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Abstract

The ventral fronto-parietal network has been careid to play a crucial role in
reorienting attention towards significant enviromta events, while the dorsal system is
thought to be dominant in controlling goal-directexhaviour (Corbetta and Shulman
2002). | begin by reviewing literature which suggdsis distinction may not be so clear
cut and suggest my own scheme which takes intouatehis evidence (Singh-Curry and
Husain 2009). Specifically, ventral areas, partidylthe right inferior parietal lobe (IPL),
appear to be activated by tasks involving sustaattshtion, responding to salient task-
relevant events, detecting novel stimuli and sviitglbetween tasks. Accordingly, |
hypothesise that the right IPL may play a cruad iin reconfiguring behaviour between
a task-engaged state and a more exploratory moectioning, which permits the

identification of potentially important novel event

The first few chapters of my thesis aimed to teist hypothesis by examining attention
deficits in stroke patients with hemispatial negléte syndrome which frequently occurs
following damage to the right IPL. These patienessevshown to have difficulty
sustaining attention over time, even when no spstidts of attention were required. This
deficit in sustained attention was particularlyd®rit for stimuli of lower perceptual
salience. More importantly, however, these defisi¢se found to interact with each other,
as well as the direction of spatial attention, ®sgigng that these functions may be
dependent on an interrelated brain network. Cagrsistith this notion, the results of

lesion-symptom analysis indicated that the RightdaRd ventral attention network



appears to be crucial in the mediation of all efsén processes, including the processing of

novel stimuli, supporting my hypothesis.

The detection of novel events has also been fondtivate the midbrain dopaminergic
system (Bunzeck and Duzel 2006), while the pringyaaéhological feature of Parkinson’s
disease (PD) is degeneration of these neurons YKiewicz 1998). Although PD is
traditionally considered a disorder of movementrenecently it has been recognised that
there may be associated cognitive deficits, inclgdlisorders of impulse control
(Weintraub 2008). At present, however, the factangch predispose some individuals

with PD to develop such problems are unclear.

Accordingly, in the second part of my thesis, lrak#ed novelty processing and risk-
taking behaviour in PD in order to identify subgosswhich may be particularly
vulnerable to developing impulse control problemsaddition to PD patients with
impulse control disorders (ICD), those who weresifded as akinetic-rigid, as opposed to
tremor dominant — without ICD — were found to pgaovelty more quickly than non-
novel perceptually salient stimuli, unlike tremamntinant PD patients. Novelty seeking
was found to be associated with relative presesmaif the mesolimbic dopaminergic
system in patients without ICD, while increaseé-tesking was associated with
preservation of the mesolimbic system in ICD pdseMesolimbic sparing, in addition to
the akinetic-rigid motor phenotype of PD may therefincrease susceptibility to impulse

control problems in PD.
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Chapter 1

The principal aim of this thesis will be to expl@@me of the functions attributable to the
right inferior parietal lobe (IPL). Ever since ttime of the early lesion studies (Brain

1941; Paterson and Zangwill 1944), the right IPk been considered vital in the
mediation of visuospatial processes, with lesicere eading to ‘... a complex disorder
affecting perception, appreciation and reproductibspatial relationships ..." page 337
(Paterson and Zangwill 1944) and a tendency toecéghe contralesional side of space.
However, as will be seen in the first part of tinisoductory chapter, the right IPL also
appears to play an important rolenion-spatialattentional processes, such as the ability to

sustain attention, detect salient stimuli and ezdrattention to novel events.

Two influential theories ofortical visual processingUngerleider and Mishkin 1982;
Milner and Goodale 1995), which have segregateticebpathways into dorsal and
ventral streams, have attempted to incorporateifumspatial aspect of IPL function.
These dichotomies, however, do not address thespatial components of IPL
functionality, while more recent formulations otthorticalcontrol of visual attention
(Corbetta and Shulman 2002; Corbetta, Patel €088) fail to capture the full extent of

the role played by this region.

| will therefore begin this chapter by discussihg timitations of some of these existing

proposals, with particular regard to the right IBefore reviewing the literature on the

non-spatial processes which may be attributedisoréigion. | will then proceed to
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develop my own scheme of IPL function which | héglees into account more of the

extant experimental findings than do these previbasries.

The disorder that frequently occurs following damégthe right IPL is that of
hemispatial neglect (Vallar and Perani 1986; MildJhotra et al. 2003). The most
characteristic deficit of patients with this comalitis an inability to orient to stimuli and
events that occur to the contralesional side ofsigleilman 1992; Heilman, Valenstein
et al. 2000; Kerkhoff 2001; Buxbaum, Ferraro e@lD4; Milner and MclIntosh 2005).
Neglect, however, is not a unitary disorder, btiheaa syndrome. Patients may neglect
the contralesional side of their own body (persaoregjlect), near space (peripersonal
neglect) or distant space (extrapersonal neglBctylfaum, Ferraro et al. 2004). Some are
primarily deficient at attending to and perceivilgiects in contralesional space, despite
not having any primary sensory disorder, while otheay show little spontaneous use of
their contralesional limb (motor neglect), evenuglo that limb may be reasonably strong
(Fink and Marshall 2005). Furthermore, individuatipnts may show different
combinations of neglect behaviour and differentgras of deficit on cognitive tests
(Buxbaum, Ferraro et al. 2004). Importantly, maeently it has also become apparent
that non-spatial deficits, such as the abilityustain attention, may also be involved in
neglect (Hjaltason, Tegner et al. 1996; Samuelddmimquist et al. 1998; Robertson

2001; Husain and Rorden 2003).

Such variation may be based on the known heterdgesfehe brain lesions involved in

producing the syndrome (see Figure 1.1). Althounghright IPL is the region most
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consistently implicated in the pathogenesis of @eiglVallar and Perani 1986; Mort,
Malhotra et al. 2003), damage to the inferior fedihdbe is also common (Husain and
Kennard 1996). However, subcortical strokes too teag to neglect due to remote
effects, for example by causing hypoperfusion artyng cortical regions or because of
disconnection of parieto-frontal circuits (Karnathmmelbach et al. 2002; Hillis,

Newhart et al. 2005). Other studies have also sigde role for lateral (Karnath, Ferber
et al. 2001) or medial temporal lesions in the trigtmisphere (Mort, Malhotra et al.

2003; Bird, Malhotra et al. 2006). Even within t#lassically implicated inferior parietal
and inferior frontal regions, the extent of lesi@as vary considerably, and because these
regions have multiple functions, the exact combamest of deficits observed is likely to

vary according to the distribution of the lesiom ats distant effects.

Nevertheless, the use of lesion-symptom analystinigques to probe for voxels that are
significantly associated with particular deficitsncsurmount the inherent difficulty of
using individuals with large lesions and providgaortant information regarding the
essential nature of brain regions in the mediadibcognitive processes (Rorden, Karnath
et al. 2007). In this thesis | employ such techegjin groups of right hemisphere stroke
patients, with and without neglect, to examinertile of the right IPL in several non-
spatial functions: sustaining attention and encggitmmulus salience (Chapters 2 and 3),
as well as the processing of stimulus novelty (@drap). The first half of this introduction

discusses the motivation for these studies.
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Figure 1.1. The anatomy of hemispatial neglect.
A variety of cortical lesions can lead to the symde of neglect, particularly lesions of the
right IPL and IFG.

ang: angular gyrus, IFG: inferior frontal gyrusl.ifnhferior parietal lobe,

ips: intraparietal sulcus, MFG: middle frontal ggrsmg: supramarginal gyrus, STG:

superior temporal gyrus
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In the latter half of this introductory chaptedi$cuss how the ability to reorient attention
to potentially important novel stimuli is also assbed with activation of the mesolimbic
dopaminergic system (Bunzeck, Schutze et al. 200atkinson’s disease is a
neurodegenerative condition which is characterigelbss of dopaminergic neurons in the
midbrain (Hornykiewicz 1998). Although Parkinsodisease is primarily a disorder of
movement control, cognitive problems in this popolahave more recently been
recognised; including the development of impulseticd disorders, such as pathological
gambling and compulsive medication overuse (Poteviaan et al. 2007; Aarsland,
Bronnick et al. 2009). This has frequently beerikatted to the use of particular
dopamine agonists in the literature to date (Wairiy Siderowf et al. 2006; Voon,
Potenza et al. 2007), but this argument fails f@ar why some patients develop such
problems, while others do not. | will argue in thisapter that there may be differences in
susceptibility to impulse control disorders in difént subgroups of Parkinson’s disease
and later in the thesis will investigate how disyedof impulse control may relate to risk-

taking behaviour and alterations in novelty procegséChapters 6 and 7).

Of course, in addition to involving degeneratiortltd midbrain dopaminergic system,
Parkinson’s disease may also be associated wititcglochanges, particularly affecting
frontal and parietal regions (Beyer, Janvin e2@07). Alterations in novelty processing
in Parkinson’s disease may therefore also resuh ihese changes. To begin with
however, | will now discuss existing models of \dsattentional processing, in order to

provide a background for my own proposal regardifigfunctionality.
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1.1. The position of the inferior parietal lobe wihin visual processing streams

There have been numerous influential attemptsdeeg@ate the cortical visual system into
dorsal and ventral streams of processing. Ungeneidd Mishkin originally proposed
that the dorsal stream, connecting visual cortek Wie posterior parietal cortex (PPC), is
dedicated to the processingspiatialinformation and termed this thehere’ pathway
(Ungerleider and Mishkin 1982; Mishkin, Ungerleidgral. 1983). This was in contrast to
the ventral stream, extending from occipital teemtemporal cortex, which they
considered to mediate object identification: tubat’ pathway. However, subsequent
evidence suggested that both streams manipulatamation about the nature of objects
and their location in space and the dichotomy wased by Milner and Goodale.
According to their model, the dorsal stream is oesjible for the visual control of action,
while the ventral pathway is concerned with prodganduring perceptual

representations of the surrounding world (Milned &voodale 1995).

In Milner and Goodale’s view, the dorsasion-for-actionsystem operates in real time,
computing the absolute metrics of a target andatstion in egocentric coordinates to
allow accurate eye and limb movements (Milner anddale 1995; Goodale, Westwood
et al. 2004). This dorsal system delivers inforomatiirectly to the motor system for
immediate reaching, grasping or eye movementsomtrast, the ventral stream is
specialised fowision-for-perceptiorand may also have a role in movement planning
based on memory of an object and its relationshigher items. While aspects of this

model capture important features of the functi@rehitecture of the cortical visual
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system, there remains a sense of unease about @lbthermodel accommodates all
findings; a point recently acknowledged by Milnedasoodale themselves (Milner and

Goodale 2008).

A crucial area of controversy is the proposed fiomcof the human IPL and whether this
region fits easily into either of the dorsal-vehtthotomies. This may in part be because
the studies on which this functional segregatios ased were performed in the monkey,
in which there is no clear homologue of the hunfaln ((Orban, Van Essen et al. 2004;
Husain and Nachev 2006). There appears to be amastyy of function between the
cerebral hemispheres in the human, which is natestiin the monkey, a point that is
pertinently made by consideration of two very diéfet syndromes which occur following
IPL damage: limb apraxia after left-sided lesioDse Renzi, Motti et al. 1980; Haaland,
Harrington et al. 2000) and hemispatial neglecosdary to right IPL damage (Vallar and
Perani 1986; Mort, Malhotra et al. 2003). Neithkth@se human syndromes have a clear

equivalent, in terms of severity or functional immpan the monkey.

I will begin by considering some aspects of thendiland Goodale model, focussing on
those which deal with IPL function. This will bellfoved by an examination of other
recent formulations, which have dealt more speddiffovith IPL functionality. In all of
these discussions, the focus will be on the prapéisection of the right IPL, because my
interest in this thesis is to consider the cogaitieficits that follow damage to this area. |
will then go on to consider data, not dealt witHleg any of the existing schemes of

cortical visual processing, which suggests thatitjtg IPL is involved in the detection of
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salient new events in the environment, as welhasistaining attention on task goals,

even in situations that do not require visual gnaaof action or spatial shifts of attention.

On the basis of this evidence, | propose a novebthesis (Singh-Curry and Husain
2009): that a primary function of the right IPLiisbothmaintainingattention on current
task goals, and encodisglientevents in the environment so that task-sets cajuiogly
reconfiguredto deal with new challenges. These aspects aitaiteal control,
traditionally considered to be solely the remifrohtal structures, are crucial for
maintaining focus on a task in the face of distaagtand conversely also for flexibly
switching to new external demands should that lseseary for optimal guidance of

behaviour.

| will argue that the right IPL is a crucial nodea fronto-parietal system, which has often
been associated independently by various authdisswstaining attentiofPardo, Fox et
al. 1991; Johannsen, Jakobsen et al. 1997; Hagér e al. 1998; Sturm, de Simone et al.
1999; Adler, Sax et al. 2001; Vandenberghe, Gitaletaal. 2001; Sturm, Longoni et al.
2004),detecting salient or novel everftsnden, Prvulovic et al. 1999; Clark, Fannon et
al. 2000; Marois, Leung et al. 2000; Kiehl, Laurehsl. 2001; Huang, Lee et al. 2005;
Kiehl, Stevens et al. 2005; Lagopoulos, Gordon.e2G06; Gur, Turetsky et al. 2007;
Williams, Felmingham et al. 200 hasic alerting(Fan, McCandliss et al. 2005; Thiel
and Fink 2007) angwitching between task-séBuchsbaum, Greer et al. 2005). It is my
view that these behaviours are all different agpett cognitive system dedicated to

allocating resources optimally, to either curreghdvioural goals, or reconfiguring goals
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to novel, salient challenges presented in the enment. | will attempt to integrate
available evidence with these ideas in order tmfarcoherent proposal, which will be

tested in later chapters of this thesis.

1.1.1. The IPL in Milner and Goodale’s dorsal-vetrdichotomy

Much of the supporting evidence for Milner and Galets perception-action model
comes from double dissociations between two pathcdd deficits of visual function:
optic ataxia and visual agnosia. Optic ataxia geferthe condition in which patients
experience difficulty in then-line controlof reaching movements to visual targets
(Jeannerod 1986; Perenin and Vighetto 1988), Hidrsuo problems in correctly
identifying such objects, and actually perform reag movements more accurately when
they can use information from memory (instead cfina visual input) to guide their
actions (Milner, Dijkerman et al. 2003). In contragsual agnosia is characterised by a
deficit in object perception and recognition, wirtkact visual control of actions (Milner,
Perrett et al. 1991; Milner 1997). Optic ataxiaalguoccurs following lesions of superior
parietal areas (within the dorsal stream) (Auerkauh Alexander 1981; Perenin and
Vighetto 1988; Jeannerod, Decety et al. 1994; Burband Coslett 1998), while visual
agnosia is associated with temporal lesions (irvérgral stream) (Farah 1995; Milner
1995). This evidence has not gone without critigigmith some authors even going as far
as to suggest that these double dissociations dexisi at all (Pisella, Binkofski et al.
2006), although Milner and Goodale have recentlyntered some of these arguments
(Milner and Goodale 2008). My prime area of dispgutevever, relates to the IPL, which

is all | shall be concerned with here.
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The original anatomical studies leading to the sxjpm of the two segregated cortical
pathways were all performed on the monkey brairg@dieider and Mishkin 1982;
Mishkin, Ungerleider et al. 1983; Ungerleider anesibnone 1986; Distler, Boussaoud et
al. 1993). The ventral pathway projects from thi@at cortex to the inferior temporal
lobe, while the dorsal pathway terminates in th€ Rihich is divided into the SPL and
IPL, respectively by the intraparietal sulcus (IA8)the monkey, the dorsal pathway is
considered to extend into the IPL. However, Milaed Goodale proposed that in humans,
the dorsal stream terminates in the SPL and IR$daas not project as far as the IPL.
Such a view would be consistent with Brodmann’ssoh (based on cytoarchitechtonic
observations) that the human superior parietabregontains the homologue of the
monkey IPL (Brodmann 1909). However, this leavestthman IPL unaccounted for in

terms of the original dorsal-ventral dichotomy (ldimsand Nachev 2006) — see Figure 1.2.
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Dorsal pathwa ; ;

p y S Smg
/ IPL
TPJ

Ventral pathway

Figure 1.2. The human IPL does not fit into eithetthe dorsal or ventral stream (from
Husain & Nachev, 2006).

In humans, it has been suggested that the dordakagp extends from primary visual
cortex to terminate in the SPL and IPS. On therdthed, the ventral stream projects to

the inferotemporal cortex. This leaves the IPL woaated for in terms of this dichotomy.
The black arrows indicate the proposed pathwayseofiorsal and ventral streams.

Ang: angular gyrus, IPL: inferior parietal lobe SAntraparietal sulcus, Smg:

supramarginal gyrus, SPL: superior parietal lod&): Tiemporoparietal junction.
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Homology between the human and monkey PPC hasabeentroversial issue. Von

Bonin and Bailey (Von Bonin and Bailey 1947) dreargllels between the SPL and IPL

in both species (see Figure 1.3). Their parceltadibthe monkey PPC closely corresponds
to that of the human, according to von Economoayais (Von Economo 1929). This

has led more recent investigators, such as Rizzalad Matelli to suggest that homology
between the monkdyL and humarsPLwould imply a jump of the IPL across the IPS
during the course of evolution, which they consiebe highly unlikely (Rizzolatti and
Matelli 2003). Instead, they draw parallels betwd#enSPL in humans and monkeys, and
the IPL across both species. In their view, theggons are largely homologous. The issue
of homology of parietal sub-regions will be diseegsnore thoroughly later on, when an

alternate scheme of visual processing, advancé&iznplatti and Matelli, is examined.
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Brodmann — monkey Brodmann — man

von Bonin and Bailey — monkey von Economo — man

Figure 1.3. Anatomy of monkey and human posterior @rietal cortex

According to Brodmann’s examination of the monkay &uman posterior parietal
cortex, there is no monkey homologue of the hun®dn In contrast, von Bonin and
Bailey’s parcellation of the monkey posterior ptaieortex corresponds closely to that of
the human as outlined by von Economo — here thekeyo8PL and IPL are homologous
to the human SPL and IPL.
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Milner and Goodale speculated that thenanIlPL may be a high-level spatial
representation system which subserves perceptw@akaess by transforming information
derived from both streams, bptedominantiythe ventral stream (Milner and Goodale
1995). This hypothesis is consistent with soméiefdbject-related phenomenology that
has been associated with hemispatial neglect (MsimtMcClements et al. 2004;
Mclintosh, McClements et al. 2004), the syndromé dftan follows lesions of the IPL

and temporoparietal junction (TPJ), particularlyhe right hemisphere (Vallar and Perani

1986; Heilman and Watson 2001; Mort, Malhotra eP@D3).

Although most investigators consider hemispatigleet to be a multi-faceted disorder,
with several potential components (Samuelssonntjelist et al. 1998; Robertson 2001;
Husain and Rorden 2003; Buxbaum, Ferraro et ahR@e most obvious problem in
many patients with the syndrome consists of anilityabo attend to events occurring in
the contralesional side of space. Milner and Gagiddheory of IPL function (Milner and
Goodale 1995) gives a good account of ‘object-eehineglect, where patients may fail
to attend to the le&tide of objectsregardless of their location in space. This phegi@on

is relatively rare, however. In contrast, Milneda@oodale do not offer explanations for
potentially more common spatial deficits in negl@ften conceptualised as impairments
in egocentric spatial representation, directingrdatbn or planning movements (Heilman

1992; Bisiach 1993; Mesulam 1999; Heilman, Valeinst¢ al. 2000; Kerkhoff 2001).

It has previously been suggested on the basistigipatudies, that right IPL damage may

be associated with directing movements into theratesional side of spacedirectional
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hypokinesigMattingley, Husain et al. 1998; Husain, Mattingkt al. 2000). However,
lesions in those studies involved white matter el as cortical regions. Thus, although
maximal lesion overlap may have been in the IRirel of passage from, for example,
neighbouring structures such as the IPS (thatmogvk to hold motor representations

(Culham and Valyear 2006)) might also have beeanlied.

Additionally, it is becoming increasingly appardématnon-spatialcognitive processes

may also contribute to the neglect syndrome, fangXe the ability to sustain attention or
encode stimulus salience (Robertson 2001; HusarRamden 2003; Nachev and Husain
2006). | will consider these processes in moreildetar on in a reformulation of the
functions of this region; the key point here istttiese processes have no manifestation in
the Milner and Goodale scheme. The only attentiooaiponents they discuss in relation
to their model are selective mechanisms: ‘...opegatirthe ventral stream to facilitate
perceptual analysis of objects ... alongside thogkardorsal stream which facilitate

particular actions directed at those objects’ (Eiland Goodale 1995).

In summary, the deficits which follow right IPL less in humans — spatial and non-
spatial — make it difficult to place within the Mér and Goodale dorsal-ventral model
(Husain and Nachev 2006). Similarly, damage tdeftdPL in humans is associated with
limb apraxia (a syndrome associated with difficdbpying or producing gestures and
movements to command), which is also not dealt @éthily in their scheme (letswaart,

Carey et al. 2001). These concerns about IPL fandtave played a key role in the
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development of alternative proposals, includingrtizelel developed by Rizzolatti and

Matelli (Rizzolatti and Matelli 2003).

1.1.2. Rizzolatti and Matelli’s two dorsal streanonel

Rizzolatti and Matelli propose, on the basis oftamacal and functional evidence, that the
dorsal visual stream is in fact formed by two s#esms (Rizzolatti and Matelli 2003).
They argue that dorsal-dorsalstream has the basic characteristics of Milner and
Goodale’s dorsal stream and includes the SPL. Thysinterpret the data on optic ataxia
and imaging studies on visually guided reachingeasg broadly consistent with an on-
line system for action. Their major departure consé¢he IPL, which they envisage as a
part of a separateentro-dorsalstream. In their view, this pathway plays a fundatal

role inboth perception and action. Specifically they consitierright IPL in humans to
play a role in both spatial perception and actwith damage to this region causing
hemispatial neglect. The left IPL, on the otherdhas thought to play a role in action

recognition, grasping and manipulation, with lesitvere leading to limb apraxia.

Like the original anatomical studies leading to skegregation of the cortical visual system
into separate pathways (Ungerleider and Mishkir2188ishkin, Ungerleider et al. 1983),
Rizzolatti and Matelli's model developed from seslof the macaque visual system. As
alluded to earlier, their analysis suggests to tieanhthe IPS is functionally homologous
in both macaques and humans, so it can be conditteckvide the parietal cortex of both
species into functionally similar SPL and IPL raggoOne problem with considering that

there are direct homologies betwedinareas of the macaque and human parietal cortex is
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the hemispheric asymmetry that is so clear in hunaewd is an important part of the
Rizzolatti and Matelli model. A similar differenetween left and right IPL regions has
never been demonstrated in macaques. This wowdcealdain why there is no good
monkey model of neglect that encompasses the sgwduration and impact on everyday
functions of the syndrome observed in humans (Husiad Nachev 2006). Furthermore,
there does not appear to be any report of the symelof limb apraxia, as observed in

humans, after lesions of the macaque IPL.

A second issue is that there may be differencesdsst how the monkey and human PPC
is organised, quite apart from hemispheric asymesetComparative studies show that
the IPS and IPL are markedly expanded in humangaaed to the macaque monkey — at
a ratio at least twice that of the overall increistne rest of the cortical surface —
particularly the angular gyrus and TPJ (Orban, ¥asen et al. 2004). Functionally, there
also seem to be differences in this region betwieertwo species (Orban, Van Essen et al.
2004; Orban, Claeys et al. 2006), for example iggranalysis of 3D-structure-from-
motion (Vanduffel, Fize et al. 2002). In fact, ¢retbasis of functional magnetic resonance
imaging (fMRI) studies performed in both humans amahkeys, the human IPS has been
shown to contain more functional regions than tleakey IPS (Vanduffel, Fize et al.

2002; Orban, Fize et al. 2003; Orban, Claeys ét(fl6). The human IPS has been
reported to have at least four motion-sensitivasireentral IPS, parieto-occipital IPS,
dorsal IPS medial and dorsal IPS anterior; whiist(rhesus) monkey IPS contains only
one motion sensitive region (VIP) (Orban, Claeyale2006). The expansion of the IPS

and IPL in humans may represent the cortical cateedf characteristically human
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attributes, such as tool use, which would rely anase detailed analysis of visual

information (Rushworth, Behrens et al. 2006).

A third problem with the Rizzolatti and Matelli sae is that it has recently been claimed
that the monkey IPL is not formed by just two argespreviously thought) but by four:
Opt, PG, PFG and PF (Rozzi, Calzavara et al. 2@4#0h of these regions was found to
display distinct sets of connections with visualnatosensory, auditory and limbic areas;
in addition to robust interconnections between thedues. This newer data suggests that

Rizzolatti and Matelli’s formulation may be too ghstic.

Nevertheless Rizzolatti and Matelli do attemptddrass some of the issues regarding the
IPL which are not really dealt with very well byetlearlier models. For example they
discuss the syndrome of limb apraxia in the convéxthe known responses of neurons in
the IPL and IPS to action perception and contréhexmacaque. They also briefly address
the spatial aspects of the neglect syndrome ocguatfter right IPL damage in humans.
However, their account does not offer an explana®to why individuals with neglect
frequently have impairments of cognitive procesgegh do not have spatial perceptual
or action-oriented components (Robertson 2001; idusad Rorden 2003; Nachev and

Husain 2006).

1.1.3. Glover’s planning-control model
Another model attempting to explain the functiortte IPL is Glover’s planning-control

model (Glover 2004); which bears some resemblamééilher and Goodale’s perception-
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action scheme. Anatomically, the planning-controldel incorporates the dorsal and
ventral streams of visual processing. Where itidjge however, is in the functions it
attributes to the two processing streams, andriticpéar to the IPL and SPL. Glover
considers the IPL to form a third stream, with t@dtional input from both the dorsal and
ventral pathways, responsible for the planning ofements. Planning in this proposal is
quite a broad term, referring to the integratiosétial and non-spatial information about
potential targets for actions, as well as the ‘imparametrisation’ of movements,
including their timing and velocity. In other wotdle IPL is seen as being responsible
for everything from initial goal or target selectidown to the programming of the
constituent phases of action. The SPL is viewedkeasy responsible for the on-line
control of movements, comparing visual and propgaize feedback during the course of
a movement, to the action plan generated by theM#bher and Goodale’s model
attributes action selection to visual processintheventral stream and IPL, but the
programming of the initial parameters of movemerpriocessing in the dorsal stream and

SPL (Goodale and Milner 2004).

Glover relies heavily on studies using illusionsormal individuals to support his
planning-control model. These investigations shioat tllusions exert a larger effect in

the early phases of a movement compared to thestaiges. He argues that this is because
illusions primarily affect planning, rather tharetbn-line control of actions. It has,
however, been suggested that these effects caxpkeereed without invoking the

existence of different visual representations fanping and control (Brouwer, Brenner et

al. 2004) and that this evidence in itself is waall difficult to replicate (Franz 2004;
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Gaveau and Desmurget 2004). The rationale fomtimdel is also based on neuroimaging
studies. However, the investigations cited arewesteély confined to positron emission
tomography (PET), which does not have the spasdlution of fMRI. In fact there are
fMRI studies which suggest that it is the dorsedain that is responsible for the
transformation of visual information into motor edmates, and not the IPL (Connolly,

Goodale et al. 2002; Culham, Danckert et al. 2003).

Although the planning-control model seems to offéretter explanation for ideomotor
apraxia, caused Hgft IPL lesions, it encounters difficulty explainintgetfull range of
deficits associated with damage to the IPL inrthkt hemisphere. Glover admits that it is
difficult to show a relationship between right IBamage and motor deficits, but that it
has been shown, for example, that patients withegegan have a motor component to
their impairment in the form of directional hypo&sia (Mattingley, Husain et al. 1998;
Husain, Mattingley et al. 2000). However, as margwbearlier, lesions in these studies
involved white matter as well as cortical regiossg although maximal lesion overlap
may have been in the IPL, fibres of passage froighbeuring structures such as the IPS
might also have been involved. Moreover, this maliels not consider perceptual or
attentional deficits in neglect. Therefore, forthkkse reasons, it is my opinion that this
model cannot account for the phenomenology of heatisl neglect and hence is unable

to provide an adequate account of right IPL functio

In summary, the planning-control model proposedhywer can be heavily criticised, on

the basis of the evidence used to support it, Isotfar being vague in terms of how it
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defines the planning component. Some aspectandytbe useful in terms of defining
what may be happening in the left IPL. Howeverardgg right IPL function it, like the
Rizzolatti and Matelli model, completely fails tddress non-spatial cognitive processes,
(which are not action oriented — such as a nonmdhsed reduction in attentional capacity)
that have been found to be involved in hemispagglect (Samuelsson, Hjelmquist et al.
1998; Robertson 2001; Husain and Rorden 2003; Husal Nachev 2006). These
components of the neglect syndrome also need &ltheessed if accounts of right IPL
function are to be credible. One important movthia direction comes from a model
articulated by Corbetta and Shulman for attentystesns in the human brain (Corbetta

and Shulman 2002; Corbetta, Patel et al. 2008)chwvhvill be discussed next.

1.1.4. Corbetta and Shulman’s goal-directed andvatius driven streams

In their proposal, Corbetta and Shulman focusegemnegating pathways from parietal to
frontal cortex for different aspects of directetéation (Corbetta and Shulman 2002;
Corbetta, Patel et al. 2008). Their scheme thezedoes not directly assess the functional
architecture from primary visual cortex to the ptai or temporal lobes. In this respect it
is not concerned with the all issues dealt wittsbgne of the proposals already discussed
here. Nevertheless, it is an important model wistthllenges the way in which both SPL
and IPL functions are viewed from a visual systerspective. Perhaps confusingly
though, Corbetta and Shulman also used a dorsatartdhl distinction in their
terminology, which does not map on to the tradaicamatomical divisions for the visual
system. Theidorsal fronto-parietahetwork incorporates the SPL, IPS and dorsal &lont

cortex including the frontal eye fields (FEF), wehiheventral fronto-parietahetwork,
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lateralised to the right hemisphere, involves tRd,TIPL and ventral frontal cortex
including the middle frontal gyrus and inferior ffital gyrus or IFG (see Figure 1.4). They

are not specific about which regions provide affiésd¢o these networks.

According to this model, the dorsal fronto-pariatatwork is involved in the goal-directed
or ‘top-down’ selection of stimuli and responsesiile/the ventral fronto-parietal network
detects salient, behaviourally significant evemsuoring in the environment (Corbetta
and Shulman 2002; Corbetta, Patel et al. 2008hignscheme, top-down control of
attention refers to prior knowledge about wherspace to attend to or what object
features (such as shape, colour or motion) to Bdaradn relation to current task or goal
demands perceptual setit can also refer to advance information regagdimat

response needs to be producedctor set
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B D Top-down control [ Stimulus-driven control

Figure 1.4. Corbetta and colleagues dorsal and venal networks (from Corbetta et

al, 2008).

A. Regions in purple are consistently activated byraéfendogenous) cues that indicate
the location or feature of a subsequent targetag\ne orange are consistently activated
when attention is reoriented to an unexpected bboaourally relevant object.

B. Corbetta and colleagues’ model of dorsal (purate) ventral (orange) networks.
Regions where interactions between the two netwaikg occur are shown in purple and
orange. Dorsal network regions FEF and IPS senddom biases to visual areas and via
the MFG to the ventral network, restricting ventativation to behaviourally important
stimuli (possible filtering mechanism). Overallettorsal network coordinates stimulus-
response selection. Conversely, when a salientikt8roccurs during stimulus driven
reorienting, the ventral network sends a reorignsiignal to the dorsal network. They

consider this to occur through the MFG.
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FEF: frontal eye fields, IPs: intraparietal sulcMd;G: middle frontal gyrus, TPJ:
temporoparietal junction, VFC/AI: ventral frontadrtex.
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Such goal-directed signals for the allocation @its attention are usually assessed by
tasks which provide a directionalndogenousue regarding the subsequent location of a
target. fMRI experiments have shown that, unlikeigital regions, which respond only
transiently to such cues, sustained activatiorogenosed in the IPS and FEF in response to
endogenous cues (Corbetta, Kincade et al. 200@Q)s @brsal fronto-parietal regions are
activated when subjects direct spatial attentiadogenously. Other studies have also
separategreparatorysignals for attending to stimuli from simple visaaalysis,

detection or response to such stimuli, consistestiserving activity in the SPL, IPS and
FEF (Kastner, Pinsk et al. 1999; Hopfinger, Buomecst al. 2000; Sylvester, Shulman et
al. 2007), which possibly reflects the top-down mlation of sensory representations.
Accordingly, anticipatory activity may predict permance to subsequent targets (Sapir,
d'Avossa et al. 2005; Giesbrecht, Weissman e0@l62Sylvester, Shulman et al. 2007).
These same areas are also active during actioctiselee.g. both eye movement and arm
related activity have been reported in the FEFI&%](Connolly, Goodale et al. 2000;

Connolly, Goodale et al. 2002; Astafiev, Shulmaale2003).

What about the proposegntralfronto-parietal network? Corbetta and Shulman ickans
the TPJ, which lies at the border of the IPL angesor temporal gyrus (STG), to be a
crucial node in ‘stimulus-driven reorientation dfieation’, encoding and directing
attention to salient, behaviourally significant eige Stimulus salience refers to the
properties of a stimulus which make it stand oobftthe surrounding background. For
example, a red flower in a field of green grasadseout and hence rapidly draws

attention because of its difference in shape atwolican relation to the green blades of
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grass. Similarly, abrupt visual onsets or unexmkstanuli may also capture attention
‘bottom-up’. The effects of such sudden, distinetewents may be examined by tasks
incorporating arexogenousue — a flashed stimulus — which facilitates reses to a
target at the cued location. Such effects can cacugss different stimulus sensory

modalities (Santangelo, Van der Lubbe et al. 2006).

In their most recent formulation (Corbetta, Patedle2008), Corbetta and Shulman argue

that exogenous cues only seem to activate thefERgyi are task-relevant. Salient

peripheral cues of no informational or behaviowadle have been found not to be
associated with activation of the ventral netwdtkn¢ade, Abrams et al. 2005) — at least
not in the context of engagement in an ongoing. tdskvever, in this study, the
exogenous cues were of no informational value exthey werequallylikely to be
helpful asunhelpful — hence using them could damage performaaa#dten as it might

aid it — and in terms of overall perceptual saleentcould be argued that they were no
more salient than the neutral cues which occurredlioother trials, and that they were
therefore not very salient at all. In contrasteotstudies have found that novel stimuli, of
no task-relevance, do activate the right TPJ (Dow@eawley et al. 2002), indicating that
at least in some circumstances, the TPJ does résp@alient stimuli of no immediate
behavioural relevance. Furthermore, other invetiga have demonstrated activity in the
IPL and IFG in response to task-irrelevant noviehsli in the context of an ongoing task
These areas are outside of the TPJ, but neverthiedgsegions of Corbetta and

Shulmans’s ventral network (Kiehl, Laurens et 802, Kiehl, Stevens et al. 2005).
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Corbetta and Shulman argue that the ventral frparetal network, including TPJ and
ventral frontal cortex, performs a ‘circuit-breagiror ‘reset’ function, reorienting
attention to sudden, behaviourally salient everiss network is strongly right lateralised
and therefore may have direct implications forghéhophysiology of hemispatial neglect
(Corbetta and Shulman 2002; Corbetta, Patel @08B). Unlike the dorsal fronto-parietal
network, the ventral fronto-parietal network is activated by generating or maintaining
an attentional set, but is strongly engaged byetattigtection (Corbetta, Kincade et al.
2000; Perry and Zeki 2000). Furthermore, when targecur at an unexpected location —
and are therefore very salient — activation ishieirtenhanced in this network and shows
even more lateralisation to the right hemispheneigton, Carr et al. 2000; Corbetta,
Kincade et al. 2000; Shulman, Astafiev et al. 20089portantly, activation in this
network is also observed when infrequently occgretimuli occur at locations not
requiring a spatial shift of attention, for examptegaze fixation (Marois, Leung et al.
2000). Right TPJ and ventral frontal cortex are alstivated regardless of the stimulus

modality of change (Downar, Crawley et al. 2000).

Corbetta and Shulman have argued that the pooomespof their ventral network to
distinctive, but behaviourally unimportant, stimwlhen an individual focuses on a task
prevents shifts of attention that could interfeiithvits performance. In a demanding task,
in which subjects had to search for the occasiooalirrence of a target digit, regions of
the ventral network demonstrated a sustagesttivationduring search of distractor
stimuli, whilst the appearance of targets stitigered a robust positive response

(Shulman, McAvoy et al. 2003). They suggest thest thay have been due to gating or
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filtering of activity in the ventral network by taselevance, with only targets passing the
filter. In fact, stronger filtering seems to coatd with better performance, with the
average deactivation in the TPJ being greaterials in which the target was

subsequently detected rather than missed (ShulAsatiev et al. 2007).

During this experiment, regions of the dorsal netweere some the few areas that
showed sustainealctivationto distractors prior to target detection, suggesthat these
sustained signals may have been responsible ferifit) input to the ventral network
(Shulman, McAvoy et al. 2003). Sustained increasestivation were also observed in
the anterior cingulate and anterior insula — wiiake been postulated to form the core of
a network for cognitive control (Dosenbach, Vissatteal. 2006) — making these other
candidate areas responsible for the filtering meigma. The influence from these cortical
regions on the ventral network may be direct, tghocortico-cortical interactions, or
indirect via subcortical loops, which are likelyittwolve the locus coeruleus, a
noradrenergic nucleus in the midbrain (CorbettéelRd al. 2008), which seems to show
similar responses as the TPJ and IPL in responsigndicant environmental events

(Aston-Jones and Cohen 2005).

A significant problem with Corbetta and Shulmarchame is that recent studies have
clouded the apparent distinction between dorsalantral networks, particularly
regarding the process stfimulus-driven reorienting=or example one study conducted by
their group has shown that parts of the FEF and $®l responses to task-relevant

exogenous stimuli which appear similar to thosentbin the TPJ, in addition to the
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previously described spatially selective sustaimesgponses (Shulman, Astafiev et al.
2009). They have also found that the dorsal stneesmonds to task-irrelevant exogenous
stimuli (Kincade, Abrams et al. 2005) — as discdsHsove, a feature previously attributed

solely to ventral regions.

As a result of such findings, their most recentfolation (Corbetta, Patel et al. 2008)
reads somewhat confusingly when they try to idgnki& precise roles of these ‘opposing’
networks and discuss the way in which they intefdotvever, there are aspects of their
scheme which, | believe, provide some valuablgyimtsiinto the possible functions of the
IPL and TPJ. In particular, the role of these ragimm protecting task-focused activity
from the influence of distractors, while also playian important part in reorienting
attention to stimuli of task-related importances Bame similarities to the proposal that
will be developed later on in this chapter. Howe¥&srbetta and colleagues attribute
quite a restricted set of roles to the TPJ and #thpugh, as discussed, these are no
longer quite as distinct as they originally suggdstn contrast, | will argue that the right
IPL plays an important part in both ‘top-down’ &bdttom-up’ attentional functions.
Additionally, their suggestion that input from tleeus coeruleus may be important in
‘resetting’ or reorienting processes are also aialdiactor in my own scheme (Singh-

Curry and Husain 2009).

Another important aspect of this model is thatm be argued that the anatomy of the

neglect syndrome corresponds closely to CorbeteSaiuliman’s ventral system (Corbetta

and Shulman 2002). They also propose that bechagadcess of stimulus-driven
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reorienting in the TPJ is right lateralised, thamdel would be consistent with neglect
being far more frequent following right hemisphigions. Damage to the TPJ is
associated with impaired orienting to invalidly dustimuli in contralesional space
(Friedrich, Egly et al. 1998), a function originadttributed to the SPL (Posner, Walker et
al. 1984) but since revised by many of the originaéstigators. Furthermore, studies
which show that neglect may follow focal lesiongtad right ventral frontal cortex
(Damasio, Damasio et al. 1980; Husain and Kenn@@é)Ylwould also be consistent with

this proposal.

