in
PD. One of the most widely used the Stroop testcWhassesses among other
parameters visual selective attention. The Posnewswing paradigms have also been
tested in PD patients.

Several lines of evidence suggest that attentiakgdicits in PD are caused by
diminished inhibitory mechanisms. Moreover, PD pats could be more vulnerable
to distracting information than healthy controls.

In animals, there is some evidence for the asswnpthat the basal ganglia,
and in particular central dopaminergic activity,aplan important role in visual
attention.

Conversely, in humans, the evidence for a role g tortico-basal-ganglia
loops and dopaminergic pathways in modulating visteention mechanisms is poor,
controversial and indirect.

The STN-DBS, which is one of the most effectiveatraents in PD, represents
a rare mean to directly study the possible rolebakal ganglia in several brain
functions. Indeed, this therapy allows to moduldte neuronal signals conveyed into

the cortico-basal ganglia loops passing acrossSthM.
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Objectives

Main Objectives:
1) to assess the effects of PD on visual seleditention and AC.
2) to study the effects afopaminergic stimulation and the neuromodulationhef
STN on visual attention performances in PD, assesdglirectly a possible

involvement of the cortico-basal ganglia loops hede cognitive functions.

Secondary Objectives: from a clinical and neuropblggjical point of view to study
the respective role of the dopaminergic pathwayd #re SM and AS cortico-
basal ganglia loops passing through the STN inalisiitention performances.

Subjects, material and methods

Subjects

Three groups of subjects participated to this study
group #1: pharmacologically-treated PD patients;
group #2: PD patients treated by STN-DBS;
group #3: healthy controls.

PD patients were selected among those treatedeaMidvement Disorder Unit
of the Neurological Department of the University ¢ppatal Centre (CHU) of Grenoble
and at the Department of Neurological, Neuropsyobadal, Morphological, and
Movement Sciences of the University of Verona (alThey were evaluated during
their usual follow-up admissions.

As regards the surgical procedure for the implaotatof electrodes in the
STN-DBS treated patients, it was carried out azady reported by the Grenoble
team’®® but with some differences in the preoperative &irgg (3T non-stereotactic
MRI fused with 1T stereotactic MRI instead of veotdography), and during the
intraoperative neurophysiological exploration (23trajectories instead of the usual
5) for the Verona team. Correct placement of thecebdes in both STNs was

strongly suggested by the efficacy of the neuromialgprocedure, confirmed by
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postoperative MR images, and by the clinical outeo few days after implantation
of the electrodes, a double-channel programmablisepgenerator (Kinetra model
7428, Medtronic, Minneapolis, Minnesota, USA) wdaqed in the subclavicular area
and connected to the electrodes. All patients weargplanted bilaterally with
quadripolar electrodes (DBS-3389, Medtronic). Thestoperative effects of
stimulation were assessed through each of the fmmtacts to identify the one
providing the best therapeutic window, defined las difference between the current
intensity threshold for the first adverse effeabdahe current intensity to obtain the
obtimal motor benefit by DBS. This contact was us@dchronic stimulation.

Healthy controls were selected among patient famitgle, the staff of CHU as
well as the staff of the University of Verona.

Before entering the study, all participants undartvehysical, neurological and
neuropsychological examinations to ensure that thefflled the criteria set by the
protocol.

The motor state of PD patients was evaluated byuhéied Parkinson Disease
Rating Scale part Ill, UPDRS IlI, which is part afcomposite scale used to measure
the severity of the diseas®’ The maximum score on the UPDRS Il is 108, with a
higher score denoting greater motor impairment.sThcale is generally used to
guantify the motor disability of PD patients in ©ifent conditions of evaluation, for
example under dopaminergic treatment (medicationcondition, med-on), or 12 h
after a withdrawal of antiparkinsonian drugs (medion-off condition, med-off). The
motor scores were obtained by a trained neurologist

The cognitive profile of PD patients was assessgdtie Mattis Dementia
Rating Scale, MDR$% a widely used tool, which measures overall cogsiti
functioning on five subscales: attention, initiatjoconstruction, conceptualization,
memory. The maximum score on MDRS is 144, and aesod less than or equal to
130 is considered diagnostic of mild demenffhe cognitive functioning of healthy
subjects was assessed by the Mini-Mental State Eaion (MMSE)*! which is a
brief 30-point questionnaire. In the time span dfbat 10 min it samples various
functions including arithmetic, memory and oriembat A score of less than or equal
to 24 is considered diagnostic of mild cognitivepianrment.

The frontal lobe functions in PD patients as wedl ia healthy subjects were
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assessed by the Frontal Assessment Battery, FAByhich is a short bedside
cognitive and behavioural battery. It is usuallyrfpemed in approximately 10 min,
and it consists of six subsets exploring: concelpzation, mental flexibility, motor

programming, sensitivity to interference, inhibiyorcontrol, and environmental
autonomy. The maximum score on FAB is 18, whilecars below 13 is considered
diagnostic of a mild or severe impairment on theaxive functions.

The behavioural state in PD patients as well asdalthy subjects was assessed
by the Beck Depression Inventory-Il, BDI-{{? and Starkstein Apathy scale, SAS. In
particular, depression was rated with the BDI-II, 24 items questionnaire, revised
form according to the definition of depression ihetDiagnostic and Statistical
Manual of Mental Disorders (IV revision). It is wetly accepted and validated also in
patients with PD. The maximum score on the BDId163, and a score more than 20
was considered diagnostic of mild or severe depoass

The SAS®*is one of the most widely used questionnairess®eas apathy and
has been validated in patients with PD. It compzide questions, each one scored
from 0 to 3 (maximum 42 points). Higher levels iodie more severe apathy. A cut-
off at 14 points has been chosen to separate apatinem non-apathetic subjects.

To assess the dominance of participants’ hand eryday activities, we used
the Edinburgh Handedness Inventdfy,which is a self-reporting questionnaira.
score above +40 indicates right-handedness.

Since the computerized tests used in our studymsdly consisted in the
presentation of red and green stimuli on a compuatenitor, the screening to enter
our protocol included also the desatured D-15 Lanthtest (Luneau, Paris), which is
a colour vision test designed to indicate mild coteficiency quickly and easil}?®
This test contains a reference disc and fifteerefa@unsaturated) colored numbered
discs (back numbered) which make up an incompleteorccircle. Following a
subject’s attempt to sequentially arrange the diske evaluation determines colour
perception or defects in deutan, protan, or triataas discrimination. This test is
widely used to assess acquired deficits in colowscrdmination both in healthy
subjects and especially in PD patieht§2° Considering that our participants’ mean
age was expected to be over 50 years, and 2/3ewh thould have been PD patients in

an advanced stage of the disease, the desaturésl Ixithony test was performed to
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ensure that participants did not suffer from sigraht deficiencies in red-green colour
perception, as well as to exclude possible coloiscrimination changes related to
different conditions of dopaminergic treatment. Fois purpose, our patients of group
#1 underwent twice the colour vision test, i.e., nmed-off and med-on (under

dopaminergic stimulation)A score below 32 corresponds to minor errgfs2%?

Inclusion criteria

Participants had to be over 20 years-old, rightdeh neurologically healthy
subjects, apart from PD. They had to self-declayemal or corrected to normal vision,
and they should not to show of significant defigiess in red-green color perception.

Patients had to be clinically diagnosed with idithtpa Parkinson’s disease
according to UK British Brain Bank Criteria for PDgnd at a disease’s stage
characterized by motor complications, such as mdtoctuations and dyskinesia
related to long-term pulsatile dopaminergic treatmeTheir levodopa response,
computed as percentage of motor state improvemiat a levodopa challenge with
respect to the med-off, should be more than 30%.

Since the protocol study included a prolonged eafitn in med-off for group
#1, and an evaluation without medication and stamtioh (med-off/stim-off condition,
med-off/stim-off) for group #2, which implied theappearance of parkinsonian signs,
only patients able to tolerate these conditions] o accepted this mild discomfort
were selected. However, it should be considered thed-off and med-off/stim-off
represent usual conditions of assessment durindatih@v-up of PD patients.

Patients of group #2 entered the study at leastodiths after surgery. This
represents the mean elapse of time necessary Bditappearance of any possible
microtraumatic effect due to the implantation prdeee, which might interfere with a
correct conduct of the study, and to obtain a €antrol of parkinsonian symptoms by
STN-DBS.

To study the respective role of the SM and AS martbasal ganglia loops in
visual attention, only stimulated PD patients wahleast one contact lead in the SM
part and another contact in the AS part of the Sitlered the protocol. The precise
anatomical lead contacts localization with respecthe subdivisions of the STN was

possible by fitting the images of a three-dimensionatlas developed from
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immunohistochimical and MRI data to the postopematMRIs of the patient§?® 2°%

204 The anatomical contacts localization was possthbnks to the collaboration with
Prof. J. Yelnik, and took place in his laboratotytlae Hopital de la Salpétriere, Paris.

(Fig.6)

right STN left STN

Fig.6 Lead contacts localization with respect te #ubdivisions of the STN in patient #12.

A) In green, violet and yellow, respectively thenserimotor, associative, and limbic

subdivisions of the STN. In B) and C), the greemclgs represent the contact used to
predominantly stimulate the sensorimotor part of 8iTN, while the violet circles represent
the contacts to predominantly stimulate the assoa@gart of the nucleus.
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Exclusion criteria

Exclusion criteria were represented by mild/sevaregnitive impairment
(dementia and dysexecutive syndrome) as well asawehnral disorders (depression,
and apathy), according to the cut-off values dafinen the battery of
neuropsychological tests. Also, current psychosipresented a contraindication to
enter our study. Psychotropic or neurotropic drotake was not tolerated, except for
short half-life benzodiazepe or similar drugs, bwuth the last intake going back at
least 12 h. Participants should not have a histofydrug or alcohol addiction.
Moreover, PD patients should not complain of anhest medical or psychological
problem, in addition to those mentioned above, Wwhiould interfere with a smooth
and accurate conduction of the study protocol (iaemarked tremor of head and upper
limbs in med-off, disabling dyskinesias, levodopaluced disorders of alertness and
attention, and side effects induced by STN-DBS whican interfere with the
computerized task performances).

Participants were matched for age (+ 5 years), aax, education.

Patients were also matched fdisease severity, according to the UPDRS Il
score in med-off condition.

All subjects had to be naive to the purpose ofeékperiment.

All subjects gave written informed consent to tlesegarch protocol, which was
approved by the local ethical committee of the twiversities where the study took
place.

Subject characteristics are listed in Table 1.
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GROUP #1 GROUP #2 GROUP #3 p
mean (xSE) mean (+SE) mean (xSE)
N. Subjects 12 12 12
Sex M:F=7:5 M:F=7:5 M:F=7:5
Age 57.1 (+2.3) 55.5 (+2.7) 56.1 (+2.6) N.S.
Education 13.6 (+1.1) 13.7 (+0.9) 13.7 (+1.0) N.S.
MMSE 29.4 (+0.3)
MDRS 140.8 (+0.6) | 139.4 (+0.8) N.S.
FAB 16.7 (+0.3) 16.0 (+0.4) 16.9 (+0.3) N.S.
BDI-II 8.0 (x1.5) 6.3 (£0.9) 5.8 (+0.9) N.S.
SAS 6.8 (+1.2) 8.1 (+0.9) 7.6 (+1.0) N.S.
Disease severity 37.5 (+2.4) 42.6 (£2.6) N.S.
Disease duration 13.9 (#2.1) y | 11.9 (#1.2)y N.S.
Edinburgh Inventory Scale 88.7 (+4.3) 86.3 (+5.1) 89.4 (+5.3) N.S.
Levodopa therapy length 7.7 (x1.5) y 9.1 (+1.6) y N.S.
LEDD 804.4 (+81.1)| 392.9 (+74.6 < 0.001
Lanthony test, right eye med-off:
4.6 (+2.0) 6.6 (£2.5) 3.0 (x1.6) N.S.
med-on: N.S.
3.0 (+1.6)
Lanthony test, left eye med-off
3.3 (+1.8) 5.0 (+1.8) 3.1 (¢2.1) N.S.
med-on: N.S.
4.0 (+1.8)

Tab.1l Subject characteristics.

Disease severity was expressed as the motor sdaeened in off-phase according to the the

Unified Parkinson’s Disease Rating Scale (UPDRS)t pH. The maximum score on the

UPDRS Il is 108, with a higher score denoting gegamotor impairment. Disease duration
was estimated on the basis of the patients’ subjeatstimate of the time of occurrence of

the first symptoms of Parkinson’s disease. Antipasknian drugs were expressed as

levodopa equivalent daily dose, LEDD, in mgfdfey = years

N.S. = non significant
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Study Protocol

Computerized tasks

The main instrument used in our experimental protacas a computerized AC
task, which was suitably combined with a choicectam time task in order to assess
the effectiveness of bottom-up and top-down mec$masi in visual attention (see
below). By combining the choice reaction time tasith a simple reaction time task,
we could also obtain precious information about #fiectiveness of the mechanisms
of response selection and initiation of motor raspm

All these tasks have been developed in the Laboedoof the Department of
Neurological, Neuropsychological, Morphological,daMovement Sciences, Section
of Physiology and Psychology, University of Veromamder the supervision of Prof. L.

Chelazzi.

Apparatus

The computerized tasks have been created and rtin thve E-Prime software
(Psychology Software Tools, Inc., Pittsburgh, P&y, a compatible Compaq 6715s Hp
Computer. The stimuli appeared on a 17-in. CRT rwni(Samsung SyncMaster
753DF-T/T, resolution 1024 x 768), which was cormeédcto the computer. The
display stimuli consisted of green (CIE x,y chroim#y coordinates of 0.288/0.609)
or red (coordinates of 0.633/0.334) geometricahedats matched for luminance (18.4
cd/mf). The fixation cross was presented in white (78d0n7) on a black background
(0.0 cd/nf). The colorimetric and photometric measurementsewearried out by
means of a photo-radio-colorimeter (J17 LumaCBfoPhotometer, Tektronix Inc.,
Wilsonville, USA). The detector head of this deviemas directed toward the color
patches used in this experiment, which were dispdagt the centre of the computer
screen.

