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Zusammenfassung

In aktuellen europsychologischen Konzeptemrd Aufmerksamkeit in verschiedene
Funktionslereicte eingeeilt (FernandeDuque & Posner, 2001; Posner &iBs, 1971,
Posner & Rafal, 1987; Sturm, 2005; van Zomeren & Brouwer, 198#je dieser
Teilfunktionen Aiget ei | t e A,ubesteeibk dieaRatkighkditzived oder mehr

Aufgaberstellungerzur gleichen Zeit zu bearbeiten

Nach Wickens” (1984) multipt Resourcen Theorie ist es schwierigavei gleichzeitig
prasentierte Aufgaben zu I6sen, welche in der gleichen sensorischen Mddaiitidal)
dargeboten werdenm Vergleich zuAufgaben, welche in verschiedenen sersabren
Modalitaten (bimodal) damgeboten werden. Dariberhinak®nnten in verschiedenen
experimentellen Studien altersbedingte Unterschiede bei der Durchfiihrung von geteilten
Aufmerksamkeitsaufgaben festgestellt werdBrouwer et al., 1991; Levitt et al., 2006;
Ponds et al., 1988; McDowd & Craik, 1988; Somberg & Salthouse, 1982; Coburn et al.,
2006) Je alter die Probanden waren, umso starker waren die festgestellten

Beeintrachtigungen.

Moderne funktionelle Bildgebungsverfahren, ewi die funktionelle Magnet
resonanztomographi@VRT), ermoglichen es Hirnstrukturen zu bestimmen, weltine
die Verarbeiting von bekanntepsychologischerfProzessen und Effektererantwortlich

sind.

Die vorliegende Dissertation beschreibt zwerschiedendMRT-Experimente, welche

sich mit derAusfuhrungvon geteilten Aufmerksamkeitsaufgaben beschéftigen.

Beim ersten Expement lag das Interesse in der Unterscheidungn kortikalen

Reprasentationewahrend der Durchfihrung von unimodalen und bimodalen geteilten



Aufmerksamkeitsaufgaben. 16 gesunde mannliche Rechtshander im Alter zwischen 21
und 30 Jahren bearbeiteteawohl zwei unimodale (auditiv/auditiv, visuell/visuell) und

eine bimodale eteilte Aufmerksamkeitsaufgabesowie dazugehorige selektive
Aufmerksamkeitsaufgaben, welche als Kontrollbedingungen fungierten. Nach Abzug der
entsprechenden Kontrollbedingungen waren jéde der drei geteilten Aufmerksam
keitsaufgaben, unabhangig von der dargebotenen sensorischen Modgiétkante
Aktivierungen in rechtsemispharischem\realen zu beobachteiZu diesem Netzwerk
gehortender prafrontale Kortex, der inferior parietale Kortex und das ClaustRim
bimodale Aufgabe verursachte starker ausgepragte frontale und parieti@ierdkgen,

sowie rechtshemispharische Aktivierungen des anterioren Cingulums und des Thalamus.
Im Vergleich zu den unimodalen Aufgaben waren in der bimodalen Bedingung
zusatzliche bilaterale frontale und linksseitige inferior parietale Aktivierungen
beobachten. Die beschriebenen zusatzlichen Aktivierungen in der auditiv/visuellen
Bedingung sind vermutlich Auswirkungen der starkeren Anforderungen, welche durch die
Koordination der beiden gleichzeitig stattfindendekognitiven Prozesse in

unterschiedithen sensorischen Modalitateerursacht wrden.

Das zweite fMRTExperiment befasste sich mit der Bestimmung von altersspezifischen
kortikalen Aktivierungsunterschiedewahrend der Durchfihrung von unimodalen und
bimodalen geteilten AufmerksamkeitsaufgabEme junge (2430 Jahre) und eine altere
Gruppe (5174 Jahre) mit jeweils 16 gesunden mannlichen Rechtshandern &boiitieh

wie im ersten Experimentine bimodale und zweinimodale Aufgaben bearbeiten.
Wahrend der Durchfihrung der bimodalen Aufgategten sich im Vergleich zur
jungeren Gruppe starkere bilaterale Aktivierungen im inferioren und medialen frontalen
Kortex, im Cingulum undm inferioren parietalen Kortex, sowie eine linkshemispharische

Aktivierung des Claustrums. Die starkere Aktiviegutesinferior parietalen Kortein der



alteren Probandengruppear ebenfalls in den beiden unimodalen Bedingungen zu
beobachten, so dass diese Struktur eine wichtige Rolle in der Bearbeitung von geteilten
Aufmerksamkeitsaufgaben bei alteréirwachsenen zispielen scheintund diesist
unabhéngig davaonn welcher sensorischen Modalidie Stimulidargeboten werdeiks

wird postulierf dass die beschriebenen starkeren Aktivierungen der alteren Gruppe
kompensatorischer Natur sind und durch die starkerenordefungen, die zur
Regulierung des Aufmerksamkeitssystems bendétigt wemleerklaren sind. Andererseits
zeigte die jungere Gruppe lediglich zusatzliche Aktivierung in der bimodalen Bedingung.
Die dort nachgewiesen&halamusAktivierung kénnte durch einatarker automatisierte

Verarbeitungvon geteilten Aufmerksamkeitsaufgalmnerklaren sein.



Summary

In modern neuropsychologgttentionis subdividel into different domaingFernandez
Duque & Posner, 2001; Posner & Boies, 1971; Posner & Rafal, 1987; Sturm, 2005; van
Zomeren & Brouwer, 19940ne of these domains is divided attention, which describes

the alility to process twar moredifferent tasks at the same time.

According to Wickens” (1984) multiple resources theopyocessingtwo tasks
simultaneouslypresentedn the same sensory modality (withimodal) ismore difficult

than processing twdasks presented in two different sensory modalifegessmodal)
Furthermore many experimental studies demonstratedratped differences in different
divided attention task¢Brouwer et al., 1991; Levitt et al., 2006; Ponds et al., 1988;
McDowd & Craik, 1988; Somberg & Salthouse, 1982; Coburn et al., 2@@hpared

with young adults, older adults showed a significantly decreased ability to divide

attention.

Modern functonal imaging techniques such as functional magnetic resonance imaging
(fMRI) provide the opportunity tadentify brain structures which are linked kaown

psychological processes and effects.

This thesis describes two different fMBxperiments dealing with the execution of

divided attention tasks.

In the first experimentive were interested in distinguishing the cortical representations of
within-modaland crossnodal divided attention tasks. Sixteen healthy male subjects aged
between 21 and 30 years underwent two withmdal (auditory/auditory, visual/visual)

and one crosmodal (auditory/visual) divided attention task, as well as related selective

attention control conditions. After subtraction of the corresponding contrd tiaskhree



divided attention tasks, irrespective of sensory modality, revealed significant activation in
a right hemisphere network involving the prefrontal cortex, the infpadetal cortex and

the claustrum. Under the creswdal condition, however, the frontal and parietal
activation was more extended and more bilateral and therealsasstronger right
hemisphere activation of the anterior cingulate gyrus and the thalamemmparison to

the withinrmodal conditions additional bilateral frontal and left inferior parietal activation
was found for the crosmodal one. The supplementary fromarietal, anterior cingulate
gyrus and thalamus activation in the auditory/viswaldition could be argued to reflect

an additional demand for coordination of two ongoing craesgal cognitive processes.