Corbetta and Shulman argue that neglect patienksIRL or TPJ lesions may, as a result,
experience a disruption of the ‘reset’ or ‘circhreaking’ signal, which would impair
shifting of attention between objects or eventh@menvironment, wherever they occur in
space. This may therefore underlie some of thelat@malised deficits that these patients
incur (Samuelsson, Hjelmquist et al. 1998; Rober@01; Husain and Rorden 2003).
However, deficits in the ability to sustain attentiare also prominent in many patients
with hemispatial neglect (Samuelsson, Hjelmquistle1998; Robertson 2001; Husain
and Rorden 2003; Wilson and Manly 2003; Buxbaumt&fe et al. 2004), a process

which is not dealt with in their scheme.

It might be argued that the ability to sustainriten on a task is primarily a goal-driven
(‘top-down’) or endogenous cognitive process, depahon the subject holding the task
or goal ‘set’ in mind for the duration of the tasla process that Corbetta and Shulman

would actually consider to be a component of dansavork functionality (Corbetta and
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Shulman 2002; Corbetta, Patel et al. 2008). Asbélbiscussed next, numerous
functional imaging studies in normal human subjéetge identified activity in the IPL
during experiments incorporating sustained attenflinese findings, | believe, raise
guestions about the validity of a simple distinctietween a dorsal fronto-parietal system
primarily specialised for the goal-related or ‘tdpwn’ control of behaviour and a ventral

system dedicated to the stimulus-driven (‘bottorf)-tgorientation of attention.

1.2. The role of the inferior parietal lobe in viglance and sustaining attention

According to traditional theories, attention canbbbeadly divided into two domains: a
selectivityaspect and aimtensityaspect (Posner and Boies 1971). Some authors have
distinguished between vigilance and sustained dteas two extremes of a continuum
within the intensity domain. Thuggilancehas been considered as ‘a state of readiness to
detect and respond smnallchanges occurring at random time intervals in the
environment’ (Mackworth 1957) and is studied priihyathrough long, tedious tasks —
vigils — requiring individuals to continuously mami the environment for rare events.
Detection of an infrequent blip on a radar screenld/be an example of where vigilant
attention is considered to be deploy8dstained attentioan the other hand has been
invoked in situations where the flow of informati@more rapid, requiring continuous
active processing and monitoring (Leclerg 2002).&s@ample, an interpreter giving an
on-line translation of a speech would be considévdzk actively sustaining attention to
the words of the speaker. In my opinion, both esfdkis intensity spectrum require

holding goals or task instructions in mind in ortemonitor incoming information from
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the environment and produce (motor) outputs whatlsty the goal/task demands. In this
sense, both vigilance and sustained attention meguocesses which are often termed as

being ‘top-down’ in nature.

There is now ample evidence for a right hemispbé&s in the control of these intensity
aspects of attention, even in terms of simple readime measures, from both patient
studies (Howes and Boller 1975) and investigatiansrmal control subjects (Sturm,
Reul et al. 1989). Within the right hemisphereidesstudies have specifically identified
the IPL and ventral frontal cortex as crucial regi@ither for sustaining attention or
vigilance, for example in patients with tumour estans (Wilkins, Shallice et al. 1987,
Rueckert and Grafman 1996; Rueckart and GrafmaB)18®markably, the results of

functional imaging studies have also been extrerehgistent with these findings.

Thus while the SPL has been associated with sysdtifis of attention and the visual
guidance of actions (Vandenberghe, Gitelman €&0fl1; Connolly, Andersen et al. 2003;
Culham, Cavina-Pratesi et al. 2006), the IPL andre¢frontal cortex have been
implicated repeatedly in tasks assessing sustaittedtion or vigilance in healthy subjects
(Pardo, Fox et al. 1991; Johannsen, Jakobsen EQ®I; Paus, Zatorre et al. 1997; Coull,
Frackowiak et al. 1998; Coull and Frith 1998; Had&lz et al. 1998; Sturm, de Simone
et al. 1999; Adler, Sax et al. 2001; Vandenber@itelman et al. 2001; Foucher,
Otzenberger et al. 2004; Sturm, Longoni et al. 20Byure 1.5 depicts the results of a

meta-analysis | conducted using MRIcro softwavenf.sph.sc.edu/comd/rorden,mrigro

of activations obtained in studies which used eifeT or fMRI (also see Table 1 for full
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details). Investigations were included in this matalysis only if they employed a task in
which subjects had to detect the occurrence ofeaeats at single locations (in various
sensory modalities), or a version of the continyoersormance task (CPT). The CPT
typically involves the presentation of a relativedyid, pseudorandom series of letters or
digits at a rapid, fixed rate, with the instructimnrespond to a particular stimulus letter or
digit. Figure 1.5 demonstrates that both vigilamd sustained attention protocols
consistently activate the right IPL and ventrahtad cortex (Singh-Curry and Husain

2009).
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Table 1.1. Meta-analysis of studies assessing suisé attention

Study Task used Modality No of Regions Talairach ZIt score of
of imaging subjects activated Coordinates activation*
(x.y,2)
Pardo et al, Visual and PET 23 Parietal lobe 29, -51,34 >2.1
1991 somatosensory 35,-35,48 >2.1
vigilance tasks 39,-27,46 >2.1
49,-25,46 >2.1
Frontal lobe 45,21,34 >2.1
31,17,44 >2.1
Johannsen et Visual and PET 17 IFG 44,20,-8 3.1
al, 1997 vibration
vigilance tasks MFG 40,34,23 29
IPL 43,-61,44 35
Paus et al, Auditory CPT PET 8 VLPFC 36,27,12 3.6
1997 36,22,-11 4.9
38,20,-5 3.7
ILP 59,-37,35 34
Coull & Frith, Visual CPT PET 4 IFG 36,20,10 4.59
1998** variant
IPS 36,-56,44 4.72
Coull et al, Visual vigilance PET 6 IPL 48,-52,36 4.42
1998 task
DLPFC 36,10,40 5.22
Hager et al, Visual CPT fMRI 12 DLPFC 30,43,44 5.44
1998 41,38,41 4.05
37,27,33 2.71
Sturm et al, Visual vigilance PET 15 MFG 36,36,32 4.74
1999 task 30,46,4 4,73
IPL 54,-52,24 4.29
Adler et al, Visual CPT fMRI 14 DLPFC 38,43,15.5
2001
Anterior insula | 34,15,11.5
IPL
38,-49,39.5
Vandenberge Visual vigilance fMRI 12 Angular gyrus 54,-60,33 6.44
etal, 2001 task 57,-51,30 6.15
60,-45,42 5.26
PMC 48,12,42 5.75
MFG
39,48,21 5.27
Anterior insula | 51,33,21 5.24
39,30,-9 4.94
Foucher et al, Visual vigilance fMRI 7 IFS 47.5,41.1,7.2 7.51
2004 task 39.6,46,-10.7 4.95
IPL 53.5,-40.1,51.8 | 6.39
SPL 33.7,-68.8,49.5 | 6.36
Sturm et al, Auditory PET 10 IFG 32,26,-15 4.81
2004 vigilance task 40,23,3 4.63
IPL 51,-49,36 3.7
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Table 1.1. Meta-analysis of studies assessing sused attention (legend)

The studies included in this meta-analysis (perémtvia a literature search), employed
tasks assessing vigilance/sustained attentiomyirsansory modality, @& single location
only in healthy control subjects. Only right henfispe fronto-parietal activations are
shown in this table and plotted in MRICro (Figuréd)l

* ZIt scores given where available

** This study employed the same stimuli but differéenstructions in 2 tasks. In the
sustained attention task subjects had to respoalll stimuli, in the selective attention task
they had to respond to target stimuli only. Therdowtes given here refer to areas
activated by both tasks.

CPT: continuous performance task, IFG: inferionted gyrus, MFG: middle frontal

gyrus, IPL: inferior parietal lobe, VLPFC: ventrtdeal prefrontal cortex, DLPFC:

dorsolateral prefrontal cortex, PMC: premotor cort€S: inferior frontal sulcus

50



Figure 1.5. Activation sites associated with sustaing attention.
Meta-analysis (performed in MRIcrowmavw.sph.sc.edu/comd/rorden/mrigraf sites of

activation obtained during tasks assessing sustaitiention in normal control subjects.

Only areas within the right frontal and parietdlés are shown here.
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The role of the IPL and ventral frontal regionsustaining attention is also supported by
studies of patients with hemispatial neglect. Bameple, it has been reported in a study of
44 right hemisphere stroke patients that individweadhibiting neglect performed far worse
on a non-spatial task of auditory sustained attarttian control right hemisphere patients
without neglect (Robertson, Manly et al. 1997)fdat performance on this task was found
to be a better discriminatory test than line bieecta more conventional measure of
neglect.Persistenneglect has also been found in other studies telaged to an
impairment in sustained attention (Hjaltason, Tegnal. 1996; Samuelsson, Hjelmquist
et al. 1998). Furthermore, it has been demonsttatgdmproving vigilance can
ameliorate aspects of neglect (Wilson and Manly3200he use of computerised training
tasks designed to increase endogenous maintenfatterdgion has been found to lead not
only to improvement in tasks assessing neglectidgteater activation in right
hemisphere areas, including preserved parts dPthéSturm, Thimm et al. 2006;

Thimm, Fink et al. 2006). Finally, it has also be#own that use of the noradrenergic
agonist guanfacine can produce benefits in thesens, most likely by improving

performance in maintaining attention (Malhotra,tBaret al. 2006).

All of these findings provide a strong evidenceebfms the role of the right IPL in
maintaining attention, one of the intensity-basggeats of attention, which is not
discussed in any of the models | have reviewed. fdre right IPL also has a role in
responding to salient events, as Corbetta andagplkes propose (Corbetta and Shulman
2002; Corbetta, Patel et al. 2008). However, asudised in the next section, their model

may not fully capture the contributions of thisigegto this process.
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1.3. The role of the inferior parietal lobe in sakence detection and phasic alerting

Salience refers to the properties of a stimuluctvimake it stand out from the
background. This may be because it represents korgethich we have not encountered
recently qovelty, or because its properties have behavioural fstgnice to our current
goal setlpehaviouralor target-related saliengeHere, | also propose that a stimulus may
be salient because it acts as a warning of an efdrghavioural significancelasic
alerting), for example the ringing of an emergency alarra public building. Clearly
these different types of salience may have manjasities, but they also differ, for
example in the extent to which they involve ‘goakdted’ versus ‘stimulus-driven’
processes. In other words, brain mechanisms indatveesponding to salient stimuli are
likely to depend upon a combination of these ‘oppgigrocesses. Each of these
categories of stimulus salience, and the role ®fifL. in their mediation, will now be

discussed in turn.

1.3.1. Target-related salience

Target-related salience refers to the process whereharacteristics of a target stimulus
must be held in mind to direct subsequent actippsapriately, depending on what is
perceived in the environment or during the tasls thost frequently assessed using the
‘oddball paradigm; which consists of infrequently occurring targetnsili (to which the
subject must respond) embedded in a stream ofdretyuoccurring standard non-target
stimuli, to which responses must be withheld. laltihy subjects, event related potentials

(ERPs) have often been used to study the neuragbygsial correlates of orienting to

53



target stimuli in the oddball paradigm. Detectidrsiach salient events leads to a
characteristic positive response centred over ghiefal lobe (Vaughan and Ritter 1970)
occurring approximately 300-500ms after target @métion, but not following familiar
non-targets. This wave is known as the P3 (Ritayghan et al. 1968) or P300 response
(Smith, Donchin et al. 1970). Lesions of the TRl elimination of the P3 (Knight,
Scabini et al. 1989), whereas patients with preé&idesions have alterations of the P3
over posterior areas (Barcelo, Suwazono et al. R0@reover, patients with hemispatial

neglect also show a reduction of P3 amplitude (ixfitte, Turell et al. 1985).

In healthy control subjects, during target detectising this paradigm, the cortical areas
most consistently activated on functional imaging the right sided IPL, IPS, TPJ and
frontal regions (Linden, Prvulovic et al. 1999; laFannon et al. 2000; Marois, Leung et
al. 2000; Kiehl, Laurens et al. 2001; Foucher, Gttmzger et al. 2004; Huang, Lee et al.
2005; Kiehl, Stevens et al. 2005; Bunzeck and DA@6b; Lagopoulos, Gordon et al.
2006; Gur, Turetsky et al. 2007; Williams, Felmiaghet al. 2007; Strobel, Debener et al.
2008; Friedman, Goldman et al. 2009). This is ftlated in Figure 1.6, which plots right
hemisphere activation foci obtained in a meta-aisliyperformed of these studies (also
listed in Table 2). The investigations includedhis analysis employed the oddball
paradigm using stimuli of any sensory modality, pgsented at a single location only

(Singh-Curry and Husain 2009).

Performance on the oddball task clearly may invédba¢tom-up’ or ‘stimulus-driven’

capture of attention by virtue of targets beingras has previously been argued
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(Corbetta and Shulman 2002; Corbetta, Patel 0a8). However, in current
terminology, keeping the target in mind during tidelball task might also be considered
to be a ‘top-down’ or ‘goal-directed’ activity. Thight IPL therefore appears to play a
key role in responding to salient task-relevaningsiewhich requireboththe task goal to
be maintained — so targets can be discriminated fron-targets — as well as detection of

successive stimuli in the task.
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Figure 1.6. Activation sites associated with targetelated salience detection.
Meta-analysis (performed in MRIcrowww.sph.sc.edu/comd/rorden/mri¢raf brain
activation sites associated with target detectiing the oddball paradigm in healthy

control subjects. Only right hemisphere frontal @adetal regions are shown.
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Table 1.2. Meta-analysis of studies assessing targelated salience detection.

Study Modality of task No of Regions Talairach coordinates ZIt score of
subjects activated (x,y,2) activation*
Linden et al, 1999 Visual and 5 IPL 52,-31, 41
auditory 55, -36, 35
41, -29, 48
55, -33, 31
55, -29, 26
IFL 48,4, 11
44,9,9
42,2,-3
43,11, -4
45,1, 44
Clark et al, 2000 Visual 6 IPL 48, -39, 38 >3.09
MFG 32,0, 56 >3.09
IFL 44,17, 6 >3.09
Kiehl et al, 2001 Visual and 10 MFG 28,48, 28 7.2
auditory
IFG 52,12,28 6.67
SPL 28, -56, 60 7.16
IPL 60, -36, 24 9.42
Foucher et al, 2004 Visual 7 MFG 27.7,56.7,6.4 4
IPL 55.4, -58.8, 28.7 3.37
Huang et al, 2005 Somatosensory 9 IPL 46.1, 46.6, 41.3
dPMA 36.6, -14, 54.8
DLPFC 37.5,23.8,30.4
VPMA 48.9, 6.1, 24.7
Kiehl et al, 2005 Auditory 100 MFG 23.8,51.5,195 16.69
IFG 51.5, 8.5, 14.3 14.07
Insula 43.6, 14.8, -14.2 18.34
SPL 23.8,-47.4,61.3 12.42
IPL 55.4, -34, 20.1 21.25
Bunzeck and Duzel, Visual 14 Insula 33.7,23.3,-1.2 9.3
2006 39.6,0.8,16.5 4.44
MFG 39.6, 30.9, 35.3 5.88
IPL 61.4,-22.1, 23.2 4.72
Lagopoulos et al, 2006 | Auditory 6 IPL 38, -52, 36 6.72
Gur et al, 2007 Visual 36 IPL 52,-26, 44 4.57
MFG 32,50, 12 4.32
Insula 40, -2, 16 4.38
Williams et al, 2007 Auditory 16 IFG 59.4,18.4,17.5 4.14
IPL 59.4, -41.2, 31.5 3.47
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Strobel et al, 2008 Auditory 14 MFG 40, 37, 29 3.3
33,-5, 60 2.8
IFG 48,16, 1 4.5
Insula 34,20,7 6.7
IPS 47,-41, 51 52
33, -58, 41 4.5
Friedman et al, 2009 Auditory 15 IFG 31.7,23.1,-4.5 45
33.7,25.6,6.1 457
Insula 475, -18.6,17.5 4.61
31.7,17.7,4.6 4.58
STG 57.4,-42.1,13.2 4.67
67.3,-37.8,20.3 5.45
515, -21.1,4.7 5.3

Table 1.2. Meta-analysis of studies assessing targelated salience detection

(legend).

This meta-analysis included tasks performedsahgle location in spacenly in healthy

control subjects. Stimuli could be presented in serysory modality. Only right

hemisphere frontal and parietal activations atedifiere and illustrated in Figure 1.5.

Z/t scores given where available.

IPL: inferior parietal lobe, IFL: inferior frontdbbe, MFG: middle frontal gyrus, IFG:
inferior frontal gyrus, SPL: superior parietal Iolb®MA: dorsal premotor area, DLPFC:

dorsolateral prefrontal cortex, STG: superior terapgyrus, VPMA: ventral premotor

area
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1.3.2. Novelty

New events or objects, which have not been encoechia a particular behavioural
context before, are highly salient and also easiiact attention. This is an essential
feature of a nervous system which encourages etarof the surrounding

environment. Like target-related salience, nove#yg been studied using the oddball
paradigm. In such tasks, in addition to infrequenticurring targets which require a
response, there are occasional new stimuli whiele hat been presented previously.
Subjects are instructed to respond only to thestargnd are usually not given any
instructions about the novel stimuli. Like targetsyel stimuli elicit a P3 ERP response
over parietal and frontal cortex, even when noeasp to these items is required.
However, the positive wave occurs slightly ear{fsmetimes referred to as the P3a) than
that which occurs to targets (P3b) (Courchesndyadd et al. 1975; Squires, Squires et al.
1975). Lesions of the TPJ lead to abolition of kbl P3a and P3b (Knight, Scabini et al.

1989).

While the areas of activation obtained with fungibimaging studies in healthy subjects
seem to occur more posteriorly in response to mptedn targets, they too predominantly
involve the IPL, TPJ and ventral frontal lobe (Kidraurens et al. 2001; Downar,

Crawley et al. 2002; Kiehl, Stevens et al. 2005n8zck and Duzel 2006; Gur, Turetsky et
al. 2007; Strobel, Debener et al. 2008; Friedmanid@an et al. 2009). This is
demonstrated in Figure 1.7, which plots the resafless meta-analysis | performed of
functional imaging studies (also listed in Tablau8)ng the oddball paradigm to determine

the anatomy of brain regions associated with psingof stimulus novelty. Again, all of
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the investigations included presented stimuli sihgle central location only, but a variety

of sensory modalities were employed (Singh-Curry Haosain 2009).

Figure 1.7. Activation sites associated with novsitdetection.
Meta-analysis (performed in MRIcrowww.sph.sc.edu/comd/rorden/mri¢raf brain
regions associated with novelty detection durirggatidball paradigm in control subjects.

Only right hemisphere regions in the frontal andgtal lobes are demonstrated here.
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Study Modality of No of Regions Talairach Z/t score of
task subjects activated coordinates activation
(x.,y,2)
Downaret al Visual, auditory | 10 TPJ/IPL 56, -36, 24 4.77
2002* and
somatosensory IFG 53,9, 26 4.34
42,0, 22 4.36
Insula 43,13,4 4.27
Kiehl et al Visual and 10 IIMFG 48, 4, 28 5.33
2001 auditory
IPL 32,-52,56 6.51
Precuneus 28, -76, 32 9.5
Kiehl et al, Auditory 100 IFG 475, 16.8, 25 14.64
2005 475,22.4,-79 13.91
IPL 35.6, -60, 43.5 14.14
SPL 47.5,-40.6, 42.1 11.87
Bunzeck and Visual 14 Insula 29.7,25.4,24 4.67
Duzel, 2006
IFG 41.6,13.1,28.8 3.48
MFG 455, 0, 38.7 3.69
Guret al, 2007 Visual 36 IFG 44,6, 32 4.22
Strobelet al, Auditory 14 IFG 45, 20, 27 7.8
2008 48,16, 1 2.6
Insula 40, -2, -8 5.1
PreCs 47,6, 35 43
STG 54,1,2 3.9
59, -19,9 10.2
57,-36, 9 9.4
Friedmanret Auditory 15 STG 64.4,-25.7,10.5 5.55
al, 2009 52.5,-16.3,3.6 | 5.07
62.4,-11.8,-1.9 | 4.32
62.4,-36.3, 12 3.94

Table 1.3. Meta-analysis of studies assessing oriation to novel distracters

Only right hemisphere activations within the frdraad parietal lobes are listed here.
Investigations included all presented stimuli atragle location

*Downer et al, 2002 did not use an oddball paradigm, but a aimtésk in which they
were able to compare activity in response to netieluli to that obtained with a baseline
familiar stimulus.

TPJ: temporoparietal junction, IPL: inferior paakibbe, IFG: inferior frontal gyrus,

MFG: middle frontal gyrus, PreCS: precentral sul@&RBL: superior frontal gyrus, STG:
superior temporal gyrus.
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Importantly, ventral frontal and parietal regionsresfound to be active in response to
task-irrelevant novel events, even in the contésubject engagement in an ongoing task
(Kiehl, Laurens et al. 2001; Kiehl, Stevens ef805; Bunzeck and Duzel 2006; Gur,
Turetsky et al. 2007; Strobel, Debener et al. 260&dman, Goldman et al. 2009). This
contradicts Corbetta and Shulman’s most recensidagarding the ventral network only
responding to salient events which are relevapetéormance of the current task
(Corbetta, Patel et al. 2008). Hence, even in timtext of stimulus-driven reorienting, the
Corbetta and Shulman scheme fails to capture thexXtent of right IPL functionality. As
with orienting to target stimuli in the oddball pdigm, it might be argued that detection
of novel events occurs in a primarily stimulus-énvor ‘bottom-up’ fashion. However,
memory of previous items also needs to be maintaimerder that a novel stimulus can
be correctly judged as new. Therefore, even a ggaehich at first glance appears to be
purely exogenous, can be seen on closer inspetbidi® more complex than previously

thought.

The detection of novel events is also associatéid agtivity in the midbrain dopaminergic
nuclei, the substantia nigra (SN) and ventral tegalearea (VTA), as well as the
hippocampus and ventral striatum (Bunzeck and D2@@6). In fact the SN/VTA, ventral
striatum and hippocampus are thought to form a timekiz loop, which together with
input from prefrontal areas (which forms a paradliet! interacting mesocortical loop) is
instrumental in controlling entry of informationtanlong-term memory (Lisman and
Grace 2005). Activity in the hippocampus is likédybe crucial in implementing the

comparison of incoming information with stored mei@s, in order to compute whether
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incoming stimuli are actually new, while goal-reldtinformation from frontal regions
may be critical in attaching importance (or sal@no novel stimuli (Lisman and Grace
2005). The dopaminergic contribution to noveltygassing will be discussed further later

on in this chapter (see Section 1.8.1).

1.3.3. Phasic alerting

The final aspect of salience | will discuss is pbaderting, a process that has usually not
been considered in this context, but separatelguimtensity aspects of attention. Phasic
alerting refers to a readiness to detect and resfmanvironmental changes occurring as
a result of an exogenous warning stimulus (PosmeéBmies 1971), which may be in the
same modality as the subsequent target stimulagidferent one. In this respect, it may
be considered to be a category of salience whiphinsarily ‘bottom-up’ or stimulus-

driven in nature (Corbetta and Shulman 2002; CtabPatel et al. 2008).

There may be a predefined association betweenreaingl stimulus and one which

follows it, for example a cue presented a set vatidoefore a visual target, or the ringing
of an emergency alarm indicating there is a haratide building and that it must be
evacuated. In such cases, where there are predefsseciations between an alerting cue
and a subsequent target or event, a goal-drivenegieof processing is also introduced. In
terms of psychological studies, Posner and Boiasodstrated that reaction times to
targets following phasic alerting cues were lef#ita interval between cue and target was

500-1000ms (Posner and Boies 1971).
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On the other hand, there may not be any predegtigdilus-stimulus or stimulus-
response association, in which case the alertiegoegomes very similar to a novel one.
Such alerting events may be considered to be pitymlaottom-up’ in nature, however, as
discussed in the previous section, memory of eastienuli is necessary in order to
correctly judge that an event is new. It can themeebe appreciated that subdividing brain
networks on the basis of whether they deal witlcgsses that are primarily ‘bottom-up’
or ‘top-down’ in nature (Corbetta and Shulman 2083)st as arbitrary, and at times
unhelpful, as segregating them on the basis oflvéneéhey are engaged by action versus
perception (Milner and Goodale 1995), or ‘what’stes ‘where’ (Ungerleider and

Mishkin 1982).

In fact, in some respects, all salient stimuli rbayconsidered phasic alerting, to varying
degrees. Here, | will consider a phasic alertimg@ius to be one which warns the subject
of an impending target, but is of no other inforimiaal value. It has of course been shown
that an alerting cue which orients the subjech#&ldcation of an impending target,
activates the right IPS and TPJ (Kastner, Pinskt.ét999; Corbetta, Kincade et al. 2000;
Shulman, Astafiev et al. 2009). However, it is intpat to note that there are also studies
that suggest these regions are important in trectieh of cues which provide no such

predictive information (Fan, McCandliss et al. 200Biel and Fink 2007).

In one such study (Thiel and Fink 2007), a simalgét detection paradigm was used in

which some targets were preceded by a visual dtaydaue (variable cue-target interval

S0 as not to be temporally predictive). The othgestigation (Fan, McCandliss et al.

64



2005) employed the attention network test (ANT)ahhis designed simultaneously to
probe the effect of a non-informative cadefting condition), a spatially informative cue
(orienting condition) and a condition in which the targebaristimulus is flanked by
either congruent or incongruent arrow stimabrgflict situation, obtained by subtracting
the effect of congruent from incongruent). Figure glots in MRICro the right fronto-
parietal activations obtained in these two stuflies only ones found in the literature to
list coordinates of activation in response to a-gpatially informative alerting cue). Also
not included are the more complex designs usedduy @nd colleagues, which used
several different types of cue (Coull, Nobre ef&l01). Again, the IPL and TPJ are
implicated; although in the right frontal lobe, thetivation centroids appear to be in the

middle, rather than inferior, frontal gyrus (SinGlxry and Husain 2009).
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Figure 1.8. Activation sites associated with phasmlerting.
Meta-analysis (performed in MRIcrowavw.sph.sc.edu/comd/rorden/mrigraf regions

activated by non-informative warning cues in heattbntrol subjects. Right hemisphere

frontal and parietal regions only are demonstratse.
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Lesions of the right hemisphere have long been knimwmpair alerting responses,
measured with galvanic skin responses (Heilmanwanah et al. 1978) or heart rate
changes to warning cues (Yokoyama, Jennings &08lf). Conversely, patients with
hemispatial neglect following right hemisphere dasi benefit from an alerting tone
during a task designed to assess the severityeofldftward inattention (Robertson,
Mattingley et al. 1998). Posner and Petersen arthadscending noradrenergic
pathways from the locus coeruleus (LC) play a kdg in alertness, specifically their
innervation of right frontal and parietal regio®oéner and Petersen 1990), with the
parietal cortex in particular appearing to receivdense projection (Foote and Morrison
1987). They pointed to electrophysiological studusch suggested a crucial function of
LC noradrenergic cells in arousal. For example attevity of these neurons is reduced in

states of low arousal (Aston-Jones, Gonzalez @08I7).

Recently, however, our understanding of the rolthefLC noradrenergic system has been
revised to a more sophisticated formulation. Aslones and colleagues argue that the LC
contributes to the regulation of attention betwadacused, selective attention state (that
facilitates responses to targets and filters astrattors) and a scanning, labile state that
allows flexible responding to new events, i.e.ttmsli which are not targets, but may
nevertheless be important (Aston-Jones and Coh@p; 2&ton-Jones, Iba et al. 2007). As
| have discussed in the previous sections, theggigence for the involvement of the right
IPL in both of these modes of operation: maintagrattention and responding to novel,

salient events.

67



In summary, the evidence points to a role of tgatrlPL in phasic alerting, which may be
a special case of a response to a salient stinmuthe environment that acts to
reconfigure task goals, possibly via interactionslving a noradrenergic input from the
LC. | have also discussed that although many aafséstecting salient environmental
stimuli have previously been considered more ‘buttgp’ in nature, all additionally
involve processes which can be thought of as ‘gelated’. Segregating brain networks

on this basis may therefore not be a particulasiful enterprise.

1.4. The process of reconfiguration

How does this process of reconfiguration occur? Wa to examine this question is to
look at the data on task-switching. Functional imgglata and ERP evidence suggests a
role for the IPL — as well as frontal regions task set reconfiguration, although not
necessarily lateralised to the right hemispherefBbaum, Greer et al. 2005; Rushworth,

Passingham et al. 2005; Travers and West 2008).

Tests assessing how we switch between two or maskes involve the reconfiguration of a
number of discrete processes (Wager, Jonides 20@4.). Task-switching may involve a
shift in therule used to process stimuli in search of behavioarglets: for example from
spatial location to object attributes of itemanhly also involve a change in tiveotor
responsee.g. which hand to respond with following targgtuli. Unfortunately, most
paradigms assessing task-switching involve botihhesge processes, as well as differing

degrees of working memory load, and a variety tHtéral frontal and parietal foci of
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activation are found in such studies. For thiseaameta-analysis may be particularly

useful in elucidating the critical regions undemtyireconfiguration.

One fairly recent review, performed by Buchsbauh evileagues, undertook meta-
analyses of neuroimaging studies of three typgmoddigm: the Wisconsin Card-Sorting
Task (WCST), task-switching studies and the go/oadagk, as well as a critical
conjunction analysis of all three paradigms (Buehsh, Greer et al. 2005). The WCST
requires subjects to sort cards according to awhieh they must learn by trial and error.
After a set number of trials, this rule changes padicipants must ‘shift set’ in order to
determine the new way in which they must sort tirel€. This task was originally
developed to probe human abstraction and theatoliswitch set. However, it clearly
involves other cognitive processes, including wogkmemory and the ability to learn
from positive and negative feedback. This is intcast to ‘purer’ tests of task-switching
in which an instructional cue specifies expliciich of two rules should be used.
Finally, in the go/no-go task, subjects are inggdeither to respond (go) or not to
respond (no-go) to a predefined set of stimuli etalee in a stream of rapidly presented
items. The stimuli are presented such that therggponse predominates, so that when a
‘no-go’ stimulus occurs, the subject has to overe@predisposed tendency to respond.
This ability to inhibit a pre-potent, conflictingsponse is also a key component of both

task-switching and the WCST.

The right IPL and ventral frontal cortex were idéatl as major foci of activation in all

three meta-analyses, along with their left-sidegnterparts. However, in a conjunction
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analysis of all three types of study, the righttd aot the left — IPL and ventral frontal
cortex were found to be substantially activatee Sgure 1.9). This finding suggests that
a process common to all three of these paradigsugh-as the ability to overcome
conflict between a previous response and a newalgpends upon the right, rather than

the left, IPL.

Figure 1.9. Conjunction analysis of studies usindhe WCST, task-switching and
go/no-go paradigms (from Buchsbaunet al,2005).

Three-dimensional surface rendered views of metdyaas and all possible conjunctions
of the following paradigms:1 = WCST, 2 = task-sWwitg, 3 = go/no-go task, 4 = WCST
and task-switching, 5 = WCST and go/no-go, 6 =-&skching and go/no-go, 7 =
WCST, task-switching and go/no-go.
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As with the process of reconfiguration, most stadmvestigating the effect of potentially
conflicting responses, have focused on the frdotas (Botvinick, Cohen et al. 2004;
Nachev, Rees et al. 2005; Rushworth, Buckley €CG07). It is however, becoming clear
that this crucial component of the reconfigurafowacess, is also associated with PPC
activity (Liston, Matalon et al. 2006; Jaffard, lggamp et al. 2008; Karch, Mulert et al.

2009).

One recent study performed with neglect patiergs alipports this contention (Coulthard,
Nachev et al. 2008). Coulthard and colleagues agqedrtical) directional flanker task, to
demonstrate that patients with posterior parietsibins show a paradoxidakilitation of
rightward movements in the presence of conflicteftyvard response plans. In contrast,
neglect patients with frontal damage had increassts of conflict for both leftward and

rightward movements.

The authors argue that the findings suggest tleatigint PPC normally acts at a crucial
stage in the automatic activation of competing mptans, whilst frontal regions act to
inhibit action plans which are not relevant to emtrtask goals. Importantly, patients with
left parietal lesions did not demonstrate a sinfaailitation of leftward movements in the
context of conflicting rightward response plansisT like the conjunction meta-analysis
of WCST, task-switching and go/no-go paradigm (Fégl.9) suggests that the resolution
of response conflict may be predominantly a functbright, rather than left, parietal

cortex, in addition to the more characteristic tedmegions.
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Neurophysiological evidence suggests that tasketnig) is accompanied by a parietal
slow wave which appears to be a P300 or P3 resg®ushworth, Passingham et al.
2005; Travers and West 2008). As discussed eadieection of salient targets is also
associated with a parietal P3 (P3b) response,ths detection of novel stimuli
(designated the P3a). However, the P3a in resgonsavel stimuli occurs slightly earlier
and more anteriorly (Herrmann and Knight 2001) tthenP3b evoked by task-relevant
events. Moreover, the P3a is generally of smaligplaude and/or of shorter latency than
the P3b, with a greater rate of habituation, paldidy over parietal regions (Courchesne,
Hillyard et al. 1975; Yamaguchi and Knight 1991 t&gmma and Polich 1998;

Comerchero and Polich 1999; Polich and Comerch@d8;2/olpe, Mucci et al. 2007).

There are circumstances in which novel, or othigequently occurring distractors, are
capable of producing a P3a which is of larger aimmgé than the P3b produced by the
target stimulus in an oddball task (Katayama antckPd998; Comerchero and Polich
1999; Combs and Polich 2006). These, however, sedm limited to situations in which
the target is difficult to distinguish perceptuditgm the frequently occurring non-target
stimuli, whilst the novels, or rare distractore &ar more salient. In these instances
however, although the amplitude of the P3b is reduthe latency is increased. Also note
that in such situations more errors occur, sugggshat subjects are less effectively
engaged by the task. Thus there is a differencedset the P3 response to saliesk-
relatedstimuli — the P3b — and to novel stimuli that nmay be relevant to the task — the

P3a.
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Intriguingly, converging evidence from animal nephgsiological, pharmacological and
lesion studies, as well as some human studiesgstgythat the P3 recorded over cortical
regions reflects phasic activity of the LC noradngic system, which sends dense
projections to the parietal cortex (NieuwenhuistotsJones et al. 2005). For example,
lesions of the LC in monkeys lead to abolition 8flke cortical responses (Pineda, Foote
et al. 1989). Consistent with these findings, cotaponal modelling by Dayan and Yu
has suggested the possibility that phasic noradgenactivity might act as a ‘neural
interrupt signal’, resetting or reconfiguring onggiprocessing, leading to a shift in
behaviour towards a task-engaged state (Dayan arZD¥6). As mentioned earlier,
Corbetta and Shulman have incorporated some o# firedings into their most recent
formulation of their dorsal versus ventral dichojof@orbetta, Patel et al. 2008).
However, as previously discussed, their argumecdines confused at times, but more
importantly they fail to include important processeich as sustained attention and
responses to novel events in their proposal. | tlegewhat follows here is a little more

coherent and attempts to account for more of theneXterature.

1.4.1. The role of the locus coeruleus in the presef reconfiguration

It has been generally acknowledged that noradrenkg@jcells fire en masse either
phasically or tonically in response to afferentuh(Berridge and Waterhouse 2003;
Aston-Jones and Cohen 2005; Aston-Jones, Gonzaéz2907). Aston-Jones and
colleagues have proposed tpagasicnoradrenergic activity facilitates focused, selexct

responding, with effective filtering out of disttacs. On the other hand, an increase in
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tonic LC activity (associated with reduced phasic att)vshifts behaviour into an

exploratory, more distractible state (Aston-Jona$ @ohen 2005).

The computational modelling work performed by Dagad Yu extends this concept,
suggesting that alterations in the tonic activityhe LC noradrenergic system signals
unexpected events in the surrounding environmengxXample, changes in the nature of a
task or the behavioural context in which it is lgeperformed (Yu and Dayan 2005;

Dayan and Yu 2006). They envisage phasic actiwtyi¢h correlates with the P3) to

signal the occurrence of uncertain evenithin a task, alerting the subject to the presence
of a goal-relevant stimulus (such as a targetpmeadetermined signal to switch stimulus-
response contingencies) and interrupting the diestate (Dayan and Yu 2006). In this

way, phasic noradrenergic activity facilitates aurstd and accurate performance of a task.

The relationship between tonic noradrenergic agtand function is thought to follow an
inverted U-shaped curve, with an optimal leveladfifsed performance being associated
with a moderate level of noradrenaline, while losvadrenergic levels are associated with
drowsiness and high levels with distractibility (&s-Jones and Cohen 2005).
Importantly, the level of tonic activity appearsinfiuence the extent gfhasic
noradrenaline release. At low tonic levels, whendhimal is drowsy, there is very little
phasic activity, and similarly at very high ton&vels. But between these two extremes —
at moderate tonic noradrenergic levels — phasibufsts are most effective and are
strongly correlated with accurate target detecfston-Jones, Rajkowski et al. 1994),

and by inference, the P3b potential recorded oseetal cortex in response to salient,
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task-related stimuli (Figure 1.10). It is in thisndition that behaviour seems to be most
easily maintained on task demands, corresponditigetoiew of the state of sustained

attention in human observers developed in this telnao far.

Under these circumstances, | hypothesisertbagéltask-irrelevant stimuli also cause
phasic bursts of LC activity within LC neurons, lofitsmaller amplitude or shorter
duration. Studies in humans, show that under saoditons the P3a recorded over
cortical regions is of smaller amplitude and/osbbrter latency (Yamaguchi and Knight
1991). If baseline tonic noradrenergic levels weracrease, then | envisage that
responses to novel or distracting stimuli woulddmee more prominent. Thus behaviour
becomes more exploratory or distractible in nature disengagement from the task
occurs, accompanied by a reduction in LC phasiwigcand parietal P3b potentials to
targets (Aston-Jones, Rajkowski et al. 1994; Usiehen et al. 1999; Aston-Jones and

Cohen 2005).
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Figure 1.10. Reconfiguration of behaviour betweetask-engaged and exploratory

states.

In thetask-engaged statéocus coeruleus (LC) tonic or baseline activitynisderate, with

optimal phasic bursts occurring in response to-takited eventd:(firing rate of LC

neuronst: time or latency). This leads taP8b potential in the posterior parietal cortex

(PPC), facilitating accurate task performance.

Novelevents (of no task-relevance) can also producsiph& responses. These are

associated with R3apotential in PPC, which is generally smaller ttizen P3b potential.

The P3a does not correlate with behavioural reggwhen performance is task-engaged,

but may be more likely to do so as behaviour besomereexploratory, with higher

baseline LC tonic activity. If a novel stimulusf@ind to be of behavioural significance, a

new goal or task may be formulated, reducing t@activity (through input from

medial frontal cortical regions), with optimal pi@bursts to new goal-relevant events.

Note that, in contrast to either target or infregfugovel stimulifrequentlyoccurring task-

irrelevant stimuli do not evoke P3 responses.
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In summary, | argue here thattasicbursts of LC noradrenergic activity (on a backgrbu

of moderate tonic levels) induce, via parietal oegi, a goal-focused, task-engaged state,
enhancing sustained attention to task demandsaailddting the detection of task-
relevant events (indexed by the P3b). On the dthed, increases in Lonic activity

shift behaviour towards a more distractible and@gpory state, favouring responses to
novel environmental stimuli. These are the twoalip complementary, aspects of
attention: maintaining attentive control on curreagk goals and responding to salient new
or alerting stimuli in the environment — which Igothesise to be a crucial aspect of right

IPL function.

But what drives LC noradrenergic input to the patieortex and what governs the
interplay between phasic and tonic modes of funatig? The answers to these questions
remain to be established. However, it may be ingmrto note that in addition to
receiving subcortical afferents, there are pronmtimentical projections to the LC from
medial frontal and orbitofrontal structures (Rajlsky Lu et al. 2000; Aston-Jones,
Rajkowski et al. 2002), which may a key role in miading its responses. These frontal
regions might provide a site for the integratiorsefhsory information with input from
limbic structures (Carmichael and Price 1995; Dekyn Morrell et al. 1995; Carmichael
and Price 1996; Morecraft and Van Hoesen 1998; ©agd Price 2000), placing them
within a network that is also modulated by dopanand capable of encoding the reward
associations of sensory stimuli. Indeed, it hasmlskemonstrated that the amplitude of LC
phasic responses to targets on a signal deteetsérig altered by the motivational

significance — i.e. associated reward — of thedtis (Aston-Jones, Rajkowski et al.
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1994; Rajkowski, Majczynski et al. 2004). FrontHéeents to the LC may therefore be
capable of signalling theotivational saliencef environmental events and act to bias the
noradrenergic innervation to parietal cortex acowly. The PPC of course also receives
its own connections from frontal regions (Selemod &oldman-Rakic 1988;
Schmahmann, Pandya et al. 2007), enabling a dietal modulation of parietal

activity.