The “1” and “2” adjacent keys (1.7 x 1.7 cm) of ammeric keypad (Manhattan
model 176354 numeric keypad), connected to the aderpby a USB port, were used
as response buttons.

Subject was tested in a quiet and dimly lit rooreated on a comfortable and

adjustable armchair, with his/her head resting orchanrest to hold the viewing
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centred on the monitor at a 57 cm constant distance

Attentional Capture Task

In our protocol study, we used an AC tadkvelopedstarting from the classical
and validated tests pioneered by Theeuwes et &9311994) 92 % There are
different accepted versions of this test, which wasously modified by some authors
according to the aims of their study.

In our AC task, subjects received two conditions.thhe so-called no-distracter
condition (control trial), they were instructed $earch for a target element embedded
among irrelevant stimuli, in a goal-directed manrercording to previous instruction.
In the so-called distracter condition, which ocadrin 1/3 of the trials, simultaneous
with the presentation of the target, a distractgpemred on the display, replacing one
of the other irrelevant stimuli. We included suchoa percentage of distracter trials
in our AC task because it is known that the cap@nevs stronger as the frequency of
distracter presentation is low&{

We conjectured that the original Theeuwues’s Akteguld be too difficult for
our patients, especially with regard to the idantfion of the target, represented, in
the original study, by a vertical or horizontal dircontained in an outline circle or
square. Then, we made some little changes to tlggnaid version of the test, making
it simpler for the PD patients.

Stimuli and procedureThe sequence of events was as follows. InitiaHy,
white fixation cross (0.5°) was presented at thatee of the visual field against the
black background together with a warning sound300 ms. Then, a stimulus display
consisting of 6 diamonds (1.2° on a side) all af #ame colour (green or red), equally
spaced around the fixation cross on an imaginarmglei whose radius was 3.6°,
appeared on the monitoAfter 700 ms, one of the 6 diamonds was abruptlyauthe
upper or lower tip (0.6° on a side), changing iatpentagon-shaped element, i.e. the
target, respectively with the base upward or dowmva his represented the target
display in the no-distracter condition. It lastechlyp 200 ms to prevent eye
movements?’ and subjects had to focus their attention on theudown location of
the cut, while ignoring the other elements. In tbe-called distracter condition,

simultaneous with the target presentation, onehefdther 5 diamonds changed colour
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(red instead of green or vice versa) as well agrddtion (45° rotation, becoming a
square), therefore becoming a singleton. This eldmepresented the irrelevant but
salient stimulus (distracter) which was able tordig the target search.

Subjects were instructed to respond to the oriémmadf the pentagon-shaped
target by pressing key “1” of the numeric keypadthe base of the pentagon was
upward or key “2” if it was downward, respectivaliging theirright hand forefinger
or middle finger, which were resting on the responkeys. Following the
disappearance of the target display the screen Wkdk and subjects had 2300 ms
more to give their response, (thus, the maximapoase emission time was 2500 ms).
The inter-trial interval was 1500 ms (screen blackh exemplar of the typical no-
distracter and distracter condition of the AC task shown in figure 7.

On the whole, subjects performed 360 randomly mikeals consisting of 240
no-distracter trials and 120 distracter trials. Adothe task, both the target (in its two
forms: pointing up or down) as well as the salidigtracter appeared equally often in
each of the 6 display positions, otherwise occupbgdthe irrelevant diamonds. The
positions of the target and the distracter weredoamized from trial to trial. Moreover,
the target appeared equally often in red or greeassto prevent consistent mapping.

To ensure an optimal level of attention throughokhé whole experimental
session, while avoiding excessive fatigue, thelttials were presented in 6 blocks,
each consisting of 60 trials, separated by breaksh one lasting no more than 3-4
min, at subject’s discretion. During stimuli presa&tion, subjects were requested to
maintain fixation at the centre of the display,esing that a steady fixation would
reduce RT and make the task easier. Both speedendracy were emphasized.

The AC task as a whole took about 24 min (withorddks).

Before the first experimental session, subjectxipcad the task at least in two
blocks, each of 60 trials, and anyway the trainsggsion continued until an accuracy
of 70% or more was achieved. For the following exmental sessions, only a

practice block was required.
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Fig.7 Graphic illustration of a no-distracter (A) and atdacter (B) condition of the attentional capttask.
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Choice Reaction Time Task

It is evident that different brain mechanisms coulahtribute to the emitted
response in a trial of the AC task. In a no-disteactrial we could conjecture the
involvement of mechanisms of target selection, nagi®éms of response selection and
mechanisms of initiation of the motor responsepérticular, under the term of target
selection different cognitive processes may be pbdp included, that is low level
pre-attentive processes, depending on specific ipiven properties of the stimulus
array, mechanisms of endogenous visual attentionAJE which guided the selection
of the relevant target in a goal-directed mannemd aalso bottom-up selection
mechanisms, considering that the target was deflmethe abrupt cut on the upper or
lower tip of one diamond element, which could cdmite to some extent to
exogenous AC.

We tried to isolate the perceptual-attentional neegbms of target selection
from the other components of the whole responsedmparing the performance in a
no-distracter trial of the AC task with that of haice reaction time task.

This task is a version of the classical and vakdathoice reaction time tegf?
adapted to the purposes of our study.

Stimuli and procedurea typical trial was similar to that described tbe no-
distracter trial of the AC task, except for a segliamond element (red or green)
presented on the display in one of the 6 eccemoitions occupied by the stimuli of
the previous task. This element abruptly was repdialby a pentagon-shaped target (of
the same colour) with the base up or down. Subjgetge the response according to
the instructions specified for the AC task. (Fig.8)

Therefore, a typical trial of the choice reactiome task was characterized by a
component of perceptual discrimination (which alexvto identify the target and its
orientation), by a component of response selecfohich key to press depending on
the target orientation), and initiation of the motesponse. As a consequence, the
difference in RT between the no-distracter trialtloé AC task and the choice reaction
time task allowed us to isolate the time necessargelect the target within an array
of irrelevant stimuli. Different perceptual and sefive attentional components
contributed to this time, including an exogenouteational component. Nonetheless,

in our study we were able to assess in isolatieanltbttom-up selection mechanisms,
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2300 ms

+

Fig.8 Graphic illustration of a choice reaction time tria

by comparing the performances in trials with andhwut distracter of the AC task.
Thus, we can assume that the time necessary tatsle target mainly represented
the functioning of the perceptual-endogenous atbentEVA) component. On the
whole, in the choice reaction time task, the sutggeerformed 72 randomly mixed
trials consisting of 36 trials with the target up@aand 36 trials with the target
downward. The target appeared equally often in osedyreen, and in each of the 6
eccentric positions of the array.

As a whole the task took about 5 min.
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At the beginning of the first experimental sessienbjects practiced the experimental
task in one block of 36 trials. If an accuracy @8 or more was achieved, the actual
experiment was run, otherwise the practice blocks wapeated. The following
experimental sessions started with 10 trainingldria

Simple Reaction Time Task

A simple reaction time test was introduced in oype&rimental setting to assess
the mechanisms of motor response initiation. Thisktwas a version of the classical
simple reaction time test, adapted for the purpadase study’’®

Stimuli and procedureinitially, a white fixation cross was presented the
centre of the visual field on a black backgroundether with a warning sound. In all
the trials, after a variable delay from onset of ttross (delays between 400 and 2000
ms), a diamond element (red or green) appearechemionitor, for 200 ms, in one of
the 6 eccentric positions occupied by the stimulithe AC task. Subjects had to
respond as fast as possible to the diamond onsessmg the key “1”. (Fig.9)

Therefore, this task allowed us to estimate the wamhoof time required to
initiate a simple motor response on the basis ke low level visual information
(the detection of the stimulus onseflhis task could be especially useful in our
experimental setting to uncover possible variatiansmotor performance in the
different studied groups as well as the differemnditions of medication and
stimulation in which PD patients were evaluated.

In a typical trial of this task there were no compats of perceptual
discrimination and selection of the motor respotike those involved for the choice
reaction time task. As a consequence, the diffeeencRT between the trials of these
two tasks allowed us to isolate the time necessargelect the motor response on the
basis of a discriminative visual analysis. This veadecision making (DM) component
representative of the functioning of the mechanishmotor response selection. Then,
the computation of this difference in RT could eleahs to uncover if our patients’
performance in the AC task was affected by possibdeision-making deficits, as
reported by some authors in PD patiefit§?!?

On the whole, in the simple reaction time task,jeats performed 60 randomly

mixed trials, in which the target appeared equalign in red or green, and in each of
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the 6 possible eccentric positions of the arraye Task was presented in 2 blocks,
each consisting of 30 trials. In one block the sabjresponded with the index, while
on the other block with the middle finger. The inteal interval was 1500 ms.

This test as a whole took about 5 min.
At the beginning of the first experimental sessignbjects practiced the task in one
block of 30 trials. If an accuracy of 80% or morasvachieved, the actual experiment
was run, otherwise the practice block was repeafgde following experimental
sessions started with 10 training trials.

.

+
/)(0 - 2000 ms

Fig.9 Graphic illustration of a simple reaction &nrial.

2300 ms
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Procedure and development of the experimental sessi

Each participant of the 3 groups underwent more thiae experimental session.

PD patients of group #1 performed two experimergaksions in different
conditions of medication: med-off and medication-gned-on, corresponding to the
best clinical state after their usual first dopaerigic dose intake in the morning).
These sessions were performed on different daysiwithe same week, and the
conditions of evaluation were randomized. Each immsdegan with the motor state
evaluation scored by the UPDRS IIl, followed by thperformance of the 3
computerized tasks, which were presented in a ramzed order and counterbalanced
to obtain the same number of patients beginnind wite med-off or the med-on. At
the end of each session, the patients’ motor stat® scored again to uncover possible
changes in the global motor score during the expenital session. As a whole, each
evaluation session took about 1h.

Patients of group #2 were evaluated in 3 differemtditions at least 12 h after
a withdrawal of antiparkinsonian drugs: 1) med-sfifilh-off, 2) med-off/SM
stimulation-on (med-off/SMstim-on, stimulating thugh the lead contacts localized in
the SM part of the STN, as it usually would occwridg chronic stimulation), 3)
med-off/AS stim-on (med-off/ASstim-on, stimulatingrough lead contacts localized
in the AS part of the STN, using a contact gengridcated one or two contacts more
ventral than the one located in the SM part of 8IN). The more distant were the
used stimulation contacts from each other, the tgreavas the possibility for a
selective stimulation of the SM and AS areas of $SaMoiding any overlapping effect
due to the spread of electrical current. The patanseof stimulation were as close as
possible to the ones used for chronic stimulatwhile avoiding side effects. On each
side, we stimulated both STN sites with the samecteical parameters, in order to
activate the same volume of tissue (Table 2).

Also for this group, the experimental sessions wegeformed in different days
within the same week, and the conditions of evabratwere randomized and
counterbalanced. In med-off/stim-off, the patietdrsed the experimental evaluation
after having the stimulation turned-off for abou® 3nin. In each med-off/stim-on
condition, firstly the stimulation was turned-oférf about half an hour, then it was

turned-on for half an hour, and at last the expental evaluation started. Each expe-
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right STN left STN
Subject SM AS Voltage SM AS Voltage
contact contact (V) contact contact
#1 2 0 2.4 3 1 2.2
#2 2 0 3.0 3 1 2.5
#3 3 1 2.5 2 0 3.3
#4 2 0 2.5 3 1 2.5
#5 3 1 2.4 3 1 2.7
#6 3 1 2.7 2 1 2.5
#7 2 0 3.0 3 1 3.0
#8 2 0 3.3 3 2 2.8
#9 3 1 2.0 3 1 2.4
#10 3 1 2.2 3 1 2.4
#11 2 0 2.6 2 0 2.4
#12 3 1 1.8 3 1 2.8
mean valueg mean value
25+ 0.4 2.6 £0.2

Tab.2 Contacts and parameters of stimulation engkperimetal sessions for each patient.
The four contacts of each electrode were numbereéd 8 from bottom to top. SM contact
and AS contact: contacts used to stimulate the 3#l AS part of the subthalamic nucleus,
respectively. V = volt. The mean voltage was nangficantly different between the two
sides of stimulation (p = 1.0). The pulse width &nequency of stimulation were set to 66
and 130 Hz, respectively, for each side. STN = Balamic nucleus.

mental evaluation was run in the same way as desdrior group #1. Therefore, in

med-off/stim-off, stimulation was turned-off as d@ale for about 1h 30 min, whereas

in each med-off/stim-on condition, either we maintd the stimulation parameters
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used for chronic treatment or we changed them téle las possible for no more than
1h 30 min.

Healthy controls (group #3) were evaluated twiceassess possible learning effects
on the computerized tasks. These evaluations oedum different days within the
same week, and in each session the 3 computeriasklstwere performed in a

randomized order.

Statistical analysis
Variables measured

To pursue the objectives of this study, the mainatdes assessed were RT and
error rate in performing the 3 computerized tagl@anparing the results among groups
and conditions.

RT was the time between the presentation of the tasgewuli on the display
and the onset of the subjects’ response. Statistinalyses were performed on RTs
for trials with correct responses. We excluded framalyses trials on which the RT
fell outside +2.5 SDs from the mean value for eactibject and each experimental
condition.

Error rate was computed as the percentage of the omittedwandg responses
in the AC task and in the choice reaction time taskile error rate was the
percentage of the omitted and anticipated respoimsdse simple reaction time task.

The AC effect was measured as the differen@® (n RTs and error rates
between the distracter and no-distracter trialshef AC task.

To investigate any potential speed-accuracy trafde-eated to the different
conditions, we also calculated tlhmverse efficiencylE) scores for the AC task. IE
scores are a standard way to combine RT and acguwai@ into a single performance
measure, computed as mean RT divided by the prapodf correct trials for a given
condition, and expressed as adjusted mear’'RT'° Higher values represent worse
performances.