In the second fMRExperiment, we were interested in detecting aging effects possibly
causing ageelated differences in cortical reggentations of withimodal and cross
modal divided attention tasks. A young group (aged 21 to 39 years) and an old group
(aged 51 to 74 years) each comprising sixteen healthy male subjects underwent ene cross
modal (auditory/visual) and two withimodal @uditory/auditory; visual/visual) divided
attention taskdike in the first experimentDuring the crossnodal task, the old group
revealed stronger divided attention specific bilateral activation in inferior and middle
frontal areas, in the cingulate ggrand in the inferior parietal lobule as well as in the left
claustrum than the young group. In the old group the right inferior parietal lobule was also
stronger activated whilperformingthe two withinrmodal tasks, indicating that in older
people thisspecific brainstructure is highly involved in divided attention irrespective of
sensory modality. We assume that the described additional activation in the old group
reflects compensatory effects caused by the greater defoaatientional resources in
order to regulate the system. On the other hand, the young grouphmwiedadditional
activation in the thalamusduring the crossnodal task. This might represent a more

bottomup organized processing of divided attentiasks



1. Introduction

1.1 What s attention?

AEveryone knows dghuhbagawiiam Janmes defioition of attentiorin

his bookd&rinciples of Psychologymore than 100 years agdames, 1890Nowadayst

is unlikely that anyonevould precede an attemjat defineattentionasJames digbecause

of the numerougesearch paradigms, concepts and models, where this term is used in the
context ofdifferent psychologicalunctions.James continued hatempt for adefinition,

Al't is the taking possession by the mind,
several simultaneously possible objects or trains of thought. Focalization, concentration,
of consciousness are of its essence. It implies withdrawal fome things in order to

de al bet t e His definttidnemphakizetheseleativityaspecbut alsoinvolves

intensity, perception and cognition

According topresentpsychological and neuropsychological theqraggentioncamot be
regarded asa unitary function Establishedneuropsychological attentiotaxonomies
(FernandedDuque & Posner, 2001; Posr & Boies, 1971; Posner & Rafal, 1987; Sturm,
2005; van Zomeren & Brouwer, 1994j)ibdivideattention into two broad domains, one
representing the intensity aspeGertness and sustained attenbicend the other one the
selection aspect&focusedand divided attentiam While selective respectivelfocused
attention has been studieatersively with modern neuroimaging techniquésere are
only a few studies dealing witthe most demandinfunction of the selection aspect,

namelydivided attention

To divide onesttention means that individuals are engaged in two or more different tasks

at the same timeThey have to divide attention between these tasks and allocate mental
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resources to each of themlickens(1984) who is generally considerdd have made
important contributions to théeld of divided attentiondevelopeda multipleresource
model He studiedsariouscombinations otypes of taskg¢e.g. verbal vsnonverbal, visual

vs. auditory, manual vs. vocapd investigatedterference. Wickens (1984, p.%ipted

fiTwo tasks wh demands in close proximity within this functional space share resdurces
neural processing mechanisisand will interfere with each’s performance. Where this
space contains discontinuities (as between cerebral hemispheres or processing
modalities), adption of a multipleresources conception becomes quite plausibldis
means that different types of task rely on different processing resources. Therefore,
processing two tasks simultaneously might be more difficult if they take hold of the same
pool of resourcesraisingthe questiorof whether there are different attentional networks
involved when attention is divided within one modalég opposed tacross two different

information channels.

Craik (1977) who investigated attentional age declives ot e t hat Aone of
results in the experimental psychology of aging is the finding that older subjects are more
penalized when they must divide their attention, eitlewben two input sources, input

and hol ding, or h. cAlthdugh there aare anany bebgvioral dtudiesy 0O
(Brouwer et al., 1991; Levitt et al., 2006; Ponds et al., 1988; McDowd & Craik, 1988; Somberg &
Salhouse, 1982yhich emphasizeCraik’s statement, there is only little knowledge about

differences in neural activity regarding younger and elder people.

In the introduction to this thesis, important psychological as well as modern
neuropsychologicatheories and concepts are summarized. Furthermore, the attention
domains based on Sturm’s (2007) taxonomy are described. Finally, relevant knowledge
about functional neuroanatomy and agktedimpairments of attention is summarized.
Thesecondpartdescibes the first fMRistudyof this thesiconcerned with the functional
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network of divided attention in general as well as with neural activation differences during
the performance of withtmodal and crosmodal tasks.The third part of thisthesis
includes a secondfMRI-study dealingwith agerelated differences in neural activity
during the simultaneous processing of withaodal as well as crossodal divided
attention tasks.Finally, the last chater of this thesis summarizesiore general
conclusios derived fromthe divided attentiofMRI-experimentandsketchesan outlook

for further work.

1.2 Theories and Concepts of Attention

One of the first important contributions to modern attention research was Broadbent’s
(1958) filter model, in which the selection aspeaft attentionis the focus A basic
assumptionof this information processing approach that the capacityto perform
cognitive operations is generally limiteBroadbent assumed thanly one relevant input
stimulus can be processed by the cognitive systeattime. In order to enable the system
to deal efficiently withthe relevant signals and achieaa optimized interaction with the
environmenthe postulated a filter that excludedl irrelevant information on thedsis of
purdy physical characteristics like color or localizatiagdnly informaton passing the
filter gets access to a highernszioussemantigprocessingwhich means that this model
principally excludes theparallel processing of more than one stimuldgcording to
Broadbent’s filter modelsolving divided attention taskis only possible byswitching
quickly between the attentional foaf two different ongoing taskévan Zomeren &

Brouwer, 1994)
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Later theoristsdemonstrated experimentalljzat Broadbent’s model contradicts several
empirical facts ancdcannotbe upheldin its extreme form. First of aliGrey & Wedderburn
(1960)showed that there is an early semantic processingibegerticipants were able to
follow messages which were presenteceachearin an alternating fashiorin another
study(Treisman, 196Q)participans were instructed tbsten through a set of headphones
to two different messagesneplayed toeitherear andthey were asked to focus on the
information that is being played to omspecific ear After some time, the meaningful
information in the atteret ear changed into meaningless talk, while the information
making sense was present®edthe other earwhich should be ignoredContrary to the
instruction some participants reproduced the mfart i on presentead i n t
Based on her empiricdindings, Treisman developed attenuation thearywhich she
postulated that selection takes place at a later stage than Brodwdiokrsuggested
Treismanproposed thathe unattendednformation is not filtered but attenuate8he
contendsthat processim takes place in a hierarchioahy, with processing of physical
characteristics early in the hierarchy and semantic processing at a later stage. Processing
of semantic information will only take place if there is sufficient processing capacity. If
not, tren some later analyses are omitted for unattended stibwiitsch and Deutsch
(1963) argueal that selection takes place even later in processing than Treassamed

( .A dl sensory messages which impéngpon theorganisms are perceptually alyaed at

the highest levél Deutsch & Deutsch, 1963). Hoffmann, 1993, p78). Their theory
postulatedthat all inputs areunfiltered, unattenuated anfilly (even semantically

processed

The controversyabout early ordte selectiorcontinued inattention researcfor a long
time until Shiffrin and Schneide(1977) presented a twprocess rmdel of information

processingwhich partly solved the problemif early versuslate selectionThe authors
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distinguished between automatic andntrolledtonscious processing of farmation.
Automatic processing occurs in parallel and therefore the capacity of this mode of
processing is almost unlimited.o@trolled processing is thought to proceea serial way
because of its strong interference with and from other demands, and because its efficiency
is largely dependent on tinpressureAccording to their model all information can reach

the highest level of the cognitive $gs1 automatically whout any conscious control,
presumedthat the elements of the appropriate processing sequencessuigcently

learned before anake availablén long-term memory.