In fact, the PPC seems to be an important hub wdeareral different types of information
— sensory, motor, goal-related and reward — comvengleed, recent evidence
demonstrates that the IPL is at the heart of acstral core’ of the human cerebral cortex,
as one of the most densely interconnected corgggbns (Hagmann, Cammoun et al.
2008). Such connectivity ideally places the IPthat centre of a network where these
different types of information may compete, witgrels from the LC biasing the outcome
of the competition depending upon whether the siiligan a task-engaged state (with

high sustained attention) or a distractible exgtosamode.

1.5. The role of the right inferior parietal lobe n controlling behaviour

In the preceding sections, | have discussed howPth@lays a central role in networks
that underlie both sustained attention and variotss of response to salient stimuli in
the environment. Maintaining attention on curresktgoals is crucial for successful
accomplishments, but just as important is the tgii adapt to changing circumstances,

by reconfiguring task goals should the need aliased on salient new information. The
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brain needs to engage in both these activitiesamtth between them flexibly. As

discussed, there is evidence for both of these mofleperation within the right IPL.

Importantly, neither of these processes are coreide several existing models of the
visual system (Ungerleider and Mishkin 1982; Milaexd Goodale 1995; Rizzolatti and
Matelli 2003; Glover 2004). Moreover, each of thesmles of operation receives input
from what might be termed ‘goal-directed’ as wall'laottom-up’ mechanisms. It
therefore becomes difficult to view the functioriglee SPL and IPL as goal-driven and
stimulus-driven respectively (Corbetta and Shuli@@02; Corbetta, Patel et al. 2008),

when both of these processes seem to rely so ieaviPL activity.

| would rather conceptualise the IPL as contribyitimtwo broadly different, but
complementary, aspects of attention. Evidence sigdgeplays an important role both in
responding to salient events as well as maintaiattention on the task at hand. The
weight given to these processes appears to difevden the two hemispheres. This is
most evident from consideration of two syndromesnispatial neglect and limb apraxia,
which result from damage to the right and left iekpectively (De Renzi, Motti et al.
1980; Vallar and Perani 1986; Goldenberg 1996; &tahlHarrington et al. 2000;
Halsband, Schmitt et al. 2001; Heilman and Wat€a@i2Mort, Malhotra et al. 2003;

Buxbaum, Kyle et al. 2005; Buxbaum, Kyle et al. 20Bazzaglia, Smania et al. 2008).

Neglect or disorders of attention following riglgrhisphere damage, may be associated

with deficits in sustaining attention and detectsadjent events (Lhermitte, Turell et al.
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1985; Hjaltason, Tegner et al. 1996; Rueckert arafr@n 1996; Robertson, Manly et al.
1997; Friedrich, Egly et al. 1998; Rueckart andfaem 1998; Robertson 2001; Husain
and Rorden 2003; Buxbaum, Ferraro et al. 2004; idwsal Nachev 2006; He, Snyder et
al. 2007), whereas there is no evidence of sindigdicits with limb apraxia following left
hemisphere lesions. Spatial or directional biasegtention may also follow left
hemisphere lesions, but they tend to be less praezbiand less persistent (Stone,
Halligan et al. 1993). | would suggest that theesity of neglect is generally far less in
such individuals, compared to their right hemisphsunterparts because they do not also
suffer from comparably severe deficits in sustajrattention or responding to salient

items.

1.6. Hemispatial neglect and investigation of rightPL function

The defining feature of hemispatial neglect iscadirse, a difference in responding to
stimuli in contralesional versus ipsilesional sp@desulam 1999; Heilman, Valenstein et
al. 2000; Kerkhoff 2001). Such a spatial or direcéil impairment clearly cannot simply
be explained by a global deficit in sustaining rtiten or detecting salient events. My
argument therefore, is not that these functionsa@xpll of the neglect syndrome, or
indeed all of IPL function, but rather that theyynt@ntribute to or exacerbate any spatial
biases produced by unilateral lesions (Husain amdiéh 2003; Husain and Nachev 2006;

Singh-Curry and Husain 2009).
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Consequently, a major purpose of my thesis willdomvestigate the non-spatial deficits
associated with the neglect syndrome and how thikbset the more characteristic spatial
impairments. On the basis of the proposal | hatknaal here, | hypothesise that right
hemisphere patients with neglect should demonstiefieits in the ability to sustain
attention, as well experiencing problems detecting orienting to salient or novel

stimuli, wherever they occur in space — i.e. thase impairments are not simply
lateralised to the contralesional side of spacgohtantly, | would expect neglect patients
to demonstrate @gilance decremerdver the time course of even simple tasks, rather
than just an overall deficit (Whyte, Polansky et1®195; Parasuraman, Warm et al. 1998).
For it could be argued that initial poor performarontinuing throughout a task, simply
indexes difficulty due to the specific cognitivenagnds of that task, rather than problems

maintaining attention on it.

Furthermore, although it is accepted that non-apdéficits may be an important
component of the neglect syndrome (Samuelssonmigjgkt et al. 1998; Robertson 2001,
Husain and Rorden 2003), little is understood albout they contribute to the
manifestation of the spatial problems. For exandpléhey interact, or are they merely
additive in nature? If all of these processes agleeéd critically dependent on IPL
functionality, we may expect to see interaction®agithem. Using lesion analysis
techniques it may also be possible to identify eglams within inferior parietal and

frontal areas that are associated with particudicis. If these regions are found to
overlap, such areas may represent candidate fociat in the mediation of such

interactions.
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Additionally, because | consider phasic alertingsti to act as salient inputs, evoking
their behavioural effects through the IPL (Fan, Mo@liss et al. 2005; Thiel and Fink
2007), alerting tones may serve to ameliorate #fieits associated with hemispatial
neglect. It has previously been reported thatialgruditory stimuli can improve the
spatial impairment (Robertson, Mattingley et al98p However, | would hypothesise that
such events should also be capable of affectingdimespatial problems. Such a benefit
might occur through a boost of phasic activity frima LC to parietal cortex, and indeed it
has been shown that alerting stimuli can enhareantplitude of target-related P3b
potentials (Miniussi, Wilding et al. 1999; GriffiMiniussi et al. 2002). The noradrenergic
agonist guanfacine has been shown in a small pbpfinciple study to improve the
ability of some neglect patients to sustain attntin addition to ameliorating the spatial
deficit (Malhotra, Parton et al. 2006). One ofptsssible mechanisms of benefit may also

be to increase phasic activity from the LC to patiand frontal regions.

As discussed earlier, the detection of novel stimetivates the mesolimbic dopaminergic
system (Bunzeck and Duzel 2006; Bunzeck, Schutaé 2007; Wittmann, Bunzeck et al.
2007) in addition to inferior parietal and frontabions. Parkinson’s disease is caused by
degeneration of dopaminergic neurons in the subataigra/ventral tegmental area
(SN/VTA) and may therefore represent a second hegigal condition in which to

examine novelty processing.
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1.7. Parkinson’s disease and novelty processing

Parkinson’s disease (PD) is a neurodegenerativaitoam primarily affecting
dopaminergic neurons which project to the basafji@mm@and is classically considered a
disorder of movement. As such its core deficitsoemgass a triad of motor symptoms:
tremor, brady/akinesia and rigidity. More recentigwever, it has been recognised that
PD also involves cognitive (Burn, Rowan et al. 200érbaan, Marinus et al. 2007),
mood and behavioural (Marras, McDermott et al. 2@Q8sland, Bronnick et al. 2009)
difficulties which can be a major source of disépilThese additional problems may be
caused by degenerative changes extending beyor®@NNET A to other brain-stem nuclei,
as well as to cortical regions (Del Tredici, Ru@et2002; Braak, Del Tredici et al. 2003;
Parkkinen, Pirttila et al. 2008), and/or due tmdiered mechanisms (disease-related or
compensatory) within the dopaminergic system it@dliller, Wachter et al. 2000; Remy,
Jackson et al. 2000), in addition to the effectdrafs used to treat the motor symptoms

(Cools, Barker et al. 2001; Cools, Barker et aD30

Behavioural problems in PD consist of impulsive andhpulsive behaviour, often termed
impulse control disorders or ICD (Potenza, VooaleR007), such as pathological
gambling (Gschwandtner, Aston et al. 2001; AvaBaiatti et al. 2006; Gallagher,
O'Sullivan et al. 2007) and compulsive medicatigarase (Evans, Pavese et al. 2006).
ICD are estimated to affect approximately 5% ofglients at any one time (Grosset,
Macphee et al. 2006; Weintraub, Siderowf et al.&@hd between 5 and 10% at some

point during the course of the disease (Voon, Hassal. 2006; Weintraub, Siderowf et
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al. 2006). It has also been estimated that PD mqiatimay be approximately 25 times more
likely to develop an ICD compared to age- and sexeired healthy controls (Avanzi,

Baratti et al. 2006).

Both impulsive and risk-taking personality profileasve been linked to high scores in
sensation (or novelty) seeking (Llewellyn 2008)] &rhas often been asserted that there
is a characteristic ‘Parkinsonian personality’ peofThis is considered to be low in
impulsivity and novelty-seeking and instead doneddty introversion, cautiousness and
moral rigidity (Glosser, Clark et al. 1995; TomadaAharon-Peretz 2004). Needless to
say, this is somewhat at odds with the fact thiatgbpulation appears particularly
sensitive to developing ICD. It has been suggetatdsuch behavioural difficulties in PD
may be related to the use of dopamine agonistsriiéeib, Siderowf et al. 2006; Voon,
Potenza et al. 2007). However, this argument failsxplain why some individuals, using

these drugs for the same indication, develop thesaelems, whilst others do not.

Likewise, there is inconsistency in the literattegarding whether or not PD patients,
without ICD, demonstrate risky behaviour. Some igsie@mploying gambling tasks, such
as the lowa Gambling Task (IGT) (Bechara, Damasal.€1994), suggest that they do
(Thiel, Hilker et al. 2003; Perretta, Pari et &08; Pagonabarraga, Garcia-Sanchez et al.
2007; Kobayakawa, Koyama et al. 2008) while otlmarge failed to find any evidence of
risk-prone decisions (Stout, Rodawalt et al. 2@Aernecki, Pillon et al. 2002; Mimura,

Oeda et al. 2006).
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PD, however, is not a homogeneous condition. imsesf the motor phenotype, two quite
distinct subgroups have been describedattieetic-rigidgroup — in whom the main
symptoms are stiffness and slowness of movemendt-treetremor dominangroup — in
whom tremor is the principal finding (Jankovic, Mefnott et al. 1990; Kang, Bronstein

et al. 2005).

Importantly, post-mortem evidence supports thisiri§on, with the brains of akinetic-
rigid patients demonstrating more extensive nedrasa and gliosis within the midbrain
(Paulus and Jellinger 1991) and greater reductiodspamine levels within the internal
segment of the globus pallidus (Rajput, Sitte e2@08), compared to those who are
tremor dominant. Critically, all of the patientsinded in the study by Rajput and
colleagues were followed-up over a number of yéansge: 4.9-24.6) and persistently
demonstrated the pattern of symptoms consistehttiveir sub-grouping. There is also
evidence that tremor dominant patients may bedeseseptible to the development of
cognitive dysfunction (Allcock, Kenny et al. 20@rn, Rowan et al. 2006), as well as

autonomic problems (Allcock, Kenny et al. 2006).

Accordingly, | hypothesise that there may be furtiéferences between these two
subgroups, in terms of their ability to processeityand in their willingness to take risks,
which might, at least in part, explain why some lients are susceptible to developing
ICD while others are not. Examination of behaviddréerences between these sub-

groups may therefore help elucidate key featurewuwélty processing and risk-taking in
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different patients with PD. This is the area oeaash that | will focus on in Chapters 6

and 7 of this thesis.

1.8. The interplay between novelty, reward and riskaking

1.8.1. The role of dopamine and the basal ganglia

ICD in PD patients are often associated with tles@nce of dyskinesias (Voon, Potenza
et al. 2007; Voon, Fernagut et al. 2009), involantaovements that are due to excessive
dopaminergic stimulation. Furthermore, ICD symptars often found to abate after
reductions in dopaminergic treatments (Weintrau®82@ntonini and Cilia 2009;
O'Sullivan, Evans et al. 2009). Hence it would sé¢leat elevated levels of dopamine

neurotransmission may play a role in the develograglCD.

It is possible to distinguish separate sensorimatmgnitive and limbic regions of the
striatum, based on their connections with the catedortex (Parent 1990), a finding that
has also been seanvivoin the human brain using MRI tractography techagju
(Draganski, Kherif et al. 2008) — see Figure 1THe ventral striatum receives input from
limbic areas, such as the hippocampus, amygdaladitdfrontal cortex, and has been
implicated in drug addiction (Robbins and Everfi9). It is therefore possible that
excessive limbic dopaminergic stimulation is invexvin the development of ICD. If this
is the case, PD patients with relative preservatiorentral striatal dopamine projections

may be at increased risk of developing such probl@agher and Robbins 2009).
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Indeed, it has been documented that in PD, dopan@neons projecting to the ventral
striatum are less severely affected by the dispasmess (Kish, Shannak et al. 1988). This
therefore raises the possibility that pharmacolalgiestoration of dopamine transmission
in thedorsal (motor) striatum may lead twverdosingof theventral striatum, with

excessive dopamine receptor stimulation leadirgglicerse effects (Swainson, Rogers et

al. 2000).

This hypothetical difference in baseline dopamaeels between the dorsal and ventral
striatum may also account for the finding that Bepa improves performance on

cognitive tasks thought to involve the dorsal stma, such as working memory and task-
set switching, whilst causing deficits in testsubbt to depend on the ventral striatum,
such as reversal learning and gambling tasks (CBalker et al. 2001). Thigentral
overdosehypothesis is further supported by neuroimagingdists, which show that the
normal signal that arises from the ventral striatminen subjects must reverse a previously
learned response is abolished in PD patients tteaitd levodopa, in parallel with

impaired task performance (Cools, Lewis et al. 2007
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Figure 1.11. Cortical connectivity patterns of thehuman basal ganglia (from

Draganski et al, 2008).

A ‘rostrocaudal’ gradient of frontal cortical coratieity in the caudate, putamen and
pallidum of the basal ganglia has been revealatyysiobabilistic MRI tractography in

the human brain. Sagittal views of the basal garayle shown superimposed on a T1-
weighted sagittal image.

Ventral parts of the striatum show predominant emtions to prefrontal cortical regions,
especially medial prefrontal cortex and the orbdofal cortex. These regions are thought
to be less severely affected by the PD diseaseepsod@ he central and caudal portions of
the striatum are preferentially connected with dtateral prefrontal cortex, premotor,

sensorimotor and parietal cortices.
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Another factor which may contribute to mesolimbielosing is sensitisation, which
refers to an increased effect of stimulant drugs vepeated administration (Paulson and
Robinson 1995). Sensitised animals are more liteeBelf-administer drugs and there is
also evidence that PD patients with addiction (colsige medication overuse) express
sensitisation in the ventral striatum (Evans, Pawtsl. 2006). In this study, PET was
used to measure dopamine release in responsertgl@ dose of levodopa in PD patients
with and without compulsive medication overuse. d@opa caused dopamine release in
the motor striatum in both groups in equal meaddosvever, only the addicted group
demonstrated significant dopamine release in thér&lestriatum, indicating sensitisation.
Sensitisation to amphetamine has also been shothe wentral part of the striatum in
control subjects using PET (Boileau, Dagher e2@06), with this being proportional to

novelty-seeking as measured by Cloninger’s perggrialestionnaire (Cloninger 1987).

As discussed earlier, phenotypically and on théshassome pathological studies, there
appear to be at least two distinct subgroups of-RiRinetic-rigid and tremor dominant. If
one of these subgroups were found to have diffeddevels of degeneration within the
dorsal and ventral subdivisions of the striatunt #hdhe subdivisions of the SN/VTA that
project to these regions — such that the mesolipaibway was relatively spared to a
greater degree, this could in theory account fehsagroup being more vulnerable to the
development of impulse control problems. This tygsrsomething which will be

explored in Chapters 6 and 7 of this thesis.
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Organisms engage in various forms of approach betisvin order to obtain resources
for homeostatic and reproductive needs. Such ressunay be considered as ‘rewards’,
which elicit and reinforce particular behavioursurdg the evolution of higher mammals
development of the functions of rewards have suppdncreasingly sophisticated forms
of individual and social behaviours. Biological aranitive needs therefore define the
nature of reward, with the availability of thes@gimg the organism'’s life conditions.
Much evidence from monkey studies, which has beerewed by Shultz (Schultz 1998),
indicates that dopaminergic projections from thdbrain to the striatum and frontal
cortex, play a central role in mediating the efexttrewards on learning and behaviour.
Most dopamine neurons show phasic bursts of aaiivaifter rewards (Romo and Schultz
1990; Schultz, Apicella et al. 1993; Mirenowicz échultz 1994), which are transferred
to other stimuli if they reliably predict the occemnce of a subsequent reward (Ljungberg,
Apicella et al. 1992; Mirenowicz and Schultz 1994ee Figure 1.12. They also show
biphasic activation-depression responses to stithatiresemble reward-predicting events
(Schultz and Romo 1990) and demonstrate activatioasponse to novel events (Horvitz,

Stewart et al. 1997).
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Figure 1.12. Characteristics of dopamine cell firig (from Schultz, 1998).

A. Dopamine neurons report rewards according to mweediction.Top an unpredicted
reward (R) occurs, causing activation of the dopenmeuronMiddle: a conditioned
stimulus (CS) reliably predicts a reward. In trase the dopamine neuron is not activated
by the reward, but by the reliable reward predic®ottom a conditioned stimulus
predicts a reward, causing activation of the neuipoih the reward fails to occur. Activity
of the dopamine neuron is depressed at the timeetha@rd was predicted to occur.

B. The dopamine response is transferred to the shgiedictive stimulus. Displays here
show averaged population histograms of a numbesf(ngurons recorded from in a given
behavioural situatiorilop outside of a task, neurons do not respond tgta $itimulus,

but 35 (of 44) neurons respond to a juice rewistiddle: response occurs to a reward
predicting trigger stimulus, but not to the rewaself, in the context of the same task.
Bottom dopamine neuron response is transferred to amuat®n cue preceding the
reward-predicting trigger stimulus by a fixed im&rof 1 second, with no response to the
reward-predicting stimulus or the reward.
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Generalisation of responses by dopamine neurosignoli that resemble reward-
predicting events generally evoke activations whaghlower in magnitude and engage
fewer neurons than true reward-predicting stimanid are frequently followed by
immediate depressions (Schultz 1998). It has beggested that ambiguity regarding the
possibility of reward — due to similarity to a kneweward predictor — may cause the
initial activation, while the subsequent dip inigity may reflect a cancelling of the
erroneous reward assumption (Kakade and Dayan 2B0@)ntrast, dopaminergic
responses to novel stimuli may allow a new stimtbuise stored in working memory until

its potential for future reward has been exploned evaluated (Kakade and Dayan 2002).

In humans too, phasic bursts and depressions @ndioe have been inferred to occur
during positive and negative feedback respectidalyng neurophysiology studies
(Holroyd and Coles 2002), as well as neuroimagnwvgstigations (Delgado, Nystrom et
al. 2000; Frank, Woroch et al. 2005). By failingdiscriminate between different types of
reward, dopamine neurons appear to produce anirmesignal about the unexpected
presence or absence of rewards. They appear tighly mfluenced by predictability,
demonstrating increases in activation in respomsewarding events that are better than
expected or occur earlier than predicted, beindfectd by rewards that are only as good
as predicted and depressed by events that are wooseur later than expected
(Ljungberg, Apicella et al. 1991; Hollerman and 8lth1996). They are therefore
considered to signalrediction error which has been postulated to underlie the tegchin

signal in reinforcement learning theories, wheegneng is driven by deviations or ‘errors’
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between the predicted time and amount of rewardgtsir actual experienced times and

magnitudes (Schultz, Dayan et al. 1997).

In computer models, such as teenporal difference modébchultz, Dayan et al. 1997;
Kakade and Dayan 2002), the reward prediction eiggral gradually optimises
behaviour by changing the synaptic strengths eabadelection neural networks. Indeed,
it has been shown that dopamine acting at synapsbe basal ganglia can affect long-
term potentiation and long-term depression (BedrMalenka 1994; Calabresi, Saiardi et
al. 1997; Nishi, Snyder et al. 1997; Kerr and Witk2001), the neurophysiological

processes thought to underlie learning and menayrgdtion.

However, other theories take into account evideéhaedopamine also appears to have
motivating and activating effects independent aféng, with the emphasis being on
dopamine enhancing reward-seeking behaviours laygaoh arousal, attention,
movement and effort (Salamone, Correa et al. 2B@bpins and Everitt 2007). Such an
example is the incentive salience hypothesis putdal by Berridge and Robinson, in
which dopamine firing is thought to exaggerateitfeentive properties of environmental

stimuli, turning them into ‘objects of desire’ (Belge and Robinson 1998).

It is important to note however, that these twaet/pf model are not mutually exclusive.
It has been shown in some learning paradigms tratges in phasic dopamine bursts
occur immediately before a reward-seeking actiahagain once the reward is actually

received (Phillips, Stuber et al. 2003). Hence fghdspamine may act both as a learning
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signal and as an incentive signal. One computdtep@roach by McClure and colleagues
has tried to reconcile the two models, suggestiagthe reward prediction error signal
also biases neural activity in favour of actionstmuli predictive of reward (McClure,
Daw et al. 2003). In their scheme, dopamine nog encodes reward prediction error for
the purpose of learning, but also the expectedduteward rate, which is highly similar to
incentive salience (with the incentive saliencamfenvironmental stimulus being equal to

its reward prediction).

This scheme has been expanded by Niv and colleaghespropose that dopaminergic
stimulation is a running average of recent rewaruts therefore an index of likely future
rewards (Niv, Daw et al. 2007). Such a proposalld/isuggest that in states of high
dopaminergic activity, choices may be biased towaesvard-predicting actions or
stimuli, but may also energise and invigorate titdvidual, such that when expected

rewards are high, there is a cost of inactivity.

A conceptual link between the learning model désctihere and addictive, or novelty-
seeking, behaviour is supported by recent humaraaimal studies examining naturally
occurring variations in dopamine function. In humamo polymorphisms that determine
dopamine D2 receptor expression have been assbeidteimpulsivity and vulnerability
to drug addiction, and both appear to influencégoerance in a probabilistic task that
distinguishes positive from negative feedback liggyiiKlein, Neumann et al. 2007,
Jocham, Klein et al. 2009). The TAQ-1A polymorphisradulates D2 receptor density in

the striatum. The Al allele, which is associatethwower expression of D2 receptors, is
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also associated with impulsivity, addiction and poifsive behaviours, including
pathological gambling (Comings, Rosenthal et a@6)9Individuals with this allele are
better at learning from positive feedback, but waslearning from negative feedback,
than subjects without the allele, and the two gsadiffer in their reward-related response
in the ventral striatum as measured with fMRI (KleNeumann et al. 2007). Poorer
learning from negative feedback has also been tegpdor the C957T polymorphism of

the D2 receptor gene, which is also associatededbced expression of D2 receptors.

Impulsivity, addiction and other risky behaviourayrtherefore be partly explained by an
inability to learn from negative feedback. As disseed earlier, negative reward prediction
errors (i.e. when an expected reward fails to ajrare signalled by pauses in dopamine
neuron firing. Persistent postsynaptic dopaminawdation may therefore reduce the
ability of these pauses to influence learning, aoting for the difficulty medicated PD
patients have in negative feedback learning (Fr8ekberger et al. 2004; Cools, Lewis et
al. 2007), which is a consistent feature of the &aifiFrank, Moustafa et al. 2007; Klein,
Neumann et al. 2007) and animal dopamine-relatg@dilisive phenotypes (Belin, Mar et
al. 2008). Indeed, it is easy to see how inseriitio the adverse consequences of an

action may promote the taking of disproportion&ks:.

These theories are further supported by receninigsdon the cellular neurophysiology of
striatal dopamine. A well-validated model of thetmm-striatal system divides it into
direct and indirect pathways (Albin, Young et @89) — see Figure 1.13. The direct

pathway contains D1 dopamine receptors and is wegbin action selection, while the
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indirect pathway contains D2 receptors and is prilpnavolved in response inhibition

(Mink 1996).

Direct Indirect

pathway ‘.. pathway
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Figure 1.13. Basal ganglia loops including the dict and indirect pathways.

Striatal neurons are divided into two subclassegdh@n differences in biochemistry and
efferent projections. The ‘Go’ cells, which expr&kdopamine receptors, project
directly to the internal segment of the globusigall (GPi) and have the effect of
disinhibiting the thalamus, thereby facilitating texecution of an action (or process)
represented in the cortex. The ‘No-Go’ cells, whasipress D2 dopamine receptors, are
part of the indirect pathway to the internal seghwérthe globus pallidus, via its external
segment (GPe) and subthalamic nucleus (STN), avel dva opposing effect, suppressing
actions from execution. Thus SN/VTA activity diféetially modulates activity in the

direct and indirect pathways via D1 and D2 dopamaoeptors.
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Dopamine signalling (like noradrenaline) also osdartwo modes. In addition to the
phasic bursts already described, slow bursts cfshiee neuron activity control tonic
dopamine levels, which act via the D2 receptor. [Bhge transient increases in dopamine,
which occur after phasic bursts, are able to aitlze lower affinity D1 receptor (Grace
2008). A further model has been proposed in whiehphasic bursts that follow
unexpected rewards promote positive reinforceméhimthe direct pathway, via the D1
receptor, whilst withheld rewards or punishmenystdzlucing tonic dopamine levels, lead
to negative reinforcement via reduced D2 signalimthe indirect pathway (Cohen and

Frank 2009).

In fact, it has recently been shown that D1 stimoitaand lack of D2 stimulation both
promote long-term potentiation at the cortico-s#ii@ynapses of the direct and indirect
pathways respectively (Shen, Flajolet et al. 2008ys it is likely that both tonic and
phasic dopamine signalling shape striatal synagéisticity, whether in the normal
situation — learning — or pathological situatioaddiction or compulsive behaviours.
Persistent pharmacological stimulation, as is #e=dn medicated PD patients, could
therefore potentiate positive reinforcement leagrand impair learning from
punishments, increasing engagement in reward-sgéldhaviours and at the same time
reducing the ability to disengage from risky bebavs leading to negative consequences

(Dagher and Robbins 2009).

In my opinion, such an account of vulnerability@D in medicated PD patients does not

preclude the ventral overdose hypothesis (DaghgRabbins 2009). Rather it suggests to
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me that relative ventral overdose may render thasients particularly susceptible to the
development of such problems. Nevertheless, teisrthwould suggest that these
behaviours may be seen even in the absence ofVstriatal hyperstimulation, although

this situation is likely to be less common.

1.8.2. Parietal contributions to reward processing

I have discussed earlier in this chapter, evideviteh suggests the PPC plays a crucial
role in detecting novel stimuli, as indeed the dopeergic system does too. Expectations
about the delivery of reward also appear to actiparietal cortex, in addition to the

dopaminergic system.

For example, Platt and Glimcher have examined ¢heity of neurons in the lateral
intraparietal area (LIP) in monkeys in responsestgard-related information (Platt and
Glimcher 1999). Monkeys were given a task in whtatamount of reward associated
with different visual stimuli was varied. The anirhad to fixate on a central spot while
two stimuli were presented, one inside the respbakkof the LIP neuron being recorded
from, and one outside. The animal then receivegeartstructing which stimulus it should
make a saccade to, but had to wait for a go sigef@re making its response. Consistent
with previous studies, LIP neurons were more actiien the monkey was cued to make

a saccade to the stimulus inside the neuron’s respfield.

However, in another version of this task, the ralsire associated with each stimulus

was varied across blocks of trials. This producsgd/iy of LIP neurons which was
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greater in blocks in which the target stimulus wasociated with larger rewards and
smaller in blocks where reward was smaller (sear€id.14(a) for a schematic of this
type of study). In a further version, the sizelw teward was fixed, but the probability of
reward attached to the target stimuli was varigd/een blocks from 20% to 80% of
trials. Most LIP neurons demonstrated greater sgtivhen it was more likely that a
saccade to the response field would result in révigure 1.14(b)). The authors
therefore interpreted these modulations in actiggyshowing that LIP neurons encode

reward-related variables associated with expecéd and outcome probability.

Other studies have described similar findings (Jaenihara et al. 2002; Bendiksby and
Platt 2003; Newsome 2003; Sugrue, Corrado et &4 RQvith neuronal modulations in
LIP interpreted as being associated with rewardicgencies and the animal’s
expectations of the amount of reward it was likelyeceive. However, alternative
interpretations of this data are possible. Speadlficthe phenomena described in
experiments of reward manipulation may be closelgted to those seen in studies

examining neuronal mechanisms related to atterikaure 1.14(c)).

For example, it is only natural to expect that satg will allocate more attention to
stimuli or locations that are more likely to be eeding. Often, the neurophysiological
and behavioural consequences of shifting attersirmhchanging reward expectations do
not provide a clear basis for distinguishing betteese processes (Maunsell 2004).
Behavioural performance, indexed by reaction tioredetection thresholds, is superior

for attended stimuli (Posner 1980), with similaphovements seen for stimuli associated
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with larger rewards (Hollerman, Tremblay et al. 89Beon and Shadlen 1999;
Kobayashi, Lauwereyns et al. 2002). Although treeedifferences between the designs
of most attention and reward experiments, theséregeently unable to provide a basis
for attributing affects to one process or the atker example, most attention studies
manipulate attention in an all-or-none way by redirag one target reliably and the others
not at all. Whereas some reward studies have adjustvard parametrically to show that
neuronal modulations vary continuously with expdeewvard (Platt and Glimcher 1999),
this may simply be due to stimuli associated witthkr reward being effectively more

salient and attracting greater attention.
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Figure 1.14. Primate LIP responses due to reward ahspatial attention are difficult

to disentangle (from Maunsell, 2004).

Schematics from typical reward and attention talkstrating the essence of stimulus
and reward contingencies used in these experiments.

(a) Reward size task. The top half of the panel detnates a visual display consisting of
a central fixation cross and two peripheral stipnoitie of which lies within the response
field of the neuron being recorded. When reward szmanipulated, both stimuli are
equally likely to be selected as the response tamga given trial. In some blocks, correct
responses to one target receive a large rewara/(fle correct responses to the other
target receive a small reward (2). The activityr@iny neurons is modulated by reward
size, with activity being greater for stimuli inetimeuronal response field that are
associated with high rewards.

(b) Reward probability task. When reward probabilgynmanipulated, rewards are always
the same size, but in some blocks one neuron is fkaly to be selected as the response
target (0.8), while in others that stimulus is |#ssly to be selected (0.2). The activity of
neurons is modulated by reward probability, withhar activity during trials in which the
stimulus in the response field is more likely tode¢ected.

(c) Spatial attention experiment. Targets appear ¢m fides, but rewards are given only
for responses to the ‘correct’ side, with resporiegbhe wrong side (distractors) being
unrewarded. The rewarded side alternates betweekdhINeuronal activity is stronger
during blocks in which the stimulus in the respofisk is rewarded.

As can be seen the structure of these experimertsy similar.
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More recent studies have attempted to parse tketefbf reward and attention related
processes on parietal activity. For example ongystmploying a rewarded saccadic-
cueing task in monkeys, found that while the attief LIP neurons was modulated by
reward size, neuronal responses were also comeldtk reaction times independently of
reward magnitude (Bendiksby and Platt 2006). Thias argue that this indicates that
LIP is a crucial area for integrating reward-redhiteformation with attention and saccade
planning, but that information regarding reward estption and attentional processes may

be separate.

Indeed, another group of authors have found therseble activation of LIP does not

affect reward evaluation processes, but does atfechbility to use reward in a spatially
unbiased manner (Balan and Gottlieb 2009; Peclgraanet al. 2009). Some human
studies have also attempted to assess the comififeets of attention and motivation on
the performance of visual tasks (Small, Gitelmaal e2005; Engelmann and Pessoa 2007;
Engelmann, Damaraju et al. 2009). Importantly, relwar incentives have been shown to
interact with attentional processes, with the inhdiencentive being greater on invalidly
cued trials — that necessitate reorienting — coegpay validly cued trials. Furthermore,

this effect of motivation on reorienting led toiacrease in target-evoked signals in the

TPJ (Engelmann, Damaraju et al. 2009).

The idea of parietal cortex playing a role in imegtng reward information — or

motivational salience — with attentional processensistent with the theory of IPL

function that | developed earlier in this chapfes.discussed in Section 1.4.1, signals
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regarding motivational salience may come from nagadrgic input to the PPC — which in
turn receives afferents from orbitofrontal and naéétiontal areas (Rajkowski, Lu et al.
2000; Aston-Jones, Rajkowski et al. 2002), whigh@osely connected to the mesolimbic
dopaminergic system (Carmichael and Price 1995jri3&y, Morrell et al. 1995;
Carmichael and Price 1996; Morecraft and Van Hod€88; Ongur and Price 2000).
Evidence has also been accumulating for a moretdi@aminergic input to PPC, with
the parietal lobe appearing to receive input (kmthalamus) from the SN/VTA (Yeterian
and Pandya 1993; Middleton and Strick 2000; MidaHieand Strick 2000; Clower, Dum

et al. 2005).

The point | would like to make here, however, iattparietal dysfunction, which may also
occur in PD (Antonini, De Notaris et al. 2001; MatdJdaka et al. 2006; Beyer, Janvin et
al. 2007; Nobili, Abbruzzese et al. 2009), mayueficereward-relatedandrisk-taking
behaviour in addition to the processing of novel stimulidéed, the right IPL has been
shown to be significantly activated during the ame phase of the lowa Gambling Task
in normal subjects (Lin, Chiu et al. 2008). To best of my knowledge, there has only
been one study which has examined the effectsr@tphlesions on reward-related
decision-making (Gomez-Beldarrain, Harries et @04). This investigation suggested
that while parietal patients were good at assedssigrelated information, they were poor

at using this information to inform their judgemgnt
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1.9. Parietal and frontal dysfunction in Parkinsons disease

One of the most common neuropsychiatric presemsid PD is general cognitive
decline, including dementia which can affect froB%2to 40% of this patient population
(Hughes, Ross et al. 2000; Aarsland, Andersen €08all; Korczyn 2001). Traditionally,
dementia in PD has been considered to be mainkenliby reduced dopaminergic input to
the frontal lobes. However, more recently it hasdmee clear that diffuse cortical
abnormalities may be found in PD patients, paréidulthose with dementia; with diffuse
Lewy bodies, as well as Alzheimer-like changes regabat neuropathological
examination (Brown, Dababo et al. 1998). Imagingl&ts have also demonstrated
changes in the frontal, parietal and temporal lobd2D patients with dementia (Antonini,

De Notaris et al. 2001; Derejko, Slawek et al. 2@#yer, Janvin et al. 2007).

Importantly, compared to healthy control subjePis, patients with mild cognitive
impairment (who do not meet the criteria for dermerdalso demonstrate hypoperfusion
(Derejko, Slawek et al. 2006; Nobili, Abbruzzesale2009) and atrophy (Beyer, Janvin
et al. 2007) of parietal, frontal and temporal oagi. In fact, even PD patients with no
evidence of cognitive difficulties demonstrate gn#dicant reduction in perfusion eight
frontal and parietal cortex in comparison to colstravhich is not significantly different

from that of PD patients with dementia (Derejk@avk et al. 2006).

The potential importance of parietal dysfunctiodPid has also been highlighted by recent

studies (Matsui, Udaka et al. 2006; Matsui, Niskanat al. 2007). These investigations
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suggest that impaired performance on tests tragiliyy thought of as reflecting frontal
function, such as the frontal assessment battetyr@enWCST, are actually associated
with hypoperfusion (Matsui, Udaka et al. 2006) aaduced fractional anisotropy (Matsui,

Nishinaka et al. 2007) in the parietal, rather ttr@nfrontal lobes in PD.

Furthermore, in PD patients without dementia, impants in several neuropsychological
tests have been found to correlate with a decrieasetabolic activity in frontal and
parietal areas, with these regions forming paget BD-related cognitive network (Huang,
Mattis et al. 2007; Hirano, Eckert et al. 2009)isTimetabolic network is defined by
subjecting'®fluorodeoxyglucose PET images to spatial covariamysis and has been

found to be highly reproducible in individual patie (see Figure 1.15).

Consistent with the existence of parietal dysfuorcin PD, visuospatial problems are
often reported in these patients. For example, thay have difficulty with tasks such as
mental rotation, perceptual closure, line bisectind left-right decisions (Cronin-Golomb
and Amick 2001). However, the extent and natureisafospatial impairment has been
unclear, in part because some studies have failedrifirm the existence of such deficits

(Brown and Marsden 1986; Cooper, Sagar et al. 1991)
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PD-Related Cognitive Pattern (PDCP)

Precuneus

Cerebellum/DN Post Parietal
X=5 z2=52

Figure 1.15. Parkinson’s disease-related cognitiygattern of metabolic activity

(Huang et al,2007).

This PD-related cognitive pattern of metabolic\dttiwas identified by covariance
analysis of ®F-fluorodeoxyglucose PET scans of 15 PD patiertiss pattern was
characterized by covarying metabolic reductiontherostral supplementary motor area
(pre-SMA) and precuneus (left figure), as wellrashie dorsal premotor (PMC) and
posterior parietal regions (middle figure) andhe teft prefrontal cortex (right figure).
Relative metabolic increases were seen in the ebaelvermis and dentate nuclei (DN).
Voxels with positive region weights (metabolic ieases) are coloured red and those with

negative region weights (metabolic decreases)a@oried blue.

These discrepancies may be explained, at leasite gxtent, by inattention to the
potentially critical factor of body side of motgrmsptom onset. The asymmetrical motor

symptoms in PD have been associated with an asymmedopamine depletion in the
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SN/VTA (Kempster, Gibb et al. 1989), which resut@ similar asymmetry of striatal,
and hence striato-cortical, dysregulation (Middtedémd Strick 2000; Middleton and
Strick 2000). These considerations may be partilyuiaportant when considering

visuospatial function, which is considered to lderalised to the right parietal lobe.

One recent study has explored this idea (Scherdaitk et al. 2009). In this study, PD
patients with left-sided symptom onset (right hgyhere dysfunction) were shown to have
difficulty processing hierarchical stimuli at thiolgal level, while patients with right-sided
onset of symptoms (left hemisphere dysfunction) alestrated abnormal local level
processing. These findings are consistent withipusvesion studies, which have shown
that global processing of such stimuli is dependéiain intact right parietal lobe, with
local processing relying on the left side (Roberidamb et al. 1988; Lamb, Robertson et

al. 1989).

On this basis, it is therefore possible that PDepi#d may also demonstrate some of the
deficits that | earlier argued depend cruciallytioa right IPL, such as the ability to sustain
attention and detect salient events, in additiovigoospatial impairments. However, in
light of the findings discussed above, | would hysise that only PD patients with left-

sided symptom onset are likely to be susceptibtedse problems.

However, the important point to take from thisriteeire — in terms of this thesis — is that

parietal dysfunction may represent a further meigmaof vulnerability of PD patients to

the dysregulation of reward information.
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1.10. Summary and outline of remaining chapters

In this chapter | have examined evidence which sstggthat previous models of cortical
visual attentional processing (Ungerleider and Misii982; Milner and Goodale 1995)
have difficulty incorporating the human IPL. Moexent models have attempted to
rectify this (Corbetta and Shulman 2002; Corbdttel et al. 2008), but | argue, fail to
capture the full extent of IPL functionality. | haveviewed evidence which suggests that
the right IPL plays a crucial role in two broadifferent, but complimentary, aspects of
attention: maintaining attentive control on curreggk goals, in addition to responding to
salient new information or alerting stimuli in teavironment. | have argued that findings
from functional imaging, electrophysiological amgibn studies are all consistent with the
view that this region is a vital part of a systdrattallows the flexible adaptation of
behaviour between these two contrasting modeserfatipn, and that noradrenergic input
to the IPL may be particularly important in thigaed. Patients with hemispatial neglect,
the syndrome which frequently occurs following dgen¢o the right IPL (Vallar and
Perani 1986; Mort, Malhotra et al. 2003), represenideal population in which to

investigate this proposal further.