In an attempt to isolate components of the cogeitdperations underlying the
response given in a no-distracter trial of the AGK (such as EVA, DM, and motor

initiation), albeit with some degree of approxinmatj we have adopted the subtraction
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method of Donderé!’ The Donders’ approach was based on the assumjtiah

mental processing takes time, therefore insertingpacific computation into a RT
paradigm will lenghten the behavioural responseesmy a certain amount compared
to those obtained in the original RT paradigm, withaffecting the other components
of the test. Even if Donders' work paved the way fature research in mental
chronometry tests, it was not without some drawlsadk particular, the assumption
that the incremental effect on RT was strictly doei did not hold up to later

experimental test&? 28

which showed that the insertions may interact wotiher
aspects of the RT paradigm. Despite this aritmétioait, Donders' method represents
one of the core paradigms in psychometric psychplolgaving the potential to
elucidate a lot of mechanisms underlying cognitiwvecessing, at least at a conceptual
level. In this sense, we have used this methode@safy to infer the impairment of
some components of cognitive-behavioral control BD, and the effects of
dopaminergic and electrical stimulation on them.

In particular, theEVA component was computed as the difference betwken t
mean RT in no-distracter trials of the AC task ahd mean RT in the choice reaction
time task. Lower values of EVA suggest more efficienechanisms of selection of the
target within an array of irrelevant stimuli, andetefore they seem to indicate a
strengthening of the endogenous attention mechanism

The DM component was defined as the difference betweenméan RT in the

choice reaction time task and the simple reactiorettask.

Data analyses

Collected data underwent statistical analyses usSiR$S (version 12.0, inc.
Chicago, USA).

Separate analyses of variance (ANOVAs) were caroatl in relation to the
different computerized tasks (AC task, choice reactime task, simple reaction time
task) to compare different performance indices (RFror rate, AC, EVA, DM)
between groups (#1 versus #2 versus #3) and iremdifit conditions of evaluation
(with or without drug, with or without stimulatiorstimulation of different parts of the
STN).
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In detail, the following evaluation criteria andayses were adopted:

1) Effectiveness of the tasks and effects of sesdweliminary analyses in the

group of healthy controls were run in order to asskoth the effectiveness of our AC
task, and the feasibility of applying the subtraatimethod of Donders to the results
obtained in the other computerized tasks. Moreoweg, verified possible learning
effects due to the mere repetition of the experitaksession. For this purpose, RT,
error rate and IE in the AC task have been analyzgdneans of repeated measures
ANOVA with the type of trial (no-distracter versudistracter trials) and session
(session-I versus session-Il) as within-subjectstdes. Similar analyses have been
carried out for RTs and error rates in relatiorthe other computerized tasks, as well
as for the other performance indices (EVA and DMe session being the within-

subject factor.

2) Effects of diseas€elo address the first objective in the presentgtu.e. the

effects of PD on visual selective attention and A¥& compared the performance on
the computerized tasks of PD patients in med-ofb(g #1) and in med-off/stim-off
(group #2) with that of the healthy controls (gro#p). We ran a repeated measures
ANOVA on RTs, error rates and IEs of the AC taskithwthe type of trial (no-
distracter versus distracter trials) as within-sd$ factor, while the group as
between-subjects factor. The RTs and error ratdainbéd in the other computerized
tasks, as well as the other performance indicesABv¥d DM) were analyzed by one-

way ANOVAs, with group as between-subjects factor.

3) Effects of dopaminergic treatmenfo study the effects ahe dopaminergic

treatment on visual selective attention and AC, wade an evaluation within group
#1, comparing the performances in med-off with thmmed-on. For this purpose we
made an analysis of variance (ANOVA) with the cuaiwh of evaluation (med-off
versus med-on) and the type of trial of the AC tgsk-distracter and distracter
condition) as within-subjects factors, and the R&gpor rates, and IEs as dependent
variables. The data obtained in the other compmeéeri tasks, as well as the

performance indices computed by the subtractionhoetwere analyzed by means of
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paired samples t-tests, comparing the results nobthin the two different conditions

of evaluation.

4) Effects of STN-DBSTo study the effects afeuromodulation of the STN on

visual selective attention and AC, we made an eaabm within group #2, comparing

the performances in med-off/stim-off with that inedroff/SMstim-on and med-
off/ASstim-on. Moreover, this type of evaluationadried us also to directly assess the
involvement of the cortico-basal ganglia loops he tmechanisms underlying visual
attention, and the respective role of the SM andpa®&s of STN in modulating these
mechanisms. Then, we performed an analysis of maBa(ANOVA), with the
conditions of evaluation (med-off/stim-off, med-8Mstim-on, med-off/ASstim-on),
and the type of trial of the AC task (no-distractard distracter condition) as within-
subjects factors, and the RTs, error rates, andakEdependent variables. The RTs and
error rates obtained in the other computerized4ask well as the other performance
indices (EVA and DM) were analyzed by means of edpd measures ANOVA with

the condition of evaluation as within-subjects fact

5) Comparison between the effects due to dopamineagd STN stimulation
A comparison between groups addressing the effediféerent treatments allowed to
analyze the respective role of the dopaminergichwalys and the cortico-basal
ganglia loops passing through the STN in the bottgmand top-down mechanisms of
visual attention. To this end, we computed for eaahiable the difference between
the mean value obtained in off condition with thatmed-on A med-off — med-on),
as well as in med-off/SMstim-onA( med-off/stim-off — med-off/SMstim-on) or in
med-off/ASstim-on A med-off/stim-off — med-off/ASstim-on). In this waywe
obtained a measure of the possible gain or detriménhe patients’ performance due
to the specific treatment with respect to the afhdition.

On the basis of these differences, two separatiésttal analyses were carried
out applying the t-tests for independent samplesohe of them we compared the
effects of medication with those of stimulation thfe SM part of the STN, while in
the other we compared the effect of medication whhbse of stimulation of the AS
part of the STN.
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6) Effects of dopaminergic and STN stimulation withspect to the control

condition. At last, we also investigated whether medicationl/ar stimulation of the

two STN sites could restore patients’ performanze¢hte normal level. To this end we
carried out three separate analyses using the tt-fes independent samples,
comparing the performances of healthy subjects whibse of group #1 in med-on,
and group #2 in med-off/SMstim-on or med-off/ASstan. Again these comparisons

were carried out for all the variables measurethm study.

Whenever a main effect of a factor (group, conditimf evaluation or type of
trial) was found, we performed comparisons betwelka levels of this factor by
means of pairwise comparisons among the estimatedns of the evaluated levels,
with Bonferroni adjustment for multiple comparisons

Post-hoc analyses of significant interactions weaeried out by means of t-
tests with Bonferroni’s correction for multiple cgarisons where necessary.

Unless otherwise specified, significant values hdeen considered for g
0.05.

Computation of groups’ size

We computed the groups’ size on the main tool of msearch, the AC task,
and on the group #2 (that is, the group in whichtipgpants underwent the maximum
number of evaluations), according to amisk < 0.05 and a powerful = 909 (¢isk <
0.10).

As every patient of the group #2 performed the expental session in 3
different conditions of stimulation, to fulfil theriteria of randomization for sequence
a minimum of 6 cases were required.

Statistical analysis comprised a within group ewatilon, and a study of the
interaction between group and condition, accordit@ the criteria and the
methodology described above.

As regards the within group evaluation, supposidmtt RTs would be
distributed according to N (us), and if Cohen’s d =1, we would expect to need 13

patients.
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Referring to the paper of Deijen et al. (2068)from which we started to
devised our AC task, they found that in PD patietiis mean RTs (xSD) in the no-
distracter and distracter condition were respedtyiv&080 (£193) ms and 1320 (£298)
ms. These values correspond to Cohen’s d = 1.Z0]Jf10 cases would have been
required. During a pilot study, carried out on 8ahiBy volunteers to test the
effectiveness of our AC task, we found that the m&3's (£SD) in no-distracter and
distracter trials were respectively: 523.4 (x64n73 and 625.6 (+80.8) ms. The mean
ARTs was: 102.2 (+41.3) ms. A paired samples t-odshe mean RTs in no-distracter
and distracter trials showed a significant diffezer(p = 0.006). These mean RTs lead
to Cohen’s d = 2.4, and if so 7 cases would hawnhequired.

We decided to increase the group size to 12 sudjectorder to obtain an
equivalent distribution of the different evaluatiamondition sequences due to the
randomization of the stimulation conditions.

As regards the interaction between group (PD p&dieersus healthy controls)
and the type of trial of the AC task (no-distractard distracter trials), we referred
again to the work of Deijen et al. (2006), in whialsample of 12 healthy controls and
11 PD patients proved to be sufficient to obtaisignificant interaction effect (p =
0.04) with respect to RT. Moreover, as regards aélceuracy, Deijen et al. (2006)
found a significant interaction effect between grswand the type of trial (p = 0.007).
The number of the correct responses was reduceldeipresence of the distracter, the
reduction being larger in the patients.

To sum up, 24 PD patients (12 for the group #1, a@dor the group #2) and

12 healthy controls took part to our protocol.
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Results

Effectiveness of the tasks and effects of session

The percentage of trials excluded from analysesabse their RT fell outside
+2.5 SDs from the mean value, were 2.2%, 2.1%, 2d®o respectively in the AC,
choice reaction time, and simple reaction time sask

A first qualitative inspection of the data in theCAask showed that the mean
(£SE) RT of healthy subjects in the no-distractendition was to 541.2 (+17.8) ms
and 534.8 (£15.7) ms, respectively in the first @ed¢ond experimental session, while
the mean cost in terms of RT was of about 100 ms in the distracter condition
respectively 98.2 (x5.3) ms and 96.1 (£4.2) ms e tfirst and second session
(Fig.10A). More in detail, analysis of RTs in the&CAask revealed a significant effect
of the type of trial [F(1,11) = 560.12, p < 0.00#lye to faster RTs in the no-distracter
condition (538 +16.6 ms) compared with the disteactondition (635.2 £18.6 ms).
The factor session and the interaction type ofl txisession were not significant (p =
0.206 and p = 0.677, respectively).

Analogous results were obtained by analyzing emates in the AC task
(Fig.10B). In detail, a significant effect of thestracter [F(1,11) = 55.23, p < 0.001]
was found on error rates, due to more errors indis¢racter condition (4.04 £0.4%)
than in no-distracter condition (1.04 £0.2%), intlbh@xperimental sessionEhe factor
session and the interaction type of trial x sessv¥@ne not significant (p = 0.698 and p
= 0.840, respectively).

A single measure of performance in the AC task, thg IE score, again
revealed a significant effect of the distracterl]A(l) = 733.2, p < 0.001], with higher
IE values in the distracter condition (662.0 +19wk) than in the no distracter
condition (543.3 £16.4 ms), (Fig.11The factor session and the interaction type of
trial x session again were not significgpt= 0.135 and p = 0.544, respectively).

On the whole, these results showed that our AC tea& an effective means to
assess AC, and that performances were not affelbtetkarning effects due to the

mere repetition of the experimental session.
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Fig.10 Healthy subjects: comparison of mean reaction tiRE,(in A), and error rate, ER (in
B), in the no-distracter and distracter conditiook the attentional capture task, in two
consecutive experimental sessions (SESSRT andA ER = attentional capture in terms of

A RT and A ER, respectively.
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Fig.11 Healthy subjects: comparison of inverse efficier{ti) score, expressed as adjusted
mean RT, in the no-distracter and distracter cdodd of the attentional capture task, in two
consecutive experimental sessions (SESS)E = attentional capture in terms aflE.

Comparing the data obtained in the choice reactiore and simple reaction
time tasks, we noted that more complex was the,tds& longer was the mean RT
(Fig.12). In detail, the mean RTs were 443.5 #16nd and 435.6 *15.4 ms,
respectively, in the first and second experimemsedsion of the choice reaction time
task, while they amounted to 305.1 +9.4 ms and 298.2 ms respectively in the first
and second experimental session of the simple i@ad¢ime task. Overall, these RTs
were shorter than those obtained for the no-diséracondition of the AC task. These
results suggested that the RT lengthened in pdrailté the increasing complexity of
the tasks, which allowed us to adopt the subtractimethod of Donders to
approximately enucleate the two cognitive processederlying the responses given
in the no-distracter condition of the AC task: ti®EVA and DM. Indeed, mean EVA

amounted to 97.7 £5.8 ms and 99.2 +6.2 ms, respelyti in the first and second
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session, while DM amounted to 138.5 +17.1 ms anf.3314.3 ms (Fig.12). The
analyses of RTs and RTs obtained by these two tasks revealed also tthatfactor
session was not significant (for all comparisons [©.149), pointing out that even
these measures of performance were not reliablyémiced by learning.

Also the error rates in the two tasks (0.2 +0.29d a5 £0.3%, respectively, in
the first and second session of the choice readiime task, and 1.0 £0.3% and 0.7
+0.3% for the simple reaction time task) were nufiienced by the repetition of the
task (p = 0.438 and p = 0.443, respectively, in theice reaction time and simple

reaction time task).

OEVA
600,0 DM
B SRT
500,0+

400,0+

300,01

Time (ms)

200,0

100,01

0,0

SESS-I SESS-II

Fig.12 Healthy subjects: comparison of the mean times fayvement initiation (simple
reaction time, SRT), motor response selection (gileai making, DM), and target selection
(EVA, endogenous visual attention) in two conseeeitexperimental sessions (SESS). Note
that SRT + DM = choice RT, while SRT + DM + EVA =TRn the no-distracter condition of

the attentional capture task.
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Effects of disease

The percentage of trials in med-off excluded fromalyses, because their RT
fell outside £2.5 SDs from the mean value, were%2,.2.6%, and 1.5%, respectively,
in the AC, choice reaction time, and simple reattione tasks. On the other hand, the
percentage of outliers in med-off/stim-off were %.52.0%, and 2.3%, respectively, in
the AC, choice reaction time, and simple reactiomet tasks.

At first glance, PD impaired performance with respéo healthy subjects by
slowing down RT and increasing the error rate i@ AC task (Fig.13A).