An importantassumptiorof the tweprocess modek that onlycontrolled and conscious

tasks require cognitive resourceshis means that a well practicedocessing sequence is
executedalmost automatically andne has to palpw attentional costsven if it is a very

complex oneThus, Shifrin and Schneider’s theorgakes it possibleoii di vi de o att e
and to process two tasks concurrently if they are both well pradiesdZomeren &

Brouwer, 1994) Furthermore, e authors diierentiate betweetwo kinds of attentional

problems focused attention deficits and divided attention deficits.

A focused attention deficit appes when a response produced by automatic processing
interferes with a response produced by controlled procedsmmgexample, when driving

a new car where the positions of windshield wiper and turn indicator controls are located
opposite to their positits in the previous vehicle, the windshield wipers will often be
turned on accidentally. It does not always comartactual turning orof the wipers, but

the tendency is experienced and may only be overcome by more controlled processing.

A divided attention deficit results from the limited capacity of the system for controlled
serial processinglf too much taskelevant information is presented too quickly, the

system can no longer copath all information

14



Ancther line of theorizing which is importantto the understanding dfelective and
divided attention processas particular is represented by capacity theories of attention.
These theories have their origin in experimestadying tasks that are executed
simultaneously and they postulateatth psychological processes require separate
processing resources, which are limit&tlickens (1984) one of themost prominent
capacity theoriststated: iiThe concept of processing resources is proposed as a
hypothetical intervening variable to account for variations in the efficiency with which
time-sharing can be carried out; that is the degree to which two tasks can be performed
concurrently as well as each can be performed in isolaii@ontrary to previously
described theoriesWickens assumes that there are multiple resources which can be
allocated in order to deal with different tasks simultaneo(seFig.1). Coping with two

tasks at the same tingenerallyproduces interference. Wickens postulates that the degree
of interference idargely dependent othe extentto whichthe two task®ccupythe same
sensory modalities (e.g. auditory vs. visual), involve the same processing stages
(encoding, processing, respondingnd requirethe same meory codes (spatial vs.
verbal) or kinds of responses (manual vs. vo(s#e Fig.1) This means tht two tasks
which are presented in the same sensory modality are more difficult than two tasks which
are processed idifferent information channels. The capacity modedse often been
criticized to be based on circular reasoning. Identification of ressuand their limited
availability is mainly derived from the patterns of interference between various tasks and

interference is explained by the limited availability of resources.

15



4————STAGES————»

Central
Encoding  Processing  Responding

,p
Spatial \ \ Manual (‘\&’0

Visual Verbal Vocal &6‘@
Auditory \\

8 Spotiol\
%

€ Verbal

MODALITIES—p

e

Fig. 1: The multipleresource model proposed by WickeBach box infigure 1 indicates one
cognitive resource. Depending on the nature of the task, these resources may have to process
information sequentially if the different tasks require the same pool of resources, or can be

processed in parallel if the task requiresfelient resourcegFrom Wickens, 1984)

The Cognitive Schema Theory developed by Norman and Shéllg®6) also makes
assumptions alub the simultaneous processing of multiple tasksdvancingthe terms

Afaut omati co and Acont,inwobduces ¢yShffannasdcSichmeidero pr o
(1977).In particulay Shallice(1982) addressed the questiah whether there is carol

over automatisms liken automatic information processing and automatic respontting.

this contextsome studies showed that practicing elagks enhanced performanaed
conclusively led to more automated procesdiigrns & Mateer, 1996; Spelke et al.,

1976) Norman and Shallice (1986therefore distinguished between two adaptive
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mechanismdo regulate the system: contention scheduling and supervisory attentional

control.

Contention schedulings an automatic conflict resolution process that selects one of the
interfering schemataaccording to environmental cues and priorities and gives
precedence at any given moment. When one schema is selected and active it is postulated
to bias the seniity to trigger otherschemataby lateral inhibition of incompatible
schematand facilitation of compatiblechemataThis process reduces the probability of
incompatible schemataleading to incorrect behavios. Simultaneously, subsequent
triggers may beanticipated, at least if they fit compatiltdehemataThe schematehave
developed through experience and are represented by associative links between their

representations in loAgrm memory.

Supervisory attentional contrgletsactivated in norroutine situations and describes the
process otontrolled and therefore consciotegulation of attention that is not biased by
long-term memory but instead by the strategy active in working memiorythe
terminologyof Cave & Wolfe(Cave & Wolfe, 1990; Wolfe et al., 198€)is mechanism
may beviewed as voluntarycontrolled fitop-downd modulation of the excitability of
schematavhereas contention scheduling may be regaafeah automatidibottomupo
processNorman and Shallice postulate that supervisory attentional ca@nolotselect
schematabut operatesindirectly by influencing the excitability ofschemata This
assumption is aeasonable explanation for thé&ré&p-effect where it is possible for an
unwanted schema (readitige word to become active while the supervisory attentional

controlshould activate a differetask(i.e. namingthe color of the lettejs
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1.3 Modern neuropsychological Theories and Concepts

According to modern neuropsychological conceptgention is not regarded as a unitary
function. Recent theories postulatdat attention can be subdivided into different
components that interact with each othemd with other psychological functions.
Parasuramaf(il998) stated:fiAttention is not a singlergity but the name given to a finite
set of brain pocesses that can interact, malty and with other brain processes, in the
performance of different perceptual, cognitive, and motor tagkshis context, studies
of cerebral injury revealed that les® in specific networksmay impair specific
attentional functionsEspecially the work of Posnand his grougexerted great influence
on the development of multidimensional attention concéptsner & Boies, 1971;
Posner & Rafal, 1987; Posner & Petersen, 19B0¢ authors proposed that the attention
system can be divided into three subsystems: (a)torge(orienting to sensory events),
(b) detecting (detecting signals for focal conscious processing) , and (c) alerting

(maintaining a vigilant or alert stat¢lPosner & Petersen, 1990)

Van Zomeren and Brouwd994) adoptedPosner’'s model andistinguishedtwo key

domains of attentiorselectivityandintensity Thesetwo domainsan becharacterizedy

means of the spotlight metaphor: as a spotlight, attention can be directed to a certain
location(selectivity), and the ligt can be varied in intensity (very bright to very weak) as
attention carbe varied Furthermore, the authors subdiuvidthe selectivity aspect into
Afocusedi and and Adhei ded matif ®ectuisemo .at t ent
where attention has to be concentrated on one source or kind of inforwaiie others

must be excludednl Adi vi ded ,attentiennstdivided ar shiradsb&tween two

or more information channelsy two or more mental operation§he intensity aspect is

18



represented by the componeiitea | er t nes s 0 an d which desctibe basie d a't t
processeso maintan a certain level ofattentioral activationfor a short or longime

period.