The processing of salient new, or novel, stimdbahvolves activation of the mesolimbic
dopaminergic system (Bunzeck and Duzel 2006), ¢ueamodulatory network which is
crucial in signalling reward-related informatiorcfiltz 1998). PD, the neurodegenerative

condition characterised by loss of dopaminergitsaelthe midbrain, therefore represents
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another neurological condition, investigation ofiethmay help reveal how the brain

processes stimulus novelty.

In fact, a subgroup of medicated PD patients, gtoafevelop impulse control problems,
which are associated with risk-taking behaviour aodelty-seeking (Wu, Politis et al.
2009). The use of dopamine agonists has been iat@tidn the genesis of ICD (Voon,
Potenza et al. 2007), however, this does not axplly some patients using these drugs
develop such problems, whilst others do not. Orssipdity is that pathophysiological
differences between the akinetic-rigid and tremamnphant subgroups of PD may go some

way to explaining a difference in susceptibilityween them.

These pathological differences may occur withindbpaminergic system itself.
However, patients with PD may additionally demaauigtipathology outside the midbrain
and basal ganglia, including the parietal and &blubes. These changes, of course, may

also contribute to a vulnerability to behaviounatiaognitive problems.

The aim of my thesis will be to investigate thesgppsals by examining patients with

neglect and PD.

In Chapter 2, | will probe some of timen-spatialdeficits which may be associated with
neglect and investigate how these influence theacheristic spatial component of the
disorder. This will be achieved by comparing thaitglof neglect patients, with right

hemisphere stroke control and healthy elderly subjeosustain attentiomndencode
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salient eventat a single central location, as well as in left aight sides of space. Lesion
analysis techniques will be employed to examineatieomical correlates of the
impairments identified. Chapter 3 will extend théseings, by assessing the effect of
salient stimuli- phasic alerting tones on the spatial and non-spatial deficits esthbtis

in Chapter 2.

Chapter 4 will present a report of a single caglé persistent neglect and severe
difficulties sustaining attention, secondary tateral thalamic lesions. | will discuss the

effects of continued use of the noradrenergic ajguanfacine on these deficits.

In Chapter 5, | will investigateovelty processinm right hemisphere stroke patients with
and without neglect. The ability of these patigntencode novel stimuli will be compared
with their processing of non-novel perceptual sedlee Again, the anatomical correlates of

any deficits will be probed using lesion analysishiniques.

Chapter 6 will examinaovelty processing and risk-taking behaviour inigratis with PD
The performance of patients with akinetic-rigid @aremor dominant PD, without ICD,
will be compared. Additionally, their performancédlwe contrasted with that of PD
patients with ICD, as well as healthy elderly cohsiubjects. In Chapter 7, | will present
the results of a magnetisation transfer imagindysperformed in PD patients with and
without ICD. Correlations between the imaging aefidvioural data will be assessed, in

addition to information regarding motor subgroup.
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Finally, in Chapter 8, I will discuss the implicatis of my research, in the context of the

proposals | have outlined in this introduction, aaggest future avenues of investigation.

111



Chapter 2

2.1. Introduction

As discussed in Chapter 1, there have been a nushbdtuential attempts at the
functional segregation of the cortical visual sgsi{@ngerleider and Mishkin 1982;
Milner and Goodale 1995). These dorsal versus akstiream dichotomies, however,
have found it difficult to incorporate the inferiparietal lobe (IPL) (Rizzolatti and Matelli
2003; Nachev and Husain 2006), which may at leepart, be explained by the fact that
these proposals were based on experiments in thkaypin which there may not be a
complete, functional equivalent of the human IPk{@&, Van Essen et al. 2004; Orban,
Claeys et al. 2006). However, an important modetivattempts to account for IPL
functionality has been proposed by Corbetta andn$du (Corbetta and Shulman 2002;
Corbetta, Patel et al. 2008), who propose the exist of anatomically distinct
frontoparietalnetworks, which are thought to be specialisedHercontrol of contrasting

attentional processes.

Corbetta and Shulman’s dorsal frontoparietal nekywahich includes the intraparietal
sulcus (IPS), the superior parietal lobule (SPLgJ darsal frontal cortex, is considered to
be specialised for the control of goal-directedcpsses. On the other hand, their ventral
network which consists of the IPL, temporoparigiakttion (TPJ) and ventral frontal

cortex is thought to be primarily concerned witbrrenting attention to behaviourally
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salient environmental events and, they argue, isssociated with task preparatory

mechanisms or goal-directed processes.

This model, however, fails to accommodate a magotisn of the current evidence base
regarding IPL function. Studies with healthy hunsabjects demonstrate that the right
IPL is involved insustaining attentiover time, so that focus can be maintained on the
task at hand (Pardo, Fox et al. 1991; Johannskabsan et al. 1997; Paus, Zatorre et al.
1997; Coull, Frackowiak et al. 1998; Coull and ri©998; Hager, Volz et al. 1998;
Sturm, de Simone et al. 1999; Adler, Sax et al12Mandenberghe, Gitelman et al. 2001;
Foucher, Otzenberger et al. 2004; Sturm, Longoal.€1004). This, in my view, is a ‘top-
down’ function of the IPL, which occurs in addititmits crucial role in the detection of
salient (Linden, Prvulovic et al. 1999; Clark, Fanret al. 2000; Huang, Lee et al. 2005;
Kiehl, Stevens et al. 2005; Lagopoulos, Gordon.e2@06; Williams, Felmingham et al.
2007) or novel events in the environment (Weis,rRiet al. 2000; Downar, Crawley et al.
2002; Kiehl, Stevens et al. 2005; Bunzeck and DA@66; Gur, Turetsky et al. 2007).
Together such studies implicate the right IPL itemnsity, or ‘top-down’, aspects of
attentional control, as well as stimulus-driven;bmttom-up’, elements. In other words, it
appears to play a role in processes segregate@aortzetta and Shulman’s dorsadd

ventral networks.

Functional imaging studies (Buchsbaum, Greer é2G)5), as well as neurophysiological

studies (Rushworth, Passingham et al. 2005; TraretsNest 2008) further suggest that

the right IPL is activated during experiments inwog) switching between tasks, a
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function that has traditionally been considered-glr@cted in nature and to be purely the
remit of frontal structures. In fact meta-analyss shown that the right — rather than the
left — IPL is a crucial focus of activation durittgs process (Buchsbaum, Greer et al.
2005). Collectively, I consider this body of eviderto be consistent with my own
alternative scheme, which attempts to integrateetii@dings by proposing that the right
IPL acts as a pivotal module in the flexible red¢guafation of behaviour between two
opposing functional states. These are a task-edgstgee, in which attention is focussed
upon current task goals, and a more exploratotg,stéhich enables the identification of

potentially important novel environmental events)¢&-Curry and Husain 2009).

| aim to investigate this proposal further in tbiepter by examining the syndrome of
hemispatial neglect, which occurs most frequergly aesult of damage to the ventral
attention network, including the right IPL and inée frontal cortex (Vallar and Perani
1986; Husain and Kennard 1996; Mort, Malhotra eP@03). It has previously been
reported that patients with neglect have difficulstecting, or maintaining attention upon,
events throughout space and not just the left (rBl, Schwartz et al. 1978; Hjaltason,
Tegner et al. 1996; Samuelsson, Hjelmquist et2881Robertson 2001; Buxbaum,
Ferraro et al. 2004). However, it may be arguetiphablems with sustaining attention are
best demonstrated througlieclinein performance with the duration of a task (See,
Howe et al. 1995; Whyte, Polansky et al. 1995heathan simply a global deficit — a

finding that has not previously been shown in netgbe non-spatial tasks.
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Furthermore, although it is accepted that non-apatipairments occur in neglect
(Robertson 2001; Husain and Rorden 2003), littienderstood about how they
contribute, e.g. whether they interact with or rmerely additive with the spatial deficits.
The aim of the experiments described in this chdpt® probe how difficulty sustaining
attention might articulate with the detection afratli of high and low perceptual salience,
presented centrally and in left and right sidespace. If my proposal is correct (Singh-
Curry and Husain 2009), it might be predicted theftcits in all three of these factors —
sustaining attention, salience encoding and theadmaientation of attention — might

interact in the neglect syndrome.

In this chapter, two tasks based on an ‘oddbaklgigm’ (Barcelo, Suwazono et al. 2000)
were employed to examine the functions of the \&atitention network. In these
experiments, infrequently occurring target stimubf high or low salience — were
embedded within a stream of frequently occurring-texgets. By combining behavioural
data with recently developed lesion analysis teqies, | investigated within the same
individuals whether the right IPL plays an impottesie in the mediation of sustained

attention, detection of salient targets (saliemmmoding) and spatial orienting of attention.

2.2. General Methods

2.2.1. Participants

Patients were recruited from stroke and neuroldgiods with local ethics approval.

Overall, a total of 16 right middle cerebral artéf§CA) stroke patients with neglect
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(mean age: 59.4, range: 39-83; one left-handed)ldnthht MCA patients without
neglect (mean age: 57.7, range: 32-82; all riginidled) were included in the study.
Exclusion criteria included cognitive impairmenthuhat there was difficulty following
assessment or task instructions, and active mechoabdrbidity. 12 healthy elderly control
participants with no neurological or psychiatristory were also recruited (mean age: 73
years, range: 59-82; 2 left-handed); see Tabléa2.further patient demographic

information.

2.2.2. Assessment of neglect

A visual neglect battery was performed on all & patients to determine the presence or
absence of neglect (Malhotra, Greenwood et al. @Rztients with neglect demonstrated
neglect behaviours in their activities of dailyitig, as well as on the Mesulam
cancellation test (Mesulam 1985) and/or line bisectask (Stone and Greenwood 1991).
Neglect was identified by an asymmetry of cancieltabf 2 or more items on the
Mesulam task and a mean rightward deviation of Sanmore on line bisection of three

17cm lines.
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Subject  Age Time since Field defect Mesulam (R-  Line bisection (cm Task(s)
stroke (months) L difference)  to right of midline) performed
N1 83 1 No 15 3.9 C&B
N2 61 4.5 No 4 2 C
N3 40 0.1 No 8 1.4 Cé&B
N4 46 2 No 7 1 C&B
N5 74 0.3 No 4 1 Cc&B
N6 66 10 Partial left lower 20 1 C&B
guadrantanopia
N7 66 3 Left hemianopia 22 3.2 C
N8 68 No 1 1.4 B
N9 75 0.7 No 2 0.7 C&B
N10 39 1 Partial left lower 22 0.8 C&B
guadrantanopia
N11 58 3 Left hemianopia 20 2 C
N12 53 2 No 14 1.2 C&B
N13 59 0.7 Left hemianopia 13 4.3 C
N14 60 1.7 No 7 0.8 B
N15 44 No 10 1.2 B
N16 58 2 No 1 0.6 B
mean 59.4 2.2 10.6 1.7
SC1 40 2 No 0 0.1 C&B
SC2 57 0.5 No 0 -0.4 C&B
SC3 82 0.1 Left hemianopia -1 -0.4 C
SC4 59 2 No 0 -0.2 C&B
SC5 70 2 No 0 -0.2 C&B
SC6 63 1 No 0 0.5 C
SC7 50 0.5 No 1 0.2 C&B
SC8 71 2 No -1 0.2 C&B
SC9 61 5 No 0 -0.2 C&B
SC10 37 0.2 No 0 -0.7 C&B
SC11 32 0.5 No -4 -0.2 C&B
SC12 68 0.5 No 0 -0.3 C&B
SC13 76 0.6 No 0 -0.3 B
SC14 42 36 No -2 -0.3 B
mean 57.7 3.8 -0.4 -0.2

Table 2.1. Patient demographics.

N = patient with neglect

SC = stroke control patient

C = central task

B = bilateral task
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2.2.3. Apparatus and stimuli

Participants depressed the central bottom butt@m dB-530 Cedrus response box in
response to the presentation of target stimuli.e Datitude D820 laptop with a 15 inch
screen and bilateral integral speakers was usestifoulus presentation. Both tasks were
programmed using E-Prime software (Psychology T8ofsware Inc.). Stimuli consisted
of red and green coloured triangles, subtendingceequmately 2.5 x 2 °© of visual angle
when viewed from a distance of about 60cm, and wegsented on a grey background.
These were presented either centrally or at a geeaf location (1 degree to the left or
right of centre) depending on the task being perémt. Subjects tested had no problems

identifying parafoveal stimuli when fixating ceritya

2.2.4. General experimental design

Both tasks were based on an ‘oddball paradigm’d®ar Suwazono et al. 2000) in which
infrequently occurring target stimuli (invertedatnigles) were presented randomly
intermixed with frequently occurring non-targetstli (upright red triangles). There were
two types of target: a green inverted triangle amdd inverted triangle. The green targets
were designateligh saliencébecause they differed from the non-targets alamyg t
feature dimensions — orientation and colour. Regkta were of lower salience, differing
from the non-targets in orientation only. Reactiome data supports this contention (see,
for example, Figure 2.7) demonstrating clearly theaticipants responded significantly

faster to green (high salience) targets compareeddglow salience) targets.
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Subjects were instructed to respond as quicklyoasiple with their preferred hand
whenever they saw an inverted triangle target, efretits colour (green or red). The two
target types were therefore identical in termsasktgoal but differed in terms of

perceptual salience.

In each of the experiments, non-targets (red uptiggngles) comprised 75% of stimuli,
whilst the low and high salience targets each ngod&2.5%. Stimulus presentation time
was 500ms, with inter-stimulus interval varyingweén 1000 and 1500ms. Responses
were collected for 1500ms after visual stimulusedragd were discarded if they occurred
within 200ms after stimulus onset (classified ascgrations). Each task consisted of 320
stimuli, lasting for approximately 10 minutes dimat Task order was counterbalanced
across subjects, with each task preceded by a gramtice comprising 20 stimuli, which
was repeated if necessary. Subjects were monitasedlly throughout the tasks, to

ensure they maintained central fixation.

2.2.5. Data Analysis

The median hit rates, false alarm rates and reattites for each subject were analysed.
All data presented on graphs represents the meadigfdual subject medians. Repeated-
measures ANOVAs were used to examine for signifieéfiects between groups (neglect,
stroke control and healthy control) as well asadditional within-group effects for each

of the two tasks (see below) and for each behaai@mutcome measure.
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2.2.6. Lesion analysis

Lesions were plotted from clinical MR or CT scaB8 MR and 7 CT) on to a CH2
template using MRICro software (available from wwwicro.com), to produce a region
of interest (ROI) on the axial images at MNI Z atioates 56, 61, 66, 69, 75, 85, 88, 92,

96, 102, 108, 120. The lesions of individual paseare shown in Table 2.2.

Overlays and 3-D renderings were carried out in @ieh software (available from
www.sph.sc.edu/comd/rorden/mricron) after conversibthe ROIs to smoothed volumes

of interest (VOIS).

Voxel-based lesion symptom mapping (VLSM) was usedterrogate the behavioural
and lesion data for the whole stroke group (negadtstroke control patients combined)
using MRICron and non-parametric mapping softwaleN! for windows also available
from www.sph.sc.edu/comd/rorden/mricron). The atlvge of VLSM is that subjects are
not grouped priori according to behavioural measures (neglect orneglect), or
according to site or size of lesion. Instead,ketabehavioural and lesion data from all
patients and asks which voxels, when damaged sace@ted with particular impairments

(Bates, Wilson et al. 2003; Rorden, Karnath e2@Q7).
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Table 2.2. Patient lesions
N = neglect patient

SC = stroke control patient
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VLSM therefore provides a relatively assumptioeefmeasure of whether or not damage
to a particular voxel is associated with a spedi@bavioural deficit. For each voxel
subjects were divided into two groups according/bether that particular voxel was
damaged or not. Behavioural scores were then cadpeaing the Brunner-Munzel rank
order analysis, which is incorporated within the I@ROn and NPM software, to produce

a statistic for each voxel. These Brunner-Munzéleswere then overlain on the MNI
template as colour Z maps, revealing the degré®vofvement of each voxel in the
behavioural process under investigation. The calooraps were then smoothed,

automatically within the MRICron software, to pragua 3-D rendering.

Unlike thet-test, the Brunner-Munzel rank order test is a parametric analysis which is
robust to violations of normality and has been @ered the statistical test of choice in
patient studies such as this (Rorden, Karnath &0&l7). An earlier version of this test in
MRICron/NPM has been recently criticized for prouhgclarge Type | errors in small
groups (Medina, Kimberg et al. 2010). However, ofsthe Brunner-Munzel in
conjunction with a permutation derived correcti@ai&able in the most recent version of

MRICron/NPM is considered to produce reliablecores (Medina, Kimberg et al. 2010).

Only voxels lesioned in at least 15% of the strgiaip were included in the analyses,

with a permutation derived familywise error (FWB)y@ction (at the 0.05 level)

performed automatically within the MRICron and NRbftware.
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In order to examine the potentially confoundingeetfof larger lesions in the neglect

group compared to the stroke control group on éselts, correlations between lesion size
and the behavioural measures employed in the VLB8&llyaes were assessed. The volume
of lesions was calculated using MIPAV software (e from www.mipav.cit.nih.gov),

after conversion of each ROI to a VOI.

2.3. Experiment 1 — Sustained attention to centradtimuli of high and low salience

2.3.1. Behavioural task design

In experiment 1, demonstrated in Figure 2.1, alhgli were presented at a single central
location on the display screen, aligned to theigpent’s vertical midline. This allowed
assessment of responsiveness to salient itemgetdarhich were of high or low salience
— as well as of the ability to and sustain attentiocentral vision, over the 10 minutes’

task duration.

Some investigators consider that an impairmentisfasned attention is best demonstrated
through decline in performance -vigilance decrement over time rather than simply an
overall deficit (Whyte, Polansky et al. 1995; Parasnan, Warm et al. 1998) because it
could be argued that initial poor performance #iaiply continues throughout a task
indexes difficulty due to the specific cognitivena@nds of that task (in this case, detecting
salient items), rather than problems sustainirenéitin. Thus to assess sustained attention
| examined performance as a function of time-ok:ta8 neglect patients, 12 stroke

controls and 12 healthy elderly subjects took jpathis experiment.
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High salience
target

ISI: 1000 -
1500 ms

Non target

Time
320 trials
10 mins

Low salience
target

Figure 2.1. Central Task
Subjects were instructed to respond with a buttesgpwhenever they saw an inverted

triangle, whether this was red (low salience) @regr (high salience).

12.5% of stimuli were low salience targets, 12.5&sawhigh salience targets and 75% of
stimuli were non-targets. Each stimulus was presefdr 500ms, with an interstimulus
interval (1SI) of 1000-1500 ms. The task consigie820 stimulus presentations, lasting

for approximately 10 minutes.
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2.3.2. Results
2.3.2.1. Errors — hit rate and false alarm rate
The hit rate and false alarm rate for high and $alience events over time on the task are

shown by group in Figure 2.2.

A repeated measures ANOVA was performed acros8 greups (neglect, stroke control
and healthy control) with within-group measuresime (divided into 2 equal halves) and
target salience (high and low) for the hit ratee rerformance of the neglect patients was
significantly poorer than that of either controbgp (effect of group: F(2,33)=5.635,
p=0.008) withpost hodBonferroni tests revealing that the neglect groag significantly

lower hit rates than the stroke controls (p=0.C28] healthy controls (p=0.017).

Furthermore, there was a main effect of time-ok-(&¢1,33)=7.723, p=0.009) with a
significant interaction between time and group (882=3.45, p=0.044). Crucially, a
within group ANOVA revealed that the performancenefjlect patients deteriorated
further with time-on-task (F(1,1)=5.109, p=0.04&e d-igure 2.2A). This illustrates that
neglect patients, in addition to an overall perfante deficit in detecting salient targets,
demonstrate gigilance decremerdver time, i.e., they show an impairment in thiitgb
to sustain attention, even for stimuli presenteal single central location. Importantly,
this effect of time-on-task was not observed witkither of the control groups (stroke
control: F(1,11)=2.099, p>0.17; healthy controll B()=3.667, p>0.08 — see Figure
2.2B&C). However, as can also be seen from Figu2ei@ terms of the error data, the

control groups were performing at ceiling.
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Figure 2.2. Impaired sustained attention and saliete processing in neglect.

Neglect patients (A), unlike stroke controls (Bpdrealthy elderly control subjects (C),
demonstrate a significant decline in performancer ¢ime. They are also deficient at
detecting targets of lower perceptual saliencejqadarly as time-on-task progresses. This
decline in effective task performance is driveralygduction in accurate target detection

(hit rate), rather than inaccurate responses tetaigets (false alarms).

High — high salience targets (inverted green tliesig
Low — low salience targets (inverted red triangles)

Error bars indicate the standard error of the mean.
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The between groups ANOVA also revealed a main eiesalience (F(1,33)=18.924,
p<0.001) with a significant interaction betweeriesate and group (F(2,33)=12.35,
p<0.001). Neglect patients were worse at detet¢tirgets of low compared to high
salience (F(1,11)=15.172, p=0.002). This was nettse in the healthy control group
(F(1,11)=0.314, p>0.5), although the stroke corgrolip showed a significant but lesser
effect of salience (F(1,11)=7.857, p=0.017) as caneg to the neglect patients — see
Figure 2.2 — although, again it should be notedttie.control groups were generally

performing at ceiling.

Importantly, the between groups ANOVA revealedgmificant interaction between time-
on-task and salience (F(1,33)=6.298, p=0.017) dhteh to a three-way interaction
between time, salience and group (F(2,33)=3.576,389). Crucially, the interaction
between time and salience reached significandeeiméglect group alone,
(F(1,11)=3.4054.783, p=0.05), with ability to sustattention being significantly
impaired for low salience (t(11)=2.37, p=0.037) gamed to high salience targets
(t(11)=1.0, p>0.3; Figure 2.2A). Thus, in negleatipnts, the impairment in sustained
attention interacts with the ability to respondatient items (low salience targets

compared to high salience ones), rather than magtigg in an additive fashion.

This finding demonstrates that neglect patienttes@ain impairment in encoding salient
items over time. Note that although the red, loliegsae targets are not as salient as green,
high salience targets (see Figure 2.7 for supporegaction time data), they are

nevertheless salient with respect to the frequenttargets. All groups, including the
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neglect one, found detection of high salient tazgetbe relatively easy but it was
responses to low salience targets that particuthsigriminated between groups. The
deficit in responding to low salience items, whwbrsened over time, was crucially only
observed in the neglect group. This finding demmaas a deficit in encoding salience

which interacts with the impairment in sustaininggation over time in neglect patients.

The existence of this interaction between sustgiaitention and detecting salient, task-
related items can be criticised on the basis @@arent ceiling effect, even in the neglect
group, for the detection of high salience targetgure 2.2A). However, if the duration of
the task is broken down into quartiles (see Figu8g, it can be seen that the neglect
patients begin to manifest an impairment in thed&in of even the high salience targets.
Furthermore, despite this deterioration in the clé&ta of high salience targets at the very
end of the task, the separation between the detecfihigh and low salience targets
seems to further increase, suggesting that suatiteraction may in fact be real.

However, in an analysis comparing performance éfitist quartile to the final quartile,
this interaction failed to reach significance (E()=2.979, p=0.11), although it should
also be bourne in mind that that in the quartilalysis, due to a halving of the

contributory data-points, the power of the analyss reduced.

As can be seen from Figure 2.2, all three subjemxifgs made very few false alarms.

Repeated measures ANOVA across the groups, withirmroup measures of time and

target salience, on the false alarm rate revealesignificant effects.
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Figure 2.3. Deficit in detection of high saliencedyins to manifest at the end of the
task in neglect patients.

Further subdividing the duration of the task intadiles (Q1-Q4), reveals that at the end
of the task, a deficit in detection of the highesate targets begins to manifest.
Furthermore, despite the appearance of this detffi@tseparation of performance to low
and high salience targets appears to be increasipgorting the notion of an interaction
between the ability to sustain attention and desBtulus salience. Unfortunately the
interaction between time and salience fails tomesagnificance in the quartile analysis
(see text). However, the total number of data gambhalved in this analysis, leading to

lower power.

Error bars indicate the standard error of the mean.
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The decline in hit rate to low salient targets avee in the neglect group cannot be
explained simply by slowing of responses, someldtivmight not even have been made
within the 1500 ms time window in which we colletteaction times. Figure 2.4A
demonstrates the frequencies of reaction timelWsalience targets in the neglect

group. The median reaction time of this group te &alience targets was approximately
600 msec, with the majority of responses fallingnuaen 400 and 800 msec. There were
very few responses to low salience targets ovem8§€c. Furthermore, out of the small
number of total false alarms across the negleatm(Bigure 2.4B), very few were of very
short reaction time — which would have suggestatittiey might have been delayed
responses to previous targets. In sum there ividermce that delayed responses to targets

significantly contributed to the observed erroerat

The reaction time data will be discussed more full$ection 2.3.2.3.

132



60

250 500 750 1000 1250 1500

Count

Hits - First Half

B
20
80—
0 200 400 600 80O 1000 1200 1400 £
o
Hits
A 20
4 0 200 400 600 800 1000 1200 1400
60— Hits - Second Half
C
540—
[=]
(8]
207
- —
0 200 400 600 800 1000
False Alarms
D

Figure 2.4. Reaction time distributions in the negict patients.

A. Reaction time distributions during the central teskll of the low salience targets (red
inverted triangles) detectetihe reaction time distribution for hits during thirst half of

the task are shown B and those during the second half of the tasklawevs inC. The
median reaction time to low salience targets innbglect group was approximately 600
msec, with the majority of responses falling betwéd80 and 800 msec. As can be seen
from the small number of low RT hits, there werepMew anticipatory responses.

Importantly, the low number of high RT hits andwsmall number of low RT false
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alarms (shown i), argues against the possibility of ‘time-outsvery long target
response times contributing significantly to theoerate. In fact, if anything there were

more long RT hits during the first, compared to¢keond half of the task.

It has been argued that measures derived fronalsiigtection theory (such as perceptual
sensitivity - calculated by computing the distabeéveen the signal and noise
distribution means in standard deviation unitsri8law and Todorov 1999)) may be
more sensitive to differences in performance otstessustained attention and vigilance
than either hit rate or false alarm rate alone (lcenth Beale 1991). This is because such
measures take into account both the hit rate améathe alarm rate in their computation.
As discussed above, there were very few false alanade on this task, by any of the
groups, hence the calculation of these measureklvaod little extra value to the hit rate

alone, and therefore have not been added here.

To investigate the anatomical correlates of peréoroe differences between patient
groups (discussed in the next section), two sirbplevioural measures were used. First
the hit rate during the final quartile of the tagks used to probe the lesions of neglect and
stroke control patients for deficits in sustainattention because there were significant
differences between the two groups during the fipartile of the task (t(22)=-2.83,
p=0.009), but not during the first quartile (t(22=9, p>0.05). The performance of

patients in the final quartile, rather than thalfihalf, were chosen for this analysis
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because the difference between groups here wategt¢difference between groups in the

final half of the task (t(22)=-2.309, p=0.03)

Second, the hit rate for low salience targets Wwadthavioural measure used to
investigate the anatomical correlates of difficuttgntifying low salience items. There
were significant differences between the two patigaups in the correct identification of
low salience targets (t(22)=-2.854, p=0.009), hitfor the identification of high salience

targets (t(22)=-1.554, p>0.1).

2.3.2.2. Lesion analysis
VLSM was used to investigate the anatomy of thecdefin sustained attention and
salience encoding identified in the preceding sectiFor the reasons discussed above, the
hit rate during the final quartile of the task wesd to probe the lesions of neglect and
stroke control patients for deficits in sustainattention, while the hit rate for low
salience targets was the behavioural measure aseddstigate the anatomical correlates

of difficulty identifying low salience events.

The deficit in sustaining attention during the figaartile of the task was associated with
damage to a network of frontal and parietal areelsiding the supramarginal gyrus
(SMG) and angular gyrus (AG) of the IPL, in addititm the middle frontal gyrus, but

particularly prominently the inferior frontal gyr@s-G) (see Figure 2.5A).
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A Deficits in sustained attention

B.

Figure 2.5. Regions associated with deficits in sasned attention and salience
encoding.

A. Deficits in sustained attention were primarily@sated with damage to the inferior
frontal gyrus (IFG) and to a lesser extent withdeed voxels in the middle frontal gyrus
in addition to the supramarginal gyrus (SMG) andudar gyrus (AG) of the IPL. Z scores
> 3.15 are significant at the 0.05 level after petation derived FWE correction.

B. In contrast, difficulty detecting targets of lowggrceptual salience was principally
associated with damage to the IPL, involving the. EGcores > 3.26 are significant at the
0.05 level after permutation derived FWE correction

Only significant voxels are shown.
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It is important to note, however, that damage tsi@aor regionglonemay be sufficient

to cause an impairment of sustained attention.rEigubA presents data from an

individual patient from the neglect group, includedhe analyses described above, whose
lesion was centred on the IPL (see Figure 2.6B)vamdh crucially did not extend into

the frontal lobe. This patient demonstrated a dedl performance with time, even for

stimuli presented at a single central location.
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Figure 2.6. A neglect patient with posterior damageemonstrates a vigilance
decrement.

A. Lesion anatomy of this patient. The lesion isédygonfined to the IPL and
importantly, does not extend to the frontal lobe.

B. The patient demonstrates a decline in hit rate theetime course of the tasks,

centrally, as well as in the left and right sidésmace.
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The deficit in detecting low salience targets wasd to be significantly associated with
parietal damage only, centering on the angulargieG) of the IPL (Figure 2.5B). This
finding suggests that the right IPL is crucial etetting target-related salience, but as has

been seen, it is also implicated in playing a mlsustained attention (Figure 2.5A).

There was a significant difference between theawtgind stroke control groups in terms
of lesion volume (t(22)=2.237, p=0.036), with theglect patients having larger lesions.
Importantly, however, lesions volume did not sigrahtly correlate with the ability to
sustain attention during the final quartile of taek (r=-.310, p=0.14) or the ability to

correctly identify the low salience targets (r=+436=0.08).

2.3.2.3. Reaction time data

The reaction time data for this task are shownutyest group in Figure 2.7.

A repeated measures ANOVA was performed acrosthtee subject groups, with within
group measures of time (half task) and salienagh(liersus low). The difference in
overall reaction time between the groups failetetich significance (F(2,33)=2.742,
p=0.078). However, there was a highly significaiféa of salience (F(1,33)=70.533,
p<0.001) with all three groups demonstrating slokaction times to low salience targets
— Figure 2.7. Importantly, this finding supporte tontention that the red coloured (low
salience) targets were indeed of lower perceptlarece than the green (high salience)
targets; even healthy control subjects wsdosverto respond to the red (low salience)

targets, although they did not demonstratiefecit in detection
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Figure 2.7. Reaction time data across the three sjgdtt groups.
Unlike the error data, there was a significantceftd salience in all groups, with all three
demonstrating increased reaction times to the mligrsce (red) targets. The healthy

controls, in addition to the neglect patients, d@ved slower reaction times with
increasing time on task.

Low — low salience targets (red inverted triangle)

High — high salience targets (green inverted tliesig

Error bars indicate the standard error of the mean.
RT is measured in msec.
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There was also a significant interaction betweemton-task and group (F(2,33)=3.908,
p=0.03). The effect of time-on-task was significemthe healthy control group
(F(1,11)=5.714, p=0.036), just failed to reach Bigance in the neglect group
(F(1,11)=3.692, p=0.08) and was non-significarthia stroke control group
(F(1,11)=1.728, p>0.2) — see Figure 2.7. Henceregous studies have shown (Berardi,
Parasuraman et al. 2001), healthy subjects do esiniigilance decrements, although this
is of a much smaller magnitude (delayed reactime ttompared to failure to detect) than

that demonstrated by neglect patients with frontiepel lesions.

2.3.3. Discussion

To summarise, the principal findings of this expernt indicate that there might be
differences in the contributions of two criticaldes of the ventral attention network: the
right IFG and IPL. The IFG appears to play the k@g in sustained attention, consistent
with classical findings (Wilkins, Shallice et aP87). However, although the IPL was
found to be crucial in encoding stimulus salienssaggested by Corbetta and colleagues
(Corbetta and Shulman 2002; Corbetta, Patel €08B), it too appears to play a role in
sustained attention. This proposed function ofritjet IPL is strengthened by the
observation that a patient with a predominantlygsal lesion, which did not extend to the

frontal lobe, also demonstrated a vigilance decreme

Furthermore, the results demonstrate that in ngdlee deficits in encoding stimulus

salience and sustaining attention may interacttk aime impairment serving to exacerbate

the severity of the other, rather than merely gcitnan additive fashion. Together, these
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results are consistent with a new formulation ghtilPL function (Singh-Curry and
Husain 2009), rather than the scheme of Corbettacalleagues (Corbetta and Shulman

2002; Corbetta, Patel et al. 2008).

However, how does the impairment in sustained attemffect the characteristic deficit
of the neglect syndrome, namely difficulty oriewgtito the left? The next experiment was

designed to address this question.

2.4. Experiment 2 — Sustained attention to left andght sided stimuli of high and low

perceptual salience

2.4.1. Behavioural task design

In this experiment, shown diagrammatically in Fg@r8, a central white fixation cross
subtending 1° x 1° visual angle, was continuousgldyed. During this task, stimuli were
presented at a parafoveal location, 1° left ortradhthis. Targets and non-targets were the
same as those previously used in experimentl.périnitted examination of interactions
between spatial processes (left versus rightesedi encoding (high versus low) and

sustained attention (over time).
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Figure 2.8. Bilateral Task

Subjects were instructed to respond with a buttesgpwhenever they detected an
inverted triangle, whether this was red (low sai@nor green (high salience), or appeared
on the left or right side of space. Participantsenmonitored visually throughout the task,
to ensure they maintained fixation on the centrags. 12.5% of stimuli were low salience
targets, 12.5% were high salience targets and 788é non-target stimuli. Equal numbers

of these stimuli occurred on the left and righesiof space.
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Subjects were instructed to fixate the centraltbhsoughout, so that stimuli on the left
and right were easily visible parafoveally. It westablished that subjects were able to do
this during a practice block preceding the mainegixpent and they were monitored
visually throughout the duration of the task. RaBavho were unable to maintain
fixation, due to deviation of gaze to the rightrevexcluded. Two neglect patients also
had their eye position monitored at 1000 Hz usifiguae-mounted infra-red eye tracker
(SR Research, Ontario, Canada). Stroke patienksaniemianopia were naturally
excluded from this version of the experiment. 1gleet patients, 12 stroke controls and

12 healthy elderly subjects participated in thekta

2.4.2. Results
2.4.2.1. Errors — hit rate and false alarm rate
The hit rate and false alarm data for each ofheet subject groups is shown graphically

in Figure 2.9.

A repeated measures ANOVA was performed acros8 greups (neglect, stroke control

and healthy control), with within group measuresimok (first half compared to second

half), salience (low versus high) and positiont(lefrsus right) on the hit rate data.
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Figure 2.9. The spatial deficit in neglect is exadeated by difficulty sustaining
attention.

Neglect patients are significantly impaired at datg left-sided stimuli, with a
significant exacerbation of this deficit with tinoe-task (A), unlike stroke control
subjects (B) and healthy control subjects (C). Irtgouly, these deficits are driven by a

failure to detect stimuli rather than an increasalse alarms.

Error bars indicate standard error of the mean.
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As in experiment 1, neglect patients exhibiteahiicantly poorer overall performance
than either control group (effect of group: F(2;3B3.378, p<0.001) witpost hoc

Bonferroni testing revealing that the neglect grbag significantly lower hit rates than
the stroke control and healthy control groups (t8.001). Again, the control groups

generally performed at ceiling in terms of errdera

Unsurprisingly, there was a main effect of posit{b(iL,33)=4.796, p=0.036) and a
significant position by group interaction (F(2,38)613, p=0.008), with the neglect
patients alone demonstrating a significant impairie detecting left compared to right-
sided targets (F(1,11)=5.456, p=0.039 — Figure. Z&)cially, however, there was also an
interaction between time-on-task and stimulus positF(1,33)=6.721, p=0.014) and a
significant interaction between time-on-task, gositand group (F(2,33)=5.674,
p=0.008), with this interaction between time andipon reaching significance in the
neglect group alone (F(1,11)=6.022, p=0.032). Hetineeleft-sided spatial deficit in

neglect was exacerbated by difficulty sustainirigrdton

It should again be noted that the neglect patieete close to ceiling in terms of their
detection of right-sided stimuli (Figure 2.9A). Hewver, although there was a significant
difference in detection of left and right stimdirdbughout the whole task in the neglect
group (see above), this difference seems to bewitdy performance during the second
half of the task (t(11)=-2.66, p=0.022), whilst ttiference in detection of left and right

sided stimuli during the first half of the taskléal to reach significance (t(11)=-1.71,
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p=0.11). Therefore, while the prescence of ceiéffgcts must be acknowledged, the

ability to sustain attention clearly influences #patial deficit in neglect.

Importantly, the results of the two additional resglpatients who had their eye
movements tracked, suggested that these deficits meg associated with occasional eye
movements to the experimental stimuli. Figure 2i&thonstrates that there was no
association between the number or pattern of emaide by these patients and the eye
movements they made. The total number of eye monentieiring each task quartile did
not correlate significantly with the correspondintal number of omission errors made
(r=0.395, p=0.332). Moreover, the number of righthveaccades to stimuli did not
correlate significantly with the number of left-e@lomission errors during each task

quatrtile for the individual subjects (r=0.396, p3&R).
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Figure 2.10. Eye position data.

Eye movement data from two additional neglect pagieAlthough subjects made some
saccades to the experimental stimuli, these ocduelatively infrequently.

The mean numbers of saccades to experimental stienaiss each half task is shown.
There was no increase in eye movements over theseot the task, which consisted of a
total of 360 stimuli (i.e. 180 in each half task).
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As in experiment 1, there was also a main effestiofiulus salience (F(1,33)=25.972,
p<0.001) and a significant interaction betweeresake and group (F(2,33)=11.622,
p<0.001), with neglect patients, unlike stroke colnpatients demonstrating a significant

impairment in the detection of low compared to heglience stimuli (F(1,11)=17.072,
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Figure 2.11. Detection of low salience stimuli igripaired in both sides of space in
neglect.
Neglect patients demonstrate impairment in theatiete of low salience targets,

compared to high salience targets, in the righta@vell as the left (A) sides of space.

Low — low salience targets (red inverted triangles)
High — high salience targets (green inverted tliesig

Error bars indicate the standard error of the mean.
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The absence of an interaction between saliencsidedf stimulus presentation
(F(1,11)=1.935, p>0.19) in the neglect group int#dahat this was true for both |efihd
right sided targets (Figure 2.11), suggesting stibh@b processing of low salience stimuli,
even when presented to the right. This was indanfirmed by a t-test indicating a
significant difference in hit rate to low and higalience targets (t(11)=3.752, p=0.003)

occurring in the right side of space, in additiorthe left (t(11)=2.93, p=0.014).

Figure 2.11B also appears to demonstrate an imprerein sensitivity on the right side,
particularly for the detection of low salience tety over time. However, the difference in
perceptual sensitivity even flow salience targets presented on the right, in tisé fi

compared to the second half of the task, was gotfgant (t(11)=-1.313, p>0.19).

As can be seen from Figure 2.9, all three subjemigs made very few false alarm errors.
Indeed, a repeated measures ANOVA across the grattpswithin group measures of
time (half task), position (left versus right) asalience (low versus high) revealed no

significant effects.

2.4.2.2. Lesion analysis
VLSM was used to investigate the anatomical coreslaf the deficit in detecting left
sided stimuli and in sustaining attention to leftesl events. The hit rate to left-sided
targets was used as the behavioural measure epétrl deficit and the hit rate to left-

sided targets during the second half of the tagh@@dex of the spatial deficit with time.
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A. Deficit in detecting left-sided targets

B.