In detail, analysis of RTs in the AC task reveakedignificant effect of the
type of trial [F(1,33) = 479.3, p < 0.001], due tonger RTs (mean =SE) in the
distracter condition (769.0 +18.7 ms) than the m&ttédcter condition (664.2 £16.3
ms). The factor group was also significant [F(2,3316.0, p < 0.001], due to longer
RTs in med-off (738.4 £30.2 ms) compared to consobjects (586.6 £30.2 ms, p =
0.003), and med-off/stim-off (824.8 £30.2 ms) comgzh to control subjects (p <
0.001). Otherwise, there was no reliable differemetween the med-off and med-
off/stim-off conditions (p = 0.153). The interactiotype of trial x group was not
significant (p = 0.127), although by looking at tA€ effect, it was slightly, but non
significantly, increased for the group in med-offl8.9 +12.1 ms) with respect to the
other two groups (med-off/stim-off: 98.2 +6.5 msdahealthy subjects: 97.2 +4.1 ms),
suggesting that the pathological condition, althowjowing down the RTs, did not
affect the mechanisms underlying AC.

A different pattern of results emerged from thelgss of error rate in the AC
task (Fig.13B). In detail, a significant effect tie distracter [F(1,33) = 67.0, p <
0.001] was found on error rates, due to more eromsmitted by participants in the
distracter condition (10.3 +1.0%) than in no-distlex condition (2.5 +0.2%). The
factor group was also significant [F(2,33) = 14pls 0.001)], due to higher error rates
in med-off (8.3 £0.9%) compared to healthy subje@s5% 0.9, p < 0.001), and
med-off/stim-off (8.2 £0.9%) compared to healthybgacts (p < 0.001). Otherwise, no
significant differences in error rates (p = 1.0)redound between the two groups of
PD patients. The interaction of type of trial x gpowas significant [F(2,33) = 6.3, p

= 0.005]. Post-hoc analysis revealed that the Aie@fwas larger in med-offA( error
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Fig.13 Comparison between the two groups of PD patientsluated in off-condition (in
med-off for the pharmacologically treated groupdan med-off/stim-off for the stimulation
treated group) and healthy subjects in terms ottiea time, RT (in A), and error rate, ER
(in B), obtained in the no-distracter and distraatenditions of the attentional capture task.
A RT andA ER = attentional capture in terms AfRT andA ER.
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rate: 10.3 £2.0%) with respect to healthy subjdetserror rate: 3.0 +0.4%, t(22) = -
3.54, p = 0.002], and in med-off/stim-offA (error rate: 9.9 +2.0%) with respect to
healthy subjects [t(22) = -3.48, p = 0.002], sudgesenhanced AC in PD. Otherwise,
no significant difference i error rate [t(22) = -0.148, p = 0.884] was fourgtween
the two groups of PD patients.

Then, a discrepancy was apparent between the twasunes representative of
AC, i.e. A RT andA error rate. This result could be due to a potdrdpeed-accuracy
trade-off effect, related to different conditionsf @valuation. To clarify this
discrepancy, we calculated the IE scores (Fig.14).

1150,0 —&— no-distracter

1050.0- —A— distracter 1014.5
& } AIE - -
E  950,0- 9829 _ - ——
— 210,9
x
c
& 850,0
£
ke
g
g 750,01
g
<

650,01

550,01

543,8
450,0
controls me d-off me d-off/stim-off

Fig.14 Comparison between the two groups of PD patientsluated in off-condition (in
med-off for the pharmacologically treated group,dain med-off/stim-off for the the
stimulation treated group) and healthy subjectstearms of inverse efficiency (IE) score
(expressed as adjusted mean RT), obtained in thdistoacter and distracter conditions of
the attentional capture task.|E = attentional capture in terms aflE.
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Firstly, this analysis revealed a significant etfe¢ group [F(2,33) = 18.6, p <
0.001], due to higher IEs in med-off (817.2 +36.8,jnthan in control subjects (603.6
+36.3 ms, p = 0.001), and in med-off/stim-off (909+36.3 ms) than in control
subjects (p < 0.001), confirming that PD impairedrfprmance in the AC task.
Otherwise, there was no reliable difference betwgenmed-off and med-off/stim-off
conditions (p = 0.248). Moreover, a significanteft of the type of trial was observed
[F(1,33) = 167.6, p < 0.001], due to higher IE hetdistracter condition (870.3 +26
ms) than in the no-distracter condition (683 £1w$§). The interaction type of trial x
group was significant [F(2,33) = 5.6, p = 0.008h particular, post-hoc analysis
revealed that the AC effect was larger in the greoiipned-off patients A IE: 231.2
+33.3 ms) compared to healthy subjects I[E: 119.6 +4.3 ms, t(22) = -3.32, p =
0.003], and in the group of med-off/stim-off patien(A IE: 210.9 +27.4 ms)
compared to healthy subjects [t(22) = -3.29, p 808]. Otherwise, no significant
difference inA IE [t(22) = 0.471, p = 0.642] was found betweer tlwo groups of PD
patients. Thus, these results suggested a behawomogeneity of our two groups of
PD patients in terms of AC, which appeared enharnethe pathological condition.

As regards the selection and initiation of motospenses, the analysis of RTs
in the choice reaction time task revealed a sigaifit effect of the factor group
[F(2,33) = 12.0, p < 0.001]. In detail, we foundhger RTs (p < 0.001) in the group #2
(med-off/stim-off: 613.9 £30.8 ms) compared to hbglsubjects (439.6 £15.8 ms),
whereas we obtained a p value very close to theisegince (p = 0.059) by comparing
PD patients in med-off (526.8 +26.4 msyith healthy subjects, as well as by
comparing the two groups of PD patients in off-citiweh with each other.

Also the analysis of the RTs in the simple reacttome task pointed out that
the factor group was significant [F(2,33) = 10.4,<p0.001], due to faster RTs in
healthy subjects (300.7 £8.9 ms) than both group®D patients (med-off: 382.1
+18.3 ms, p < 0.013; med-off/stim-off: 421.2 £26m@s, p < 0.001), as we could
expect by considering the akinesia typical of PBptiase. No significant differences
(p = 0.468) emerged by comparing the two groupsP&f patients, suggesting a
homogeneity in motor impairment between the twoug® of patients (Fig.15).
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Fig.15 Comparison between the two groups of PD patientsluated in off-condition (in
med-off for the pharmacologically treated group,dam med-off/stim-off for the the
stimulation treated group) and healthy subjectstémms of mean times for movement
initiation (simple reaction time, SRT), motor respe selection (decision making, DM), and
target selection (EVA, endogenous visual attenticddte that SRT + DM = choice RT, while
SRT + DM + EVA = RT in the no-distracter conditiof the attentional capture task.

The error rates were not significantly differentween the three groups in the
choice reaction time task (p = 0.292) as well ash@ simple reaction time task (p =
0.140). In Table 3, the mean (xSE) error rates ddferent groups and tasks are
reported. The error rates in these two tasks weweet than those observed in the AC
task, probably because the latter task was morkcdlf overall. Accordingly, when
we consider these two tasks, the differences beatvd2 patients and healthy subjects

emerged mainly in the form of longer RTs than higlgor rates.
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healthy subjects med-off med-off/stim-off

Choice reaction time task 0.4 +0.2% 0.8 £0.2% 005326

Simple reaction time task 0.8 £0.2% 1.4 +0.6% 206920

Tab.3 Mean (xSE) error rates in the choice and &nmmeaction time tasks for the three

groups of participants.

Now, one might ask whether the larger increasehmiiee RTs observed for PD
patients was due only to a mere motor impairmemtjnstead reflected a genuine
impairment of the mechanisms of motor responsecsiele. Analysis of DM revealed
that the factor group was significant [F(2,33) 8,3p = 0.032]. This effect was due to
larger A RTs in med-off/stim-off (192.7 £16.8 ms) comparéal control subjects
(138.9 +15.6 ms, p = 0.050), (Fig.15Jonversely, in med-off, we revealed only a
slight increment in DM (144.7 £+12.5 ms, p = 1.0gmared to healthy subjects, and a
tendency to a significant difference between meidaofd med-off/stim-off (p = 0.094).
These results showed that the mechanisms of moempanse selection were
potentially impaired only in the group of surgicateated PD patients. This
observation suggested heterogeneity between our R®ogroups, which could be
related to some epidemiological or clinical paraemets it will be pointed out in the
discussion.

Analysis of EVA revealed that the factor group v&gnificant [F(2,33) = 17.5,
p < 0.001]. This effect was due to largerRT in med-off (152.2 £9.4 ms) compared
to control subjects (98.5 5.7 ms, p < 0.001), andhed-off/stim-off (161.8 £8.8 ms)
compared to control subjects (p < 0.001), whereadifference was found between
the two PD groups (p = 1.0) (Fig.15)hus, these results demonstrated that the time
for display analysis and target selection were @nged in both groups of PD patients,
suggesting a weakening of the endogenous mecharaéwisual attention in PD.

On the whole, the analysis of the components of rdeponse in no-distracter
trials of the AC task showed that in med-off and med-off/stim-off there was an
impairment of the mechanisms of target selectiod anotor response initiation, while
in med-off/stim-off only, there was also an invoiwent of the mechanisms of motor

response selection.
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Effects of dopaminergic treatment

The rate of outliers trials in med-on were 2.4%3%, and 2.4%, respectively
in the AC, choice reaction time, and simple reactione tasks.

A first qualitative inspection of the data showebat the dopaminergic
treatment improved performances by decreasing Rilistbe error rates in the AC task
(Fig.16). More specifically, analysis of RTs revedlthat the factor type of trial was
significant [F(1,11) = 113.8, p < 0.001], due tonger RTs (mean zSE) in the
distracter condition (772.1 £38.3 ms) than in nstdicter condition (642.3 £29.7 ms).
Moreover, the factor condition of evaluation wagrsficant [F(1,11) = 25.2, p <
0.001], due to longer RTs in med-off (738.4 £34.8)ncompared to med-on (676.0
+34.5 ms), thus indicating that the global perfonob@a was ameliorated by the
pharmacological treatment. The interaction typertdl x condition of evaluation was
also significant [F(1,11) = 6.4, p = 0.028]. In paular, the AC effect was larger
under medical treatmenA(RT: 140.6 £13.7 ms) compared to med-off RT: 119.0
+12.1 ms), suggesting that while the dopaminergeatment speeded up the response
times, it influenced also the mechanisms of visaténtion (Fig.16A).

A different pattern of results emerged from thelgss of error rate in the AC

task (Fig.16B). Indeed, while the factor type datwas significant [F(1,11) = 39.8, p
< 0.001], due to higher error rate in the distraatendition (12.5 +1.4%) compared
with the no-distracter condition (3.0 £0.2%), thecfor condition of evaluation, and
the interaction condition of evaluation x type oifat were not significant (p = 0.388
and p = 0.373, respectively). Thus, these reswdtsred to point out that, contrary to
what we saw for AC in terms of RT, the dopaminergic treatment did not influence
the mechanisms underlying the AC. To clarify thisalepancy, we calculated the IE
scores (Fig.17).
In detail, this analysis showed a significant effed the condition of evaluation
[F(1,11) = 11.1, p = 0.007), due to a better glopatformance under dopaminergic
treatment (736.9 +41.7 ms) than in med-off (8174834 ms). Also the factor type of
trial was significant [F(1,11) = 58.9, p < 0.001due to higher IE values in the
distracter (891.7 £53.6 ms) than in the no-distea¢662.4 +30.2 ms) condition.
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Fig.16 Comparison of mean reaction time, RT (in A), andoerate, ER (in B), obtained in
the no-distracter and distracter conditions of #teentional capture task, by the group of
pharmacologically treated patients, who were evi@dan med-off and med-on conditions.
RT and A ER = attentional capture in terms AfRT and A ER.
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Conversely, the interaction type of trial x condit

i of evaluation was not

significant (p = 0.893), as confirmed by the falatt no appreciable differences M

IE between the two conditions of evaluation (meft-@81.2 +33.3 ms; med-on: 227.3

+32.8 ms) were observed, suggesting that the ptsviabse

terms ofA RT could be of unclear relevance.
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Fig.17 Comparison of the inverse efficiency (IE) score feessed as adjusted mean RT),

obtained in the no-distracter and distracter candi of the attentional capture task by the

group of medical treated patients, who were evaddh med-off and med-on conditions.

IE = attentional capture in terms AflE.

As described in a previous section, PD patientsnied-off were slower than

healthy subjects in performing the choice reactione task and the simple reaction

time task, even if the meat RT between these two tasks

groups. Comparing the mean RTs in the same task$ b

(DM) was similar fothbo

patients in med-off and

med-on, we found that the factor condition of ewian was not significant (p =
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0.147) in the choice reaction time task (med-of£6% +26.4 ms; med-on: 506.9
+27.3 ms), while it was significant [t(11) = 5.7,0.001] in the simple reaction time
task (med-off: 382.1 #18.3 ms; med-on: 351.6 +17n&), suggesting that
dopaminergic treatment could speed up the patiem®tor responses, without

consistently affecting the process of motor resgosaslectionFig.18)
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Fig.18 Comparison of the mean times for movemeitiation (simple reaction time, SRT),
motor response selection (decision making, DM), aadjet selection (EVA, endogenous
visual attention) obtained by the group of pharmagically treated patients, who were
evaluated in med-off and med-on conditions. Notat tBRT + DM = choice RT, while SRT +

DM + EVA = RT in the no-distracter condition of tlatentional capture task.

This lack of effect on motor response selection wasfirmed by the analysis
of DM, where no significant effect of condition elvaluation was found (p = 0.435).
In particular, the DM component “diluted” the bereel effect of the dopaminergic
treatment obtained on motor response initiationreagaled by the mild increment of
DM in med-on (155.3 £16.1 ms) compared with med{d#44.7 £12.5 ms).
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Analyses of error rates in the choice reaction tiae well as the simple
reaction time tasks revealed that there were naiBaant differences comparing the
two conditions of evaluation (p = 0.191, and p 220, respectively in the choice and
simple reaction time task).