Sturm (2005; 2007) synthesized van Zomere& Brouwer's model and Posner’s
assumptionsby keepingthe dimensionsintensity and selectivity an@dding spatial

attention (orienting) as a separagmtity. Moreover the authorsuggestedfurther
differentiations of the intensity aspect by discriminating between intrinsic, tonic and
phasic alertness as well by delineatingvigilance as compared tgustained attention.

Finally, Sturm (200pdistinguishedhe formerlyequivalent er ms Af ocused att
ifsel ect i v.ehe attehtionndomaine based on Sturm’s (2007) taxonomy are

describedn detailin the next chaptgsee alsd-ig. 2).
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Intensity

Vigilance

Spatial Attention

(intrinsic, tonic and phasic)

(vigilance) Sustained Attention,

Visual-spatial
Attention; Change of

DIMENSION DOMAIN PARADIGM OR
TASK
Alertness Simple reaction time tasks

without (intrinsic, tonic, top-down)
or with warning stimulus (phasic,
bottom-up).

Long-time simple tasks, detection
of small changes inthe
informations presented a high
stimulus rate.

Long-time simple tasks, low rate
of relevant simuli.

Tasks requiring spatial shift of

Divided Attention

(orienting) Spatial Focus of gtgzggme\:om one spatial focus
Attention
Selective Attention Choice reaction tasks
Focused Attention Distractor tasks.

Selectivity

(executive attention) Tasks requiring attention to be

shared or divided betweentwo or
more information channels (e.g.,
dual task paradigms); tasks of
cognitive flexibility, e.g. a@0ss-
modal shifts.

Fig. 2: Three different attention dimensions and their corresponding donadirSturm’s (2007)

taxonomy of attentior{(From Sturm, 2007)
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1.4 Neuropsychological attention domains

Alertness (intrinsic, tonic, phasic)

Alertnessis the ability tocontrol arousal and response readiness. Tonic alertness describes

the variability and changes iarousalat differenttimesof the day, while phasic alertness

marksthe rapid mobilization of resources to process an expected stithiusarning
stimulusprecedesOn the other hand, the level of alertness can be modgtedrinsic

cognitive control even irthe absence of external cueBherefore,Sturm et al (1999)
introduced the ter mrepresentsrthe mternat(cognitie) contrad s s 0
of wakefulness and arous@llertness is neuropsychologically tested by simple reaction

time tasks without(intrinsic and tonic alertnesg)r with a warning stimulsl (phasic

alertness) as e.gthe Alertness task included in tlhtemputerized e s t battery fA-

Attentional P e rvélopad myaZmmermanr{ &indrR1)997d e

Sustained Attentiord Vigilance

Sustained attention tasks require attention to be directed to one or more sources of
information over long and generallyninterruptedperiods of time for the purpose of
detecting and responding to small changes in the informatiesented Sturm (2005)
discriminates between sustained attention and vigilana@ssigningong-time tasks with

a high stimulus ratéo sustained attention and letigne tasks with a low stimulus rate to
vigilance. Therefore, igilance delineates the process of paying close @minuous
attention invery monotonous(boring) situations like driving a car on the higlay at

night, controllingan assembly line or surveying the display in a control center.
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Visual-spatial attention

Posner & Rafal (1987istinguishedcovertattention shiftsrom overt attention shiftand

introduced them as a special case of selective atte®asmer and colleagues showed in

several experiments thahifting attention between two objects is not dependent on eye
movementsbut that covert atention shift precedeshe eyemovements(Posner &

Petersen, 1990)The authors demonstrated thsdtifting visuaispatial attention can be
subdivided into three processeosc:us(;a)( bidifsse
the focus and (cfiengagé it on anew taget stimulus.Interestingly,all processes are

linked to specific neural structurésee chapter 1.5)

Selective attention / Focused attention

Selective or focused attention describesabiity to focus attention on specific parts of a

task while irrelevant stimuli have to be ignored.

Selective attentiomcreaseshe responsiveness to specific stimuligaying them a higher
priority in further processinglypical selective attention tasks dahe go/nogo taskis the
test battery TAP(Zimmermann & Fimm, 1997)where subjects have teespond

selectively toa predefined seidf stimuli but not to others.

A special case odittentional selectivitys focused attentioand dexribes the process of
isolating a certain fragment of the environmanbrder to analyze it. It is important to
maintain the focus and teuppressinterference due tsimultaneousand automatic

processingeven if there are many distract¢®&urm, 2007)
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Divided attention

Divided attention describes the ability to respond simultaneously to two (or) more
different tasks or multiple k demands.Attention has to be divided betwethese tasks
and menth resourceshave to be allocated to each of theBivided attention is
neuropsychologically tested by diakks which examine attentional capacity limits
(Kahnemann, 1973; Posner & Boies, 1971; Treisman, 198 better parts of the tasks
have beernearned(which means thanformation processing is moraitomated)he less

attentional capacity is needed.eThbility to shift the focus of attenticamdto move it

between different tasks having different cognitive requirementss call ed A me
flexibilityo or Aalternating attentiono.
15 Functional Neuroanatomy

Contemporary neuropsychlogiical views of attention favoits implementation in
widespreadhetworkscomprising numerousortical and subcorticatructuresThere is a
close interaction between attentional structures among each other as well as between these

structures and brain regions highly relevant to other cognitive functions.

In this context Posner and Petersen sfate:t [t he at t e rctswithiothek sy st
parts of the brain, but mai ntains its own
network of anatomical areas. It is neither the property of a single center, nor a general

function of the brain operwedinattgntion sarryoutwh ol e
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different functions, and these specific computations can be specified in cognitivested

(Posner & Petersen, 1990)

The specific attention domains are represented bygifsp neural structures or networks
and manystudies have shown that specific atterdlofunctions can be impaired
selectively by focal brain damagkKerns & Mateer, 1996)Some of these brain regions
are important for more than just one attentional functiurthermore authors propose
that particular cognitive functions are represented by multipleahetructures(e.g.

Zimmermann & Fimm, 1997)

In the following neuropsychological knowledge about attentional functions and their
neural correlas issummarized, subdivideatcording tantensity and selectioaspects of
attentionas well as additionasectionsdealing withspatial attention andoatdirected

(top-down) and stimulusiriven (bottoraup) attentioral processing

Neural correlates of the intensity aspect of attention

Numerous studies have shown thmsidesthe formatio reticularis of the brainstem
(Mesulam, 1985)especiallythe right hemsphere plays a pdgeminant role in modulating
the intensity aspect of attentiohesion studies in stroke patients repartdramatic
increasein simple visual and auditory response tisgsequent to rightemisphere

lesions(Howes & Boller, 1975; Ladavas, 1987; Posner et al., 1987)

Posner et al. (1987) as well as Tartagligh®86) demonstrated that rigitemisphere
patients do benefit from a warning stimulus, which means that only the intrinsic aspect of

alertness is impaired while phasic alertness seeins largely unaffected
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Studies using lateliaed stimulus presentation in healthy subjg&snond & Beaumont,
1973; Heilman & Van den Abell, 1979;t8m et al., 1989)s well as in sphbrain
patients(Dimond, 1979)emphasized the assumption that the rightnisphere plays a
dominant rolein maintaining and controlling intensity aspects of attentfwtording to
Posner ad Peterse (1990) there is a right hemisphere noradrenergic alerting network
comprisingthe locus coeruleu@ig. 3) as the origin of the noradrenergic systgkston
Jones et al., 19849s well as frontal structuresshich sendactivation to the parietal

cortex.