Figure 2.12. The anatomy of spatial attention.

A. The impairment in detecting left-sided stimuli v&iongly associated with lesioned
voxels in the angular and supramarginal gyri. Zes3.21 are significant at the 0.05
level after permutation derived FWE correction.

B. Exacerbations in detecting left-sided targeith timewere also associated with
damage to the angular and supramarginal gyri ofRhein addition to the underlying
white matter. Z scores > 3.12 are significant atQl05 level after permutation derived
FWE correction.

150



Consistent with previous reports (Vallar and Pel#®d6; Mort, Malhotra et al. 2003), the
deficit in orientation of spatial attention to ksitled targets was significantly associated
with damage to voxels in the angular and supramalgjyri of the IPL in addition to the

underlying white matter (Figure 2.12A).

Perhaps more importantly, however, the deterionatiadetecting left-sided events with
time-on-task was also significantly associated w#lmage to the angular and
supramarginal gyri of the IPL, as well as the uhdeg parietal white matter (see Figure
2.12B). Of course, as discussed above, the defisiistaining attention, in this task,
appears to have contributed to the the overaliapigficit, which perhaps explains the
similarity of the lesion analyses illustrated imgiie 2.12. Although, the lesioned voxels
associated with deficit in sustaining attentioteti-sided targets are a little more

extensive than those associated with the spatj@imment.

As was the case for experiment 1, there was afgignt difference in lesion volume
between those patients who had neglect and thosalidmot (t(22)=2.375, p=0.027).
However, neither the deficit in detecting left-gidgimuli (r=-.357, p=.09) nor the
difficulty maintaining attention on left-sided stithas the task progressed (r=-.247,

p>0.24) correlated significantly with lesion volume

2.4.2.3. Reaction time data

The reaction time data for this task is shown Hyjestt group in Figure 2.13.
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Figure 2.13. Reaction time data across groups ondlbilateral task.

Unlike the error data, analysis of reaction timmgealed a significant effect of stimulus
salience and position in all three groups. Intémgst, in the healthy control group (C),
there was an interaction between time and posititm higher reaction times to left-sided
stimuli with increasing time-on-task.

Low salience targets — red inverted triangles

High salience targets — green inverted triangles

Error bars indicate the standard error of the mean.

RT is measured in msec.

152



A repeated measures ANOVA was performed acrosthtee subject groups, with within
group measures of time (half task), position (eftsus right) and salience (high versus
low). The difference in overall reaction time beemehe groups just failed to reach

significance (F(2,33)=3.066, p=0.06).

There was, however, a main effect of position #g)532.991, p<0.001) and a significant
interaction between position and group (F(2,33)%32, p<0.001). The effect of position
was significant in both the neglect (F(1,11)=22,0830.001) and stroke control group
(F(1,11)=14.505, p=0.003), while there was an attgon between time and position in

the healthy control group (F(1,11)=6.613, p=0.026).

It is possible that some of the stroke controlgyas had very mild lateralised deficits,
which manifest as an increase in reaction timedsftesided targets, but not a significant
reduction in hit rate. Some authors have arguedihde the representation of left space
is unilateral (residing in the right hemispherég tepresentation of right space is bilateral
(Bisiach 1993; Mesulam 1999). This might partly kexpwhy neglect is much more
common following right hemisphere lesions (Vallad&erani 1986; Mort, Malhotra et

al. 2003). Such an account might also explain wdglthy control subjects developed

slower reaction times to left-sided events withr@asing time-on-task here.

Again, as in experiment 1, there was a main effétarget salience (F(1,33)=79.854,

p<0.001) and a significant interaction betweeresake and group (F(2,33)=7.433,
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p=0.002), although each group demonstrated sigmifig quicker reaction times to the

high salience targets (F(1,11)>14.0, p<0.003) ufe@@.13.

2.4.3. Discussion

As expected, patients with neglect were found tddfecient in the detection of left-sided
stimuli, an impairment which was associated witmdge to the IPL. However, more
importantly, this deficit was found to interact wihe difficulty sustaining attention over
time, i.e. the two problems exacerbated each etlierfact difficulty sustaining attention
likely contributed to the evident spatial defiditis interaction was also found to be
dependent on the integrity of the IPL. This regiavuld therefore seem not only to be
crucial in the detection of left-sided events,sawell established, but alsonmaintaining
attentionon, and sustaining goal-related activity, for-&fted locations. Again, this is
inconsistent with the scheme of Corbetta and Shulf@arbetta and Shulman 2002;
Corbetta, Patel et al. 2008), which suggests thatral regions are primarily responsible
for reorienting attention to behaviourally relevatitnuli. Instead, these findings are
consistent with the proposal that the right IPL &dditional goal-related or ‘top-down’

functions (Singh-Curry and Husain 2009).

Importantly, plotting the results of the lesion sas from both experiments on the same
rendered brain template (Figure 2.14), demonstthtdghere is a crucial area of overlap
at the border of the angular and supramarginala@the IPL. This region is represented
by the white coloured voxels within the circle showw Figure 2.14. The IPL would

therefore clearly seem to be involved in both gtiedécted and stimulus-driven processes.
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Summary of lesion analysis

Figure 2.14. Summary of lesion analysis.

Results from all lesion analyses are plotted togretim the same rendered brain template.
The white circle indicates a crucial area of oyedéthe border of the supramarginal and
angular gyri in the IPL. Damage to the white coézlivoxels within this area are
significantly associated with deficits in salieremecoding, detection of left-sided stimuli
and sustaining attention to left-sided, as wellestral events. Note that although the IPL
is implicated in the ability to sustain attenti@ncentral locations, it appears to be the IFG
which is dominant in this respect.

Colour code of cognitive deficits:

1 — salience encoding

2 — detection of left-sided stimuli

3 — sustaining attention

4 — sustaining attention to left-sided stimuli

5 — overlap of salience encoding and sustainirenatn

6 — overlap of salience encoding and detectioefbfsided stimuli

7 — overlap of salience encoding, detection ofdefed stimuli and sustaining attention to
left-sided and centrally presented stimuli
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2.5. General discussion

The aim of this chapter was to probe the functiirthe ventral attention network — IPL,
TPJ, superior temporal sulcus and ventral frorggians — by examining deficits
associated with hemispatial neglect, the syndrdraedften follows damage to these areas
(Vallar and Perani 1986; Husain and Kennard 199@itMValhotra et al. 2003). Using
variants of an ‘oddball paradigm’ (Barcelo, Suwazet al. 2000), | have demonstrated
that neglect patients have difficulty sustainingmtion over time, particularly for stimuli
of lower perceptual salience (Figure 2.2). More ami@gntly, however, | found that the
deficit in sustaining attention interacts with aitflty detecting salient targets (Figure 2.2),
as well as with the spatial orientation of attemt{Bigure 2.9). Although ceiling effects
may have confounded these findings to a certaienéxtloser examination of the data
(subdividing the duration of the task into quagiteFigure 2.3) suggests that the
interaction between salience detection and susgiitention may be real, although
statistical analysis of the quartile data may Hasen adversely affected by power. If
interactions between these behavioural measurexaepted, it suggests that these

functions may be dependent upon an interrelated begtwork.

Consistent with this notion, lesion analysis intksathat the ventral attention network is
crucial in the mediation of all these processegufé 2.14). However, the findings
suggest that there might be differences in theritmritons of two critical nodes — frontal
and parietal — in the ventral attention network. déya point to the right IFG playing a

key role in sustained attention (Figure 2.5A), e¢stesit with classical findirg(Wilkins,

156



Shallice et al. 1987), but a feature that is nptaminent in the model advanced by
Corbetta and Shulman (Corbetta and Shulman 200&ie@ta, Patel et al. 2008). By
contrast, although the right IPL plays a role ia thirection of spatial attention (Figure
2.12A) and encoding stimulus salience (Figure 2.8B)suggested by Corbetta and
colleagues, it also contributes to sustaining &tiarover time (Figure 2.5A), especially

for left-sided events (Figure 2.12B).

These differences suggest a division of functiamvben the frontal and posterior nodes of
the ventral attention network that has previousibeen established. Moreover, the
results suggest that the right IPL may not simglyeha role in reorienting attention or
detecting salient events. Rather, this region afgzears to play a role in sustaining
attention. Furthermore, neglect patients show eidé&f salience encoding that may
interact with the ability to maintain vigilant atitson. These findings are consistent with a
new hypothesis, which proposes that the right IRly$a important role in the flexible
adaptation of behaviour, between a task-engagés stavhich attention is sustained on
task goals, and an exploratory state that faagtadentification of novel, salient events of

potential behavioural significance (Singh-Curry &hdsain 2009).

2.5.1. Sustained attention and the ventral network

Sustained attention may be considerethéansityaspect of attention — rather than a
selectivity component (Posner and Boies 1971 hvblves holding current goal or task
instructions in mind, in order to monitor environmted information and produce

appropriate motor responses that satisfy goal ddm&@ome authors consider that an
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impairment in sustained attention is best demotestrédnrough aigilance decrement.e.

a decline in performance over the duration of &, testher than simply an overall deficit
(Whyte, Polansky et al. 1995; Parasuraman, Warial. 8998). For example, it could be
argued that initial poor performance continuingtighout the duration of a task, simply
indexes difficulty due to the specific cognitivena@nds of that task, rather than problems
maintaining attention on it. But what would suchigilance decrement mean in terms of

underlying neural mechanisms?

Just as neural resources can be envisaged asdigtiniguted over items in space or
concurrently on different stimulus-response proegshiring dual-task paradigms (Bunge,
Klingberg et al. 2000; Bays and Husain 2008), thisp need to be maintained over time
for optimal performance (Warm, Parasuraman etGl82 Such resources might be
essential for protecting task goals, stored in wayknemory from distraction. Indeed,
behavioural evidence shows that increasing workiegnory load leads to more rapid
vigilance decrements over time (Parasuraman 19%A@sk goals can not be adequately
maintained, people may become distracted and swatelploring novel task-irrelevant
environmental stimuli (Singh-Curry and Husain 2008)this way, sustaining attention

can be considered to be an active process (Wanmasiaman et al. 2008).

Previous evidence (Wilkins, Shallice et al. 198&rd®, Fox et al. 1991; Rueckart and
Grafman 1998; Vandenberghe, Gitelman et al. 200dgests that sustained attention may
be associated with right parietal and frontal ragjand that neglect patients, who have

lesions here (Vallar and Perani 1986; Husain anthided 1996; Mort, Malhotra et al.
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2003), may be impaired at maintaining attentioriamks that do not require spatial shifts
of attention (Hjaltason, Tegner et al. 1996; Radmrt Manly et al. 1997). In accordance
with this, | have demonstrated a vigilance decrdrara non-spatial task associated with
damage to the ventral attention network. In sumséhfindings suggest a key role for this
system in sustaining attention, a function for vhticere is no clear role in the model of
Corbetta and colleagues (Corbetta and Shulman ZD@detta, Patel et al. 2008). Instead,
in their model, these regions are important in ctetg salient stimuli in the environment,

which may require reorienting of spatial attention.

2.5.2. Salience detection and the ventral attentimetwork

Salience refers to the properties of a stimuluctvimake it stand out, due to goal-
relevance or to task-irrelevant perceptual chareties, such as stimulus novelty. Salient
targets have been shown to strongly activate g rPL in normal subjects (Linden,
Prvulovic et al. 1999; Clark, Fannon et al. 2008ué¢her, Otzenberger et al. 2004; Kiehl,
Stevens et al. 2005; Gur, Turetsky et al. 200 &dfan, Goldman et al. 2009), and to
produce a characteristic positive event-relateémal, 300-500 ms after stimulus onset
over the parietal lobe, termed the P3b (Ritter,dleun et al. 1968; Vaughan and Ritter
1970). Furthermore, parietal lesions lead to reduceabsent phasic P3b potentials and

inaccurate target detection (Knight, Scabini el@B9; Verleger, Heide et al. 1996).

Consistent with this, | was able to show that netgbatients demonstrate difficulty

detecting behaviorally salient targets — partidyltre low salient items — and that this

was associated with damage to the IPL. Moreovereasing the perceptual salience of
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targets (higher salience targets) improved perfagealnterestingly, neurophysiological
studies have shown that stimuli of higher percdabence can produce larger P3b
potentials (Katayama and Polich 1998; ComerchedoPaitich 1999). Hence high
salience targets may have been more capable w@timif the appropriate response in

parietal patients by evoking a larger P3b potential

In this respect, my findings would be consisterthvtihe view that the ventral network
plays a key role in encoding salience (Corbetta®madman 2002; Corbetta, Patel et al.
2008), although the data presented here suggéshibanay be largely a right IPL
function. One previous lesion study (Barcelo, Swamarzet al. 2000) demonstrated a small
contralesional deficit in the detection of salitargets on an ‘oddball’ task following
prefrontal lesions. However, the impairments regbih this investigation might have
been due to poor sustained attention rather tHe&nesa encoding, as these participants
were assessed over two long (one hour) sessiortheFimore, only one type of target was

used in this study, not two with different levefssalience as was used here.

My results therefore demonstrate how, in negletiepts, impaired detection of target
stimuli may be modulated by perceptual saliencgufé 2.2), as well as spatial location
(Figure 2.9). Crucially, these deficits did not ded upon spatial reorienting of attention,

as they were evident even for stimuli presentegeoutively at central fixation.
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2.5.3. Interactions between attentional processéhw the ventral system

In addition to identifying deficits in sustainedaattion and salience detection as
components of ventral network function and the eetgbyndrome, my findings in this
chapter suggest that these processes may intetaatach other. But why should these
apparently independent functions be related? My bypothesis proposes that the right
IPL might play a crucial role in flexibly reconfigng behaviour: between a task-engaged,
‘exploitative’ state in which attention is sustadnen task goals, and an ‘exploratory state’,
which enables the identification of potentially iontant novel or salient environmental
events. Consistent with this view, task-switchitihgy process by which current behaviour
is interrupted and engagement in a new task fatlit— and which is traditionally
considered the remit of frontal areas — activdied®L in several different types of study
(Buchsbaum, Greer et al. 2005). It is also assediafith a parietal P3 potential

(Rushworth, Passingham et al. 2005; Travers and 2068).

It has been proposed that noradrenergic inpute@érmietal cortex, from the locus
coeruleus (LC) may be important in the flexibleamftguration of behaviour between
these two opposing functional states (Aston-JondsCohen 2005; Singh-Curry and
Husain 2009). It is argued thalasicbursts from the LC, on a background of moderate
tonic activity, may be important in mediating the tasigaged state, whilst hightamic
levels enable the exploratory mode and low tonrelieare associated with drowsiness.
The relationship between tonic LC activity and efifiee task-engagement, or sustained
attention, therefore follows an inverted U-shapattfion, with both low and high tonic

levels being associated with suboptimal phasictbunsd task-engagement.
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Importantly, converging evidence suggests thaptrestal P3 may reflect phasic activity
of the LC noradrenergic system (Nieuwenhuis, Astones et al. 2005). By inference,
therefore, effective phasic LC bursts on a backgdoaf moderate tonic levels, should be
correlated with the P3b event-related potentiabréed over parietal cortex, in response to

salient, task-relevant events (Aston-Jones, Rajkoetsal. 1994; Dayan and Yu 2006).

| have argued, therefore, thatasicbursts of LC noradrenergic activity, on a backgbun
of moderatdonic activity, may induce, via parietal regions, a tasigaged state,
enhancing sustained attention to task demandsaailddting detection of task-relevant
events. By contrast, increases in tddic activity may shift the behavioural emphasis

towards a more distractible, exploratory state 8i€urry and Husain 2009).

Neglect patients tend to be characterized by hypasal rather than hyper-arousal, being
more prone to drowsiness than distractible expdoyadtehaviour. Indeed, in this study,
the errors made by neglect patients were pringigatiission errors rather than false
alarms to non-target stimuli, suggesting that thefrcit in sustained attention is driven by
low levels of tonic noradrenergic activation of ipgall cortex, rather than high levels. It is
known that even normal subjects eventually expedendecrement in vigilance or
sustained attention after prolonged periods orpatiteve task (Mackworth 1957) — and
indeed the healthy controls demonstrated an inergaaction time with time-on-task on
the short experiments described here (Figures  2A.3C) — hence it can be anticipated
that less effective engagement at the start ofasie due to low tonic activation, would

also be associated with subsequent faster decline.
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Low levels of tonic noradrenergic activation ofip#al cortex could result from lesions to
parietal cortex itself, or alternatively from a vetion in tonic input from the LC. Efferent
activity from the LC would in turn be affected g afferent input, a large part of which
appears to be derived from frontal regions (Rajkowau et al. 2000; Aston-Jones,
Rajkowski et al. 2002) and would therefore be spisiole to damage here. Of course, it
should be remembered that posterior parietal cat®xreceives direct afferents from
frontal areas (Schmahmann, Pandya et al. 200Thasdrontal lesions could reduce
baseline parietal activity in this way too. In fatttis is consistent with the results of my
lesion analysis, which, although suggesting thatpirietal lobe is crucial in mediating
interactions between sustained attention and atbgmitive processes | examined,

implicates frontal lesions more strongly in thetaireed attention deficit.

If the deficit in sustained attention is indeed ,daepart, to a reduction in baseline parietal
activity, it can be envisaged how this may intemgith and exacerbate the deficit in
detecting task-related salience. Lower baselinefadmactivity would mean the smaller
P3b potentials have even less chance of crossenthtashold for initiation of appropriate
motor output. This could also explain the interactietween difficulty detecting left-
sided events, known to be dependent on right @aiigegrity, and the sustained attention

deficit.

In fact, posterior parietal cortex seems to bengooirtant ‘hub’, where several different

types of information — sensory, motor, goal andarelrelated — converge. Indeed, recent

evidence suggests that the IPL represents a ‘stalatore’, being one of the most densely
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interconnected cortical regions (Hagmann, Cammawah 008). Such connectivity
ideally places the IPL at the centre of a netwohlere these different types of information

may compete and interact to bias the functionaésta

In sum, the findings presented here suggest tkdutictions of the ventral attention
network are more complex than the proposal advahbgecrbetta and Shulman would
suggest (Corbetta and Shulman 2002; Corbetta, &adl 2008). Hypotheses regarding
the contribution of these areas to behaviour neg¢dke into account their role in
sustaining attention over time, as well the encgdihsalient events requiring evaluation
of new environmental information. Furthermore, tipegvide new insight into the way in
which non-spatial cognitive deficits associatedweglect, can interact with the

characteristic visuospatial problems to exacertheeseverity of the syndrome.
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Chapter 3

3.1. Introduction

Chapter 2 explored some of the functions of theraéattention network, by examining
the cognitive deficits associated with hemispateglect, the syndrome that commonly
results from damage to these regions (Vallar amdrf?@986; Husain and Kennard 1996;
Mort, Malhotra et al. 2003). It was concluded, ba basis of lesion-symptom analysis
techniques, that the functions of the ventral aiv@metwork, particularly those of the
right inferior parietal lobe (IPL), may be more qoiex than previous proposals have
suggested (Corbetta and Shulman 2002; Corbettal, &adl. 2008). In fact, the findings
from Chapter 2 indicate that this area plays aromamt role in both goal-directed
attention and the stimulus-driven reorienting ¢étion — processes which these authors
have traditionally segregated into functionally oping dorsal and ventral fronto-parietal

networks (Corbetta and Shulman 2002; Corbetta) Batd. 2008).

Instead, the results provided support for the sehdeaveloped in Chapter 1, whereby the
right IPL is considered to act as a pivotal modnlthe flexible adaption of behaviour,
switching the mode of operation between two broagiyosing functional states: a task-
engaged mode, in which attention is focussed oh@dask demands and a more
exploratory state, which enables the identificatbpotentially significant novel or

salient environmental events (Singh-Curry and Hug809). In this chapter | extend
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these findings by examining the effect of phasertalg tones on the spatial and non-

spatial deficits associated with neglect.

Phasic alerting refers to a readiness to detectespbnd to environmental changes, due
to the occurrence of an exogenous warning stim@tosner and Boies 1971). This may
be in the same modality as the subsequent taigailgs or an alternate one. In this
respect, it may be considered as a category otikigrsalience, rather than as a purely

intensity aspect of attention (Singh-Curry and Hu2809).

There may be a predefined association betweenreaingl stimulus and one which

follows it. For example, a cue presented a setvatdefore a visual target, or the ringing
of an emergency alarm indicating a potential haraadbuilding and that it must be
evacuated. In such cases, where there are predefaseciations between an alerting cue
and a subsequent target or event, a goal-drivenegleof processing is introduced. On the
other hand, there may not be any predefined stisasiitmulus or stimulus-response
associations, in which case the alerting cue besomaey similar to a novel one. Although
such alerting events may be considered to be pityribottom-up’ in nature, memory of
previous events clearly needs to be availablederoio correctly judge a stimulus as new.
In this way, phasic alerting, like other categonéstimulus salience appears to
incorporate a variable mix of goal-directed — op4down’ — and stimulus driven — or

‘bottom-up’ — processes.
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It has been shown that an alerting cue which aiargubject to the location of an
impending target activates the right intraparistdtus (IPS) and temporoparietal junction
(TPJ) (Kastner, Pinsk et al. 1999; Corbetta, Kircadal. 2000; Shulman, Astafiev et al.
2009). However, there are also functional imagioglies that suggest that parietal areas
are important in the detection of cues which previd such predictive information (Fan,

McCandliss et al. 2005; Thiel and Fink 2007).

In one such study (Thiel and Fink 2007), a simalgét detection paradigm was used in
which some targets were preceded by a visual dt@ayaue (with a variable cue-target
interval so as not to be temporally predictive)eTther investigation (Fan, McCandliss et
al. 2005) employed the attention network test, Widcdesigned to simultaneously probe
the effect of a non-informative cualé¢rting condition), a spatially informative cue
(orienting condition) and a condition in which the targebarstimulus is flanked by

either congruent or incongruent arrow stimabrgflict situation, obtained by subtracting
the effect of congruent from incongruent). Botlitt#se studies demonstrated prominent

activation in the right IPL to be associated wildrtng.

Lesions of the right hemisphere have long been kntmampair alerting responses, as
measured with galvanic skin responses (Heilmanwanah et al. 1978) or heart rate
changes to warning cues (Yokoyama, Jennings &08l7). Conversely patients with
hemispatial neglect, who usually have lesions wiwngl the IPL (Vallar and Perani 1986;
Mort, Malhotra et al. 2003), have been shown tcefiefrom an alerting tone on a task

designed to assess their visuospatial deficit (Rsebe, Mattingley et al. 1998).
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Neglect, however, may also be associated with atberspatial impairments
(Samuelsson, Hjelmquist et al. 1998; Robertson 2B@%ain and Rorden 2003), such as
the ability to sustain attention and encode stimslalience, as demonstrated in Chapter 2.
It has yet to be shown whether alerting stimuli also ameliorate these difficulties, in
addition to the spatial deficits. However, becausensider phasic alerting stimuli to act

as salient inputs, and have demonstrated thatasitrg the salience of stimuli can
modulate the ability of neglect patients to corseitentify target events and even

improve their ability to sustain attention to th€@hapter 2), | hypothesise that alerting

tones might serve to ameliorate all of these dsfieinot just the spatial problems.

Using further versions of the ‘oddball paradigma¢Belo, Suwazono et al. 2000)
employed in Chapter 2, here | aim to investigatedfiect of phasic alerting tones on the
ability of neglect patients to sustain attentiod ancode stimulus salience. | will also
examine how such effects might interact with theentharacteristic spatial difficulties of

neglect.

3.2. General methods

3.2.1. Participants

Patients were recruited from stroke and neuroldgiocds with local ethics approval.
Overall, a total of 13 right middle cerebral artéf§CA) stroke patients with neglect
(mean age: 59.8 years, range: 31-78; one left-lthadd one ambidexterous) and 10 right

MCA patients without neglect (mean age: 57.7 yearsge: 32-76; all right-handed) were

168



included in the study. Exclusion criteria includsmnitive impairment such that there was
difficulty following assessment or task instructipand active medical comorbidity. 10
healthy elderly control participants with no neagital or psychiatric history were also
recruited (mean age: 73.5 years, range: 59-84f-bdmded); see Table 3.1 for further

patient demographic information.

3.2.2. Assessment of neglect

A visual neglect battery was performed on all patdo determine the presence or
absence of neglect (Malhotra, Greenwood et al. @Rztients with neglect demonstrated
neglect behaviour in their activities of daily Iing as well as on the Mesulam cancellation
test (Mesulam 1985) and/or the line bisection {&kne and Greenwood 1991). Neglect
was identified by an asymmetry of cancellation @i 2nore items on the Mesulam task

and a mean rightward deviation of 5mm or more pe bisection of three 17cm lines.
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Subject  Age Time since Field defect Mesulam (R-L  Line bisection Tasks
stroke difference) (cm to right of performed
(months) midline)
N1 74 0.3 No 4 1 C
N2 66 10 Partial left lower 20 1 C&B
guadrantanopia
N3 66 3 Left hemianopia 22 3.2 C
N4 63 0.7 No 3 1.3 C
N5 75 0.7 No 2 0.7 C
N6 39 1 Partial left lower 22 0.8 C&B
guadrantanopia
N7 58 3 Left hemianopia 20 2 C
N8 53 2 No 14 1.2 C&B
N9 78 0.5 No 18 0.8 C&B
N10 60 1.7 No 7 0.8 Cc&B
N11 31 2 No 20 0.1 B
N12 57 2 No 2 0.5 B
N13 58 2 No 1 0.6 B
mear 59.¢ 2.2 11.€ 1.1
SC1 70 60 No 1 0.3 Cé&B
SC2 70 2 No 0 -0.2 C&B
SC3 50 0.5 No 1 0.2 Cé&B
SC4 71 2 No -1 0.2 C&B
SC5 61 5 No 0 -0.2 Cc&B
SC6 37 0.2 No 0 -0.7 C&B
SC7 32 0.5 No -4 -0.2 Cé&B
SC8 68 0.5 No 0 -0.3 C&B
SC9 76 0.6 No 0 -0.3 Cé&B
SC10 42 36 No -2 -0.3 C
mean 57.7 10.7 -0.5 -0.2

Table 3.1. Patient demographics.

N = patient with neglect

SC = stroke control patient

C = central task

B = bilateral task

The central and bilateral alerting tasks are dbedrin full in the text.
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3.2.3. Apparatus and stimuli

Participants depressed the central bottom butt@m dB-530 Cedrus response box in
response to the presentation of target stimuli.e Datitude D820 laptop with a 15 inch
screen and bilateral integral speakers was usestifoulus presentation. Both tasks were
programmed using E-Prime software (Psychology T8ofsware Inc.). Stimuli consisted
of red and green coloured triangles, subtendingceequmately 2.5 x 2 °© of visual angle
when viewed from a distance of about 60cm, and wegsented on a grey background.
These were presented either centrally or at a geeaf location just left or right of centre,
depending on the task being performed. Subjectsibamoblems identifying parafoveal
stimuli when fixating centrally. Auditory tones (2&2z, 350ms duration and 85dB) were

presented bilaterally through the integral laptppakers.

3.2.4. General experimental design

Both tasks were based on an ‘oddball paradigm’d®ar Suwazono et al. 2000) in which
infrequently occurring target stimuli (invertedatnigles) were presented randomly
intermixed with frequently occurring non-targetstili (upright red triangles). As in the
experiment described in Chapter 2, there were yes of target: a green inverted
triangle and a red inverted triangle. The greegefswere designatéuigh salience
because they differed from the non-targets alormfeature dimensions — orientation and
colour. Red targets were of lower salience, diffgfirom the non-targets in orientation
only. Subjects were instructed to respond as guiaklpossible with their preferred hand

whenever they saw an inverted triangle target, efretits colour (green or red). The two
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target types were therefore identical in termsasktgoal but differed in terms of

perceptual salience.

In both of the experiments, non-targets (red ugrigangles) comprised 75% of stimuli,
whilst the low and high salience targets each ngod&2.5%. Stimulus presentation time
was 500ms, with inter-stimulus interval varyingwegén 1000 and 1500ms. Alerting
auditory tones (22kHz, 350ms duration and 85dBevpeesented bilaterally through the
laptop speakers with visual stimulus onset for sofrtbe visual stimuli (12.5% in the

first experiment and 20% in the second). They lgadkprobability of occurring with the
targets as non-targets, and on the left and righsf space during the bilateral task.
Auditory tones paired with target stimuli were elfpdistributed among those of high and

low perceptual salience.

Responses were collected for 1500ms after visimbgis onset and were discarded if
they occurred within 200ms after stimulus onsedgsified as anticipations). Each task
consisted of 320 stimuli, lasting for approximat&y minutes duration. Task order was
counterbalanced across subjects, with each taskged by a short practice comprising
20 stimuli, which was repeated if necessary. Stbjeere monitored visually, to ensure

they maintained central fixation, throughout thek&sa

3.2.5. Data Analysis

The median hit rates, false alarm rates and reattites for each subject were analysed.

All data presented on graphs represents the metre afidividual subject medians.

172



Repeated-measures ANOVAs were used to examinégiuifisant effects between groups
(neglect, stroke control and healthy control) ali e®for additional within-group effects
for each of the two tasks (see below) and for desttavioural outcome measure.

Within group ANOVASs and-tests were used to explore significant effectaioled in the

group ANOVAs where appropriate.

3.3. Experiment 1 — The effect of alerting tones oresponses to central stimuli

3.3.1. Behavioural task design

All visual stimuli were presented at a single cahliocation on the display screen, aligned
to the participant’s vertical midline. In orderdssess the effect of phasic alerting on
salience encoding and sustaining attention duhedlD minute task duration, auditory

tones were presented with 12.5% of the visual dijras described above (see Figure 3.1).

Alerting tones were equally distributed among taeyel non-target stimuli and had equal
probability of occurring with low and high salient@gets. Subjects were instructed to
respond with the same button press whenever tiveyasanverted triangle, regardless of
its colour or whether it was accompanied by a t&aaticipants were warned beforehand
that tones could occur with non-targets as wethggets. 10 neglect patients, 10 stroke

control and 10 healthy elderly individuals perfodhis task.
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High salience
target

Alerting tone (((%

Non target

Time
320 stimuli

Low salience 10 mins

target

Figure 3.1. Alerting task — central presentation.

Subjects were instructed to respond with a buttespwhenever they saw an inverted
triangle, whether this was red (low salience) @regr (high salience).

12.5% of visual stimuli were low salience targéf®,5% were high salience targets and
the remaining 75% of stimuli were non-target stimi&h auditory tone (22 kHz, 350 ms)
was presented bilaterally at visual stimulus onset2.5% of stimulus presentations.
These alerting tones were equally distributed arsbngn-targets and targets and were
equally likely to occur with low as high salieneggets.

Each stimulus was presented for 500 ms, with arstimulus interval (ISI) of 1000-1500
ms. The task consisted of 320 stimulus presenttiasting for approximately 10

minutes.
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3.3.2. Results
3.3.2.1. Errors — hit rate and false alarm rate
The hit rate and false alarm rate for high and $alience stimuli, with and without a tone,

over time on the task are shown by group in Figuge

Stroke control

B

3

o
e

—8— Tone- Hitrate
—##— Mo Tone - hit rate

Mean hit rate/false alarm rate

0.8 &
Haglet iy
04
o 101 ) - —_
E Firsttalf Socond half
irs ccon
E o9
s B
©
= —&— Tone - Hit rate
= 08 —@— No Tone - Hit rate
'—5 0.2 —w— No Tone - false alarms Healthy control
E —— Tone - False alarms
=
E 0.1 4 10 G
@
2 =
= i= ¥ E os
00 - 8 Tone-hi rate
@ —@— NoTone- hitrate
T T £ 0s —¥— Mo Tone- false alams
First half Second half 3 0 ¥ ah Fhe s
=
A E o1
E ;:i
00

First half Second half

c

Figure 3.2. The effect of an alerting tone on hitate across the three subject groups.
The presence of an alerting tone served to am#ditha deterioration in hit rate seen over
time without a tone in the neglect group (A). Theses no effect of the alerting tone in the
control groups (B and C), however, their perforneawas already at ceiling. All groups
made very few false alarms and this was not sicpnifily affected by the presence of an
alerting tone

Error bars indicate standard error of the mean.
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A repeated measures ANOVA was performed on theatetdata across the 3 groups
(neglect, stroke control and healthy control), witithin group factors of time (first half

compared to second half), tone (tone versus ng tome salience (high versus low).

Neglect patients demonstrated overall poorer perdoice than either of the control
groups (effect of group: F(2,27)=7.296, p=0.003jhyost hodBonferroni tests revealing
the neglect group to have significantly lower hites than the stroke control (p=0.011)

and healthy control groups (p=0.006).

There was a significant main effect of tone (F()757495, p=0.027) and although there
was not a significant interaction between tone gmes and subject group (F(2,27)=2.429,
p=0.107), Figure 3.2 indicates that the performari@mly neglect patients was
ameliorated by an alerting tone. However, thegerance of the control groups in terms

of hit rate can be seen to be close to ceiling.

Although Figure 3.2A seems to indicate that antimigttone acted to ameliorate the
deterioration in hit rate seen over time in theealog of alerting tones, there was no
interaction between time-on-task and tone pres@f(dg27)=2.186, p=0.15), nor was

there an interaction between time, tone and subjectp (F(2,27)=0.992, p=0.384).
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Figure 3.3. The effect of an alerting tone on theldlity of neglect patients to sustain
attention on salient target stimuli.
An alerting tone ameliorates the deficit negledtgrds have in sustaining attention on

target stimuli, particularly targets of lower (As opposed to higher (B) salience.

Low salience targets — red inverted triangles

High salience targets — green inverted triangles

Error bars indicate standard error of the mean.

However, similar to the experiments presented iag@ér 2, there was a significant effect
of stimulus salience (F(1,27)=16.852, p<0.001) amdnteraction between salience and
subject group (F(2,27)=9.147, p=0.001). Only thglee patients demonstrated a
significant effect of target salience (F(1,9)=126@=0.006), with hit rate being lower for

low salience stimuli as compared to higher saligaogets (see Figure 3.3). This was
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partially ameliorated by the presence of an algrtame, particularly as time-on-task
progressed. This amelioration was, however, alpawmmt for the detection of the higher
salience stimuli, which would explain why there wasinteraction between stimulus
salience and tone presence (F(1,27)=1.042, p=0@liidjleed salience, tone and subject

group (F(2,27)=0.165, p=0.849).

As can be seen from Figure 3.2, there were feve fallsrm errors made on this task,
despite the fact that whenever an alerting toneied, it was equally likely to be
accompanied by a non-target as a target. A repeagagures ANOVA on the false alarm
data across the three patient groups, with withaug factors of time (half task), tone
(present or absent) and salience (low versus hiighijot reveal any significant effects.
This therefore suggests that the beneficial efiéelerting tones could not have been

produced by an encouragement merely to respondeviea tone was encountered.

3.3.2.2. Reaction time data

The reaction time data for this task is shown Hyjestt group in Figure 3.4

A repeated measures ANOVA was performed acrosthtee subject groups on the
reaction time data, with within group measuresrogt(half task), tone (presence or
absence) and salience (low versus high). Thereaveagnificant difference between the
groups (F(2,27)=4.332, p=0.023), wjtbst hodBonferroni testing revealing a significant
difference between the neglect patients and heatihyrols (p=0.021) but not the stroke

controls (p>0.7).
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Figure 3.4. The effect of an alerting tone on reaidn time to salient targets over time
over the three subject groups.
The presence of an alerting tone reduced the oatithe to salient target stimuli in all

three subject groups.

Low salience targets — red inverted triangles

High salience targets — green inverted triangles

Error bars indicate the standard error of the mean.

RT is measure in msec.
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There was a significant effect of tone presencé,@+()=33.392, p<0.001), with all three
subject groups demonstrating quicker reaction titnearget stimuli when they were

accompanied by an alerting tone (F(1,9)>7.4, p<®).6Xee Figure 3.4.

As demonstrated in Chapter 2, there was a maicteffdime (F(1,27)=15.217, p=0.001)
and a significant interaction between time-on-tas# subject group (F(2,27)=3.433,
p=0.047). The effect of time was significant in tieglect group (F(1,9)=7.687, p=0.022),
as we might have anticipated, but interestinglyas also evident in healthy controls
(F(1,9)=14.694, p=0.004), with both groups of satge&lemonstrating higher reaction
times with time-on-task (see Figure 3.4). Also esvusly identified, there was a
significant effect of stimulus salience (F(1,27)=&3, p<0.001), present in all three
subject groups (F(1,9)>6.65, p<0.03), with quidakeaction times for targets of higher
salience, again confirming that these stimuli waare salient than the targets classified

as being of low salience.

Importantly, there was a significant interactiotvizeen time-on-task, target salience and
tone presence (F(1,27)=4.533, p=0.043), but thésaction reached significance within
the healthy control group only (F(1,9)=5.712, p4@0 From Figure 3.4C, it can be seen
that in this group, there was an increase in rea¢ime with time-on-task for the low
salience stimuli unaccompanied by a tone only £®p88, p=0.006), with time-on-task
failing to significantly affect reaction time eithfor low salience stimuli accompanied by

a tone (t(9)=-.742, p>0.47) or for high salienaémsti accompanied (t(9)=-2.13, p>0.6) or

180



unaccompanied by a tone (t(9)=-1.671, p>0.12). Henzduction in the ability to sustain
vigilant attention, as measured by an increaseastron time with time-on-task, was only
observed for visual stimuli of particularly low peptual salience and not for those of
higher salience, either due to the stimulus prage(i.e. colour) or the presence of an

additional auditory alerting stimulus.

3.3.3. Discussion

It has previously been shown that alerting tonesicgrove the spatial orienting of
attention in neglect (Robertson, Mattingley etl&98). However, here it has been
demonstrated that an amelioration of the deficgustained attention can occur at a single
central location in patients with neglect; to tixéeat that in the presence of an auditory

tone, performance becomes similar to that of costibjects (Figure 3.2).

| did, however, fail to demonstrate a significarteraction between the presence on an
alerting tone and time-on-task on the hit rate ,dathough this might be attributable to a
lack of power, with there being only a small numbgtargets actually accompanied by an
alerting tone (in fact only 5 targets of high andf%ow salience in each half task). The
obvious way in which to overcome this limitation wid have been to make the task
longer or increase the rate at which stimuli weesented, although this would have made

the task more demanding for neglect patients.

The next experiment, will aim to examine the effafcalerting tones on the interaction,

that | demonstrated in Chapter 2, between thetgloifineglect patients to sustain

181



attention and orient attention to the left sidespéce. In other words, | will investigate
whether the presence of alerting tones can alst¢i@ate the more severe problems
neglect patients have in detecting left-sided diimvhich manifest themselves over the

duration of a task — the ability sustain attentiorio left-sided events.

3.4. Experiment 2 — The effect of alerting tones oresponses to left and right sided

stimuli

3.4.1. Behavioural task design

This task was similar to that of experiment 1, gt¢hat the visual stimuli occurred at a
parafoveal location, 1° left or right of a cenfiightion cross (see Figure 3.5), permitting
the examination of alerting on salience detectsustained attention and spatial attention.
Alerting tones accompanied 20% of visual stimulil arere equally likely to be presented
with targets as non-targets, high salience andslavence events and left-sided compared
to right-sided stimuli. Subjects were monitoreduaity throughout the task to ensure they
maintained fixation. Those unable to maintain ca@rftkation, and those with a
hemianopia, were excluded from this experimente@ect patients, 9 stroke control and 9

healthy elderly subjects participated in this task.
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High salience
target
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Non target

Time
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Figure 3.5. Alerting task — bilateral presentation.

Subjects were instructed to respond with a buttesgpwhenever they saw an inverted
triangle, whether this was red (low salience) @egr (high salience).

12.5% of visual stimuli were low salience targé3,5% were high salience targets and
the remaining 75% of stimuli were non-target stim8timuli were presented 1° left or
right of the central fixation cross.

An auditory tone (22 kHz, 350 ms) was presenteatdriblly at visual stimulus onset on
20% of stimulus presentations. These alerting tovexe equally distributed amonst non-
targets as targets and were equally likely to owgtir low as high salience targets and left
as right-sided stimuli.