A beneficial effect on the mechanisms of targeestbn, due to dopaminergic
treatment, seemed to emerge by the analysis of BXAletail, in med-on there a was
significant [t(11) = 7.8, p < 0.001] reduction oWVE (98.8 +8.7 ms) compared with
med-off (152.2 £9.4 ms), suggesting that the dopeargic treatment might potentate
the endogenous mechanisms of visual attentiono lfome might expect a reduction of
the AC. Conversely, we observed an increase of A@erms ofA RTs, which could
be explained by assuming that, under dopaminergatiment, in parallel with the
improvement of EVA mechanisms, there might be alecenhancement of the bottom-
up mechanisms.

On the whole, the analysis of the components ofrdeponse in no-distracter
trials of the AC task showed that under dopaminergieatment there was an
improvement of the mechanisms of target selectiad aotor response initiation,
while there were no significant changes in the nadbtms of motor response

selection.

Effects of deep brain stimulation of the subthalamucleus

The percentage of outliers excluded from analysesew?.5%, 1.9%, and 2.8%,
respectively, in the AC, choice reaction time, aidhple reaction time tasks in med-
off/ SMstim-on, and 2.2%, 3.1%, 2.0% in med-off/ABston.

A first qualitative inspection of the data obtainedthe AC task showed that
both conditions of stimulation, especially the m&Ef#:<SMstim-on reduced RTs, while
no appreciable changes were evident in terms afreates (Fig.19). In particular, the
analysis of RTs in the AC task showed that the dadype of trial was significant
[F(1,11) = 281.9, p < 0.001], due to longer RTsthe distracter condition (849.7
+33.3 ms) than in the no-distracter condition (12328.8 ms). The factor condition

of evaluation was significant [F(2,22) = 7.8, p 03], due to longer RTs in the med-
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off/stim-off (824.8 £35.5 ms, p = 0.009) comparedthvmed-off/SMstim-on (753.6
+27.0 ms). Otherwise, the RTs in med-off/ASstim{@80.5 +34.8 ms) did not differ
significantly from med-off/stim-off (p = 0.092) anfftom med-off/SMstim-on (p =
0.488). The interaction type of trial x conditioh evaluation was significant [F(2,22)
= 30.7, p < 0.001]. Post-hoc analyses showed thatAC effect was larger under SM-
stimulation A RT: 143.2 £10.0 ms) than in med-off/stim-off (988.5 ms, t(11) = -
7.49, p < 0.001), as well as under AS-stimulationRT: 138.8 £8.3 ms) than in med-
off/stim-off [t(11) = -6.76, p < 0.001]. Otherwis¢he two conditions of stimulation
did not differ from one another in terms of AC [1()1= 0.641, p = 0.535]. Therefore,
under STN stimulation, there was an enhancementhef AC in terms ofA RT,
similarly to that seen under dopaminergic treatment

Analysis of error rate showed that the factor typf trial was significant
[F(1,11) = 32.3, p < 0.001], due to higher erroterén the distracter condition (13.9
+1.7%) than the no-distracter condition (4.3 *0.6%lhe factor condition of
evaluation and the interaction condition of evaloat x type of trial were not
significant (p = 0.463 and p = 0.802, respectivelyherefore, in terms of error rate,
STN stimulation did not seem to influence the meubms underlying AC, similarly
to the dopaminergic treatment.

To clarify the discrepancy in the measures of A€, A RTs andA error rates,
we computed the IE scores (Fig.20). This analybiswed that the factor type of trial
was significant [F(1,11) = 82.7, p < 0.001], due wwrse performances in the
distracter trials (996.6 +48.2 ms) than no-disteadtials (755.2 £30.3 ms). Yet, under
stimulation of both STN sites we obtained a partaahelioration of the global
performances with respect to med-off/stim-off (90241.8 ms), but without reaching
significance: p = 0.134 in med-off/SMstim-on (847+85.6 ms), and p = 0.500 in
med-off/ASstim-on (871.0 +45.2 ms). Also the intetian condition of evaluation x
type of trial was not significant (p = 0.179), asvealed by the lack of appreciable
differences in the AC effect in terms of IE between the three conditions of
evaluation (med-off/stim-off: 210.9 +27.4 ms; met#/8Mstim-on: 265.0 +36.1 ms;
med-off/ASstim-on: 248.3 +29.7 ms), although a temcly to largerA IE emerged

under stimulation.
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Fig.19 Comparison of mean reaction time, RT (in A), andoerate, ER (in B), obtained in
the no-distracter and distracter conditions of #teentional capture task, by the group of
stimulation treated patients, who were evaluatedmiad-off/stim-off, med-off/SMstim-on,
and med-off/ASstim-on conditiong\ RT andA ER = attentional capture in terms afRT
andA ER.
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Fig.20 Comparison of the inverse efficiency (IE) score f{ssed as adjusted mean RT),
obtained in the no-distracter and distracter candi of the attentional capture task by the
group of stimulation treated patients, who were leated in med-off/stim-off, med-
off/fSMstim-on, and med-off/ASstim-on conditionA.|E = attentional capture in terms af
IE.

Therefore, like for dopaminergic treatment, theyoesly observed increment of AC
in terms of A RT, occurring during stimulation, should be intexfed with caution
because it might be a reflection of a potentialespaccuracy trade-off.

As regards the choice reaction time and simple tieactime tasks, on the
whole the data suggest that only stimulation of &t of the STN led to an
improvement in task performance with respect to pag¢hological condition (med-
off/stim-off), while no benefit was evident by stihating the AS part of STN (Fig.21).
In detail, analysis of RTs in the choice reactiomd task revealed that the factor
condition of evaluation was significant [F (2,22)5:6, p = 0.011]. This effect was
due to longer RTs in med-off/stim-off (613.9 +30r&) compared to med-off/SMstim-
on (558.8 £+21.9 ms, p = 0.029), whereas no sigaificdifference emerged when
comparing the RTs in med-off/stim-off with med-dAfdstim-on (608.8 +32.4 ms, p =
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1.0), and the two conditions of stimulation witheoanother (p = 0.072). Analysis of
error rate revealed no significant effect (p = B)L4
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Fig.21 Comparison of the mean times for movemeitiation (simple reaction time, SRT),
motor response selection (decision making, DM), aadjet selection (EVA, endogenous
visual attention) obtained by the group of stimidattreated patients, who were evaluated in
med-off/stim-off, med-off/SMstim-on, and med-off/&8m-on conditions. Note that SRT +
DM = choice RT, while SRT + DM + EVA = RT in the rdistracter condition of the
attentional capture task.

In the simple reaction time task, analysis of Rfiswed that stimulation of the
SM part of the STN led to faster RTs (380.1 #13.5)mwith a tendency to a
significant effect, compared to the pathologicahdition (421.2 +26 ms, p = 0.077),
as well as compared to the stimulation of the A& pathe STN (416.4 £23.5 ms, p =
0.058). No significant difference (p = 1.0) was moubetween med-off/ASstim-on and
med-off/stim-off. Analysis of error rate revealed significant effect (p = 0.217).
Thus, the stimulation of the SM part of the STNmed to be effective at improving

the mechanisms of motor response initiation witbpect to the pathological condition.
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Analysis of DM revealed no significant effect ofethfactor condition of
evaluation (p = 0.513) suggesting that stimulatibke dopaminergic treatment, did
not interfere with the process of motor responsked®n (Fig.21). Nevertheless, a
qualitative inspection of the data showed a treadards an improvement of DM
under stimulation of the SM part of the STN, comyrao what observed with
dopaminergic treatment.

Conversely, stimulation seemed to have a great ahmam the mechanisms
underlying target selection, as showed by the aialgf EVA (Fig.21). This analysis
showed that the factor condition of evaluation v&agnificant [F(2,22) = 75.2, p <
0.001], due to shorteA RTs in med-off/SMstim-on (123.2 +7.5 ms) and indne
off/ASstim-on (102.3 +6.5 ms) compared with med/sfiim-off (161.8 +8.8 ms) [for
both comparisons p < 0.001]. Therefore, the aforsmo@ed stimulation-induced
enhancement of AC in terms oA RTs, might be explained by considering a
potentation of the bottom-up mechanisms of visu#eer#ion, which occurred in
parallel with the improvement of EVA, similar to whobserved under dopaminergic
treatment.

Moreover, we found that the time taken for targelestion was significantly
shorter by stimulating the AS part of the STN thiha SM one (p = 0.013), suggesting
a functional specialization of the AS part of th&@Nsin the mechanisms of EVA
control.

On the whole, the analysis of the components ofrdeponse in no-distracter
trials of the AC task showed that under stimulatminthe AS part of the STN there
was an improvement of the mechanisms of targetcsi@le. Also the SM stimulation
allowed a significant recovery of EVA compared teetstim-off condition, but to a
lesser extent compared to that obtained by stinmhatof the AS part. No appreciable
effects were observed on motor response selectimast by stimulation of either site.
The movement initiation RTs were reduced comparedhe stim-off condition only
by stimulation of the SM part of the STN.
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Comparison between the effects due to dopaminengdcSTN stimulation

For these analyses the level of significance wdst@e < 0.025 according to

Bonferroni correction, since we compared the effgfctlopaminergic treatment twice.

A) Dopaminergic versus SM-STN stimulation.

Overall, it appeared that dopaminergic and SM-STiNmslation did not
determine significantly different effects companetth the off condition, as reported
in detail in Table 4.

A med-off — med-on A med-off/stim-off — t; p
med-off/ASstim-on (df = 22)
Attentional capture task
RT
gp'td'SttraCter ‘a‘.’tr.‘d'“on 73.2 #12.3 ms 93.7+19.6 ms  -0.886; 0.387
IStracter condition 51.6 +14.0 ms 48.7 +18.7ms  0.123: 0.903
Error rates
no-distracter condition
) " 0.3 +0.5% -1.3 +0.6% 1.951;0.064
distracter condition 20 +2. 1% 1.5 +1.9% 1.231: 0.231
Attentional Capture
ART -21.7 £8.6 ms -45.1 £6.0 ms 2.229; 0.038
A Error rate 1.8 £1.9% -0.2 £1.8% 0.728; 0.474
Inverse Efficiency
no-distracter condition 78.4 +15.0 ms 88.5 +21.1 ms -0.391; 0.700
distracter condition 82.3 +36.6 ms 34.4 +37.7 ms 0.912; 0.372
attentional capture 3.9 +28.4 ms -54.1 +28.0 ms 1.457; 0.159
Choice reaction time task
RT 19.8 +12.7 ms 55.1 #17.7 ms -1.623;0.119
Error rate 0.4 +0.3% -0.4 +£0.4% 1.629; 0.365
Simple reaction time task
RT 30.5 +5.3 ms 41.2 +16.0 ms -0.635; 0.536
Error rate -1.1 £0.7% 1.3 £0.9% -2.195:;0.039
Decision Making -10.7 +13.2 ms 13.9 £12.1 ms -1.378; 0.182
Endogenous Visual Attention 53.4 +6.9 ms 38.6 £3.9 ms 1.871; 0.075

Tab.4 Mean (xSE)A RTs andA error rates in different tasks under pharmacolabic
treatment and electrical stimulation of the senwaotior part of the subthalamic nucleus. The
t and p values obtained comparing the effects efttho treatments by t-tests are reported on

the right column.
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More precisely, the analysis of RTs in the AC tashowed a similar
improvement of performances by medical and eleatriceatment in the no-distracter
as well as in the distracter conditions. The anialyf AC in terms ofA RT did not
reveal significant differences in the increment ALC under dopaminergic and
electrical stimulation, although a tendency to ag&a A AC emerged under
stimulation.

The analysis of errors revealed no significant eliéince, either in the no-
distracter or in the distracter conditions. Thelga® of AC in terms ofA error rates
confirmed that there was no significantly differesffect when comparing the two
treatments.

Analogously, the analysis of IE revealed no sigrafit differences, either in
the no-distracter or in the distracter conditioA$so the analysis oA AC computed
on the IE scores did not show appreciable diffeesniscetween the two treatments.
Finally, no significantly different effects due fharmacological treatment and SM-
STN stimulation were found in terms of RTs and errates in the choice reaction
time task, in the simple reaction time task, imisrofA DM, andA EVA.

B) Dopaminergic versus AS-STN stimulation.
Overall, we did not find reliable differences byngparing dopaminergic and
AS-STN stimulation, as reported in Table 5. Onlythwe choice reaction time task, PD

patients committed significantly more errors undgmulation than medication.
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A med-off — med-on A med-off/stim-off — t;p
med-off/ASstim-on (df = 22)
Attentional capture task
RT
gp'td'SttraCter %‘?tr.‘d'“o” 73.2 +12.3 ms 64.6 +18.2 ms  0.394: 0.697
Istracter condition 51.6 +14.0 ms 24.0 +18.0 ms  1.208: 0.240
Error rates
gp'td'SttraCter %‘?tr.‘d'“o” 0.3 +0.5% -1.4 +0.8% 1.784: 0.088
Istracter condition 2.0 £2.1% -0.4+2.0% 0.832; 0.414
Attentional Capture
ART -21.7 £8.6 ms -40.6 £6.0 ms 1.805; 0.085
A Error rate 1.8 £1.9% 1.0 £1.9% 0.277; 0.784
Inverse Efficiency
no-distracter condition 78.4 £15.0 ms 56.8 £20.3 ms 0.856; 0.401
distracter condition 82.3 +36.6 ms 19.4 £36.3 ms 1.220; 0.235
attentional capture 3.9 £28.4 ms -37.4 +28.4 ms 1.029; 0.315
Choice reaction time task
RT 19.8 +12.7 ms 5.1 £17.7 ms 0.675; 0.506
Error rate 0.4 +0.3% -0.8 £0.3% 2.865; 0.009
Simple reaction time task
RT 30.5 5.3 ms 4.8 +11.8 ms 1.979; 0.060
Error rate -1.1 £0.7% 0.1 +0.7% -1.344; 0.193
Decision Making -10.7 £13.2 ms 0.3 +14.3 ms -0.564; 0.578
Endogenous Visual Attention 53.4 +6.9 ms 59.5 +4.9 ms -0.720; 0.479

Tab.5 Mean (xSE)A RTs andA error rates in different tasks under pharmacolabic

treatment and electrical stimulation of the asstie@apart of the subthalamic nucleus. The t

and p values obtained comparing the effects ofttin@ treatments by t-tests are reported on

the right column.