locus coeruleus

Fig. 3 Location of the locus coeruleus in the formatio reticuldfrem Trepel, 2006,

modified)
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From lesion studies in rats there is evidence for a right hemisphere bias in the
noradrenergic systenfRobinson, 199; Robinson & Coyle, 1980; Robinson, 1985)
originating in the locus coeruleus and basically projecting to frontal afbase studies
corroborate the assumption that the noradrenergic activation-gotep regulated by the
right prefrontal cortex, soe lesions in this area led to significant decrease of
noradrenergic activation in both hemispheres as well as in the locus coelulal®ET

study investigatig the effects of clonidinea n  a d r e-adeenogdptor add@isbn the
activation during aapid visual information processing task, the authoradaan increase

of the modulatingeffects of the anterior cingulate cortéxg. 4) on projections from the
locus coeruleus to the parietal cor{@oull et al., 1997)On the other hand, the authors
found a decrease of activation in the right thalamus and bilaterally in the inferior parietal
and siperior frontal corteXFig. 5). In this contextFernandeDuque and Posngi997)
hypothesized that éhalerting network cactivates(eithe directly or via the brainstem)

the posterior attention system in the parietal contbich isinvolved in spatial orienting

of attention (Posner and Petersen, 1990)two PETactivation studiesdealing with

visual respectivelyauditory intrnsic alertness taskSturm and ceworkers(1999; 2004)
found relevant activation comprising complex network including the right anterior
cingulate cortex, the right dorsolatepaefrontal cortex, the right inferior parietal lobule

as well as thalamic and brainstestnucturegpontemesencephalic tegmentum, probably
including the locus coeruleus)Furthermore, the authors hypothesized that right
hemisphere frontal brain strucés exert toglown control via thalamic nucleby
activating noradrenergic structures in the pem@sencephalic part of the brainstdma
further analysis, the authors stressed that the anterior cingulate functions as the central

coordinating structureof the right hemispheric neural network of intrinsic alertness and
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that the anterior cingulate gyrus is modulated mainly by the prefrontal and the parietal

cortex(Mottaghy et al., 2006)

anterior cingulate gyrus

Fig. 4 Medial surface of the anterior cingulate gyrus (from Trepel, 188&dified

dorsolateral frontal cortex inferior parietal cortex

Fig. 5: Lateral surface of the dorsolateral frontal cortex and inferior parietal cortex (from Trepel,

1999, modified)
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Paus et al(1997)demonstrated that a similar network as described for intrinsic alertness
tasks was also responsible for an auditory vigilance task, where the subjects had to
maintain the attentional level for 60 minut&se authors reported an increase in response
time and ofthetaactivity in the EEG over time which correlategth activation decreases

of the thalamus, the right ventrolateral and dorsolateral frontal cortex, the parietal and the
temporal cortex. Activation of the thalamus correlated with activatigdheofight ponte
mesencephalic tegmentum, the anterior cingulate and the substantia innoRiivally,

Pardo et al(1991)and Lewin et al(1996)investigated visual respectively somatosensory

sustained attention tasks and identified a rigdthisphere frontgarietal network.

Neural correlates of spatial attention

As mentioned beford?osner &Petersa (1990)distinguishedhree processes for shifting

visuats pat i al attention: Adi sengageo; Ashifto,
the posterior parietal lobe has its greatest effect on the ability to disengage from an
attentional focus to a target located in a dicecopposite to the side of the lesiPosner

et al., 1984)Patients with a lesion in the superiotlicolus and/or surrounding areas also

show a deficit in the ability to shift attention. Finally, patients with lesions of the thalamus

and monkeys with chemical injections into the lateral pulvinar show difficulty in engaging

attention on a target on tk@le opposité¢o the lesion.

In a PETstudy, Corbetta(1993) investigated shifts of visuspatial attention during
lateralized detection tasks. The authors reported bilateral activation of the supéetat par

and frontal cortex. Interestingly, the right superior parietatex was activatedmore
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stronglythanits left homologie during responses to the left and right fi€lthese results
were also corroborated by later stud{€orbetta et al., 1999\obre et al., 1997)n a
review, Corbetta et al1998) reported that the neural basis of covert visual orienting
largely overlaps with overt orienting (saccadic) brain structures, which means that the
attentional processes during covert visual orienting are tightked to oculomotor
processesOn the other hand, Spence & Driv€2004) demonstrated crossodal
congruencyeffects of spatial attention by investigating responsessteal; auditory, and

tactile stimuli.

In a recent fMRistudy, Bartolomeo et al2007) instructed participants to perform a
visual target detection task with peripheral cues. In the first part of the experiment, cues
were not predictive of the side of occurrence of the incoming target, while in the second
part of the paradigm cues became¥B@redictive. Half of the participants were
subsequently aware of thedtered cuetarget relationship, while the other half of the
participants did not recognize any differences in the second half of the expeBo#nt.
groups showeétonto-parietal actiity that is typical for spatial attentional processifhge
authorssuggestedhat the additional anterior cingulate cortagtivationin the aware

group isdue to the role of this structure in purposeful behavior and in the monitoring of

consequences.

Neural correlates of the selectioraspect of attention

Similar to Sturm et ak1999;2004)assumptionsboutthe neural network responsible for
the intensity aspect of attentiorgtuss and Bensofl986) as well as Guillery(1998)
suggesteda frontathalamic gatingsystem for the control of selective attentidrhe

authorshypothesize tojglown control of the frontal cortex on the reticular nucleus of the
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thalamuswhich, dependent on theformation coming from frontal structureselectively
opensspecificthalamic gates for activation originating from the mesencephalic reticular
formation. Patients withésions in parts of this netwoshow impairments of the dity

to select external stimuli arttemonstrate increased distractibility.

While intrinsic alertness and sustained attention tasks are represented in a more right
lateralized network, several studies showed that selective and focused attention is
predominary subserved byhe left hemisphere. For example Dee & van Al{@a73)
investigated patients with lefind righthemisphere lesions and reporigtbice reaction
deficits inspeed and accuraonly for the left lesion groupBisiach(1982)investigated
healthy subjectsfesponse times to lateral visual stimuli in crossed as well as uncrossed

conditions and emphasized the locatdriecisional structures in the left hemisphere.

Regarding isual attentiononecan put emphasis dahe overall picture (global formgr

the focal details of a scene (local compongnis this context, severadtudies have
indicated that the left hemisphere is biased towards (ecgl focus attentiorasks)and
the right towards global processi(igink et al., 1996; Robertson & Lamb, 1991; Sergent,
1982) Furthermore, Fink et al. (1996) indicated that frep&wietd structureswere

activated, when subjects had to switch between global and local stimuli.