Each stimulus was presented for 500 ms, with arstimulus interval (ISI) of 1000-1500
ms. The task consisted of 320 stimulus presenttiasting for approximately 10

minutes.
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3.4.2. Results
3.4.2.1. Error — hit rate and false alarm rate
The hit rate and false alarm rate for left andtrgjled stimuli, with and without an

alerting tone, over time on the task are shownroygin Figure 3.6.

A repeated measures ANOVA was performed on theatetdata across the 3 groups
(neglect, stroke control and healthy control) witithin group factors of time (first half
versus second half), position (left versus rigtaiie (tone versus no tone) and salience

(low versus high).

As in experiment 1, neglect patients demonstratgadfcantly poorer performance than
either of the control groups (group effect: F(2:213).605, p<0.001), withosthoc
Bonferroni contrasts between neglect and stroké&alogroups, and neglect and healthy
control groups (both p<0.001) revealing that negbatients had significantly lower hit

rates.

There was a significant effect of tone (F(1,23)9138, p<0.001) and an interaction
between tone and subject group (F(2,23)=11.684.0040, withonly the neglect patients
demonstrating a significant amelioration of perfanoe in the presence of an alerting

tone (F(1,7)=13.247, p=0.008) — see Figure 3.6.
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Figure 3.6. The effect of alerting tone on hit rateand false alarm rate on the bilateral

task across the three subject groups.

The presence of an alerting tone served to am#dithe deterioration in hit rate seen over
time without an alerting tone in the neglect gréAmnd B), particularly for stimuli
presented on the left side of space. There wagyndisant effect of tone in stroke control
(C and D) or the healthy control (E and F) grogithough these subjects were already at
ceiling. All groups made very few false alarms #md was not significantly affected by

the presence of an alerting tone.

Error bars indicate the standard error of the mean.

There was also a main effect of time-on-task ()52.038, p=0.014) and an interaction
between time-on-task and group (F(2,23)=9.683,@31). Again, there was a significant
deterioration with time-on-task in the neglect gr@alone (F(1,7)=8.005, p=0.025) — see
Figure 3.6. However, it should again be noted thatperformance of the control groups,

in terms of the error data, was at ceiling.

Importantly, there was also a significant interactbetween time-on-task and presence of
an alerting tone (F(1,23)=5.577, p=0.027) and@etrinteraction between time-on-task,
presence of alerting tone and subject group (F{2288, p=0.009), witlonly the neglect

group demonstrating this interaction (F(1,7)=5.8640.046).
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As can be seen from Figure 3.6, the presence afeating tone ameliorated the
deterioration in hit rate over time in the negleatients. This was confirmed by t-tests,
which revealed a significant difference in the setbalf of the task between stimuli
accompanied by a tone and those not paired witleating tone (t(7)=3.12, p=0.017),
while there was no difference between tone anane tluring the first half of the task

(t(7)=1.323, p=0.227).

As would be expected, there was also a main effestimulus position (F(1,23)=10.049,
p=0.004) and an interaction between position atgestigroup (F(2,23)=10.76, p=0.001),
with neglect patients alone being significantly poat correctly detecting left sided

targets (F(1,7)=9.555, p=0.018) — see Figure 3.6.

Importantly, however, there was also a signifidatéraction between stimulus position
and presence of an alerting tone (F(2,23)=8.016,(89) and a triple interaction between
stimulus position, presence of alerting tone arigesat group (F(2,23)=6.631, p=0.005),
with the interaction between position and tone gmes reaching significance in the
neglect group alone (F(1,7)=6.551, p=0.038). Aslmaseen from Figure 3.6, alerting
tones significantly improved the detection of Ieiited stimuli to the extent that, in the
presence of an alerting tone, there was no difterémthe hit rate to right and left sided
stimuli (t(7)=-1.08, p=0.316), while there was aasl difference in detection of left and

right sided stimuli unaccompanied by an alertingett(7)=-3.266, p=0.014).
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Consistent with the results from experiment 1 dmo$é presented in Chapter 2, there was
a main effect of stimulus salience (F(1,23)=14:4).p01) and an interaction between
salience and subject group (F(2,23)=6.272, p=0.00&ylect patients only were found to
be significantly less accurate in the detectioloof compared to high salience stimuli
(F(1,7)=8.488, p=0.023) — see Figure 3.7. It mgsirabe noted that the control groups

were performing at ceiling.

There was also a significant interaction betweenusus salience and tone presence
(F(1,23)=8.091, p=0.009) with the interaction bedwesalience, tone and group just
failing to reach significance (F(2,23)=2.865, p=’Q This interaction approached
significance in the neglect patients only (F(1,7936, p=0.062). In the neglect group,
there was a significant difference in hit rate besgtw high and low salience targets when
they were unaccompanied by an alerting tone (t(782 p=0.028), with performance to
high and low salience stimuli becoming more simitathe presence of an alerting tone

(1(7)=1.871, p=1.04).

In summary, alerting tones were found to ameliotia¢edeficit in sustaining attention to
stimuli over the course of the task, in additiomnbproving detection of left-sided targets

and low salience targets in both left and righesidf space.
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Figure 3.7. Effect of an alerting tone on detectionf high and low salience stimuli in

left and right sides of space in the neglect pati¢n

Presence of an alerting tone improved detectidafosided targets of high (green
inverted triangles) and low (red inverted trianyleslience. Alerting tones also improved
detection of low salience targets appearing irrijig side of space, but not those of
higher perceptual salience. However, performandedio salience targets on the right was

already at ceiling.

Error bars indicate standard error of the mean.

189



As can be seen from Figure 3.6, there were feve fallsrm errors made on this task, as
was the case for experiment 1, despite the fatilkeaing tones were equally likely to
ccur with non-targets as targets. A repeated measMlOVA on the false alarm data
across the three patient groups, with within grtagbors of time (half task), tone (present
or absent), position (left and right) and salie(loes versus high) did not reveal any
significant effects. Again, this suggests thatlibaeficial effect of alerting tones in the
neglect patients could not have been produced l®nheouragement to merely respond

whenever they encountered a tone.

3.4.2.2. Reaction time data

The reaction time data for this task is shown guFe 3.8.

A repeated measures ANOVA was performed acrosthtee subject groups on the
reaction time data, with within group measuresrogt(half task), tone (presence or
absence), position (left versus right) and saligtme versus high). There was a
significant difference between the groups (F(2,52351, p=0.009), witpost hoc
Bonferroni testing revealing a significant diffecerbetween the neglect patients and

healthy controls (p=0.007) but not the stroke aaat(p>0.2).
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Figure 3.8. The effect of an alerting tone on rean times on the bilateral task
across the three subject groups.
The presence of an alerting tone served to recheestiction time to salient target stimuli

in left and right sides of space across all thrdgext groups.

High — high salience targets (green inverted tliesig

Low — low salience targets (red inverted triangles)

Error bars indicate standard error of the mean.

There was a main effect of tone (F(1,22)=42.559.@81), but no interaction between
tone presence and subject group (F(2,22)=1.7761p¥ihdicating a significant effect of
tone in all the groups, which was indeed the casgléct: (F(1,7)=8.813, p=0.025; stroke
control: F(1,8)=13.86, p=0.006; healthy controll Bj=55.712, p<0.001) — see Figure

3.8.

There was also a main effect of stimulus positie(i22)=22.161, p<0.001) and an
interaction between position and subject group,dA211.675, p<0.001). The effect of
stimulus position, as expected, reached signifieant¢he neglect group (F(1,7)=14.302,
p=0.009) but also, to a lesser extent, in the stagatrol group (F(1,8)=7.285, p=0.027).
It is therefore possible that some of the strok&rmb patients had very mild lateralised
deficits, which manifest as an increase in readiimes to left-sided targets, but not a

significant reduction in hit rate.
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As identified in the earlier experiments in thiglahe preceding chapter, there was a main
effect of stimulus salience on reaction time (F2)728.71, p<0.001). This effect was
present in the stroke control (F(1,8)=20.627, p8R)&nd healthy control (F(1,8)=42.129,
p<0.001) groups, but failed to attain significancéhe neglect group (F(1,7)=3.855,
p=0.097). This lack of effect may be explained iy ¢ffect of alerting tones, particularly
in the right side of space (Figure 3.8B), causkggtion times to high and low salience

stimuli to become very similar.

In fact, there was a significant interaction betwsBmulus position, stimulus salience and
presence of an alerting tone (F(1,22)=5.672, p#).@Rd an interaction between position,
salience, alerting tone and subject group (F(22526, p=0.023). This interaction
approached significance in the neglect group a(bE 7)=5.24, p=0.062). Indeed, in the
neglect group there was only a significant diffeem reaction time to low and high
salience targets in the left side of space whenatget stimuli were unaccompanied by an
alerting tone (t(7)=2.556, p=0.038), with all otltemparisons being non-significant

(t(7)<2.1, p>0.072).

3.4.3. Discussion

The results of experiment 2 confirm those obtainegkperiment 1 of this chapter:
exogenous alerting tones are able to amelioratdefieit in sustained attention that can
occur in patients with neglect. However, they edtdrese findings. The impairment in
detection of left-sided targets of low salience wagroved throughout the duration of the

task, and the ability teustain attentiomon left-sided stimuli, as well as right-sided stlm
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of lower perceptual salience was also amelioraiéstting tones therefore seem capable
of enhancing the suboptimal responses of negleénia to low salience stimuli, as well
as improving their ability to maintain attention succh events over time. Hence phasic
alerting tones do improve the ability of neglectigrats to sustain attention to left-sided
events, although this appears to be true for stiwlogrever they occur in space — even the

right.

As in experiment 1, power limitations must alsddoerne in mind. The low frequency of
tones, when distributed across high and low sati¢agets in left and right sides of
space, meant that for each stimulus type, only #e\®ecompanied by an alerting tone.
Despite, this limitation, however, significant effe were obtained in the neglect group for
the hit rate data.There were also ceiling effepfsgent in the control groups, suggesting
that some of the effects manifest in the reactime data may have been evident in the

error data had the tasks been more demanding.

3.5. General discussion

The aim of this chapter was to assess the effguhadic alerting tones on the ability of
neglect patients to sustain attention and encachellsis salience, and examine how this
may interact with the more characteristic deficithe spatial reorientation of attention.
Like previous investigators (Robertson, Mattingdyal. 1998), the results of this chapter
have shown that non-informative alerting tones anbd detection of left-sided targets.

However, it was also demonstrated that alertingsaran ameliorate the deficits in
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sustained attention and detection of low salieticeuti throughout space, and not just

those occurring on the left (Figures 3.3 and 3.7).

How might this amelioration of non-spatial defiditsoughout space occur? Phasic
alerting can be considered to represent a catefatymulus salience, having much in
common with stimulusiovelty(Singh-Curry and Husain 2009). As discussed iniSect
3.1, the term refers to a readiness to detectespbnd to events of behavioural
significance and can occur in an alternate stimaiodality as the target event (as was the
case here) or the same modality. Alerting stimat be informative, predicting in some
way the occurrence of a target event, or non-inétive, when they may be considered to
have most in common with novel events. Those usékis chapter were non-informative
in nature, being equally likely to occur with ager as with a non-target stimulus. Like
novel stimuli, phasic alerting events evoke a parie3a event-related potential, which
occurs slightly earlier than the target-related P8tential and is not necessarily
accompanied by a motor response (Courchesne, Hilbtaal. 1975; Squires, Squires et

al. 1975).

During task-engaged activity, novel stimuli areikelly to be associated with motor
responses (Barcelo, Suwazono et al. 2000). Thignwaf the alerting stimuli used in
this chapter, as confirmed by the low false alaate in response to non-target stimuli
paired with alerting tones and the fact that tiveas no effect of alerting tone presence on
false alarm rate. When paired with a target stimufiwwever, it is possible that a P3a

ERP (discussed in chapter 1) immediately precediR8b potential can potentiate the
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P3b, making initiation of a motor response moreliikindeed, it has been shown that
when novel stimuli are unpredictably associatedh aitarget, the amplitude of both the
P3a and subsequent target-related P3b increasetSow, Machado et al. 2000).
Alerting stimuli too, have been shown to enhancle &8plitude (Miniussi, Wilding et al.

1999; Griffin, Miniussi et al. 2002).

This suggests that the parietal cortex may be arutimediating the alerting effect, a
proposal which is supported by the findings of tthiapter. The neglect group of patients
demonstrated a three-way interaction that apprabsiymificance, between stimulus
position, salience and presence of alerting tosigggesting that all of these processes may
be served by the same or closely linked neurakgsyst Furthermore, | was able to show
in Chapter 2 that damage to the supramarginal gyfrtlee IPL was significantly
associated with deficits in salience encoding,rdigy attention to left-sided stimuli and
sustaining attention to left-sided, as well as @@m@vents. Given that these processes
interact with the alerting effect, the IPL woulethfore seem a likely candidate for its
mediation. In fact, as discussed in Section 3.A¢tional imaging studies in healthy
participants have suggested that the right IPhdeéd involved in this process (Fan,

McCandliss et al. 2005; Thiel and Fink 2007).

All of these findings suggest that the functionsheff IPL can not be classified as purely
stimulus driven (Corbetta and Shulman 2002; Coab&tatel et al. 2008). Indeed, as
discussed earlier, even processes such as satletexion and phasic alerting can not

truly be considered as only ‘bottom-up’, as thesoahvolve components which can be
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thought of as more ‘top-down’ in nature. As arguethe preceding two chapters, |
consider the right IPL to play a crucial role i fhrocesses enabling the adaptation of
behaviour, allowing a switch between opposing fiometl states: a task-engaged,
‘exploitative’ state, in which attention is effaaiy focused on task demands, and a more
‘exploratory’ state, which enables potentially imiamt novel or salient environment
events to be identified. The fact that the IPL se#orbe one of the most densely
connected cortical regions (Hagmann, Cammoun 2088), ideally places it to mediate
interactions between numerous cognitive processg@perform such a ‘reconfigurational’

role.

| have also reviewed evidence which suggests thraidnenergic input from the locus
coeruleus (LC) to parietal cortex may be vitalhistflexible reconfiguration of behaviour
(Aston-Jones and Cohen 2005; Singh-Curry and HUX#08). Indeed, convergent
evidence from monkey studies suggests that thetphR3 potential may represegiasic
input from the LC (Nieuwenhuis, Aston-Jones e28D5). However, a moderate level of
tonic noradrenergic activity is necessary in order tdpce phasic activity that results in
effective task-engagement (Aston-Jones and Coh@h)20 can therefore be envisaged
that alerting stimuli — accompanied by their ownigtal P3a and capable of enhancing the
amplitude of target-related P3b potentials (Miniuggélding et al. 1999; Griffin, Miniussi

et al. 2002) — mediate their beneficial effect @glect by effectively boosting

noradrenergic input to parietal cortex.
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If this hypothesis is correct, one would expect tit@madrenergic agonists may also
ameliorate the spatial and non-spatial deficit®eiased with neglect. In fact there is some
evidence that this may indeed be the case. A gmadif-of-principle trial recently
demonstrated that neglect patients may benefit icgimgle dose of the noradrenergic
agonist guanfacine, in terms of visuo-spatial esgilon, but perhaps also their ability to

sustain attention (Malhotra, Parton et al. 2006).

In the next chapter, | will examine the continuse of guanfacine in a single case with

persistent neglect, in addition to a severe impantof sustained attention.
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Chapter 4

4.1. Introduction

Chapter 2, provided evidence which supports a thewry of right IPL function, whereby
this region is considered to play a vital rolehe flexible adaptation of behaviour,
enabling a modulation of the prevailing cognititats of the individual between a task-
focussed state and a more exploratory mode ofifumnog which facilitates responses to
new environmental events and challenges (SinghyGurd Husain 2009). | consider
noradrenergic input from the locus coeruleus (Ld)drietal cortex to be a crucial factor
in this reconfigural process. The study reporte@lapter 2 demonstrated that lesions of
the right IPL, such as occur in hemispatial negleetlar and Perani 1986; Mort,
Malhotra et al. 2003), can be associated with &#aof interacting non-spatial, as well as
spatial, cognitive deficits that are important iedrating these contrasting behavioural

states.

Chapter 3 demonstrated that phasic alerting toreesagable of ameliorating both the
spatial and non-spatial deficits associated withieat, leading to the speculation that this
may occur through an augmentation of phasic nonaulgec activity to parietal cortex. If
this hypothesis is correct, noradrenergic agosistalld also be capable of improving
these impairments. Indeed, there is evidence tgesighat the-2-noradrenergic agonist
guanfacine is capable of enhancing visuospatidbeaion and sustained attention in

some patients with neglect (Malhotra, Parton e2@06).
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In monkeys, guanfacine has been shown to improxferpeance on spatial delayed
response tasks (Franowicz and Arnsten 1998), byutabdg dorsolateral prefrontal
cortex (Avery, Franowicz et al. 2000), most likéhyough its actions at post-synaptic
alpha-2A adrenergic receptors (Arnsten and GoldRakic 1985; Arnsten, Steere et al.
1996). Guanfacine, which is a highly selective a2 agonist (Uhlen and Wikberg
1991), has also been shown to improve planningrarling memory performance in
normal human subjects (Jakala, Riekkinen et al9),98hile continued use of guanfacine
has been demonstrated to be efficacious in themesd of inattentiveness in children and
adolescents with attention deficit/hyperactivitgatider (Biederman, Melmed et al. 2008;

Sallee, McGgough et al. 2009).

Although neglect is most frequently associated wght IPL and inferior frontal lesions
(Vallar and Perani 1986; Husain and Kennard 199&;tMValhotra et al. 2003), damage
to subcortical regions, particularly the pulvinaicleus of the thalamus (Karnath,
Himmelbach et al. 2002), as well as other medilitimic nuclei (Watson, Valenstein et
al. 1981; Schmahmann 2003), may also cause themyed- especially if affecting these
structures in the right hemisphere. Thalamic lesiparticularly those involving the
medial nuclei — including the pulvinar — are alssgliently associated with impairments in

arousal and the ability to sustain attention (Sdimmeann 2003).

The thalamus is thought to act as a key procesgidg between other subcortical regions

and the cortex. Specifically, the medial thalamiclei may function to enhance or

habituate transmission of sensory information togpal and frontal areas (Asanuma,
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Andersen et al. 1985; Schmahmann and Pandya 1@®0aifski, Giguere et al. 1997),
depending on motivational input they receive froednal frontal structures (Chiba,
Kayahara et al. 2001) and information regardingisabfrom midbrain nuclei such as the
LC (Asanuma 1992; Vogt, Hof et al. 2008). As suble, medial thalamic nuclei can be
thought of as important components of a functidoap between parietal and frontal
cortices and neuro-modulatory nuclei such as thewith damage to the medial thalamic
nuclei being capable of leading to similar defieissseen following lesions of the cortical

regions with which they connect (Watson, Valensegial. 1981).

This chapter will present the case report of agpatvith bilateral thalamic lesions,
secondary to acute disseminated encephalomyd@gisiarding, Braun et al. 2002), with
severe difficulties sustaining attention associat@t persistent hemispatial neglect. The
patient’s performance on tests assessing theyatalgustain attention, as well as tests of

neglect, will be examined before and after the iomeid use of guanfacine.

Acute disseminated encephalomyelitis (ADEM) islatreely rare neuroinflammatory
disorder associated with multifocal lesions, fregilyepreceded by a viral prodrome
(Shoji, Kusuhara et al. 1992) and occasionally &égcination (Saito, Endo et al. 1980).
Histologically, ADEM is similar to multiple scleriss with a predominantly T-
lymphocytic perivascular infiltrate producing fo@akas of demyelination. Unlike
multiple sclerosis, however, it is usually a monagih illness, with many patients
recovering well, although up to half followed umgsterm have been reported to have

persistent neurological deficits (Schwarz, Mohale2001). MRI usually reveals
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asymmetrical subcortical white matter lesions, heevethe deep grey matter nuclei, such

as the thalamus and basal ganglia, may also betedféBernarding, Braun et al. 2002).

There are few studies of ADEM documenting the npsiyohological and cognitive
sequelae of the condition, with most focussingt@nrmotor disabilities (Sunnerhagen,
Johansson et al. 2003). The patient reported rerelabed bilateral lesions of the
thalamus secondary to ADEM, causing persistensiditd neglect and difficulty
sustaining attention. | describe here how thesblpnes were subsequently ameliorated by

guanfacine.

4.2. Case report

A 38 year-old male presented with a right-sidedafladroop and hemiparesis following a
two-week prodrome of headache, fever, cough ard hgmisensory symptoms. Soon
after admission, he developed tonic-clonic seizuresessitating intubation and
ventilation and treatment with the anticonvulsamemytoin. MRI revealed patchy signal
changes in the thalamus, cerebellum, temporal aodigital lobes bilaterally, while MR
angiogram revealed normal extra and intra-cra@dflow. Cerebrospinal fluid
examination, vasculitic blood screen and transdesggal echocardiogram were all
normal. Electroencephalography demonstrated featiresistent with encephalopathy
and a diagnosis of ADEM was made. He subsequesthived two courses of

intravenous methylprednisolone, intravenous immigtagin, plasma exchange and
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antibiotics. He was also anticoagulated for a desus thrombosis of the leg and

required surgical treatment for an associated coimgat syndrome.

The patient remained in intensive care, due toigters epileptiform activity, for four
months, until seizures were stabilised on a regiofdavetiracetam 2 g, phenytoin 700
mg and prednisolone 30 mg. He was then transféoradehabilitation unit, at which time

he had a tetraparesis, with predominant left-sideakness.

Neuropsychological testing also revealed significagnitive impairments, including left-
sided neglect (with intact visual fields on confiaion), reduced arousal and difficulty
sustaining attention. In addition there were sigaifit impairments in verbal memory
(chance performance on the short and easy Recoghemory Test for verbal material
and low average performance on the Wechsler Adtétligence Scale-Revised (WAIS-
R) Digit Span subtest) and naming (5/15 corredhenGraded Naming Test). There was
also evidence of dysfunction on tests of executimetion (concrete performance on
Proverb Interpretation and perseveration on Sihgteer Reading and Similarites subtest
of the WAIS-R). On the basis of educational andupetional background, he was
estimated to have been functioning in at leasstiperior range premorbidly and had

therefore suffered severe intellectual deterioratio

Admission for reassessment occurred two years lattevhich time anticonvulsant

medication consisted of levetiracetam 750 mg amégantin 300 mg, both twice daily

(the total dose of levetiracetam was 1250 mg ab6ths follow-up, with a further
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reduction to 1000 mg 10 months later). Cranial aexxamination was normal, except for
a mild upper motor neuron left-sided facial wealkn&xamination of the limbs revealed a
severe hemiparesis, with increased tone on thamefta pyramidal distribution of
weakness, worse distally. The limb reflexes wekbradk with bilaterally extensor plantar
responses. There was severe left-sided hemispatigdct and impairments in sustained
attention and arousal (quantitative measures &mndielow in section 4.3), with the
patient spending 20 hours a day in bed due to dn@ss. A decision was taken to trial

guanfacine, with the hypothesis that this mightrove these cognitive deficits.

4.3. Assessment measures

MRI was repeated to determine the extent of les{ses Figure 4.1). This demonstrated
bilateral thalamic lesions, involving the mediahimic nuclei — including the medio-
dorsal nucleus — as well as the pulvinar on the ilefaddition to the pulvinar on the right
(Schmahmann 2003). Lesions of the right pulvinarehareviously been linked to the
pathogenesis of neglect (Karnath, Himmelbach €€2). The patient also had
additional small lesions in the cerebellum, theipital and temporal lobes, which all lie
outside of areas commonly implicated in negleathsas the IPL, temporoparietal
junction and inferior frontal lobe (Vallar and Perd986; Husain and Kennard 1996;

Mort, Malhotra et al. 2003).
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Figure 4.1. Patient’s lesions.

A. Bilateral thalamic lesions as demonstrated by Egimved MRI scanning. The red
arrow indicates a left-sided lesion involving thedral thalamic nuclei, including the
medio-dorsal nucleus. There is also a smaller adjdesion in the left pulvinar (blue
arrow). The yellow arrow indicates the right-sidesion, also in the pulvinar.

B. The patient also had additional small lesion®ienderebellum, occipital and temporal

lobes. Importantly lesions of these other sitegyareerally not associated with neglect.
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Two standard bedside measures of neglect weretasssess neglect, while a

computerised task was used to measure the defisitstained attention.

4.3.1. Neglect tests

The neglect tests used were line cancellation iaeddisection. On the line cancellation
task (Albert 1973), subjects are instructed to ehalt the lines they can find (total 40)
distributed across a landscape oriented A4 shesddr. Examples of line cancellation
tests performed by the patient, before and afeeirttroduction of guanfacine are shown
in Figure 4.2. Line bisection requires the par@cipto mark their perceived midpoint of
17 cm horizontal lines (Stone and Greenwood 19B11¢. mean deviation rightwards from

centre is then taken from three attempts.
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Figure 4.2. Patient’s performance on the line candation test

A. Before introduction of guanfacine — the patieriyananaged to cancel 11 lines on the
right hand side of the A4 sheet.

B. After commencement of guanfacine — the patientnhasaged to cancel all 18 lines on
the right side of the sheet, as well as the 4 linése middle and 9 of the left-sided lines.
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4.3.2. Sustained attention task

The computerised task, which has been used prdyi@alhotra, Coulthard et al. 2009),
was programmed using E-Prime software (PsycholamplsTSoftware Inc.) and presented
on a Dell Latitude D820 laptop computer. It entdilke subject depressing the central
button on a response box (RB-530 Cedrus Corp.yigklg as possible, whenever an
infrequently occurring black circle (8mm diametecgurred. The circle remained on the
screen for 1 second and was presented on a gregrobaad with interstimulus intervals

of 1-7s. 100 stimuli were presented over a totabgeof eight minutes (see Figure 4.3).

Responses quicker than 100 ms were classifiedtespations, and therefore as
commission errors, as were responses occurring tharel600 ms after target onset.
Perceptual sensitivity, or d-prime (d’), which isriyed from signal detection theory
(Stanislaw and Todorov 1999) and takes into accoommission as well as omission
errors (both of which the patient made a numberneds the behavioural outcome

measure of this task and was calculated accorditigetformula below:

d’ = @' (H) - d(F)

H is the hit rate, F is the false alarm rate dds the inverse of the cumulative Gaussian

distribution. The higher this value the better pleeceptual sensitivity of the subject.
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1-7 secs

Time: 8 mins
100 stimuli

Figure 4.3. Sustained attention task.
The subject was required to respond with a buttesgas quickly as possible whenever a
black circle appeared on the screen. A total ofgt@uli were presented, with an inter-

stimulus interval between 1 and 7 seconds. Theltess&d for approximately 8 minutes.
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4.4. Introduction of guanfacine

All assessment measures were performed on two catige days prior to commencing
oral guanfacine, as well as at several time paifte its introduction, including one

session when it had been temporarily discontinued.

The dose of guanfacine was titrated up slowly elrexe days in small increments. The
initial dose was 0.5mg, followed by 1mg the next dad 2mg on the third day of
treatment. The guanfacine was given as single dasgs, administered orally in the
morning. The first on-guanfacine testing sessios pexrformed on day three when a dose
of 2mg had been reached. See Table 4.1 for a swroh#re dosing and assessment

schedule.

The patient continued on 2 mg guanfacine dailyrasupatient. However, an additional
testing session off-guanfacine was performed twath®later (due to initial difficulty
obtaining the drug locally), at which point theipat had not received guanfacine for two
weeks. Three on-guanfacine testing sessions wef@ped 6 months after the initial
commencement of 2mg guanfacine daily and a firedisa occurred a further 10 months
later. Therefore, in total, the patient underwéné¢ testing sessions off and five on
guanfacine. Testing was always performed duringetréy afternoon, as this was the time

of day during which the patient was at his mosttale

210



Time Activity

Day 1 Baseline assessments 1

Day 2 Baseline assessments 2

Day 3 0.5 mg guanfacine administered
Day 4 1 mg guanfacine administered
Day 5 2 mg guanfacine administered

On guanfacine assessment 1

2 months Off guanfacine assessment

6 months
Day 1 On guanfacine assessment 2
Day 2 On guanfacine assessment 3
Day 3 On guanfacine assessment 4

16 months On guanfacine assessment 5

Table 4.1. Assessment and dosing schedule.

Two sets of baseline assessment measures werempedfon consecutive days prior to
commencing guanfacine, which was titrated up to@ tlose of 2 mg per day over three
days. This was followed by five on-guanfacine assemnt sessions — the first of these was
performed the day 2 mg guanfacine was reached.

Two months later, due to initial difficulty obtang the drug locally, the patient spent a
period of just over two weeks off guanfacine —iedtkesting session off the drug was
performed at the end of this period.

Three further on-guanfacine testing sessions wer®mpned 6 months after initial
commencement of guanfacine and one further setaitgther 10 months of continued
use of 2 mg guanfacine daily.

Guanfacine was administered in the morning andsassent always occurred in the early

afternoon.
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4.5. Data analysis

Permutation testing was used to investigate whelieeeffects of guanfacine were
statistically significant. This established procedhas specifically been used in single
case designs and works by considering all posegigiembinations of the data (Todman

and Dugard 2001; Todman 2002) - see Figure 4.4.

The purpose of considering these recombinationgenutations, is to attempt to account
for fluctuations in assessment scores which mayroaeer time, unrelated to the effects
of treatment. It has previously been reported ttajperformance of neglect patients may
indeed fluctuate over short periods of time (Sraall Ellis 1994), which may be related

to fatigue, the time of day and previous activites well as patient learning. Although
other studies have failed to find evidence of digant fluctuations on behavioural tests in
neglect (Levy, Blizzard et al. 1995) and the pdtigas always tested at the same time of
day to minimise this effect, the use of permutatesting allows further control of

possible fluctuations.
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. = baseline - = post-guanfacine

Actual order of the dataset:
BB O0HaB
Other possible combinations of the dataset:

E B EDEOEn
E BB EdEHOED
BE BB O0EaEn

BB BBDBEOEAn

Figure 4.4. Permutation testing.

The mean difference between the actual off anduamgcine scores on a particular test
was calculated (top row of coloured boxes). The lmens indicate the order in which these
scores were obtained. This was then compared tméaa difference between off and on
treatment observations for all other possible rdaoations of the dataset (additional
rows) if guanfacine had been introduced at diffetne points in the series. If the actual
difference between pre and post-treatment meagre&er than that for any other
combination, it is possible to calculate how oftieis could occur by chance. In this study,
the total number of permutations for the threeawid five on-guanfacine observations is
56. Therefore, if the actual difference betweenraoifl on-guanfacine means is greater than
the mean difference for all other possible comlomest of the dataset, the probability of
this occurring by chance is 1/56=0.018.
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First the difference between the actual baselimkt@atment mean score on a particular
test is calculated. Then the mean difference ferywther possible combination of the
data if the treatment had been introduced at d@iffetime points in the data set is
computed — see Figure 4.4. If the actual differdrmeteveen pre and post-treatment means
is greater than that for any other combinatiorg gossible to calculate how often this
could happen by chance. In general, the obtainéeteince between means will be
statisitically significant at the 5% level if thilifference falls in the 5% most extreme
differences in the (real) distribution of possit#eombinations of the data (Todman and

Dugard 2001; Todman 2002).

In this study, the total number of permutationstfa@ three off and five on-treatment
observations is 56. Therefore, if the actual ddfere between baseline and treatment
means is greater than the mean difference fohalbther possible recombinations of the

dataset, the probability of this occurring by cheasc1/56 = 0.018.

4.6. Results

As discussed in Section 4.3, the patient’s thaldesons localise to the medial thalamic
nuclei (including the medio-dorsal nucleus) andghkinar on the left and to the pulvinar
on the right (Schmahmann 2003). Damage to the pghvinar has previously been
associated with neglect, while the remaining smesibns — in the cerebellum, occipital
and temporal lobes — all lie outside regions comgnonplicated in the pathogenesis of

neglect (Vallar and Perani 1986; Husain and Kend8@6; Mort, Malhotra et al. 2003).
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Pre and post-guanfacine scores on line bisectignli(® cancellation (B) and the
computerised sustained attention task (C) are shiowigure 4.5. Performance on all
measures improved after guanfacine. On line bigechefore guanfacine the mean
rightward deviation was 30.3 mm (SEM: 3.3 mm), canegl to 19.4 mm (SEM: 2.18
mm) post-guanfacine. On line cancellation the nmaamber of items cancelled pre-
guanfacine was 11.7 (SEM: 3.5), compared to 23EMS3.87) on treatment. Finally, on
the sustained attention task, mean perceptualtseétygpre-guanfacine was 0.3 (SEM:

0.09), compared to 1.32 (SEM: 0.28) post-guanfacine

Permutation testing revealed that the rightwardatesn on line bisection reduced
significantly (Figure 4.5A) after commencing guarifee (p=0.018 — no other
recombination of the dataset produced a mean difter greater than that observed
between the actual baseline and treatment measpristrating clear amelioration of the

spatial bias most characteristic of neglect.

Although the number of lines identified on line caltation also increased (Figure 4.3 and
4.5.B), this did not reach statistical significarfpe0.071 — with three of the other possible
recombinations of the dataset producing a largexmakfference than the actual mean

difference between baseline and treatment obsensti

On the other hand, perceptual sensitivity over8tineinute computerised sustained

attention task was significantly enhanced (p=0.641B)gure 4.5C — revealing that, in
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addition to ameliorating the spatial bias of negjlgnanfacine was able to improve the

deficit in sustained attention.

Furthermore, clinical observation was consister wiese data, with the patient’s overall
level of alertness and arousal improving followinggoduction of guanfacine. Moreover,
after a period of 6 months on the drug, his cargpsrted an “improvement in his
awareness and conversation...” to the extent thataseable to “...contribute

significantly to crossword puzzles and enjoy hissiralCDs”. As a result of these

persistent benefits the patient continues to takeyuanfacine daily.
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Figure 4.5. Behavioural outcome measures.
A. Line bisection. The rightward deviation on bisegtltv cm lines decreased significantly on guanfagie®iation in mm).
B. Line cancellation. The total number of lines cdleckby the patient increased on 2 mg guanfacine.

C. Perceptual sensitivity on the sustained attertdsk significantly improved after commencementwdmfacine.

Pre: pre-guanfacine

Post 1: initial assessment on 2 mg guanfacine

Off: assessment at 2 months after guanfacine tezdthad been ceased for 2 weeks
Post 2: assessments at 6 months after initiatigquahfacine

Post 3: assessment at 16 months after initiatiggaohfacine
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4.7. Discussion

This chapter has presented the case of a patiémpetsistent hemispatial neglect and
severe difficulty sustaining attention, secondarpitateral thalamic lesions caused by
ADEM, which improved following the introduction ¢fie noradrenergic agonist

guanfacine.

Thalamic lesions are most frequently associateld @eficits in arousal, although neglect
is also often reported (Watson, Valenstein et @811 Karnath, Himmelbach et al. 2002),
particularly following lesions of the medial dorsalcleus and pulvinar (Karnath,
Himmelbach et al. 2002; Schmahmann 2003), as veasabe here. In contrast, these
deficits have rarely been referred to in the litera as a consequence of ADEM

(Sunnerhagen, Johansson et al. 2003).

As discussed in Chapter 2, problems with arousaltiae ability to sustain attention may
be intimately linked with difficulty with the spaii orientation of attention, the
characteristic deficit of the neglect syndroménds been proposed that arousal, or the
endogenous maintenance of alertness, so thatiatter@n be sustained on task goals, is
dependent on activity within networks involving adrenergic input from the LC in the
midbrain, to inferior parietal and frontal cortexdaindirectly to these regions via the

thalamus (Watson, Valenstein et al. 1981; Mottagkiyimes et al. 2006).
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Similar patterns of activation have been found imithese networks in response to tasks
assessing sustained attention at single locatioth$asks in which the spatial distribution
of attention is required (Sturm, Schmenk et al.&0Burthermore, damage to these areas
is implicated in the pathogenesis of neglect, whin IPL (Mort, Malhotra et al. 2003)

most frequently associated with the syndrome, afetior frontal (Husain and Kennard

1996) and thalamic lesions (Karnath, Himmelbachl.€2002) also being quite common.

In fact, difficulty sustaining attention is incréagly accepted as a component of the
neglect syndrome (Samuelsson, Hjelmquist et al81B®bertson 2001; Husain and
Rorden 2003; Malhotra, Coulthard et al. 2009), wdigficits in sustained attention capable
of predicting the severity of the spatial bias (Bxbon, Manly et al. 1997). This is
supported by my findings from Chapter 2, which sggghat deficits in sustained
attention can exacerbate the problems with theadmatentation of attention.
Furthermore, phasic alerting can improve both ikaospatial (Robertson, Mattingley et
al. 1998) and non-spatial deficits (Chapter 3) eisded with neglect, as can alertness

training (Sturm, Thimm et al. 2006).

Singledoses of guanfacine have previously been shownltance sustained attention, in
addition to the spatial deficits in neglect (Malf@tParton et al. 2006). Although
continued guanfacine use may be efficacious irtrgr@@ment of inattentiveness in children
and adolescents with attention deficit/hyperactidisorder (Biederman, Melmed et al.

2008), this case is the first demonstration of @ipent amelioration of the spatial deficit
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in neglect with a noradrenergic agonist. But howtmiguanfacine produce such an

amelioration?

I have already proposed that noradrenergic inum fthe LC to the IPL may play an
important role in sustaining attention on task-&s®d activity, in detecting novel,
potentially important — but task-irrelevant — exgeint the environment and in the
modulation or reconfiguration of behaviour betwéegse opposing functional states
(Singh-Curry and Husain 2009). It is therefore gueghat boosting noradrenergic
activity in regions such as the IPL and prefrootatex, with agonists like guanfacine,
might enhance these processes, and in the calsalafic lesions, increase the excitatory
input in response to sensory stimulation that n@aynally be potentiated by thalamic
input (Watson, Valenstein et al. 1981). Of coulsgipons involving particular subregions
of the IPL or prefrontal cortex, may preclude tiedévioural benefit of such
pharmacological manipulations, which is indeed wiravious preliminary evidence

suggests (Malhotra, Parton et al. 2006).

Furthermore, based on the interaction betweenitieficsustained attention and the
spatial orientation of attention which were demaated in Chapter 2, it is possible that an
amelioration of a deficit in sustained attentionyraéso act to improve the exploration of

space in neglect.

In summary, | have reported in this chapter a chgeDEM causing severe deficits in

arousal and sustained attention associated withspatral neglect, due to bilateral
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involvement of the medial thalamus. The noradreineagonist guanfacine led to an
amelioration of these difficulties, | speculatednhancing activity within a network

which involves the IPL, inferior frontal regionsetthalamus and the LC. However, larger
studies are required in the future to fully esblihe efficacy of guanfacine in the

rehabilitation of neglect.
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Chapter 5

5.1. Introduction

Chapters 2 and 3 explored some of the functiortkefentral attention network, by
examining the cognitive deficits associated witiniepatial neglect, the syndrome that
commonly occurs following damage to these regi®alér and Perani 1986; Husain and
Kennard 1996; Mort, Malhotra et al. 2003). The hssof these chapters suggested that
the functions of the ventral attention network tigaitarly those of the right inferior
parietal lobe (IPL), may be more complex than presiproposals have suggested
(Corbetta and Shulman 2002; Corbetta, Patel €08B). In fact, | believe the findings
from Chapters 2 and 3 indicate that this area pdaysnportant role in both goal-directed
attention and the stimulus-driven reorientatiomibéntion — processes which have been
segregated into functionally opposing dorsal armtrat fronto-parietal streams (Corbetta

and Shulman 2002; Corbetta, Patel et al. 2008).

Instead, | believe the results provide supporttierscheme developed in Chapter 1,
whereby the right IPL is considered to act as gooitant module in the modulation of
behaviour, facilitating a flexible switching betwegvo functional states: a task-engaged
mode, in which attention is focussed on currentggoatask demands and a more
exploratory state, which enables the identificattbsalient or novel environmental events

(Singh-Curry and Husain 2009).
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However, although the results from Chapters 2 asdg@est that the right IPL plays a
crucial role both in salience detection and thditglib sustain attention, they did not
examine the role of the ventral attention networkhie processing of novel stimuli. The
main purpose of this chapter will therefore berabe novelty processing in right
hemisphere stroke patients with and without negladtto investigate the anatomy of any

such deficits using voxel based lesion-symptomyaigtechniques.