Effects of dopaminergic and STN stimulation witepect to the control condition

For these analyses the level of significance wast@ee < 0.017 according to

Bonferroni correction, since we compared three &ntbe values obtained from

controls.

At first glance, the dopaminergic treatment seem@dmprove the patients’

performance in our tasks more than the stimulatidanetheless, neither the medical
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therapy, nor the electrical stimulation completegstored the patients’ performance
to the level of healthy subjects. A detailed datalgsis is shown on Table 6.

More precisely, in the AC task, the RTs of patientsder dopaminergic
treatment were not significantly different from #®of healthy subjects either in the
no-distracter, or in the distracter condition. Cersely, the RTs of patients stimulated
at the SM and AS parts of the STN differed fromgbmf healthy subjects in the no-
distracter as well as in the distracter conditiéing(22A). These findings suggest that
the dopaminergic treatment may be more effectiventistimulation in restoring to
normality the patients’ performance in the AC ta¥let, we have seen that medical
and electrical treatment had a comparable effecthenAC task performances. This
discrepancy may be explained by considering thattWo groups of PD patients were
differently impaired in their performances in theCAask in off condition (even if
without reaching a significance level), being th@sRof medically treated patients
(med-off in the no-distracter: 678.9.1 £30.9 msdan distracter condition: 797.9
+38.0 ms) shorter than those of stimulated patiefmed-off/stim-off in the no-
distracter: 775.7 +34.3 ms, and distracter conditiB73.9 +37.1 ms). Therefore, in
face of a comparable effect of the two treatmetits, dopaminergic treatment seemed
more effective in restoring the patients’ perforroario normality.

Dopaminergic and STN-stimulation (at both sites stfmulation), similarly
influenced the mechanisms underlying the AC, byéasing the AC in terms o&fRT
compared to healthy subjects (Fig.22A).

Analysis of error rates in the AC task revealedttthee error rates were higher
for medically treated and stimulated patients coregawith healthy subjects, both in
no-distracter and in distracter conditions. Also ACterms ofA error rates showed a
significant increase under medical and electricedatment compared with that
obtained in healthy subjects (Fig.22B).

Analysis of IE showed that, in the no-distracternddgion, PD patients’
performance in med-on was not significantly diffierérom those of healthy subjects
(Fig.23).
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med-on med-off/ med-off/ controls med-on SM-stimulation ~ AS-stimulation
SMstim-on ASstim-on Vs controls vs controls Vs controls
t(df = 22)p t(df = 22)p t(df = 22)p
Attentional capture task
RT (ms)

no-distracter condition =~ 605.7 +29.8 682.0 +24.7 711.1 +#32.4 538.0 +16.6 -1.983;0.060 -4.836:<0.001 -4.752;<0.001

distracter condition 746.3 £39.8 825.2 +30.0 849.9 +37.5 635.2 +18.6 -2.529;0.023 -5.380;<0.001 -5.130;<0.001
Error rates (%)
Attentional Capture

A RT (ms) 140.6 £13.7 143.2 +10.0 138.8 +8.3 97.1 #4.1 -3,049;0.006 -4.273;<0.001 -4.490:;<0.001
A Error rate (%) 8.6 +1.5 10.1+2.4 8.9 £1.7 3.0+0.4 -3,677;0.001 -2.955;<0.007 -3.414;<0.002

Inverse Efficiency (ms)

no-distracter condition  623.2 +29.3 715.1 +24.4 746.8 +33.8 543.8 +16.5 -2.361;0.028 -5.814:<0.001 -5.395;<0.001

distracter condition 850.5 +56.2 980.1 +50.8 995.1 +58.1 663.4 +19.5 -3.144;0.005 -5.816:<0.001 -5.408;<0.001

attentional capture 227.3+32.8 265.0+36.1 248.3+29.7 119.6 +4.3 -3.252;0.004 -4.003;0.001 -4.283;<0.001
Choice reaction time task

RT (ms) 506.9 +27.3 558.8 +21.9 608.8 +32.4 439.6 +15.8 -2.136;0.044 -4.418:;<0.001 -4.689;<0.001

Error rate (%) 0.5 +0.2 0.9 +0.3 1.2 +0.3 0.4 +0.2 -0.456;0.653 -1.890;<0.072 -2.602:0.016
Simple reaction time task

RT (ms) 351.6 +17.8 380.1 +13.1 416.4 +23.5 300.7 +8.9 -2.564,;0.021 -5.031;<0.000 -4.605;<0.001

Error rate (%) 25 +0.6 1.4 +0.5 2.5 +0.6 0.8 +0.2 -2.563;0.023 -1.108;0.280 -2.681:0.014
Decision Making (ms) 155.3 +16.1 178.8+13.1 192.4 +18.6 138.9 +15.6 -0.732;0,472 -1.955;<0.063 -2.199;0.039
Endogenous Visual Attention  98.8 8.7 123.2 £7.5 102.3 +6.5 98.5 +5.7 -0.028;0.978 _-2.613;0.016 -0.444;0.661

(ms)

Tab.6Mean +SE performances indices obtained in diffetaisks by Parkinson’s disease patients, under edbpaminergic treatment or

electrical stimulation of the sensorimotor or adatee part of the subthalamic nucleus, and by colst The t and p values obtained by

means of t-tests, comparing each performance imdgatients under different treatments with thatcohtrols are reported.
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Fig.22 Comparison between the two groups of pasienaluated under treatment (in med-on

for the pharmacologically treated group, and in roéldSMstim-on and in med-off/ASstim-

on for the stimulation treated group) and healthypjects in terms of reaction time, RT (in

A), and error rate, ER (in B), obtained in the nistthcter and distracter conditions of the

attentional capture taskA RT andA ER = attentional capture in terms AfRT andA ER.
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Fig.23 Comparison between the two groups of patients eateldi under treatment (in med-on
for the medically treated group, and in med-off/SMson and in med-off/ASstim-on for the
stimulation treated group) and healthy subjectserms of inverse efficiency (IE) score
(expressed as adjusted mean RT), obtained in thdistoacter and distracter conditions of

the attentional capture task.|E = attentional capture in terms AflE.

Conversely, under stimulation of the SM and AS part the STN the IE scores
in the no-distracter condition were significantligher than those of healthy subjects,
suggesting that dopaminergic treatment was morescéffe than stimulation in
restoring to normality these IE values.

However, this dopaminergic benefit was only partias revealed by the fact
that in the distracter condition, PD patients haghgicantly higher IE scores under
all types of treatment than healthy subjects. Alse AC computed on the IE scores
resulted significantly increased compared with thait healthy subjects under
dopaminergic as well as STN-stimulation of botlesit

Interestingly, while in med-off PD patients had ¢rar RTs in the choice as

well as in the simple reaction time tasks compaveith healthy subjects, under
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dopaminergic treatment they showed a substantialiamation in their performances,
as proved by the fact that the RTs on these tastétsndt differ significantly from
those of healthy subjects (Fig.24). Conversely, S3ftimulation did not restore
patients’ RTs in these two tasks to normality.

Analysis of errors rates revealed a significantr@ase of errors only for
stimulation of the AS part of the STN in both taskBable 6). Otherwise, no
significant differences in error rates between Healsubjects and medically treated

patients as well as healthy subjects and SM-stitedlgpatients were found.
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Fig.24 Comparison between the two groups of patientsuatald under treatment (in med-on
for the medical treated group, and in med-off/SMstin and in med-off/ASstim-on for the
stimulation treated group) and healthy subjectsh®d mean times for movement initiation
(simple reaction time, SRT), motor response setactidecision making, DM), and target
selection (EVA, endogenous visual attention). Ntdtat SRT + DM = choice RT, while SRT
+ DM + EVA = RT in the no-distracter condition did attentional capture task.
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As regards the mechanisms of motor response selecte found that under
stimulation and medication the DM values did nagrsficantly differ from those of
healthy subjects (Fig.24). On the other hand, weehseen that in med-off/stim-off
the mechanisms of motor response selection resuitgdired, without a significant
amelioration under stimulation of both sites, whiteey were preserved in med-off.
These results suggest that under STN stimulatiepgeially of the SM part, there is a
tendency to an amelioration of the DM componenth® response, even if it was not
statistically significant. Conversely, the dopanrigie treatment seems to have no
effect on DM.

Finally, and more interestingly, we found a diffeteeffect of dopaminergic
and AS stimulation of the STN with respect to SMmtlation on EVA (Fig.24). More
precisely, no significant differences were foundveen med-on and med-off/ASstim-
on compared to healthy subjects, whereas med-oféf8Mon differed from healthy
subjects (p = 0.016). This result suggest that dupargic treatment as well as
stimulation of the AS part of the STN can restone tmechanisms of EVA to normal

value, while this is not the case for the SM-stiatudn.

98



Discussion

The basal ganglia have long been implicated indbetrol of movement, and
the anatomy of the basal ganglia is perfectely exliito selectively gate a desired
motor plan to the motor cortex while simultaneoushhibiting competing motor
plans?!® Several studies have suggested that the rolebtsal ganglia in selective
gating is not limited to motor processes but extetacognitive function§?®

In this work we aimed to investigate the possikbdéerof cortico-basal ganglia
loops and dopaminergic pathways in the mechanisfsop-down and bottom-up
control of visual attention, by comparing the pem@nces of PD patients in a variety
of conditions, including under dopaminergic treatmieSTN electrical stimulation and,
finally, patients in off-phase condition. In summathe results of the present work
indicated that PD patients assessed after withdrafalopaminergic treatment and
after turning-off stimulation showed increased A@mpared to healthy subjects. Also,
target selection and movement initiation times we@m®longed in both groups of
patients, while motor response selection time wigsificantly increased only in the
otherwise stimulated group. It is noteworthy thla¢ tusual dopaminergic treatment of
otherwise electrically stimulated patients was igindgicantly lower dosage than that
of the otherwise pharmacologically treated group.

Under usual dopaminergic treatment and stimulabbrihe SM as well as AS
part of the STN, patients showed similarly increhsAC in terms of ART.
Dopaminergic treatment and AS stimulation improve&dA, restoring it to the level
of control subjects. Also the SM stimulation allodva significant recovery of EVA
compared to the stim-off condition, but to a lessetent compared to that obtained by
AS stimulation. No appreciable effects were obsdreen motor response selection
times by stimulation of either site. The movemenitiation RTs were reduced

compared to the stim-off condition only by stimutat of the SM part of the STN.

Effectiveness of the tasks and effects of session
The main tool used in our protocol was an AC taskjch was conveniently
combined with two other tasks, the choice reactione and simple reaction time

tasks, to assess the effectiveness of the exogefbmitom-up) and endogenous (top-
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down) mechanisms of visual attention, as well as thechanisms of selection and
initiation of a motor response.

In our AC task, subjects received two conditions.thhe so-called no-distracter
condition (control trial), target selection was mlgi guided by endogenous attentional
mechanisms (in a top-down manner) because the sishjetentionally selected only
the stimulus which was relevant to perform the taskhand (the unique pentagon-
shaped element among 5 diamonds), although lowtlgure-attentive processes,
depending on specific primitive properties of thé&malus array, might have
contributed to the target selection as well. Indedte target was not particularly
salient among the non-targets, but nonethelesa# avunique element and therefore it
benefited from bottom-up selection mechanisms.hi@ $o-called distracter condition,
an irrelevant, yet salient non-target singletonmitéan object unique along two
different dimensions: color and orientation), aeted mechanisms of bottom-up
selection, determining a cost in termsrefction time (about 100 ms), and error rate
(about 3%) in a group of healthy subjects. It igaworthy that with similar irrelevant
singleton paradigms, as developed by Theewues.gt18P1)!°% the AC in terms of
ART amounted to 120-150 ms. Thus, our AC task praweeble a powerful paradigm to
assess AC, which arises from the conflict betweesttdm-up and top-down
mechanisms of visual attention.

We observed that the performance of our healthyjexitb in the various
computerized tasks was not appreciably modifieddarning effects occurring during
the subsequent sessions of formal testing, likedgause of the substantial training to
which they were exposed before the experimentasiees. This result was essential
to ensure that any difference in performance obsérin PD patients, who were
evaluated under different conditions of medicatard stimulation, was really due to
the evaluation condition, and not to a learningeeff However, to minimize the
impact of any learning effect across experimentanditions, we applied a

counterbalanced design in our study.

Effects of disease

Attentional capture in Parkinson’s disease

Comparing the performances in the AC task of the groups of PD patients,
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evaluated in off-phase, with those of the healtlontcol subjects, we observed that
overall the disease determined a slowing down o§ Rand an increase of error rates.
At first glance, the longer RTs may be relatedle akinesia typical of PD off-phase.
Nevertheless, the higher rate of errors committggatients than controls in both the
no-distracter and distracter conditions of the AfSK, with no significant differences
in error rates between groups for the other twkdasuggested a possible impairment
of visual attention. In particular, the higher ermate observed in PD in the no-
distracter condition suggests a defect in displaglgsis and target selection. This
could be due to the weakening of the top-down maidms of attention. On the other
hand, the higher error rate observed in patientthendistracter condition suggests a
stronger withdrawal of attention from the target the distracter itself, especially
when the display duration is limited like in ourska This could be due to a
disproportionate enhancement of the bottom-up meismas of attention in PD
patients compare to controls. Concerning this, wgtcarried out in two monkeys,
aiming at identifying the neural mechanisms necesdar visual attention, showed
that restricted lesions in extrastriate corticakas V4 and temporal-occipital area
determined an increase in AC by strong stimuli, arejess of their behavioural
relevance?*

The analyses of AC in terms &f RT suggested that the disease did not impair
the mechanisms underlying AC, since there were igaiScant differences between
groups. Only for patients of group #1 we observet@radency to a higher value aof
RT than the other two groups. This effect could caee to the significantly greater
daily dopaminergic treatment of group #1 compareithwhat of group #2, which
could leave slight traces in med-off. In this respeit has been shown that
dopaminergic stimulation correlates with the deimtt of salient stimuli in
monkeys'®° This means that our pharmacologically treated pasiealthouh evaluated
in med-off, could be more suscetible to a saliertrdcter than surgically treated
patients.