In a PETFstudy Corbetta et a{1990; 1991)nvestigated subjects who had to discriminate
between shape, color and speed of a visual stimulus in selective attention as well as
divided attention tasksSelective conditions activated globus pallidus, caudate nucleus,
left lateral orbitofrontal cortex, posterior thalamus/colliculus, and ingarkmotor
regions, while the divided condition activated the anterior cingulate and atersdl
prefrontal cortex.For a detailed description of thetudies dealing with the neural

structures responsible for divided attention tasks see chdpserd 3.
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Neural correlates of goaldirected (top-down) vs. stimulusdriven (bottom-up)

processing

Corbetta & Shulma2002)discriminate betweetwo different neural networkshich are
responsible for differenattentional processiisgOne network, which carries out geal
direct adbwid)lopmel ecti on for sti mul i and
intraparietal cortex and superior frontal cortex. The other network, whiclprises the
temporoparietal coex and inferior frontal cortexlargely latealized to the right

hemisphereis responsible for stimuled r i ven -Y{pid)otgrooncessi ng of
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1.6 Attention and Aging

In the course of aginfespecially 70yrandolder) many cognitive and mnestic functions
show impairmentsalthough there is considerable interindividual variabi{althouse,
2000; McDowd & Shaw, 2000Age-related changes in attention have been cited as the
basis for a variety of agelatedbehavioral inefficienciesThe goal ofthis sectionis to
review psychologicalfindings relatedto attentionalage difference subdividedaccording

to the domains sustained attention, selective attention, and divided attention.

Sustained attention Nigilance

There are only a few studies concerned with age differences in vigilance task
performance, and those relevant studies show little evidence foelaged impairments

in performance across tim@&iambra, 1993) In a study by Mouloua & Parasuraman
(1998) the authors varied the event rate (low, high) and manipulated the target location
certainty (low, moderate, high) in a sustained attention task requiring target identification
across 30 minutes. They found that task performaecéned across time at a faster rate

for old adults than for young adults when event rate was high and target location certainty
was low. These results suggest that sustained attention performance does change with age,
at least when demds on visual aéintion are strongn the sense of Sturm’s (2005, 2007)
differentiation between vigilance and sustained attention tasks this meanghehat
(stimulusrich) sustained attention tasks are affectadre stronglyby aging thanthe
(boring)vigilancetasks. Fuhermore some authors found evidence forptimgsicalfitness

level affecting sustained attention tasks, particularly for older a(®iisce et al., 1993;

Bunce et al., 1996)
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Selective attention

There are incasistentreports regarding agelated differences in focused and selective
attention tasksln studies utilizing typicalvisual searchjocused attention tasks several
authors showed that older adults were more negatively affected by the presence of
distracting nformation than young adult&€Connelly et al.,, 1991; Earles et al., 1997)
Other theorists demonstrated that the-gejated distraction effect was reduced fnor
knowledge about target locati@¢@arlson et al., 1995; Plude & Hoyer, 1985; Wright &
Elias, 1979)Further visual search studies revealed that older adults are slower than young
adults in allocating attentioffiMadden, 1992)and distractor homogeneity facilitates

performance more for young adults than for adidilts(Madden et al., 1996)

Studiesusing the Stroopask (see chapter 1.2) revealed that older adults show greater
susceptibility to interference than younger ad(@ehn et al., 1984; Comalli et al., 1962;
Dulaney & Rogers, 1994; Hartley, 1993)ther authors reported aging effeéts the
performance in negative priming tas§eley & Hartley, 1997; McDaniel et al., 2003;
McDowd & Filion, 1995; McDowd, 1997)On the other hand, Verhaeghen & Cerella
(2002) reviewed several mef@analysesexamining ageelated differencesn selective
attention and divided attention. The authors found norelggéed deficits specifi¢o
Strooptasks or negativepriming tasls, while declines are reged regarding the

performance imivided attention tasks.

Divided attention

Kramer & Larish(1996) s t at e dne oflithe bestRkemplarsof a mental activity in

which large and robust ageelated differences have been consistently obtained is dual
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task processimy (p.83) Most of the authorsorroborate Kramer & Larish’s (1996)
statementand report aging effets in many different duahsk experiment¢§Brouwer et

al,, 1991; Levitt et al., 2006; Ponds et al., 1988; McDowd & Craik, 1988; Somberg &
Salthouse, 1982; Coburn et al., 2008 the other hand, Hahn and Crar(ie995)found

no differences between a young amdold group who had to divide attention between two
separate locations in visual space. These data suggest that the ability to divide attention

varies with stimulus parameters.

The difficulty in trying to synthesize the findings on agéated differences in divided
attention tasks lies in the fact that each study typically inva\asecific combination of
tasks that participants have to performwdiameouslyNevertheless, most studies have in
common that they are concerned with the question of whether attentional variables or
simple slowing can best account for age differences in divided attention haskss
context, Hartley(1992) c o n c | u d etlile prodess tinvolfied in doing two things
concurrently are probably qualitatively quite similar in younger and older adults. The
differences are caused by the fact that each of the component proceaffestesl by
agingd ( pOn3tie )other hand, Salthougk995) as well asKramer & Larish(1996)
emphasizedhat althougtslowing insingletask performance can account for most of the
variance observed in dual tasks, it cannot account for all d6éng and Shan€i998)
made a stronger assumption in favor of task specifioifacThe authors investigated
group of pilots andnonpilots (aged 2&r9 years), and made a systematic attempt to
identify factors relevant to agelated impairments in dushsk performance. They
examined the role of age and expertise in divided tteiperformance in the context of
Wickens” (1984) multiple resources model of structpecific duatask performance
(see chaptel..2). In a series of six sessions, the participants perfoaneerticalaxis

tracking taskan easy and difficult spatiarientation task; and two Sternberg tasks, one
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requiring a manual response and one requiring a vocal resfawdetask was performed
individually and in combination with a horizonaxis tracking task. The authoisund

that the factors age, expertise, and structural similarity affecteestiaming performance
through attentional resources. Tsang and Sh@®&8)conclude from their data that there

is an ageelated decline in divide attention abilities beyond that observed for the
separate tasks performed on their own. Furthermore, the authors sugbastedrlier
assumptions indicating that the adequate contr@llocation strategies and siegask
performance levels would eliminatan agerelated duatask performance deficit
(Somberg & Salthouse, 198@&)ay have been based on relatively easier tasks. Finally the
authors found that, although expertise did not eliminate-relgéeed performance
decrements, it did reduce the dtmtk decremenin this context Kramer et al(1995)
reported that training can improve dividattention performance for older g#e as well

as for younger adults, although the age difference in performance could not be eliminated
by training.Finally, Hawkins(1992) showed that aerobic fitness is an important factor in
determining the presence or absence of divided attention perforntaorcae. review of
studies concerned with agelated differences in neural activity during the performance of

divided attention tasks sehapter 3.1.

Finally, several authors investigated tasks, where the participants had to switch attention
between separate tasks and foundraggvant impairmentéHawkins et al., 1992; Kramer
et al., 1999) Increasing component task demands tended to increase age declines in

performance.
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2. Study 11 Management of attentional resources in withirmodal and crossmodal

divided attention tasks; an fMRI study".