5.1.1. Novelty processing

An essential feature of the nervous system is to@mage exploration of the surrounding
environment. As such, new events or objects, whale not been encountered in a
particular behavioural context, are highly salientl easily attract attention. Like target-
related salience, novelty processing has previdusgn studied with the ‘oddball’
paradigm. In many of these tasks, in addition feeguently occurring targets which
require a response, there are occasional new stivhidh have not previously been
presented. In the context of event-related potefERP) studies, subjects are instructed
only to respond to the targets and are usuallygiven any prior information regarding the
novel stimuli. Like targets, novel stimuli have bdeund to elicit a P3 ERP response over
parietal and frontal cortex, even when no respoms$ieese events is required. However,
this potential occurs slightly earlier (sometimeterred to as the P3a) than that which
occurs to targets — the P3b (Courchesne, Hillyaed. 4975; Squires, Squires et al. 1975).
Importantly, lesions of the temporoparietal juniot{@PJ) abolish both the P3a and P3b

(Knight, Scabini et al. 1989).
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Functional imaging studies in healthy subjects aigdicate the IPL, TPJ and ventral
frontal regions in the detection of novel eventgeti Laurens et al. 2001; Downar,
Crawley et al. 2002; Kiehl, Stevens et al. 2005n8zck and Duzel 2006; Gur, Turetsky et
al. 2007; Strobel, Debener et al. 2008; Friedmanid@an et al. 2009). Such activation is
even seen in the context of engagement in an amgdask (Kiehl, Laurens et al. 2001;
Kiehl, Stevens et al. 2005; Bunzeck and Duzel 2@; Turetsky et al. 2007; Strobel,
Debener et al. 2008; Friedman, Goldman et al. 2a@8jtrary to recent functional
formulations regarding the ventral attention systetmch suggest it is only involved in
reorienting to salient events which are relevarth&éocurrent goal or task state (Corbetta,

Patel et al. 2008).

In fact stimulus novelty may be more complex thdinst glance would suggest. For
example, it might be argued that the detectionoskehevents occurs in a primarily
stimulus-driven or exogenous fashion. However, mgmobprevious items also needs to
be maintained in order that a novel stimulus candse=ctly judged as new. For this
reason, the right IPL — within the ventral attentieetwork — may be a particularly
important locus for novelty processing, given $)hitgh connectivity with other brain
regions (Hagmann, Cammoun et al. 2008), includimegnedial temporal lobe which is
important for memory and novelty detection (Lisnaand Grace 2005); and 2) overlap of
goal-directed and stimulus-driven processes herddmonstrated in Chapter 2 and Figure

2.14).
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5.1.2. Aims

The principal aim of this chapter will be to invigstte how patients with the neglect
syndrome secondary to right hemisphere damage ggowe/el stimuli. Specifically, |
predict that neglect patients will process noviehgli more poorly than right hemisphere
stroke control and healthy control subjects andtthia deficit will be associated with

damage within the ventral attention network.

Because the identification of novel stimuli mayrbere complex than detecting
perceptually salient events — necessitating corsparnvith previous items in order to
correctly judge the stimulus as new — damage téRheand other ventral regions — which
appears to be an important hub for the interacifaandogenous and exogenous processes
— may be particularly deleterious for this proc&sstection of novel stimuli may therefore

also be impaired in comparison to identificatiorpefceptually salient stimuli.

5.2. Methods

5.2.1. Participants

Patients were recruited from stroke and neuroldgic#s with local ethics approval. A
total of 14 right middle cerebral artery (MCA) dteopatients were included in the study;
7 with (mean age: 58.3, range: 39-78; one left-bdpdnd 7 without neglect (mean age:
62.3, range: 50-71; all right-handed). Exclusiatecia included cognitive impairment
such that there was difficulty following assessnmmnask instructions, and active medical

comorbidity. 10 healthy elderly control participantith no neurological or psychiatric
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history were also recruited (mean age: 64.8 yeangje: 51-73; 1 left-handed; 4 male). A
one-way ANOVA revealed that there were no signifiadifferences between the subject
groups in terms of age (F(2,23)=0.912, p>0.4). Bdde 5.1 for further patient

demographic information.

5.2.2. Assessment of neglect

A visual neglect battery was performed on all & patients to determine the presence or
absence of neglect (Malhotra, Greenwood et al. R@ztients with neglect demonstrated
neglect behaviours in their activities of dailyitig, as well as on the Mesulam
cancellation test (Mesulam 1985) and/or line bisectask (Stone and Greenwood 1991).
Neglect was identified by an asymmetry of cancieltabf 2 or more items on the
Mesulam task and a mean rightward deviation of Sanmore on line bisection of three

17cm lines.
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Subject  Age Time since Field defect Mesulam (R-  Line bisection (cm to
stroke (months) L difference) right of midline)
N1 66 10 Partial left lowel 20 1
guadrantanopia
N2 3¢ 1 Partial let lower 22 0.€
guadrantanopia
N3 78 £ No 18 2
N4 60 1.7t No 7 0.€
NS5 53 No 1
NG 68 2 No 2 1.2
N7 44 0.t No 10 1.2
mear 58.2 2.3¢ 11.5 1.1«
SCl1 7C 2 No 0 -0.2
SCz 71 0.t No 0 .2
SC: 5C £ No 1 -0.2
SC< 61 5 No 0 -0.2
SCt 65 10 No -3 -0.2
SC¢ 54 0.t No -3
SCi 65 22 No -1 -0.2
mean 62.8 5.8 -0.86 -0.14

Table 5.1. Patient demographics.

N = patient with neglect

SC = stroke control patient

The time since stroke at which patients underwestirtg was not significantly different

across the two patient groups (t(12)=-1.038, p=0.32
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5.2.3. Apparatus and stimuli

Participants depressed the central bottom butt@m d&B-530 Cedrus response box in
response to the presentation of target stimuli.e Datitude D820 laptop with a 15 inch
screen was used for stimulus presentation. Behealitasks were programmed using E-
Prime software (Psychology Tools Software Inc.0m8ti were presented on a grey
background and consisted of greyscale male andéeimzes with neutral expressions
taken from the Psychological Image Collection &8ty (PICS) database, provided by
the University of Stirling Psychology departmentgh/pics.psych.stir.ac.uk/). Stimuli
subtended approximately 7° x 9.5 © when viewed facitistance of 60cm. Male and

female faces were used in an equal proportionsa@ach task.

5.2.4. Behavioural tasks

5.2.4.1. ‘Oddball’ tasks
Two versions of an ‘oddball’ task were used to grabvelty processing, which were
adapted from a previous version used in healthygaontrol subjects (Bunzeck and
Duzel 2006). The general design of each task watiichl, with each task incorporating
three types of infrequently occurring ‘oddball’ é&aavhich were presented randomly
intermixed with frequently occurring standard facH3% of stimuli consisted of a target
face, 10% were novel faces and 10% were perceptsaient standard faces. Standard
faces were made perceptually salient by a blaclbsitioned across the face (which did
not interfere with recognition of the face — segufe 5.1), and which varied in exact
position between presentation of these stimuli. fEmeaining 70% of stimuli consisted of

the unaltered standard face.
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Figure 5.1. ‘Oddball task’ design.

A. Task N.Subjects were instructed to respond with the dautt®n press whenever they
detected a target face or a novel face, and tdhaithresponses to the perceptually salient
standard faces and standard face.

B. Task P.Participants were asked to respond to the tasgetsfand the perceptually
salient standard faces, and withhold responsdwtadvel and standard faces.

Each stimulus was presented for 2500 ms, withriteestimulus interval varying from
1000 to 1500 ms. Each task consisted of 150 stiamdilasted for approximately 10
minutes. The stimuli were presented just righthef midline, with the left border of the

stimulus positioned in the centre of the displaysn.

Each face was presented for 2500 ms, with inteustisninterval varying between 1000
and 1500 ms. The faces were presented just rigterdfal fixation (with the left border of
the stimulus positioned in the centre of the screeith a central fixation cross displayed
during the interstimulus interval. This stimulussgiimn was chosen to help ensure that

even patients with severe neglect would explorectimeplex face stimuli.

Both tasks consisted of 150 stimulus presentatiasing for approximately 10 minutes
duration. The target face was displayed at the stagach task for as long as individual
subjects required and was followed by a short pasession before proceeding to the
main task. The practice session consisted of Bluilis presentations, which was repeated

if necessary until subjects were confident of tektinstructions — see below.
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The two tasks were terméalsk N— for novelty — andask P— for perceptual salience. On
task N, subjects were instructed to respond wighstime button press whenever they
detected théarget faceand whenever they encounteredgioael faceand to withhold
responses to the perceptually salient standardiaaliered standard faces — Figure 5.1A.
On task P, they were instructed to respond taaiget faceand to theperceptually salient
standard facesand withhold responses to the unaltered starfdaedand novel faces —

Figure 5.1B.

In order to ensure that participants examinedaak$, and did not merely respond to the
presence of a black bar on task P, 40% of novelsfat both tasks also had a black bar,
with subjects being informed of this in advancettBt@asks were therefore identical in
terms of design and the perceptual experiencelpésts, differing only in terms of the
responses subjects were instructed to performofdher of task presentation was

counterbalanced across the participants of eaalpgro

5.2.4.2. Memory task
Participants’ memory for the novel faces presemeazhch task was assessed following a
5 minute break. This memory task consisted of tha@/el faces presented during the
course of tasks P and N, randomly intermixed witladditional 30 faces which had not
previously been shown. Subjects were instructeddicate with a button press whether or
not they had seen each face before. Each facelsimemained on the screen until a

decision had been made.
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5.2.5. Data analysis

As in a previously published study using this tBknzeck and Duzel 2006), median
reaction time and hit rate were used to analysédhavioural results, in addition to false
alarm rates. As will be detailed in the resultdisec there was a significant difference
between the subject groups in terms of false atate For this reason perceptual

sensitivity, or d prime (d’), was also calculated.

The d’ index is derived from signal detection theand computes the distance between
the signal and noise distribution means in standaxdiation units. It therefore represents
the ability of the subject to discriminate betweanals (or targets) and non-signals (or
non-targets) (Stanislaw and Todorov 1999). Thugaking into account both the hit and
false alarm rate in its computation, it may be ne®esitive as a behavioural measure of
deficit than using either of these measures alpasrticularly when there are differences in
both measures between subject groups. A d’ valleveduld indicate an inability to
distinguish a target (signal) from a non-targeigapstimulus, whereas higher values

indicate better perceptual sensitivity. The formusad to calculate d’ was as follows:

d'=dHH) - dY(F)

H' is the corrected hit rate, F’ is the correctatbé alarm rate andl™ is the inverse of the
cumulative Gaussian distribution, the function whoonverts probabilities into Z scores.
Corrections were used in order to protect agaieiding effects in the control groups

(Snodgrass and Corwin 1988) and were as follows:
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H =(h+0.5)/p+m+1)
F=@f+05)/¢+cr+1)

Whereh is the percentage of hitsiis the percentage of misséss the percentage of false

alarms andr is the percentage of correct rejections on noiastr

Repeated-measures ANOVAs were subsequently useditoine for significant effects
between groups (neglect, stroke control and healimyrol), which were followed up with

t-tests where appropriate.

5.2.6. Lesion analysis

Lesions were plotted from clinical MR or CT scah$ MR and 3 CT) on to a CH2
template using MRICro software (available from wwwwicro.com), to produce a region
of interest (ROI) on the axial images at MNI Z atioates 56, 61, 66, 69, 75, 85, 88, 92,

96, 102, 108, 120. The lesions of individual paseare shown in Table 5.2.

The volume of lesions was calculated using MIPAY\gare (available from
www.mipav.cit.nih.gov), after conversion of the Ri©la volume of interest (VOI).
Importantly, there was not a statistically sigrafit difference between the neglect and

stroke control groups in terms of lesion volumé&Z)E2.007, p=0.068).

Overlays and 3-D renderings were carried out in @iieh software (available from

www.sph.sc.edu/comd/rorden/mricron) after conversibthe ROIs to smoothed VOISs.
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Table 5.2. Patient lesions.
N — neglect patient

SC - stroke control patient

Voxel-based lesion symptom mapping (VLSM) was usedterrogate the behavioural
and lesion data for the whole stroke group (negeadtstroke control patients combined)
using MRICron and non-parametric mapping softwaieN! for windows also available
from www.sph.sc.edu/comd/rorden/mricron). The atlvge of VLSM is that subjects are
not grouped priori according to behavioural measures (neglect orneglect), or

according to site or size of lesion. Instead,ketabehavioural and lesion data from all
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patients and asks which voxels, when damagedsaoe@ted with particular impairments

(Bates, Wilson et al. 2003; Rorden, Karnath e2@Q7).

VLSM therefore provides a relatively assumptiorefreeasure of whether or not damage
to a particular voxel is associated with a spedi@bavioural deficit. For each voxel
subjects were divided into two groups according/bether that particular voxel was
damaged or not. Behavioural scores were then cadpesing the Brunner-Munzel rank
order analysis, which is incorporated within the I@ROn and NPM software, to produce
a statistic for each voxel. These Brunner-Munzéleswere then overlain on the MNI
template as colour Z maps, revealing the degrésvofvement of each voxel in the
behavioural process under investigation. The cafonmaps were then smoothed,

automatically within the MRICron software, to pragua 3-D rendering.

The Brunner-Munzel rank order test is a non-paramanalysis which is robust to
violations of normality and has been consideredsth#stical test of choice in patient
studies such as this (Rorden, Karnath et al. 2007rarlier version of this test in
MRICron/NPM has been recently criticized for prouhgclarge Type | errors in small
groups (Medina, Kimberg et al. 2010). However, ofsthe Brunner-Munzel in
conjunction with a permutation derived correctioaitable in the most recent version of
MRICron/NPM is considered to produce reliablecores (Medina, Kimberg et al. 2010).
Only voxels lesioned in at least 15% of the strgia@ip were included in the analyses,
with a permutation derived familywise error (FWB)y@ction (at the 0.05 level)

performed automatically within the MRICron and NRbftware.
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5.3. Results

5.3.1. Oddball tasks P and N
5.3.1.1. Error data
The hit rate and false alarm rate data acrosstiee subject groups is shown in Figure

5.2.

A repeated measures ANOVA was performed on theatetdata across the three subject
groups (neglect, stroke control and healthy cohtsith a within group measure of task
(task P versus task N). There was a significartcethf group (F(2,21)=6.805, p=0.005),
with post hodBonferroni testing revealing that the neglectgras demonstrated
significantly lower hit rates than either the seatontrols (p=0.017) or the healthy
controls (p=0.005) — see Figure 5.2A. It shouldhbted that, in terms of the error data,

the control groups performed at ceiling.
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Figure 5.2. Hits and false alarms across subject gups.
The neglect group made significantly more erroestaither of the control groups, both in

terms of omission errors, giving a lower hit rated false alarms.

Error bars indicate the standard error of the mean.

Despite the neglect patients appearing to demdasirlower mean hit rate on task N,
when they had to respond to the novel faces (Figuga), there was, however, no
significant effect of task (F(1,21)=2.717, p>0.bt)an interaction between task and
subject group (F(2,21)=1.854, p>0.18). This thaeeBuggests that there was no
consistent difference between the tasks in terntseohit rate data in any of the subject

groups.
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A repeated measures ANOVA was also performed ofetke alarm rate data across the
three subject groups, with a within group meastitask (task P versus task N). There
was a significant effect of group (F(2,21)=9.6480®01), withpost hodBonferroni

testing revealing that neglect patients made saanfly more false alarms than either the

stroke control (p=0.002) of healthy control (p=01D@roups — see Figure 5.2B.

Again, the effect of task failed to reach significa (F(1,21)=3.273, p=0.085), as did the
interaction between task and subject group (F(222857, p>0.25), indicating
inconsistent differences in false alarm rate acatighiree subject groups, including the

neglect group, for novel and non-novel perceptusdlyent stimuli.

5.3.1.2. Perceptual sensitivity
Due to the presence of significant differences ketwthe groups for both the hit rate and
false alarm data, the perceptual sensitivity (dfadvas also analysed, in order to assess
how overall performance differed between the gram$across the tasks. This data is

presented in Figure 5.3.

A repeated measures ANOVA was performed on theepéual sensitivity data across the
three subject groups (neglect, stroke control aadthy control) with a within group
measure of task (task P versus task N). The pedioceof the neglect patients was
significantly poorer than that of either controbgp (effect of group: F(2,21)=12.626,
p<0.001) withpost hodBonferroni tests revealing that the neglect groag significantly

lower sensitivities than the stroke controls andltg controls (both p=0.001).
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There was no effect of task (F(1,21)=0.734, p>6r4) task by group interaction
(F(2,21)=1.163, p>0.33), indicating that sensiyivitas similar for novel stimuli (task N)
and non-novel perceptually salient stimuli (taskrPall three groups, including the

neglect group — see Figure 5.3.

5.5

501 b

4.5

T Healthy control
—— Stroke control
4.0 1 =y Neglect

3.5 -

3.0

Perceptual sensitivity - d prime

2.5

Task

Figure 5.3. Perceptual sensitivity to novel and nenovel perceptually salient stimuli.
Neglect patients demonstrated impaired perceperaisvity, compared to stroke control
and healthy control subjects, to salient items othldasks. They were at least equally
deficient at detecting novel (task N) as comparedhdn-novel yet perceptually salient
(task P) stimuli.

Error bars indicate the standard error of the mean.

240



In summary, therefore, neglect patients appearaat las deficient at detecting novel as

non-novel but perceptually salient stimuli.

In order to demonstrate voxels which, when lesiomexte associated with an impairment
in novelty processing, the d’ value for the detatif novel stimuli during task N was
used. This value for all of the neglect and strodetrol patients was used by the Brunner-
Munzel rank order test, instantiated within MRICrtminterrogate lesions in order to

reveal areas necessary for the detection of noweli.

This VLSM analysis revealed that the deficit in thegection of novel stimuli was
associated with damage to the inferior frontal gy{iifG) and, to a lesser extent, the
supramarginal and angular gyri of the IPL — Figbi#e This suggests a crucial role of the

IPL, but particularly the IFG in novelty detection.
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Figure 5.4. Regions associated with a deficit in nelty detection.

The deficit in novelty detection was associatechwlidmage to voxels in the inferior
frontal gyrus and to a lesser extent, the supraimargnd angular gyri of the IPL.

Z scores >2.98 are significant at the 0.05 levigrgfermutation derived FWE correction.

5.3.1.3. Reaction time data
The reaction time data to target stimuli preseni@ihg task P and perceptually salient
stimuli were collapsed together for task P, anddéua for target stimuli presented during
task N and novel stimuli were collapsed togethetdek N. There were no significant
differences between target stimuli or perceptusdliyent standard stimuli presented during
task P (t(23)=1.498, p=0.148) and target stimuhavel stimuli presented during task N

(1(23)=-1.35, p=0.19).
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A repeated measures ANOVA was performed on thdicgatime data across the 3
subject groups (neglect, stroke control and healtmgrol), with a within group measure
of task (task P versus task N). This revealed rifstgnt effect of group (F(2,21)=5.531,
p=0.012), withpost hocBonferroni testing revealing that the neglect grp=0.024), as
well as to a lesser extent the stroke controls (48), were significantly slower than the

healthy controls.

Importantly, there was also a main effect of tdgld 21)=11.971), in addition to a
significant task by group interaction (F(2,21)=178p<0.001)Post hod-tests revealed
that the neglect patients were significantly sloteerespond to novel compared to non-
novel perceptually salient stimuli (t(6)=-3.421,00814), while stroke controls
(t(6)=0.666, p=0.53) and healthy control subjet{®)€-0.798, p=0.446) were equally

quick to respond to both types of stimuli.

This suggests that in neglect, not only is nova#tection impaired, but that it may be

affected more severely than the detection of norehperceptual salience — see Figure

5.5.
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Figure 5.5. Reaction time to novel and non-novel peeptually salient stimuli.

Unlike the stroke control and healthy control setgeneglect patients were significantly
slower to detect novel stimuli (task N) compareddan-novel yet perceptually salient
stimuli (task P).

Error bars indicate the standard error of the mean.

In order to demonstrate voxels which, when lesioaeel associated with slower detection
of novel compared to non-novel perceptually salgtimuli, the difference in median

reaction time for the two types of stimuli was us€klis value for all of the neglect and
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stroke control patients was used by the Brunneradltest to interrogate lesions in order

to reveal areas associated with slower detectiorooélty.

This VLSM analysis revealed that slower detectibnavelty compared to non-novel
perceptual salience was associated with damagemiedntly in the IFG, but also the
supramarginal gyrus of the IPL — see Figure 5.&s $hggests that damage to these

regions may be particularly detrimental to the pssing of stimulus novelty.

Figure 5.6. Regions associated with impaired deteot of novelty compared to non-

novel perceptual salience.

Impairment in detection of novel compared to nomel@erceptually salient stimuli was
predominantly associated with damage to voxelkennferior frontal gyrus.
Additionally, injury to voxels in the supramargir@lrus of the IPL was associated with
this relative impairment.

Z scores >2.807 are significant at the 0.05 leftel permutation derived FWE correction.
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5.3.2. Memory Task
5.3.2.1. Error data

The hit rate and false alarm data for the memasly gie shown in Figure 5.7.

Hit rate False alarm rate
0.60 - 0.5
0.55 0.4
0.50 —y— Neglect 0.3 4

—#— Healthy control
—&8— Stroke confrol

0.45 0.2 4

Mean hit rate
Mean false alarm rate

0.40 - 0.1 4

0.35 . . 00 |
P N Neglect Stroke control  Healthy control

Task

Figure 5.7. Hit rate and false alarm rate on the mmory task across the three subject

groups.
There was a significant difference between theetstéject groups in terms of the false

alarm errors made (B), but not the hit rate (A).

Error bars indicate the standard error of the mean.
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A repeated measures ANOVA was performed on theatetdata from the memory task
across the three subject groups (neglect, strokai@and healthy control), with a within
group measure of task (task P versus task N) dwirigh the previously encountered
novel faces had been earlier presented. Thereavagynificant effect of group
(F(2,21)=0.047, p>0.9), nor was there an effe¢ask (F(1,21)=0.403, p>0.5) — see

Figure 5.7A.

A one-way ANOVA was used to analyse the false aldata for the memory task, as false
alarms were equally distributed amongst the naaet$ from task N and task P. There
was a significant difference between the threeestilgroups — neglect, stroke control and
healthy control — (F(2,23)=6.66, p=0.006), withst hodBonferroni testing revealing that
there was a significant difference between theewtglatients and the healthy controls
(p=0.005) and a difference which just failed tocteaignificance between the neglect
patients and the stroke controls (p=0.06), withleegatients making a greater number of

false alarm errors — see Figure 5.7B.

The hit rate and false alarm data were subsequenithbined by examining perceptual

sensitivity on the memory task.

5.3.2.2. Perceptual sensitivity
A repeated measures ANOVA was performed on theepéual sensitivity data from the
memory task across the three subject groups (rtegteake control and healthy control),

with a within group measure of task (task P vetask N) during which the previously
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encountered novel faces had earlier been preseérttedceffect of group just reached
statistical significance (F(2,21)=3.445, P=0.05}hwost hodBonferroni testing revealing
a significant difference between neglect and hgaltntrols (p=0.048), but non-
significant differences between the neglect anaksticontrol patients (p=0.608) and the

stroke and healthy control subjects (p=0.736) —Fsgare 5.6.

There was no effect of task (F(1,21)=1.387, p=0)2&@ no task by group interaction
(F(2,21)=0.015, p>0.9), indicating that having taka a motor response (task N) to a
novel face, as opposed to having to withhold a mesponse (task P) to a face, did not
influence the accuracy with which it was subsedyeatdtected by any of the subject

groups.

Patients with neglect therefore demonstrated aafjldéficit in the recognition of
previously encountered novel faces, in comparisdmetlthy age-matched subjects, but
not stroke control patients, and this deficit was aifected by their impaired detection of

novel stimuli during the oddball tasks.
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Figure 5.8. Sensitivity on the memory task.

Neglect patients were significantly impaired atreotly identifying faces they had
previously encountered during the oddball taskspamed to the healthy control subjects.
However, there was there was not a significantcefi€ oddball task — whether novel
faces previously required a motor response (tasbrMpt (task P) — nor a significant task

by group interaction.

Error bars indicate the standard error of the mean.
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5.4. Discussion

One of the principal findings of this chapter iattheglect patients, in addition to
demonstrating impairment in the accurate deteaifaron-novel perceptually salient

stimuli, are also at least equally deficient atdlseurate detection of novel stimuli

(Figures 5.2 and 5.3). However, neglect patientewggnificantlyslowerat detecting

novel compared to non-novel yet perceptually sak&imuli (Figure 5.5).

It could be argued that response inhibition playsngportant part in the accurate
performance of these tasks. The inclusion of netreluli in task P and perceptually
salient non-novel stimuli in task N meant that pleeceptual experience of subjects during
each task was identical, with only the responsey tere instructed to make differing
between tasks. However, this meant that duringPasksponses to novel stimuli had to
be inhibited, while on task N, responses to perafyt salient standard stimuli had to be
suppressed. This point is particularly pertinemirdyuthe second task that subjects
performed, when the type of stimulus respondeditongd the previous task must be
ignored in order to perform the task well. It musgtwever, be remembered that the order
in which tasks were performed was counterbalancemssa the subjects of each group.
This effect, when considered at the group levedu&htherefore have been minimized.
Furthermore | would argue that response inhibiisoa vital cognitive component of all
tasks during which selective responses are reqaindds certainly an important

component of real-life behavioural choices.
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Impairment in the accurate detection of novel shiifitigure 5.4), as well as the slower
detection of novel compared to non-novel perceptgalient stimuli (Figure 5.5), was
associated with damage within a ventral networkrafn regions, including the IPL, but

particularly the IFG (Figure 5.6).

These findings therefore support the proposedablke right IPL and ventral attention
network in the processing of novel stimuli, in &g to non-novel salience detection and

the ability to effectively sustain attention asrtiged in Chapter 2 of this thesis.

Importantly, a role of the right IFG and IPL in tdetection of novel stimuli is not a
feature incorporated within a previous model oftva@rattention network function,
proposed by Corbetta and colleagues (Corbetta habindn 2002; Corbetta, Patel et al.
2008). In fact, their most recent formulation (Getth, Patel et al. 2008) seems to suggest
that this network is important only in respondingstlient task-relevant events and not
novel or task-irrelevant stimuli. The novel faceed in the paradigms employed in this
chapter were, of course, task-relevant. Howeverfdht that reaction times to novel
stimuli were significantlyslowerthan those to non-novel perceptually salient stimu
neglect patients with right-sided ventral netwoakthge — in the context of otherwise

identical experimental requirements — suggestsstiraulus novelty itself is important.

Taken together, | believe the results of this chiaptids support to the proposal that the

right IPL and ventral attention network play an orant role in the reconfiguration of

behaviour, facilitating flexible switching betweartask-engaged state — where attention is
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sustained on current task goals and demands, @sffonses to items irrelevant to the
current task being inhibited — and a more labikpl@ratory state — during which attention
is reoriented away from previous task goals andatda/novel or salient environmental

events of potential behavioural significance (Sk@hrry and Husain 2009).

5.4.1. Novelty processing and the ventral attentrogtwork

As discussed in the introduction to this chapteidence from both neurophysiological
(Courchesne, Hillyard et al. 1975; Squires, Squetesd. 1975; Knight, Scabini et al.
1989) and functional imaging studies (Kiehl, Lawwenal. 2001; Downar, Crawley et al.
2002; Kiehl, Stevens et al. 2005; Bunzeck and D2@6b; Gur, Turetsky et al. 2007,
Strobel, Debener et al. 2008; Friedman, Goldmaat. @009) suggest an important role
for the ventral attention network in the identiiom of novel stimuli. Because of the
relative complexity of identifying novel events,cassitating a functional interplay
between exogenous and endogenous information hantighly connected position of the
IPL (Hagmann, Cammoun et al. 2008), including ®niredial temporal lobe which has a
role in memory and novelty processing (Lisman anac& 2005), it was hypothesized that
this region might be particularly crucial in theteltion of stimulus novelty. While the
right IPL was identified as an important locus ovalty processing in this chapter,
damage to the IFG was, however, more strongly &seolcwith impairment in this

process.

As discussed in Chapter 1, noradrenergic input fifleeriocus coeruleus (LC) to the IPL

and IFG — but particularly the IPL (Foote and Mson 1987) — has long been considered
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to play a key role in alertness (Posner and Peatei880), for example the activity of LC
neurons is reduced in states of low arousal (Astores, Gonzalez et al. 2007). More
recently, however, it has been argued that the dr@@ributes to the regulation of attention
between a focused, selective attentional statdi{édimg responses to targets and the
filtering out of distractors) and a more scanniagjle state that allows flexible
responding to new events (Aston-Jones and Coheb; 2@@on-Jones, Iba et al. 2007;

Singh-Curry and Husain 2009).

It has generally been acknowledged that noradrenk€@jcells fire en masse, either
phasically or tonically in response to afferentun{Berridge and Waterhouse 2003;
Aston-Jones and Cohen 2005; Aston-Jones, Gonzia#z2907). Aston-Jones and
colleagues have proposed tpagasicnoradrenergic activity (on a background of moderat
tonic activity) facilitates focused, selective resgding, with effective filtering out of
distractors. On the other hand, an increagenit LC activity (associated with reduced
phasic activity) shifts behaviour into an explorgtanore distractible state (Aston-Jones

and Cohen 2005).

Intriguingly, converging evidence from animal nephgsiological, pharmacological and
lesion studies, as well as some human studiesestgythat the P3 potential, recorded
over cortical regions in response to task-releaaadt novel salient events, reflects phasic
activity of the LC noradrenergic system, which seddnse projections to the parietal
cortex (Nieuwenhuis, Aston-Jones et al. 2005). Adicgly, it has been hypothesised that

the interplay between phasic and tonic modes adrenergic afferent activity to the right
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IPL may play a crucial function in permitting thexXible modulation of behaviour
between a focussed, task-engaged state on oneahdralmore exploratory mode of

functioning on the other (Singh-Curry and Husaif20

As discussed earlier, novel stimuli are associaii¢ldl P3a potentials (Courchesne,
Hillyard et al. 1975; Squires, Squires et al. 1KBight, Scabini et al. 1989). Hence it can
be predicted that novesk-irrelevantstimuli, in addition to salient task-relevant stiim
might be associated with phasic bursts of LC nanaglrgic activity (Singh-Curry and
Husain 2009). Neurophysiological studies in hunfaage shown that the P3a in response
to novel stimuli is of smaller amplitude and/orlaty as compared to the P3b potential
recorded in response to task-relevant events (Yaamand Knight 1991). If baseline
tonic noradrenergic levels were to increase, howdkien | envisage that responses to
novel or distracting stimuli would become more proenmt. Thus behaviour becomes
more exploratory or distractible in nature and dgagement from the task occurs,
accompanied by a reduction in LC phasic activitgt parietal P3b potentials to targets
(Aston-Jones, Rajkowski et al. 1994; Usher, Colieal. d999; Aston-Jones and Cohen

2005).

In the paradigm employed in this study, howeves,rthvel stimuli in task N required a
behavioural response and were therefask-relevantHowever, the lesion analysis
shown in Figure 5.6 demonstrates areas which, wlhemaged, are associated with
increased reaction times compared to perceptualigrd, but non-novel task-relevant

events and can therefore be considered as suhtyamit the influence of task-relevance.
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Like impaired detection of task-relevant novel agdirigure 5.4), slower responses to
novel stimuli were associated with damage in iofefiontal and parietal regions (Figure

5.6).

In summary, the findings presented in this chagtgport a role of the ventral attention
system in the processing of novel stimuli. Howewéhile the right IPL clearly played an
important role in the detection and response toudtis novelty, the IFG appeared to be

more significantly associated with this process.

As discussed earlier, the detection of stimuluseftgus likely to be more complex than
the detection of perceptually salient events, asqgtiires keeping track of and comparison
with earlier stimuli in order to correctly judgestinovel event as new. Indeed, novelty
processing is also associated with activity inrthébrain dopaminergic nuclei the
substantia nigra (SN) and ventral tegmental ardaAjVas well as the hippocampus and

ventral striatum (Bunzeck and Duzel 2006).

In fact the SN/VTA, ventral striatum and hippocampwe thought to form a mesolimbic
loop, which together with input from prefrontal asgwhich forms a parallel and
interacting mesocortical loop) is instrumental amtolling entry of information into long-
term memory (Lisman and Grace 2005). Activity ia thippocampus is likely to be
crucial in implementing the comparison of incominfprmation with stored memories, in
order to compute whether incoming stimuli are détugew, while goal-related

information from frontal regions may be criticalattaching importance (or salience) to
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novel stimuli (Lisman and Grace 2005). This is #fiere in accordance with my findings
in this chapter which are consistent with a paléidy prominent role of inferior frontal

regions in novelty processing.

Novelty processing would therefore seem to invatyait from the LC and ventral
attention system, in addition to afferent inforroatfrom the dopaminergic system,
ventral striatum and hippocampus. The IFG and otaetral regions such as the IPL may
play a particularly critical role in synthesisirgg information and incorporating it into
behaviour. However, the remaining experimental tdrapof this thesis will aim to

explore novelty processing in the dopaminergicesystoy examining a different
neurological population: patients with Parkinsadisease, in whom the principal

pathological process is the degeneration of théraid dopaminergic system.
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Chapter 6

6.1. Introduction

Parkinson’s disease (PD) is a neurodegenerativaitoam primarily affecting
dopaminergic neurons which project to the basaglimnand is classically considered a
disorder of movement. Accordingly, its core deS@nhcompass a triad of motor
symptoms: tremor, brady/akinesia and rigidity. Mazeently, however, it has become
increasingly apparent that PD also involves cogai(Burn, Rowan et al. 2006; Verbaan,
Marinus et al. 2007), mood and behavioural diffies (Marras, McDermott et al. 2008;
Aarsland, Bronnick et al. 2009), which can représemajor source of disability. These
additional problems may be caused by degeneratiaeges extending beyond the
SN/VTA to other brain stem nuclei, as well as aattregions (Del Tredici, Rub et al.
2002; Braak, Del Tredici et al. 2003; Parkkinenitfa et al. 2008) and/or due to
disordered mechanisms (disease-related or compeypeaithin the dopaminergic system
itself (Muller, Wachter et al. 2000; Remy, Jacksbml. 2000), in addition to the effects of

drugs used to treat motor symptoms (Cools, Barkal. 2001; Cools, Barker et al. 2003).

Behavioural problems in PD consist of impulsive anthpulsive behaviour, termed
impulse control disorders (ICD) (Potenza, Voonle2@07), such as pathological
gambling (Gschwandtner, Aston et al. 2001; AvaBairatti et al. 2006; Gallagher,
O'Sullivan et al. 2007) and compulsive medicatigarase (Evans, Pavese et al. 2006).

Such problems are estimated to affect approxim&®yf PD patients at any one time
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(Grosset, Macphee et al. 2006; Weintraub, Sideedvaf. 2006) and between 5 and 10%
at some point during the course of the diseaserfydassan et al. 2006; Weintraub,
Siderowf et al. 2006). It has also been estimdtatiRD patients may be approximately 25
times more likely to develop an ICD compared to age sex matched healthy controls

(Avanzi, Baratti et al. 2006).

ICDs may also encompass behaviours which are egféoragppundingor hobbyism

Punding involves an intense fascination with exeesson-goal-oriented, unproductive,
repetitive actions that are usually simple (e.gnimalating or sorting common objects).
Hobbyism is defined as repetitive behaviour whigmiore complex in nature, e.qg.
hoarding or excessive gardening, cleaning or coarpuge (Evans, Katzenschlager et al.
2004). These behaviours may be due to disinhibdgigoreviously overlearned

behaviours, for example an accountant has beemtegjpo be more likely to shuffle
papers, while housewives are more likely to clddme behaviours are defined as
pathological by their disruptive nature and integfece with normal functioning, while
interruption of the behaviour leads to irritabildy dysphoria (Evans, Katzenschlager et al.

2004; Voon, Fernagut et al. 2009).

ICDs in general are characterised by the maladapiture of the preoccupations of the
patient, the inability to control impulses or urgasd other pathological behaviours, such
as lying or stealing, which may result from thessogcupations. Although these

behaviours have different levels of severity, pliby is defined by the consequences of
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distress or interference with social, financiabocupational functioning (Voon, Fernagut

et al. 2009).

In the general population, impulsive and risk-tgkpersonality profiles have been linked
to high scores in sensation (or novelty) seekinguestionnaires (Llewellyn 2008). It has
often been asserted that there is a characteRstikinsonian personality’ profile.
However, this is considered to lmsv in impulsivity and novelty-seeking and instead
dominated by introversion, cautiousness and magality (Glosser, Clark et al. 1995;
Tomer and Aharon-Peretz 2004). Needless to sayjtlsiomewhat at odds with the fact
that this population appears particularly sensitovéhe development of ICD. It has been
suggested that such behavioural difficulties infR&y be related to the use of dopamine
agonists (Weintraub, Siderowf et al. 2006; VoorteRpa et al. 2007). However, this
argument fails to explain why some individuals gsiinese drugs for the same indication

develop these problems, while others do not.

Similarly, there is inconsistency in the literatuegiarding whether PD patients, without
ICD, demonstrate risky behaviour. Some studies whave used gambling tasks, such as
the lowa Gambling Task (IGT) (Bechara, Damasid.et294), suggest they do (Thiel,
Hilker et al. 2003; Perretta, Pari et al. 2005; dPedparraga, Garcia-Sanchez et al. 2007;
Kobayakawa, Koyama et al. 2008), while other staithi@ve failed to find any evidence of
risk-prone decisions (Stout, Rodawalt et al. 2@Aernecki, Pillon et al. 2002; Mimura,

Oeda et al. 2006).
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However, PD is not a homogeneous condition. In $esfithe motor phenotype, two quite
distinct subgroups have been describedattieetic-rigidgroup — in whom the main
symptoms are stiffness and slowness of movemendt-treetremor dominangroup — in
whom tremor is the main finding (Jankovic, McDertregtal. 1990; Kang, Bronstein et al.

2005).

Importantly, post-mortem evidence supports thisiri§on, with the brains of akinetic-
rigid patients demonstrating more neuronal lossgliogis within the midbrain (Paulus
and Jellinger 1991) and greater reductions in dapaihevels within the internal segment
of the globus pallidus (Rajput, Sitte et al. 20@®)mpared to those who are tremor
dominant. Critically, all the patients includedtire study by Rajput and colleagues were
followed up over a number of years (range: 4.9-Rdrl persistently demonstrated the
pattern of symptoms consistent with their sub-gnogipThere is also evidence to suggest
that tremor dominant patients may be less susdeptlihe development of cognitive
dysfunction (Allcock, Kenny et al. 2006; Burn, Rawet al. 2006), as well as autonomic

problems (Allcock, Kenny et al. 2006).

A further large (250 cases) post-mortem study, wktensive post-diagnosis follow-up,
also supports the existence of pathological diffees between the brains of akinetic-rigid
and tremor dominant PD patients (Selikhova, Wilkaah al. 2009). This investigation
reported that an akinetic-rigid onset of PD issijlg associated with a higher load of

cortical Lewy-bodies, in comparison to a tremor dwant onset, which may underlie the
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higher propensity akinetic-rigid patients havetfoe development of cognitive problems

(Allcock, Kenny et al. 2006; Burn, Rowan et al. 808elikhova, Williams et al. 2009).

It is important to note that the study by Selikhaval colleagues used the pattern of
symptoms during the first five years of diseaseéhparticular importance given to those
evident at diagnosis, to divide their patients siibd-groups (Selikhova, Williams et al.
2009), rather than only including those who coesigy demonstrated either an akinetic-
rigid or tremor dominant motor pattern. Howevethalgh it has been documented that
the motor subtype of PD patients may change wibatie progression, this appears to be
predominantly from tremor dominant to akinetic-digwith the reverse scenario (akinetic-
rigid to tremor dominant) occurring only rarely @&k, Larsen et al. 2006). Hence the PD
patients classified as akinetic-rigid at diseassebby Selikhova and colleagues are likely

to have remained akinetic-rigid throughout the sewf their disease.