Unlike what seen foA RT, AC poved to be significantly greater in terwfsA
error rates and IE scores in both groups of PDgmasi compared with controls, which
pointed out that the mechanisms underlying this nomeenon might be actually
affected by the pathological condition. Moreovemhist increment in AC was
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comparable between the two groups of patients, ssiyigg a behavioral homogeneity
of our patients in terms of AC.

This finding is consistent with several studiesroad out in PD patients, which
showed an enhanced distractibility in the preseofc@relevant but salient stimuf:
2425 |n particular, in a controlled study carried out medication-withdrawn PD
patients, while performing a visuospatial memorykia behavioural and electro-
encephalographic measures indicated that patiergse wmpaired at filtering out
distracters’®? In another behavioural study, carried out by Deigt al. (2006), PD
patients showed an abnormal susceptibility to distters in an oculomotor capture

task?®

Firstly, it is important to underscore that itriet clear to what extent evidence
provided by that study may be interpreted in teohgovert attentional processing or
overt motor behaviour, especially in the case ofgddients, who are known to have a
central deficit in the motor demain, and in partaazuan impairment in the control of
saccade$d?® This is the reason why for our study we devisedAghtask in which we
excluded eye movements altogether.

Nevertheless, the close relationship between cowa¢t@ntion and saccades,
described in the introduction, allows to make somé&rences about the relative
contribution of bottom-up and top-down control dtemtional selection also in the
work of Deijen et al., and to make a comparisonhwatir results. In particular, Deijen
et al. showed that already at an early stage adaie (mean disease duration: 2.3 £1.9
years), untreated PD patients presented a “ca@ifeet” characterized by longer RTs
and higher error rates in the distracter conditioompared to the no-distracter
condition. Conversely, in the no-distracter conaitithe performances of the patients
were similar to those of the controls. This findisgggests that at an early stage of PD
the top-down mechanisms of attention may be sparedd that the abnormal
susceptibility to distracters may depend mainlytbea enhancement of the bottom-up
mechanisms or to a specific deficit to deal witlstdacting stimuli. Differently, we
evaluated patients at an advanced stage of dis@gasen disease duration: group #1,
13.9 £2.1 years; group #2, 11.9 #1.2 years), dmlresults seem to suggest that at
this stage there is an impairment not only of bottop, but also of top-down
mechanisms of attention.

Several studies have reported impairments in thabitory mechanisms of
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visual selective attentionyhich usually impede access of irrelevant inforroatito
the cognitive processing systéft: 13> 132Thus, PD patients resulted more vulnerable
to distracting information than healthy controlsowkver, these reports are not
universally accepted.

For example, Posner et al. (1988)and Kingstone et al. (200%} reported
intact inhibition of return in their respective Rfpoups. Briand et al. (200%)further
reported that participants with PD showed normaktér response latencies for trials
with short cue-target delays (facilitation) and mail, slowed response latencies
(inhibition of return) for trials with longer cuextget delays.

Grande et al. (2006) examined inhibition of retyrre., exogenously evoked
inhibition) and negative priming (i.e., endogengusloked inhibition) in a group of
14 patients with PD and 14 healthy controf$). Unlike the controls, who
demonstrated significant inhibition in both task) demonstrated intact inhibition
only in the inhibition of return task, which sugged that in PD patients only the
neuronal network supporting endogenously evokedbition was disrupted. This
study proposed a dissociation between exogenousig andogenously evoked
inhibitory attentional mechanisms, analogously tw ttraditional accounts of set-
shifting deficits in PD, which attribute them togiems with “internal” attentional
control, leading to excessive guidance of behavlpy “external cues®® 22°
Specifically, several studies have indicated thBt gatients exhibit greater difficulty
with directing attention based on internal attentib sets than external attentional
cues, not only in high-level cognitive tas¥<, but also as measured with simple
choice RT tasks and in the domain of movenféft

In particular, in their work, Grande et al. (20Q&)stulated that the impairment
of endogenously evoked inhibition observed in tregative priming task might be
related to dysfunction of the direct and indirecops of basal ganglig3 In this
respect the intralaminar nuclei of the thalamusgecsfically the centromedian
parafascicular nuclei, and their afferent and effgrconnections to the frontal lobe,
seem to play a critical role in selective attentf8%?** The authors proposed that the
observed differential impairment in exogenously amtlogenously evoked inhibition
is the direct result of the necessary involvemerft iotralaminar nuclei for

endogenously evoked inhibition but not for exogesiguevoked inhibition. Indeed,
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they postulated that in the case of endogenousbked inhibition, the intralaminar
nuclei are underactive as a consequence of theuglion of the globus pallidum
internum activity by dopamine depletion, while inet case of exogenously evoked
inhibition, the intralaminar nuclei are activatedawvthe superior colliculus, which
functions normally in PD. Then, the globus pallidumernum seems to play an
essential role in a circuit that is responsible ttoe inhibition of irrelevant information.
This is consistent with the findings of a recenhdtional MRI study carried out on
healthy subjects, which showed a greater activaiiothe left and right-middle frontal
gyri and the left basal ganglia (especially the bgi® pallidus) when subjects

attempted to avoid distracter stimaf?

Mechanisms of target selection in PD

The Donders’ approach allowed to highlight that tivae needed for display
analysis and target selection were prolonged irhlmir groups of PD patients. This
suggests that PD patients could present a weakeofitige endogenous mechanisms of
visual attention. This is in agreement wi@ools et al. (2009), who assumed that in
PD patients there was a failure of the top-down mae@isms of attentiof?’ with a
consequent disproportionate bottom-up attentionahtimol, as suggested by the
principle of competitive interactions between topath and bottom-up attentional
control processe$’® This could account for the enhanced AC observeCaols et

al.’s (2009) as well as in our study.

Neural correlates of top-down and bottom-up attemai control

It is still debated to what degree top-down andtdwotup attentional control
processes are subserved by shared or by separateamems. Separate loci within the
parietal lobe have been identified as the neuralre® for goal-directed (superior
parietal lobule) and stimulus-driven (temporo-ptale junction) attentional
orienting®® 2** 23°|n an investigation of neuropsy-chological patiemtth a lesion to
one or the other of these distinct anatomical sithe authors examined the relative
contribution of superior parietal lobule and tempgarietal junction for attentional
orienting. Patients completed two tasks, one saesesio stimulus-driven and the other

to goal-directed attentional orienting. Based om trehavioural profiles obtained on
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each task, patients were assigned to differentggand their lesion overlap explored.
Patients, who exhibited difficulties with goal-doted attentional orienting and
concurrently showed “hyper-capture”, presented wiesion overlap centered over
superior portions of the parietal lobule. Patiewtso performed normally on the goal-
directed orienting task, while remaining abnormaillymune to AC, presented with
lesion overlap centered over the inferior portiafsthe parietal lobule. As a result,
patients with temporo-parietal junction damage parfed better than controls (i.e.,
their accuracy was higher) by exhibiting reducegdtoae. Yet, superior parietal lobule
and temporo-parietal junction systems are not ehtitndependent. This conclusion
was supported by the finding that patients with esugr parietal lobule damage
showed a pattern of performance labelled “hypertgegd, rather than showing the
normal capture profile, which was expected if supeparietal lobule played no role
in AC. It has been suggested that superior pariéddlule and temporo-parietal
junction could interact in at least one of two pbss ways. The first possibility is that
temporo-parietal junction serves as an alertingteys that detects behaviorally
relevant stimuli but lacks high spatial resolutiaghuys, when a behaviorally relevant
stimulus is detected, its precise location is sigpby the superior parietal lobule that
stores finegrained spatial maps along with inforimrtabout salient locatior: 23° A
related possibility is that the capture mechanistmat includes temporo-parietal
junction) acts as a circuit breaker of ongoing dtige activity when a behaviorally
relevant stimulus is presentéiThe “hyper-capture’ pattern of activity observémn
patients with preserved temporo-parietal junctian kesioned superior parietal lobule
provides further evidence for the hypothesis trexhporo-parietal junction issues a
control signal that terminates the task at handstberving as a circuit break®r.?3°

So far, only a limited number of studies have attéad to use the AC paradigm
to investigate brain activations related to theerattions between top-down and
bottom-up control of visual attention.

De Fockert et al. (2004) studied the neural cotedaof AC using functional
magnetic resonance imaging in human subjects dupegormance of Theeuwes’s
visual task!'® They found that the presence (vs. absence) of dbler singleton
distracter was associated with bilateral activatadrthe superior parietal lobule, and

with activity in an area in the left lateral pretexi gyrus of the frontal cortex
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(anterior, inferior, and lateral to the frontal efield). Moreover, a strong negative
correlation between the neural signal in the frobntartex and the magnitude of
distracter interference effects on behaviour wagnth This means that greater
activity in the left lateral frontal cortex is assated with reduced interference from
irrelevant distracters. By contrast there was rgnsicant correlation between activity
in the superior parietal lobule and behaviouraérfgrence.

These findings imply that superior parietal lobuded frontal cortex serve
different functions in AC. The activity in the super parietal lobule may reflect
shifts of attention towards the irrelevant distexctthat occurs in a bottom-up,
stimulus-driven manner. As such, attention may alksvde captured by the more
salient distracter (with very little variation imé extent of attentional shifts and the
strength of the associated signal in the superemigbal cortex, thus precluding any
correlation with behavioural interference effect®n the contrary, the activity in the
frontal cortex may reflect the extent to which thaertical region exerts top-down
control in order to resolve the competition betwethe target and the irrelevant
distracter. Supporting this hypothesis, an enhaneetivity in the left lateral
precentral gyrus of the frontal lobe has been presiy associated with competition
induced by stimuli that are incongruent (versustreduor congruent) with the current
response in Stroop-like task¥?*° It should be noted that the model proposed by de
Fockert is not consistent with the two-circuit méodmut forward by Corbetta and
Shulman (20025 Probably this discrepancy is due to a methodolalgissue: de
Fockert used an AC task, which is well suited tadst the interaction between the
top-down and bottom-up control of attention, whi(@rbetta and Shulman used
typical Posner-tasks to investigate separately éhgo mechanisms of attentional
control.

Interactions between top-down and bottom-up atterdi control mechanisms
were also investigated using a rapid event-rela#td&! design?® Healthy subjects
performed an attentional search task in which,dwihg a prestimulus mask, target
stimuli (consisting of a letter C or a mirror imagé the C, enclosed in a diamond
outline) were presented either at one unique |l@acaamong three non-target items
(consisting of a random letter, enclosed in a eroltline; 50% probability), or at all

four possible target locations (also 50% probapjlitOn half the trials, irrelevant
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colour singletons were presented, consisting ofobbur change of one of the four
prestimulus masks, just prior to target appeararRarticipants were required to
search for a target letter inside the diamond abrt its orientation. Results indicate
that, in addition to a common network of parietakas, medial frontal cortex is
uniquely involved in top-down orienting, whereas tioon—up control is mainly
subserved by a network of occipital and parieta&aar Additionally, participants who
were better able to suppress orienting to the cokingleton showed middle frontal
gyrus activation, and the degree of top-down cdnwgorrelated with left insular
activity. These findings suggest that in additiana common set of parietal areas,
separate brain areas are involved in top-down anttom-up driven attentional
control, and that frontal areas play a role in suppression of AC by an irrelevant
colour singleton.

The aforementioned frontal areas are integratedhia cortio-basal ganglia
loops!** 38 therefore an impairment of their normal functias occurs in PD, may

determine an enhanced AC.

Mechanisms of motor response selection and indmth Parkinson’ disease

Overall, in both groups of PD patients we obserl@iger RT than controls in
the choice reaction time task. The subtraction métlof Donders allowed us to
appreciate that this deficit in both groups was tlu¢he impairment of the mechanism
of motor response initiation, typical of PD off-pdea In addition, only in the group of
stimulated patients, we found a significant invahent of the mechanism of motor
response selection, indicating a worsening of thle Bomponent. This different
pattern of motor response selection found in the gwoups of PD patients might be
due to their heterogeneity in terms of DM, as réedrin the literaturé?* which may
be explained by a more severe dopaminergic deniervabr different non-
dopaminergic lesions in the group of patients tedaby stimulation compared with
the medically treated group. Otherwise, this di¢fece in the DM component could be
explained as an effect of dopaminergic treatmeimgces the dopaminergic daily doses
were higher in the pharmacologically treated pasahan in the stimulated ones. This
could mean a slight dopaminergic effect even in yo#&d which could allow an
improvement of DM in this conditiof*?
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Effects of dopaminergic treatment

Our results suggest that the dopaminergic treatmeast indicated by the
improvement of the response times observed in tbedistracter and distracter
condition of the AC task, could affect the mechamisof visual attention. Under drug,
we found that the AC in terms @f RT was significantly greater than in med-off. This
result unlikely depends on a reduced waking statepatients in relation to the
dopaminergic intake, which in fact may be a sidieef of this treatment>® ?**If so,
there should have been a deterioration in overalffgrmance, with an increase in
error rate, but this was not the case. Actually,observed a small reduction of errors
committed especially in the distracter conditiontokE AC task compared with the
med-off condition. Moreover, to avoid any potentstle effect of the dopaminergic
treatment, such as disorders of alertness, andblligp dyskinesias, which could
interfere with a smooth performance in the experitaé session, our patients were
evaluated in their best clinical state after admiiration of their usual early morning
dopaminergic intake, and not after a levodopa @me, as usually done in many
protocol studies.