2.1 Introduction

In everyday life, the ability to divide attention is indispensable since we attend
concurrently to a multitude of different inputs either occurring in the same (witbdal)

or in different (crossnodal)sensory modalities (e.g. visual and auditory stimuli). Divided
attention means that indddals are engaged in two or more different tasks at the same
time, they have to divide attention between these tasks and allocate mental resources to
each of them. Nwonan and Shallic1986) postulated that the coordination of two
interfering tasks is controllma wlyi cthh et hfieS
assumed to have its neural correlate in frontal structures. Animal experi{Getdsnan

Rakic, 1987)and craniocerebral injury studiésicDowell et al., 1997; van Zomeren &

van den Burg, 19853s well as studies of patients with a rupture of an aneurysm of the
anterior a. communicanfRousseaux et al., 199@&ctually showed that carrying out
divided attention tasks is indeed largely dependent on frontal structures. Da98aNH
distinguished between withirand crossnodal divided attention tasks and found a more
restricted attentional capacity within but not between sensory modalities, raising the
guestionof whether there are different attentional networks. Unfortunately, functional
imaging studies dealing with divided attention until now have concentrated either on
within-modal or on crossmodal dual tasks but have not compared the two with each other

(for areview see Coull, 1998; Mesulam, 1998urthermore, the activated brain regions

'Vohn, R., Fimm, B., Weber, J., Schnitker, R., Thron, A., Spijkers, W., Willmes, K., Sturm, W. (2007).
Management of attentional resources in withinodal and crossnodal divided attention tasks: An fMRI study.
Hum.Brain Mapp.
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found in the withinmodal as well as in the creasodal studies are inconsistent, probably

due to the different stimulus material and/or types of tasks.

One of the groupgoncernedonly with withinrrmodal stimuli (Madden et al., 1997)
investigated differences in visual selective and divided attention tasks in a PET study.
Age-unrelated brain activation for dividing attention was found in occipitotemporal,
occipitoparietal ad bilateral prefrontal regions. Besides a right prefrontal involvement,
activation of the anterior cingulate gyrwss found in another PET study (Corbetta et al.,
1991) dealing with withinmodal divided attention, where subjects had to differentiate
between shape, colour and speed of a visual stimulus. In a functional magnetic resonance
imaging (fMRI) study on working memory (Bunge et al., 20Qfrticipants performed

two tasks (sentence reading and stemin memory for five words) either separately or
concurrently. Also in this study, withimodal duaitask performance showed stronger
activation in bilateral prefrontal areas compared to either task performed alone, but no
area was activated beyond the singleks” regions. Inreother withinmodal fMRI gudy
(Koechlin et al., 1999)the posterior dorsolateral prefrontal cortex and the lateral parietal
cortex were activated bilaterally during a visual eiaak where the participants had to

differentiate between uppesnd lowercase letters.

Among the authors studying crossodal tasks, Johannsen et al. (199Westigated
sustained and divided attention in normal elderly humans with visual and vibrotactile
stimuli. Under the divided attention condition, the PET data revealed right hemisphere
activationin inferior parietal and prefrontal regions and thalamic activation in the left
hemisphere. In ariMRI study by Szameitat et al. (2002he analysis of the dual
task/singletask subtraction revealed that cortical areas along the inferior frontal sulcus,
the middle frontal gyrus and the intraparietal sulcus were involved in-crodal dual

task performance. Subjects were given both auditory and visualdhog=e response
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tasks performed either separately as single tasks or concurrently astasuék which

an increased difficulty level led to stronger bilateral activation in the regions described. In
armother fMRI study, Loose et al. (200&8ssessed crossodal (visual/auditory) divided
attention and selective attention tasks in healthy male subjectsomparison to the
selective attention conditions, the divided attention paradigm evoked additional left
prefrontal activation, which the authors suggested to be crucial in the execution of
controlled processing when attention is divided between twwces of crossnodal

information.

While several of these findings seem highly relevant and interesting, no clear activation
pattern can be extracted for either the withiadal or the crosmodal experiments, which
led us to our study trying to differentgabetween networks involved in withmodal and

crossmodal divided attention tasks.

According to Wiclens” Multiple Resources Theory (198d)fferent types of tasks (e.g.
verbal vs. nonverbal, visual vs. auditory, manual vs. vocal) rely on differentgsiag
resources. Therefore, processing two tasks simultaneously might be more difficult if they
take hold of the same pool of resources. Furthermore, one can draw the conclusion that
processing two tasks presented simultaneously in the same sensorytym@dali two

visual tasks) should call for higher tdpwn control and thus for stronger frontal
activation than two tasks presented in different modalities and tapping their individual

resources.

The purpose of this fMRI study was to distinguish the eddhces in cortical
representations of withimodal (auditory/auditory; visual/visual) and crasedal
(auditory/visual) divided attention tasks and to analyze the management of attentional

resources. If the comparison of the tasks would reveal stroragealfractivation for the
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within-modal conditions this would be in line with Wickens” multiple resources model.

On the other hand, authors of task switching studies prefer the hypothesis that switching
between two sensory modalities has higher demands ognitive flexibility than

switching within one modalityAdcock et al., 2000; Dove et al., 2000hus, the results

of our crossmodal condition could corroborate eitheiVée k ens E or t he fitas

hypothesis.
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2.2 Methods

Subjects

Sixteen male healthy rigitanded subjects, mean age 25.2 yrs (rang802%ears),

participated in the study. No subject had a history of psychiatric or neurological disorder
nor a history of head trauma. All subjects gave written consent according to the
declaration of Helsinki. The study was approved by the Ethics Committee of the

University Hospital of Aachen and by federal authorities.

Experimental design and procedure

The participants underwent an fMRI study consisting of three divided attention conditions
(DAC) and four selective attention control conditions (SAZgsented in randomized
order (see Fig. 6). The DACs consisted ofwo within-modal (auditory/auditory,
visual/visual) and one crosaodal task (auditory/visual)n the auditory/auditory DAC,
subjects listened to high pitched (1500 Hz) and low pitched (200 Hz) tones presented in
alternating order (SOA 1500ms, stimulus duration 1000 ms). 36% of the tonesdahange
their pitch after 500 ms presentation time either from 1500 Hz to 750 Hz or from 200 Hz
to 400 Hz. Participants had to respond if they heard a consecutive sequence (probability
50%) of two descending high pitched or two ascending low pitched tones setbnd
within-modal DAC (visual/visual), circles and squares were presented in alternating order
(SOA 1500ms, stimulus duration 1000 ms). 36% of the objects changed their dimension

after 500 ms presentation time. The subjects had to respond if theyveawcteasing
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circles or two decreasing squares in sequential order. In thempmkd auditory/visual

DAC, squares and low pitched tones were presented alternately (SOA 1500ms, stimulus
duration 1000 ms). In 36% of the presented stimuli, the size cfghares decreased or

the low pitched tones raised their pitch. Participants had to respond if they saw two
decreasing squares or if they heard two ascending low pitched tones in sequential order.
Due to the fact that under the auditory/auditory DAC the different auditory stimuli

could not be presented simultaneously, we had to choose a fast alternating presentation of
the stimuli under all conditions in order to keep the tasks comparable. The task
nevertheless is a divided attention task, becausetheinmat i on i n both fAch
be kept in working memory and continuously updated in order to make the decision
whether there were two consecutive changebak condition) in either of the two
sequences. Thus, the exkerpiameardti gutdoi Itiakesn &
for divided attention setups. A high level of supervisory attentional contrelid¢arman

and Shallice (1986)espectively a high level of central executive control in working

memory(Baddeley, 1993)s necessary to cope with our tasks.
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Fig.6: Schematic examples of the three divided attention (DAC) and four selective attention

conditions (SAC). The Afi ng@antsbadtotespend.but t onodo s

The selective attention tasks differed from the divided attention tasks just by the

instructions given to the participants. Thus, changes in brain activity were caused only by
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a different attentional state and not by physical variations of the stimuli. During the
performance of the auditory/auditory SAC, patrticipants had to attend only to the high
pitched tones and ignore the low pitched ones. In the visual/visual SAC sulgdcts h
observe only the circles and ignore the squares. Finally, the auditory/visual SAC is a
compound of two sessions. In the first session (SAC1) the volunteers had to attend to the
visual stimuli while ignoring the auditory ones and in the other seéSW@2) vice versa.