A plausible explanation of the increase of AC immie of A RT, observed in
our patients under treatment, could be relatecheodffect of time on visual selection,
since early in processing, the salience map is agegpfrom buttom-up factors alone,
while top-down factors contribute late in procegsiThis means that, critically, the
presence of a salient distracter triggered a sbiftattention to its location before
attention was allocated to the tard8t.As a consequence, the faster the responses (as
occurred under dopaminergic treatment), the greabeitd be the AC, due to a greater
exposure to the bottom-up factors.

The analysis of IE scores showed that, under drdgspite the overall
improvemement of performance compared with that nred-off, there was no
enhancement of the AC. This observation suggesis ttie increment of AC in terms
of A RT obtained under dopaminergic treatment shouldinterpreted with caution
because it might reflect a form of speed-accuraaye-off effect.

We found that under medication the times takendisplay analysis and target
selection (EVA) were shorter than in med-off, sustgeg that the dopaminergic

treatment might potentiate the endogenous mechanissh visual attention.
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Nonetheless, one could argue that this effect wasisus, and that the shorter EVA
observed in med-on was simply due to fast resporigepatients, leaving little
opportunity for EVA computed by the subtraction med of Donders. But, for the
same reason, one could expect longer EVA for slowesponses. This is not
consistent with the conspicuous reduction of EVAsetved during stimulation of the
AS part of the STN, a condition in which the respes of patients were not
significantly shorter than those in off-phase, atiterefore one should expect
relatively long EVA.

Several neurophysiological and lesional studiegiedrout in animals showed
that the dopaminergic pathway may play a crucid iia the mechanisms of top-down
attentional controf’®*® Therefore, an attentional deficit due to striatedpamine
depletion should be ameliorated by dopaminergiattreent, as in fact highlighted by
some author$®® '°8n this respect, Kischka et al. (1996) reportedttdapamine
increased inhibition, or reduced interference, isemantic priming task in healthy

individuals?** 1t

is possible, therefore, that inhibitory deficitof endogenous
mechanisms of visual attention in patients with Bi2 lessened while they are on
dopamine therapy.

Conversely, according to other authors, replacenoémmtopamine did not affect
orienting of attention in PD patients, suggestinmatt other neurotrasmitters or
modulators , especially noradrenaline and serotomay be involved in the regulation
of the top-down mechanisms of visual attentidh.}>" 227 24°

Indeed, there is evidence that different forms dfemtional set shifting
implicate distinct cortical and subcortical meclans. Specifically, it was
emphasized that the striatum is active and requinglg for shifting between concrete
stimulus exemplars but not for shifting betweentedst rules??® #*®In a study using
fMRI combined with nonliner dynamic causal modelin@ools et al., (2010)
demonstrated that the ventral striato-pallidum,iveted by salient and unexpected
events, modulated the top-down influences of thefrpntal cortex on stimulus-
specific visual association areas in hum&HsOne mechanism by which salient
stimuli might influence the activity of the ventrafriato-pallidum is dopamine, which
is released in the ventral striatum during saliements®*® 2*° This hypothesis is in

line with suggestions that short latency dopamilg@mals mediate the shift of attention
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to unexpected stimufi?® 2°*

This correlation between dopamine-mediated neuroaelivation and the
detection of salient stimuli may also account foe tincrease of AC (in terms af
RT). In fact, the dopamine release in the venttalhtum in the presence of a salient
event probably may result in a strengthening of ble¢tom-up mechanisms of visual
attention, leading to increased perception of thkest distracter. In parallel, we have
seen that the dopaminergic treatment may potentia¢eendogenos mechanisms of
visual attention. Thus, with reference to a salyemtap, we may conjecture that the
saliences of the target and the distracter wereaeodéd under dopaminergic drug, but
relatively more for the distracter than the targéansequently, this could result in a
stronger withdrawal of attention from the target the distracter itself, even if the
mechanisms of top-down attention were potentiatgddypaminergic treatment.

In this respect, it was shown that dopamine hyp@vdg can contribute to
disrupt attentional processes to external stimws shown, for example, in
schizophrenic patientS? As noted by Sarter (1994), a hyperattention syntran
schizophrenia would correspond to a failure “toatiend irrelevant stimuli including
internally generated cues, impairment in filterimgelevant stimuli, deficit in divided
attention and inability to filter or to gate irrei@nt information”>3

As we could expect’ dopamine replacement allowed a significant
improvement of akinesia, as suggested by the shorgeof the RTs in the simple
reaction time task compared with those in med-afficition.

The dopaminergic treatment apparently did not caum®y significant
amelioration of the mechanisms of motor responcect®mn (DM). However, this
negative result could be biased by the daily dafedopaminergic treatment taken by

these patients, which could leave slight tracesad-off.

Effects of stimulation
There is ample evidence from animal studi®sassessment of patients with

2% 257 and functional brain imagifg® #** **"that the prefrontal

prefrontal lesio
cortex, basal ganglia, and their interconnectiongdmate attentional functions.
Electrical stimulation of the STN, used to treatipats with PD, has proved to be a

powerful and accurate means for testing directlg timle of cortico-basal ganglia
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circuits in non-motor function®® 2°® #*%pecause the functioning of the stimulated
structure can be reversibly altered in a spatiahd temporally controlled manner.
Moreover, in this study, we used an interactiveiratlas to precisely localize each
contact of the quadripolar electrodes in the STNwof stimulated patients, in order to
assess whether there was a functional specializaifahe different sub-territories of
STN in the mechanisms underlying visual attentionthis respect, it was essential to
selectively stimulate the SM and AS part of the STdNoiding overlapping effects
due to current spread. To this aim, in most casdwe( it was possile, based on the
anatomical location of the contacts), we chose stionulating contacts centered on
the SM and AS part of the STN, and interspaced loprtact (this means that in most
cases the SM and AS contacts were 4 mm apart). fraptdy, one would expect that
the stimulating current diffused even less, on treler of 1 mm for a 2.5 V

current?6°

This was infact the mean current voltage used for stimulatogh sides.

Overall, our results suggest that STN-DBS, in pletakith the improvement of
the response times obtained in the AC task, whichs wnore evident for SM-
stimulation, could affect the mechianisms of viswdtention. In particular, under
stimulation, our patients resulted more distra&ilh terms ofA RT than in med-
off/stim-off. This similarity with attentional bek#&ur observed under dopaminergic
treatment suggested that stimulation could potéstatthe bottom-up mechanisms of
visual attention. Moreover, the increase of AC armts of A RT was of a similar
magnitude for both sites of stimulation, which sagted lack of functional
specialization of the different sub-territories®TN in relation to AC mechanisms.

Nevertheless, the lack of significant changes moerates committed in the AC
task in different conditions of stimulation suggsgthat the increment of AC in terms
of A RT, observed under stimulation, should be intetgufewith caution because it
might reflect a form of speed-accuracy trade-ofeef. To confirm this, analysis of IE
scores showed that, under different conditions timslation, there was neither
improvement of overall perfomence, nor changes @ A

On the other hand, our results showed that stinagreatly improved the
mechanisms underlying display analysis and targgécdion, just like we obseved
under dopaminergic treatment. Interestingly, pregictudies have reported that the

effects of STN-DBS on a range of cognitive testsaplal those of levodop&®® 2°*

111



The specific involvement of STN in visual attentiprocessing is suggested by

various studies carried out in animals using lealbif *®% 2%

or stimulating
procedures/® Moreover, several studies carried out in humansaéed that STN-
DBS improves performance on tasks that requirensitteal set shifting®” 263 2%4on
the basis of imaging results, it has been propaded these attentional deficits in
patients with PD are associated with underactivatb those prefrontal areas that are
specifically coactivated with the striatum and caetivation of those prefrontal areas
that are not coactivated with the striatum in cotgf®® DBS of the STN alters frontall

7 and striato-frontal connectivi§?® This alteration of frontal

activatiorf®® 2
activation and striato-frontal connectivity with 3Bof the STN is task specific, with
increased activation observed during movement etteetf® and decreased activation
during cognitive tasks requiring response selectiosrder competition such as the
Stroop task®’ For instance, Schroeder et al. (2002), using P&Udied changes in

regional cerebral blood flow associated with theo8Sp task in Parkinson's disease
patients ON and OFF bilateral STN stimulatidh. They found that during STN

stimulation, impaired task performance (prolongeshation times) was associated
with decreased activation in both right anteriongulate cortex and right ventral
striatum. On the other hand, a concomitant incrdasdivation in left angular gyrus,

indicative of ongoing word processing during stiaibn, was consistent with an
impairment to inhibit habitual responses. The aotecingulate cortex and ventral
striatum are part of the anterior cingulate cortgkcuit associated with response
conflict tasks. The decreased activation during S3iMnulation in the ACC circuit,

while response conflict processing worsened, prediddirect evidence of STN

modulating non-motor basal ganglia-thalamocorticatuitry.

We found that the stimulation of the AS part of STpbtentiated the
endogenous mechanisms of visual attention to selaegtent than the SM part. On the
other hand, only the stimulation of the SM parttbé STN led to an improvement of
the mechanisms of movement initiation, as provedhgyshortening of the RTs in the
simple reaction time task compared with the medsoiifh-off condition. These results
strengthen the idea of a functional specializatafndifferent sub-territories of the
STN, as already proved in humaffs.

Interestingly, this result seems to contradict theorementioned lack of
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functional specialization of the sub-territories 8TN in relation to the exogenous
mechanisms of visual attention. This, actually, faons that different mechanisms
underlie the top-down and bottom-up attentional tcolnprocesses. Probably, top-
down and bottom-up mechanisms are supplied by ffe anatomical networks,
which may be modulated in a similar way by dopamgie and STN stimulation.
Then, the beneficial effect of dopaminergic andcaleal stimulation on the neural
network controlling top-down mechanisms might sitaneously result in a
detrimental effect on the network controlling thettom-up mechanisms.

Concerning the DM component of the response, thmudation of both STN
sites did not lead to a significant improvementnebtor response selection. In this
sense, only a slight positive trend could be apiated for stimulation of the SM part
of the STN, as already reportétf.

Comparison between different treatments and therobrcondition

Lastly, we compared the different treatments, ameirt effectiveness in
restoring the normal functions.

Overall, the dopaminergic treatment was superioreltectrical stimulation in
improving most of the variables measured, even tifrarely restored patients’
performance to normality.

For instance, the dopaminergic treatment allowedgaificant amelioration of
the response times in the no-distracter and disgracondition of AC task, in the
choice and simple reaction time tasks, restorirgntiiowards normality, while it was
not the case for stimulation of both sites of ST¥et, these data seem to contradict
the general lack of significant differences obtainéy comparing directly the
treatments with one another. This inconsistencylad¢dwe explained by keeping in
mind that the two groups of PD patients showed ighsly different impairment in
their performances in off condition. This could ke consequence of higher
dopaminergic daily doses taken by the medicallyated patients compared to the
stimulated ones, which could leave slight traceamad-off. This means that, in off
condition, the performances of the medically trelaggoup could be better than those
of the stimulated group. Therefore, it is possithat the direct comparison between

medical and electrical treatment could understinthee actual effect of dopaminergic
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treatment. Otherwise, we could assume that theegfft impairment in performances
observed between the two groups of patients incofidition is actually related to a
different degree of dopaminergic denervation or4g@paminergic lesions.

Interestingly, dopaminergic treatment as well as shimulation of the SM and
AS parts of STN increased significantly, and tocanparable extent, the AC in terms
of A RT, A error rate andA IE scores. This confirms that PD patients are more
distractible than healthy subjects, and that thiéedent treatments could potentatiate
the bottom-up mechanisms of visual attention.

On the other hand, we have shown that dopaminetggatment and AS
stimulation can restore entirely the mechanismdog-down visual attention, while
this was not the case for the SM-stimulation. Nélveless, we have to keep in mind
that SM stimulation allowed a significant amelidoat of the EVA mechanisms with
respect to the med-off/stim-off.

Interestingly, despite the complete restorationthed top-down mechanisms by
dopaminergic as well as AS-stimulation, the AC iesidi enhanced in the same two
conditions, which could be explained by a parafletentiation of the mechanisms that
compute salience of visual stimuli, or the bottom-aontrol of attention.

Lastly, we observed that under stimulation of th® part of the STN, patients
committed more errors in the choice reaction timd aimple reaction time tasks than
healthy subjects. This could be explained considgrihe close location of the AS
stimulation contact to the limbic part of the STiMhich could be activated by current

spreading, in turn determining an impulsive behayit§? 2% 269
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Conclusion

Our results showed that in PD there is a weakewihthe mechanisms underlying the
top-down control of visual attention, which likeindirectly accounts also for the

enhancement of AC. This finding is part of a mo@mposite scenario of deficits,

especially in otherwise stimulated patients, whaengo a milder drug treatment than
pharmacologically treated patients, including slogviof the processes of movement
initiation, and slowing of the processes of motesponse selection.

Dopaminergic treatment proves to be effective natiyoin restoring movement

initiation mechanisms, but also the mechanisms YAEsuggesting an involvement

of the dopaminergic pathway in the control of tlo4down mechanisms of visual
attention.

In parallel with the amelioration of the mechanisofstarget selection, the observed
enhancement of AC under dopaminergic treatment ssiggthat the dopaminergic
pathway may be involved also in the mechanisms tahpute salience of visual

stimuli, or the bottom-up control of attention.

The STN-DBS shows a similar effect to that obtainbyg dopaminergic
treatment, establishing a direct involvement of theesal ganglia in visual attention
control. In particular, our results strengthen tdea of a functional specialization of
different sub-territories of the STN, and of théfeient cortico-basal ganglia loops in
which they are integrated in relation to the topstiomechanisms of visual attention.
As a matter of fact, two well distinct patterns se¢o emerge depending on the
stimulated region: SM stimulation produces markeffed@s on the movement
initiation processes and appreciable positive éfean EVA mechanisms, while AS
stimulation seems to be especially effective in ioyping the mechanisms of target
selection. On the other hand, no functional spexagion of the sub-territories of STN
in relation to the exogenous mechanisms of visudérdion seems to emerge,
suggesting that top-down and bottom-up mechanismes supplied by different
anatomical networks involving the cortico-basal-gha loops.
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