One must point out that the subjects in the SAC had to press the response button half as
frequently as under the DAC, with the risk of motor activation being stronger in the DAC.
In the rest periods of all sessions, participants h&eép their eyes open whilst watching

a black screen. Tfamiliarize the subjects with the task, the experiment was explained and
practised outside the scanner. Auditory stimuli were presented via fMRI suitable
headphones (Commander XG, Resonance Techmsldgic., Los Angeles, USA) and
visual stimuli were presented via Mgompatible LCD goggles (VisuaStim XGA,
Resonance Technology Inc., Los Angeles, USA). The subjects responded viahamight
thumb key press€ach of the seven sessions was embedded ityjoical boxcar design

with six periods of resactivation alternations (rest period 27.9 s, 9 scans each; activation

period 46.5 s, 15 scans each).

Image acquisition

All measurements were conducted using a whole Behilips Gyroscan NT 1.5 Tesla
MRI (Philips Medical Systems, Nederland B.V.) with a standard head coil. After orienting
the axial slices in the anteriposterior commisure (A®C), plane functional images
were acquired using a T2¢eighted echo planar imaging (EPI) sequence with a repetition

time (TR) of 3100 ms, an echo time (TE) of 50 ms and a flip angle (FA) of 90 degrees. In
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total 1008 volumes were collected, consisting of 34 contiguous slices with a thickness of
3.5 mm measured with whole brain coverage. A 64x64 matrix with a fielceaf (FOV)
of 220 mm was used yielding an effective voxel size of 3.4375 x 3.4375 x 3.5 mm. Head

motion was minimized by using Velcro straps and foam padding.

Image analysis

Functional images were pprocessed and statistically analysed using SPM2 (Weéco
Department of Imaging Neuroscience, London, UK). Images were realigned in order to
correct for motion. Translation and rotation correction did not exceed 2 mm and 1,7°
respectively for any of the participants. Images were spatially normalized into the
anatomical space of the MNI brain template (Montreal Neurologic Institute) in order to
accommodate intersubject variation in brain anatomy and to allow -ipyqeiel
averaging across subjects with a voxel size of 4 x 4 x 4 mm in the x, y and z dimensions.
These functional images were smoothed using a Gaussian filter of 8 x 8 x 8 mm to
increase signdb-noise ratio in the images. Random effects statistical analysis was
performed at an intensity threshold of p=0.001 uncorrected for all complex contrasts with
an extent threshold of k=5 voxels and all contrasts being inclusively masked by the
minuend with p=0.001 uncorrected in order to eliminate deactivations of the subtrahend
becoming significant due to the subtraction (see results). Finally, coordinates of
activations were transformed from MNI to Balach space (Talairach and Tournoux,
1988) using the matlab function mni2tal.mimplemented by Matthew Brett

(http://www.mrecbu.cam.ac.uk/Imaging/mnispace.html).
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2.3 Results

Behavioural data

The mean accuracy level of performance in the auditory/auditory DAC as well as in the
auditory/visual DAC was 95.7%, in the visual/visual DAC 96.5%. Nicadly even
higher levels were achieved for the selective attention conditions with a rate of 98.4%
correct answers in the auditory/auditory SAC and the auditory/visual SAC 2 as well as
99.2% in the visual/visual SAC resp. 99.6%he auditory/visual SAQ (seeFig.7). The

seven tasks, however, were compared by pairsbts and showed no significant

differences for the level of accuracy (p> 0.05).
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Fig.7: Mean % correct responses and their standard deviations (SD) in the three divided attention
conditions auditory/auditory DAC, visual/visual DAC, auditory/visual DAC and the four selective
attention conditions auditory/auditory SAC, visuallvisual SAC, auditory/visual SAC1 (responses

only to visual stimuli) as well as auditory/visual SAC2 (respeosty to auditory stimuli).
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fMRI:

All DAC’s were contrasted with their adjacent control tasks (SAC’s) in order to
discriminate structures that respond stronger to divided attention tasks. The mean image of
the contrasts fAaudi tyo/rayd daiutdartyo r A MOA CE nvas . fi vail
VS. Vi s ual seeHigs8i Eable 1p displays typical activation of withinodal

di vided att entmodahDACRAEE) ,( Aiwirtenspnect i ve of
This contrast revealed right hemisphere adgivation in the precentral gyrus, the middle

frontal gyrus, the claustrum and the inferior parietal lobule. On the other hand, the cross

mo d a l contrast Aauditory/ visual DAC vs. 8
bilateral activation in the middlend superior frontal gyrus, the inferior and superior

parietal lobule, as well as right hemisphere activation in the inferior frontal gyrus, the
cingulate gyrus, claustrum, the precentral gyrus, insula, thalamus, the lateral globus
pallidus and finally leftsuperior €émporal gyrus activationsée Fig. 8 Table 2). In

contrast, subtracting the DACs from their related SACs left no significant activation at all.

Furthermore, a conjunction analysis of the presented witimd crossnodal DAC vs.

SAC contrastsevealed a right hemisphere activation network consisting of the precentral
gyrus, the superior frontal gyrus, the claustrum as well as the infericugedior parietal

lobule GeeFig. 8 Table 3). Finally, the subtraction of the mean wiimadal actiations

( Awi-modal DAGSACO0) fromotdlaé o©mesdal DAGSIACDY |l eft
activation in the right middle frontal gyrus, the left superior, medial and middle frontal
gyrus as well as the leftferior parietal lobulegeeFig. 8 Table 4). Theeversed contrast

left no significant activation at all.
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Fig.8: Functional activation map of the divided attention (DAC) minus selective attention (SAC)
contrasts. Grougaveraged dmaps (P<0.001, uncorrected, inclusively masked by the minuend,
mask: P<0.001 uncorrected) for the contrasts:

within-modal (DAGSAC) mean of the contrasts auditory/auditory (DA2ZC) and visual/visual
(DAC-SAC); crossmodal (DAGSAC): auditory/visual (DACSAC); conjunction (crossmodal
DAC-SAC; withinrmodal DAGSAC): conjundion of the contrasts auditory/auditory (DARAC),
visual/visual (DAGSAC) and auditory/visual (DAGAC); (crossmodal DAGSAC) i (within-
modal DAGSAC). auditory/visual (DACSAC) contrasted by the mean of auditory/auditory (BAC
SAC) and visual/visual (DASAC). The contragtvithin-modal DAGSAC)i (crossmodal DAG
SAC)left no significant activation.
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