There is also electrophysiological evidence ofstiniction between akinetic-rigid and
tremor dominant PD. It has been shown that dopagimenedication can reduce
oscillatory activity in the subthalamic nucleudiraling which correlates with a reduction
in akinesia and rigidity, butot with tremor(Kuhn, Kupsch et al. 2006; Kuhn, Tsui et al.

2009).

| therefore hypothesise that there may be furtiféerédnces between the akinetic-rigid

and tremor dominant PD subgroups, in terms of @ity to process novelty and in their

willingness to take risks. This might, at leaspanrt, explain why some PD patients are
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susceptible to developing ICDs while others are Bgamination of behavioural
differences between these sub-groups may therb&peelucidate key features of novelty

processing and risk-taking in different patientdwRD.

My aim in this chapter will therefore be to invgstie possible behavioural differences in
these two subgroups of PD patients, in terms of #imlity to process novel stimuli and
their willingness to take risks, and to comparerthenctioning to PD patients with ICDs.
In order to probe novelty processing | will usasktbased on the ‘oddball paradigm’,
adapted from a previous version used in healthyrobsubjects (Bunzeck and Duzel
2006). Performance on this task will be comparetstotaking behaviour, as measured
on gambling tasks, including the IGT (Bechara, Dsimat al. 1994) and Cambridge

Gambling Task (CGT) (Rogers, Everitt et al. 1999).

6.2. Methods

6.2.1. Participants

Patients were recruited from movement disordersgaemeral neurological outpatient
departments with local ethics approval. Overalbk#etic-rigid (mean age: 67.4, range:
55-87; all right-handed) and 15 tremor dominanigpés (mean age: 65.7, range: 42-84;
all right-handed) without ICD were recruited, indétn to 14 PD patients who had been
diagnosed by their neurologist as having an ICDafmege: 61.4, range: 36-73; one left-
handed). Defining criteria for these groups is gibelow in Section 6.2.1.2. The PD

patients were all assessed and underwent testitfgeorusual medication. 15 healthy

262



elderly controls, with no neurological or psychiatnistory were also recruited (mean age:
69.1, range: 51-82; 2 left-handed). A one-way ANOM#&ealed that there was no

significant difference between the groups in teafhage (F(3,57)=1.638, p=0.191).

6.2.1.1. Exclusion criteria
Exclusion criteria included cognitive impairmentbuhat there was difficulty following
assessment or task instructions and/or a Mini-Meéttte Examination (MMSE) score of
less than 25. To provide a more detailed measucegsiitive function in the PD patients,
the Addenbrooke’s Cognitive Examination — Revis&GE-R) was also performed
(Mioshi, Dawson et al. 2006) - see Table 6.1. Thexee no significant differences
between PD groups in terms of MMSE score (F(2,4232, p>0.1) or ACE-R score

(F(2,42)=0.3, p>0.7).
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Subject Sex Age Time Time UPDRS Subtype MMSE ACE-R BDI LEU DA
Dx Sx ratio
Akinetic-
rigid/mixed

AR1 F 64 35 4 26 0.4 30 95 10 300 0
AR2 M 79 9 54 0.7 29 73 9 867 67
AR3 M 63 4 5 44 0.7 30 95 9 67 67
AR4 F 62 4 29 0.7 29 93 6 268 268
AR5 M 87 2 3 23 1 30 77 16 300 0
ARG F 62 17 18 21 0.4 30 95 10 351.25 83.75
AR7 F 55 8 9 69 0.8 29 92 17 602 402
ARS8 F 76 0.1 3 49 1 30 95 16 0 0
AR9 F 58 2 4 11 0.94 30 95 5 201 201
AR10 F 69 0.1 1 28 0.8 30 95 4 0 0
AR11 M 65 0.6 2 19 0.8 30 95 1 200 0
AR12 M 64 55 6.5 30 0.25 30 86 6 720 120
AR13 M 69 2 4 37 0.625 30 95 1 2469 469
AR14 M 71 9 9 49 0.357 30 90 4 600 0

Means/Ratio | 7:7 67.4 4.6 5.8 34.9 0.677 29.8 90.8 .18 337.37 89.69

Tremor
dominant

TD1 M 71 7 8 50 21 30 97 12 830 280
TD2 M 73 10 11 34 25 29 87 9 520 120
TD3 M 66 3 3 38 1.3 29 93 15 1675 1675
TD4 M 70 2 4 29 5 27 84 11 301 201
TDS M 56 1 1 18 1.6 30 99 4 0 0
TD6 F 62 4 5 28 1.3 30 98 10 301.5 201
TD7 F 67 1.5 2 22 11 30 91 13 501 201
TD8 M 79 4 4 28 2.7 30 84 5 300 0
TD9 M 50 5 6 42 2.7 30 99 20 0 0
TD10 M 62 7 10 48 13 30 97 8 1334.7 268
TD11 F 68 5 6 32 21 30 96 8 300 0
TD12 F 42 0.25 0.5 27 1.7 30 86 19 0 0
TD13 F 75 3 4 34 24 30 96 10 0 0
TD14 M 60 25 5.5 21 1.6 30 91 8 1675 167.5
TD15 F 84 0.1 0.8 27 1.25 30 93 3 0 0

Means/Ratio | 9:6 65.7 3.69 47 31.9 2 29.7 92.7 10.314.88 107.1
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Subject Sex Age Time Time UPDRS  Subtype MMSE ACE-R BDI LEU DA
Dx Sx ratio

Impulse

control

disorder
ICD1 M 69 13 17 93 0.24 30 85 29 500 400
ICD2 F 64 27 28 71 0.2 27 83 14 607 340
ICD3 F 65 12 15 75 0.313 28 78 26 812.5 0
ICD4 M 73 20 22 81 0.16 30 91 6 980 180
ICD5 M 61 16 17 73 0.26 29 91 8 2800 2800
ICD6 M 51 17 175 68 0.625 30 92 13 1201 201
ICD7 M 65 19 20 79 0 30 94 8 400 0
ICD8 F 62 20 23 78 0 25 81 14 1023.2 123.2
ICD9 F 58 17 20 74 0.85 30 93 15 500 0
ICD10 M 36 15 5 54 0.19 29 95 29 180 180
ICD11 M 63 12 15 36 0 29 87 14 747 80
ICD12 M 59 7 8 44 0.54 30 84 16 200 0
ICD13 M 69 3 10 15 3 30 81 6 0 0
ICD14 M 65 4.5 5 42 24 30 93 8 500 0

Means/Ratio 104 614 135 15.9 63.1 0.627 29.1 787. 14.7 746.5 307.4

Table 6.1. Patient demographics.

Time Dx — time since diagnosis in years

Time Sx — time since symptom onset in years

UPDRS - Unified Parkinson’s Disease Rating Scabeesmaximum 199)

Subtype ratio — calculated as discussed in Se6t@ni.2

MMSE — Mini-Mental State Examination score (maxim@@)

ACE-R — Addenbrooke’s Cognitive Examination — Rediscore (maximum 100)

BDI — Beck Depression Scale score (maximum 63)

LEU - L-dopa Equivalent Units — calculated as désad in Section 6.2.1.3 (including L-
dopa and dopamine agonisits)

DA - total dose of dopamine agonist in LEU
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Significant depression was the other principal esicn factor. PD patientsithoutICD

and healthy control subjects were excluded if thay a Beck Depression Inventory (BDI)
score of 21 or more. Patiemsth an ICD were only excluded if their BDI score w&sd
more. In the normal population, scores of 21 aralatare thought to indicate depression,
while scores above 30 indicate moderate-severedgipn in people who have already
been diagnosed as depressed. As disordered moochison in PD (Marras, McDermott
et al. 2008; Aarsland, Bronnick et al. 2009) anehs&to be particularly so in those with
ICD (Pontone, Williams et al. 2006; Voon, HassaaleR006), this higher cut-off point
was used for this group, in order to avoid the @sion of excessive numbers in this

already difficult to recruit population.

Accordingly, there was a significant differencevibe¢n groups in terms of BDI score as
revealed by a one-way ANOVA (F(3,56)=3.563, p=0,0&)ich was driven by significant
differences between the ICD group and the otheugsd@lCD versus akinetic-rigid:
t(26)=-2.565, p=0.016; ICD versus tremor domin#{27)=-2.454, p=0.021; ICD versus
healthy control: t(26)=2.249, p=0.033). There waglifference between the control
group and the PD patients without ICD (control werBD without ICD: t(41)=-0.05,
p>0.9; akinetic-rigid versus tremor dominant: t7)/26, p>0.7). BDI scores of
individual patients are shown in Table 6.1. Depesshould therefore be bourne in mind
as a possible confounding factor in interpretiffedences between the ICD patients and

other subject groups.
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6.2.1.2. Sub-groups of PD
PD patients were placed into either akinetic-rigicked or tremor dominant subgroups on
the basis of the motor examination (part I1l) af thnified Parkinson’s Disease Rating
Scale (UPDRS) (Fahn 1987). Subgroups were defioeording to the ratio of each
patient's UPDRS lll tremor score (sum of items 8@ &1 divided by 4) to their UPDRS
akinetic/rigid score (sum of items 22-27 and 3lid#d by 15) after the method proposed
by Kang and colleagues (Kang, Bronstein et al. 20@atients with a ratio of >1.0 were
classified as tremor dominant, those with a ratie®8 as akinetic-rigid and 0.8-1.0 as
mixed. See table 6.1 for detailed patient demogdcapformation, including subtype

ratios.

Impulse control problems were diagnosed in PD ptdiby the neurologist managing
their PD. This occurred in the context of clinigakerview during routine follow-up
appointments and by administration of questionsastech as the Minnesota Impulse
Disorder Interview (Christenson, Faber et al. 1984 rompulsive buying, gambling and
sexuality. The impulse control problems identifiadhe ICD patients studied here are
detailed in Table 6.2. At the time of testing,@dtients were subjectively in either full or

partial remission.
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Subject Impulse control behaviour Remission Motor  Dyskinesias

status subtype
ICD1 Pathological gamblir Full AR Yes
ICD2 Hobbyism and pundir Partial AR Yes
ICD3 Hobkyism and pundin Partial AR Yes
ICD4 Hobbyism and pundir Partial AR Yes
ICD5 Compulsive eating Partial AR Yes
compulsive medication overuse,
hypersexuality, hobbyism
ICD6 Hobbyism and pundir Partia AR Yes
ICD7 Hobbyism and pundir Full AR Yes
ICD8 Compulsive shoppir Partial AR Yes
ICD9 Hobbyism and pundir Partial AR No
ICD10 Pathological gamblir Full AR No
ICD11 Hypersexualit Full AR Yes
ICD12 Pathological gamblir Full AR No
ICD13 Pathological gamblir Full TD No
ICD14 Hypersexualit Full TD No

Table 6.2. Impulse control problems in the ICD grop.
The impulse control problems of the individual I@Btients. The most common difficulty
was with hobbyism and punding, followed by pathataggambling. Remission status

was assessed by self-reports from the patients.

AR — akinetic-rigid/mixed
TD — tremor dominant
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6.2.1.3.Demographic differences between the PD girou
There was a significant difference between the 3jRiDips in terms of their UPDRS
scores (F(2,42)=15.776, p<0.001), driven agairheyi €D group (ICD versus PD without
ICD: t(41)=-5.646, p<0.001), with the 2 sub-growgthout ICD being well-matched for
severity of parkinsonian symptoms (akinetic-rigetaus tremor dominant: t(27)=0.632,
p>0.5). This was mirrored by differences in dunata$ PD (F(2,42)=13.94, p<0.001),
with the ICD group having a significantly longesédase duration compared to those
without ICD (t(41)=-5.302, p<0.001), while the a&tic-rigid and tremor dominant groups

were similarly matched (t(27)=0.491, p=0.491).

The total dose of dopaminergic medication of thep@bents was quantified by using I-
dopa equivalence units after Evans and colleagtean§, Katzenschlager et al. 2004),
which was defined as follows: I-dopa dose + |-ddpae x 1/3 if on entacapone +
bromocriptine (mg) x 10 + cabergoline or pramipex@hg) x 67 + ropinirole (mg) x 20 +

pergolide (mg) x 100 + apomorphine (mg) x 8.

Consistent with the demographic data regardingadiseluration and severity of
parkinsonian symptoms, a one-way ANOVA revealed tifiere were significant
differences between the three PD groups in ternhgtf (F(2,42)=3.488, p=0.04), with
the ICD group being on significantly more dopamgiemedication than the PD patients
without ICD (t(41)=-2.673, p=0.011). The akinetigid and tremor dominant sub-groups
of PD without ICD were, however, well-matched fotal dose of dopaminergic

medication (t(27)=-0.91, p>0.9).

269



Isolating the contribution of dopamine agonistght® LEU of the patients, revealed no
significant differences between the three PD granperms of dopamine agonist use

(F(2,42)=1.055, p=0.358).

In summary, although the PD groups without ICD e-dkinetic-rigid and tremor
dominant groups — were well matched on all meastinedCD group were more likely to
suffer from depressive symptoms and had more s@akinsonian symptoms, with
longer disease duration and higher doses of dogaraplacement therapy. This is
consistent with previous reports (Pontone, Willisehal. 2006; Voon, Hassan et al. 2006;
Voon, Fernagut et al. 2009). These differences &éetwWCD patients and the PD patients
without ICD should be considered as potential conébng factors when considering

differences between them.

Interestingly, as can be seen from Table 6.2, 1Befil4 ICD patients were akinetic-
rigid/mixed in terms of their motor subtype, withlp 2 of these patients being tremor

dominant.

6.2.2. Behavioural tasks
A series of computerised tasks were used to asseedty processing and risk-taking. All
tasks were presented using a Dell Latitude D82fawith a 15 inch screen and bilateral

integral speakers.
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6.2.2.1. Novelty processing
Two versions of an ‘oddball’ task were used to grabvelty processing, which were
adapted from a previous version used in healthypgaontrol subjects (Bunzeck and
Duzel 2006). The tasks were programmed using E-&sioftware (Psychology Tools
Software Inc.). Stimuli were presented on a greskgeound and consisted of grey scale
male and female faces with neutral expressionsitiken the Psychological Image
Collection at Stirling (PICS) database, providedhwy University of Stirling Psychology
department (http://pics.psych.stir.ac.uk/). Stinsulbtended approximately 7° x 9.5 © when
viewed from a distance of 60cm. Male and femalesagere used in an equal distribution
across both tasks and subject responses weretedllesing an RB-530 Cedrus response

box.

The general design of each task was identical.eltyes of infrequently occurring
‘oddball’ faces were presented randomly intermiwgith frequently occurring standard
faces. 10% of stimuli consisted of a target fa@8pIvere novel faces and 10% were
perceptually salient standard faces. Standard faees made perceptually salient by a
black bar positioned across the face (which didimetfere with recognition of the face —
see Figure 6.1), and which varied in exact positietween presentation of these stimuli.

The remaining 70% of stimuli consisted of the uer@tl standard face.

Each face was presented for 2500 ms, with inteustisninterval varying between 1000

and 1500 ms. Both tasks consisted of 150 stimulesemtations, lasting for

approximately 10 minutes duration. The target faas displayed at the start of each task
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for as long as individual subjects required and fwdswed by a short practice session
before proceeding to the main task. The practissise consisted of 20 stimulus
presentations, which was repeated if necessarlyaufjects were confident of the task

instructions — see below.

The two tasks were termégisk N— for novelty — andiask P— for perceptual salience. On
task N, subjects were instructed to respond wighstime button press whenever they
detected théarget faceand whenever they encounteredgioael faceand to withhold
responses to the perceptually salient standardiaaliered standard faces — Figure 6.1A.
On task P, they were instructed to respond taatget faceand to theperceptually salient
standard facesand withhold responses to the unaltered starfdasdand novel faces —

Figure 6.1B.
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Figure 6.1. ‘Oddball task’ design.

A. Task N.Subjects were instructed to respond with the dautt®n press whenever they
detected a target face or a novel face, and tdhaithresponses to the perceptually salient
standard faces and standard face.

B. Task P.Participants were asked to respond to the tasgetsfand the perceptually

salient standard faces, and withhold responsd®etadvel and standard faces.

Each stimulus was presented for 2500 ms, withrtteestimulus interval varying from
1000 to 1500 ms. Each task consisted of 150 stiamdilasted for approximately 10

minutes.

In order to ensure that participants examinedaake$, and did not merely respond to the
presence of a black bar on task P, 40% of novelsfat both tasks also had a black bar,

with subjects being informed of this in advance.

Both tasks were therefore identical in terms ofgleand the perceptual experience of
subjects, differing only in terms of the responsesjects were instructed to perform. The
order of task presentation was counterbalancegadhe participants of each group.
Median reaction time was the principal outcome measf these tasks. Measures
assessing errors made — hit rate, false alarmaratgerceptual sensitivity (see below) —

were also calculated.
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Participants’ memory for the novel faces preseirieghch task was assessed following a
5 minute break, during which time they completesl Barratt Impulsiveness Scale,
version 11 (BIS-11 (Patton, Stanford et al. 199Bh)s memory task consisted of the 30
novel faces presented during the course of tagksdMN, randomly intermixed with an
additional 30 faces which had not previously bd@ws). Subjects were instructed to
indicate with a button press whether they had seeh face before or not. Each face

stimulus remained on the screen until a decisiahde®n made.

In addition to hit rate and false alarm rates, ppteal sensitivity, or d prime (d’) was used
as a behavioural outcome measure. These measuesaleulated separately for faces
presented on task N compared to those presentask®. The d’ index is derived from
signal detection theory and computes the distarteden the signal and noise
distribution means in standard deviation unitsiislaw and Todorov 1999). A d’ value
of 0 would indicate an inability to distinguishaget (signal) from a non-target (noise)
stimulus, whereas higher values indicate bettergpual sensitivity. The formula used to

calculate d’ was as follows:

d' = dHH) - dY(F)

H' is the corrected hit rate, F' is the correctatbé alarm rate andl™ is the inverse of the
cumulative Gaussian distribution which convertsoatalities into Z scores. Corrections
were used in order to protect against ceiling ¢éfé8nodgrass and Corwin 1988) and

were as follows:
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H =(h+0.5)/p+m+1)
F=@f+05)/¢+cr+1)

Whereh is the percentage of hitsiis the percentage of misséss the percentage of false

alarms andr is the percentage of correct rejections on noiastr

Repeated measures ANOVAs were used to examinedapglifferences in (1) median
RT on tasks P and N and (2) error data — hit ré&ése alarm rates and perceptual
sensitivity — on tasks P and N and (3) error daté rates, false alarm rates and
perceptual sensitivity — on the memory task foefapresented on task N compared to

those presented on task P. This was followeddsf-hoc {tests were appropriate.

6.2.2.2. Risk-taking
Two computerized tasks were used to assess rigkgtakhaviour: the lowa Gambling
Task (IGT) and Cambridge Gambling Task (CGT). T&& (Bechara, Damasio et al.
1994) is an established decision-making task, whahpreviously been used with PD
patients, although with inconsistent results reiggyevhether or not this patient
population demonstrates risk-prone decision-makGmernecki, Pillon et al. 2002; Thiel,
Hilker et al. 2003; Perretta, Pari et al. 2005; Mimy Oeda et al. 2006; Pagonabarraga,
Garcia-Sanchez et al. 2007; Kobayakawa, Koyamh 20@8). The design of the IGT,
however, makes it difficult to distinguish betwedifferent components of decision-

making which may contribute to performance of ekt For example, the risk profile of
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the four ‘decks of cards’ are not explicit, instehdir utility must be learnt over a number

of trials (see below and Figure 6.2).

In contrast, the CGT (Rogers, Everitt et al. 1998@kes the ‘odds’ of winning on a
particular trial explicit and permits the separatal a number of decision-making
components: quality of decision-making, risk adjustt with odds and impulsivity.
However, this task has not previously been used R patients. For these reasons |

employed both of these gambling tasks.

6.2.2.2.a. The lowa Gambling Task
A ready-made computerized version of the IGT waslpysbtained from the Psychology

Experiment Building Language (PEBL) websitgtp://pebl.sourceforge.ngt/Subjects

were instructed to select cards from four deckelisb 1-4 (see Figure 6.2) in order to gain
as much play money as possible. Decks 1 and 2 agsaxiated with a large immediate
reward ($100), while decks 3 and 4 produced a smadivard ($50). However, decks 1
and 2 were also associated with larger and moggiémet penalties ($-50 to $-1150),
resulting in an average loss over ten trials 0b6®-2n the other hand, decks 3 and 4
produced smaller and less frequent penalties ® #5200) and led to an average gain
over ten trials of $250. Decks 1 and 2 may theeeks termed the high risk,

disadvantageous decks, while decks 3 and 4 are enoservative and advantageous.

The outcome of each trial, in terms of reward ree@j any associated penalty and overall

gain or loss for that trial were displayed in a lxhe bottom left corner of the screen.

277



The total amount of play money received was inéidas a figure and along a bar gauge

at the bottom of the screen throughout the taskichvbnded automatically after 100 trials.

278



Select deck by pressing key 1-4

Choice: 2
Reward: $100 Total: $2100
Penalty: $-0
Net gain: $100
I |
-$1000 $0 $1000 $2000 $3000 $4000

Figure 6.2. lowa Gambling Task.

Subjects were instructed to choose cards from detist, by pressing keys 1 to 4 on a
keyboard, in order to earn as much play money asiple. Decks 1 and 2 consistently
gave out high rewards ($100), but were associatgdhigh and frequent penalties. On
the other hand, decks 3 and 4 gave out smallerdsw#50), but were associated with
smaller and less frequent penalties, so that aver, they led to higher gains. Decks 1 and

2 can therefore be considereddeésadvantageoysvhile decks 3 and 4 aeglvantageous
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Subjects were not informed of this structure ohgand loss and instead had to figure it
out for themselves by observing the outcome of thelections over the course of the
task. Hence normal individuals typically start layrgling the high risk, disadvantageous
decks most frequently at the start of the task. él@x, as they learn the task structure,
switch to sampling the low risk, advantageous deesést often by the end of the task
(Bechara, Damasio et al. 1994). Hence, in addtbamssessing risk-based decision-
making, the task also assesses the ability of st#hfe switch set. Unlike the CGT, there

iSs no easy way to separate these different prosesse

The total number of advantageous — disadvantagdsks sampled and this difference in

the first 20 compared to the last 20 trials wekemsas the outcome measures of this task.

6.2.2.2.b. Cambridge Gambling Task
The CGT was obtained from Cambridge Cognition asqfaa CANTAB software
license. An Elo 1537L 15 inch LCD touch-screen wsead for stimulus presentation and

for collecting subject responses.

Subjects were told that a yellow token was hiddena random basis, in one of ten
coloured boxes presented at the top of the disgegen (see Figure 6.3). A variable
proportion of the boxes were coloured red and bhatthe participant had to indicate
whether they thought it would be in red or blue bgxouching the ‘RED’ or ‘BLUE’

panel at the bottom of the screen. The proportfaeato blue boxes varied through all of
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the possible scenarios (i.e. 9:1, 8:2, 7:3, 638, 46, 3:7, 2:8, 1:9), with each scenario

appearing once, in a random order, during eactkldbaine trials.

After making the initial choice of ‘RED’ or ‘BLUE’the subject attempted to increase a
total points score, shown on the left side of ttresn, by placing a ‘bet’ on this choice
being correct. The available bets appeared in aeseg, one after another, centered in a
box which was displayed on the right side of theear. Each bet was displayed for 5
seconds before being replaced by its successothamgiibject could select any bet by

touching the box in which the bets were presenteshy point.

Immediately following this selection, one of thelr@r blue boxes opened to reveal the
yellow token, accompanied by either a “You win!’ $sage and a short rising musical
scale or a ‘You lose!’ message with a low toneéh# participant chose the correct colour,
the bet placed was added to the total point sbutef they chose the wrong colour, the
bet was subtracted. Subjects were instructed &b tine points as valuable and to try to
earn as many as possible, however, no monetaryisagrice was attached to the point

Score.
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POINTS: 125

Figure 6.3. Cambridge Gambling Task.

Subjects were instructed to choose ‘RED’ or ‘BLUIEpending on the colour box they
thought was most likely to contain a yellow tokénthis display, the subject has chosen
the slightly more probable (6:4) ‘RED’ option. Ndteat the ratio of red to blue boxes
changed from trial to trial.

Participants then had to gamble a percentage ofghmts (right sided box). In the

ascendingcondition the points available to bet slowly iresed, while in theescending
condition the points slowly decreased. If the cormwlour was chosen the number of
points bet was added to the total score (on thesi@é of the display), but if they were

wrong, these points were subtracted from the actateuitotal.
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Each subject performed a total of eight blocksheftask separated into two consecutive
ascendinganddescendingonditions (i.e. four ascending blocks followedfoyr
descending blocks or vice versa). In the ascenctinglition, the first bet offered was
small, but replaced by larger and larger bets tinilsubject made a selection. In the
descending condition, the first bet offered wagédaaind replaced by smaller and smaller
bets until a selection was made. Each bet repredenpercentage of the current total
points score. Five bets were offered on each s@that in the ascending condition the
order of available bets was: 5%, 25%, 50%, 75%2&9d; with this sequence being
reversed in the descending condition. In both dom, each bet was presented with a
short tone, whose pitch corresponded to the sizleeolbet — higher tones accompanied
larger bets and lower tones accompanied smallsr be¢he participant failed to select a

bet by the end of the sequence, the last bet wasatically chosen.

Subjects commenced each block of nine trials wiih goints and were asked to try to
increase this total as much as possible. If a stibjscore fell to just 1 point, the current
block was ended prematurely and the next begurselaeents were classified as
bankruptciesThe order of ascending and descending conditi@sscounterbalanced

across the subjects within each group.

As discussed earlier, three features of this tasknaportant. Firstly, the manipulation of
the ratio of red to blue boxes from trial to tmahkes it possible to examine tipeality of
the subject’s decision-makimyer a variety of differentially weighted contimgees. For

example, some ratios (e.g. 9 red : 1 blue) preddmnte contingencies that were quite
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unequal in terms of the probabilities associateti wieir respective outcomes. In contrast,
other ratios (e.g. 6 red : 4 blue) presented cgetigies that were more balanced. Thus a
subject’s choice of contingency, speed of choiaksare of bet were expected to differ as

a function of the ratio of red to blue boxes.

Secondly, by allowing subjects to determine fonteelves how much of their points
score they wished to bet after each red/blue detidiis possible to assess individual
willingness to place already-accumulated reinforeetat risk in the hope of acquiring
more reward. For example, one might suppose thatiaof 9 red : 1 blue represents an
opportunity to bet more points on a red decisioarofer to gain more reward, while a
ratio of 6 red to 4 blue may represent a situatvbere more conservative behaviour is
more appropriate. Finally offering bets in ascegdind descending conditions affords the
possibility of isolating merely impulsive behavidoom genuine risk seeking (Miller
1992). If a participant were impulsive in termsbeing unable to withhold manual
responses to the sequence of bets as they weenpdshen they would be expected to
choose early bets in both the ascending and desgeoonditions. However, if they were
actively risk-seeking, then they would be expedtedhoose late bets in the ascending

condition, but early bets in the descending coaoditi

There were therefore five main outcome measurdsi®fask:
* Quality of decisions- how often the subject chose the most likely onmte, i.e. the
colour with the most number of boxes. The total veksn, as well as the

difference between favourable (9:1) and unfavow®i4) conditions.
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» Risk adjustment the rate at which the subject increases theeptage of points
bet in response to more favourable ratios (i.ev@rsus 6:4).

» Speed of decision-makirgthe length of time a participant takes to chabex
colour. The median across conditions was takewedlsas the difference between
favourable (9:1) and unfavourable (6:4) conditions.

* Impulsivity— the median difference bet between ascendinglascending
conditions.

» Bankruptcies- the number of times the subject let their peadre drop to 1 or
less. As the total number of blocks was eight, was also the maximum number

of times bankruptcies could occur.

6.2.3. Questionnaires

In addition to the UPDRS, ACE-R and BDI alreadycdissed in Section 6.2.1,
participants were asked to complete the 30 pointaBampulsiveness Scale, version 11
(BIS-11 (Patton, Stanford et al. 1995)) and the g6t Tridimensional Personality
Questionnaire (TPQ (Cloninger, Przybeck et al. JR9he BIS-11 provides a measure of
general impulsiveness with four options for eaemifrarely/never, occasionally, often
and almost always/always), while the TPQ assessesty-seeking, harm avoidance and

reward dependence with true/false items.
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6.3. Results

6.3.1. Novelty processing

6.3.1.1. Reaction time data for task N and task P
A repeated measures ANOVA was used to assessatiffes in the mean (of median)
reaction times on task P compared to task N betwhezfour groups. Although there was
no overall group effect on reaction time (F(3,542&B, p=0.3), this did reveal a
significant effect of task (F(1,54)=20.864, p<0.pahd importantly a significant

interaction between task and group (F(3,54)=4.868,009).

As can be seen from Figure 6.4, neither the cognalp (t(14)=0.885, p=0.391) nor the
tremor dominant group (t(14)=0.334, p=0.743) dernrated a difference in reaction time
between these two tasks. In contrast, the akimgid-group (t(13)=5.316, p<0.001) and
the ICD group (t(13)=3.645, p=0.003) both performsgghificantly more slowly on task P,
when they had to respond to non-novel perceptwsalignt stimuli, compared to task N,

when they had to respond to novel stimuli.

This suggests that PD patients with an ICD may aetnate enhanced processing of
novelty, compared to non-novel perceptual salieasenay have been predicted.
However, more importantly, akinetic-rigid patiemtighout impulse control problems also

show this pattern of behaviour, in contrast to Rillgnts who are tremor dominant.
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Figure 6.4. Novelty processing compared to salienpeocessing in PD.

In contrast to healthy control subjects and tredwmninant (TD) patients, akinetic-rigid
(AR) and impulse control disorder (ICD) patientsfpemed significantly more slowly on
task P, when they had to respond to non-novel parably salient stimuli, compared to
task N, when they had to detect novel stimuli.

AR — akinetic-rigid PD patients without impulse tah disorders
TD — tremor dominant PD patients without impulsatcal disorders
ICD — PD patients with an impulse control disorder

Control — healthy elderly control subjects

RT is measured in msec.

Error bars indicate the standard error of the mean.
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Importantly, slower responses on task P (or quicggponses on task N) — across all the
PD patients without ICD — were not associated Wwigher dose of total dopaminergic
replacement therapy (r=-.271, p=0.155). The IChepés were excluded from this
analysis due to potentially confounding differenoegerms of demographic variables
such as duration of disease and therefore motatibm There was a significant
correlation between difference in reaction on fdstbompared to task P with dose of
dopamine agonighedication alone. However, this was in gppositedirection to what
may have been expected given my hypotheses, withejuresponses dask P(to non-
novelperceptually salient stimuli) associated with leigtirug doses (r= -.404, p=0.03).
Dopaminergic medication therefore did seem capaibdpeeding the reaction times of PD

patients, but fonon-novel perceptually saliestimuli more so thanovelstimuli.

6.3.1.2. Error data for task N and task P
In general, few errors were made during ‘oddbaktkis N and P. A repeated measures
ANOVA on the hit rate data (see Figure 6.5A) reedalo significant difference between
the three subject groups (F(3,54)=1.133, p>0.34}.\Was there a significant effect of task
(F(1,54)=0.073, p>0.78) or an interaction betwesesk and subject group (F(3,54)=0.179,

p>0.9).

Analysis of the false alarm data (Figure 6.5B), boer, did reveal a significant difference
between the subject groups (F(3,54)=3.838, p0.0ti#),post hodBonferroni testing
demonstrating a significant difference betweenl@i2 patients and control subjects

(p=0.032) and between the ICD and tremor dominatiepts (p=0.042). There was also a
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significant effect of task (F(1,54)=7.16, p=0.0d&)th subjects demonstrating fewer false
alarms on task N — in response to novel stimubmpgared to task P — when they had to
detect non-novel perceptually salient stimuli (Feg6.5B). There was therefore no

significant interaction between task and subjectigr(F(3,54)=0.531, p>0.66).

The hit rate and false alarm data were combingkdrform of perceptual sensitivity, or d’
(Figure 6.5C). A repeated measures ANOVA on thta davealed a trend towards a
difference between the two tasks (F(1,54)=3.0849,@85), but no group effect

(F(3,54)=1.964, p=0.13) or group by task interac(ip(3,54)=1.223, p=0.31).
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In addition to responding more quickly on task Mken novel stimuli had to be detected — comparedsio P — when non-

novel perceptually salient stimuli had to be resfamhto — akinetic-rigid patients tended to havégadr hit rate (A), make

fewer false alarms (B) and demonstrate a highergpdnal sensitivity on this task.

AR — akinetic-rigid PD patients without ICD

TD — tremor dominant PD patients without ICD

ICD — PD patients with an impulse control disorder

Control — healthy elderly control subjects

Error bars indicate the standard error of the mean.
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As can be seen from Figure 6.5C, the trend towartdsk effect on the d’ data seems to
have been driven primarily by the akinetic-rigiegp being better at detecting stimuli on
task N compared to task P, with a two-tailed t-teshis group just failing to reach
statistical significance (t(13)=-2.04, p=0.062 -the three remaining groups t<0.5 and

p>0.65).

In summary of the error data, there is some evigémsuggest that not only were
akinetic-rigid PD patients significantly quickerdgtecting novel stimuli compared to

non-novel perceptual salience, they also tendée tmore accurate at this.

6.3.1.3. Memory Task
This enhanced speed of processing for novel stimakinetic-rigid and ICD patients,
was not, however, accompanied by improved recagnii the novel faces presented

during task N, as can be seen from Figure 6.6.

A repeated measures ANOVA on the hit rate data ftumtask did not reveal a
significant effect of group (F(3,54)=0.325, p>0.8)r a significant effect of task
(F(1,54)=2.067, p>0.15) or task by group interac(p(3,54)=1.779, p>0.16). Similarly,
although the akinetic-rigid and ICD patients tenttechake more false alarms than the
tremor dominant patients and control subjects (fEgu6B), a one-way ANOVA did not

reveal a significant difference between subjectigso(F(3,54)=0.941, p>0.42).
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Likewise, a repeated measures ANOVA on the pere¢ptnsitivity data did not
demonstrate a significant effect of group (F(3,247989, p>0.5), task (F(1,54)=0.864,
p=0.357) or a group by task interaction (F(3,54)42, p=0.106). In fact, there was a
trend in both the ICD group and the akinetic-rigidup for memory of the faces
presented in task N to be more poorly recognizéds &ffect, however, did not approach
significance in either group (akinetic-rigid: t(£8).556, p=0.581; ICD: t(13)=0.718,

p=0.486).

On the other hand, the tremor dominant group (#4Y67, p=0.015) and control group
(t(14)=-2.049, p=0.06) were better at recognizimgfaces from task N, compared to
those from task P. However, it should be remembtvaitthese faces elicited a motor

response from subjects, in contrast to those predeturing task P.
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Figure 6.6. Performance on the memory task.

Despite having an enhanced speed of detections&rNathe novel faces on this task were not bettewgnized by the
akinetic-rigid (AR) or ICD patients, in terms oftlnate (A) or perceptual sensitivity (C). The trdodthese faces to be more
poorly recognized by these patients did not reach statigtignificance. Akinetic-rigid (AR) and ICD patits tended to make
more false alarms than the tremor dominant (TDiep& and control subjects, although on task By, téveded to have a higher

hit rate. However, neither of these effects reachguificance. Error bars indicate the standardresf the mean.

AR — akinetic-rigid PD patients without ICD
TD — tremor dominant PD patients without ICD
ICD — PD patients with an impulse control disorder

Control — healthy elderly control subjects
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6.3.2. The lowa Gambling Task

There were no significant differences between the §roups in terms of the number of
advantageous versus disadvantageous decks sampletthe course of the whole task
(F(3,55)=1.492, p=0.227 — Figure 6.7A). Nor wagétessignificant difference across the
four groups in terms of the change (or switch)ampling of the risky decks at the end
(last 20 trials) compared to the start (first 28l#) of the task (F(3,55)=1.869, p=0.146).
There was, however, a trend for the ICD patientshtmose the risky decks more often
with time compared to the PD patients without ingeutontrol problems (t(40)=1.855,
p=0.071 — see Figure 6.7B). Importantly, there m@sorrelation in the ICD group
between this tendency to choose risky decks maea ofith time and either total dose of
dopaminergic medication (r= -0.072, p>0.8) or dosdopamine agonist (r=-0.013,

p>0.9).
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Figure 6.7. Group performance on the IGT.

A. The y-axis corresponds to the mean of the totalbar of advantageous — the total
number of disadvantageous decks sampled by edble groups. Negative values
therefore indicate greater sampling of the disathgeous, or risky, decks throughout the
task. There were no significant group differenedthough both the controls and the ICD
patients tended to sample the riskier decks mdendhe PD patients without impulse
control problems.

B. The y-axis here corresponds to the mean differenadvantageous — disadvantageous
decks sampled at the start (first 20 trials) coragdo the end (last 20 trials) of the task.
Negative values here indicate greater sampling®fisky decks at the end (by which
time the risk structure of the decks should hawmbee apparent) compared to the
beginning of the task. The difference between @€i2 patients and the PD patients

without impulse control problems approached sigaifce.

Error bars indicate the standard error of the mean.
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The relationship between the difference in readiime on the oddball tasks P and N and
the overall tendency to sample risky compared tseovative decks on the IGT was
examined. This measure was taken rather than tteeeattice between risky and
conservative decksith time,as this second measure more explicitly incorporidues

effect (or not) of learning — or set-switching —ialhshould occur at the end compared to
the beginning of the IGT. The correlation betwdsgse measures was examined for each

subject group (n=4).

There was a significant correlation in the akineiiygd group alone, between the total
number of risky compared to conservative decks &sargnd increased speed of
processing of novel compared to non-novel percégaleence on the oddball task (r= -
0.608, p=0.021 — see Figure 6.8). In other wolts quicker they were to process novel
stimuli on task N compared to task P, the more these willing to sample the risky
decks on the IGT. Furthermore, there was no cdroeldetween risk-taking on the IGT
and total dose of dopaminergic treatment (r= -Opb®.58), or dose of dopamine agonist

(r=-0.2, p>0.49), in this group.

The only other group to demonstrate a significantedation between performance on the
IGT and the novelty oddball tasks was the controuig (r=0.686, p=0.007). However,
this correlation was in theppositedirection, withincreased risk-takingpehaviour being

associated witlower responses to novampared to non-novel salient stimuli.
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In summary, there were no significant differeneeperformance on the IGT across the
four participant groups. However, importantly, e takinetic-rigid patients only, there
was a significant correlation between increasetepeace for the risky decks on the IGT
and quicker processing of novel stimuli on the addiasks. It is somewhat surprising
that this correlation was not also evident in 188 Ipatients. However, there may have
been confounding variables within this group, saslgreater motor disability and more

depressive symptoms.
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Figure 6.8. Correlation between risk-taking on thdGT and speed of novelty
processing.

There was a significant correlation between inadapeed of detection of stimuli on task
N compared to task P (more positive values) anllarigreference for the risky decks on
the IGT (more negative values) — in the akinetigeripatients only (A). There was no
correlation between these parameters in the trelmminant (B) and ICD (C) patients. In
the control subjects (D) the correlation was indpeosite direction — with speedier

responses to novelty correlating with preferencetfe conservative decks on the IGT.
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6.3.3. The Cambridge Gambling Task
There were a total of five outcome measures fartdsk, the results of which are

summarised in Figure 6.9.

6.3.3.1. Quality of decision-making Figure 6.9A
The total quality of decision-making was expresagthe percentage of trials on which
the subject chose the box colour with the bettelso@here were no significant

differences between the groups on this measure5®)8L.06, p=0.374).

There was, however, a trend which approached sgnite for a difference between the
groups regarding the way in which they changed ttt@ice depending on the ratio of
one box colour to another (F(3,55)=2.673, p=0.05i7¢. highly likely to produce a win
(9:1) compared to less likely to result in a wird(6 Positive change values on Figure
6.9A indicate that the box colour with the bettdds was chosen more often when the
odds of winning were higher. The ICD patients desti@ted poor modulation of their
decision-making being more likely to choose the botour with the better odds when its

odds of winning weréwer rather than higher.

For all subsequent analyses, only those trials loisiwthe box colour with the better odds

was chosen are included.
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Figure 6.9. Group performance on the CGT.

A. Total quality of decision-making is expressedhesgdercentage of trials on which the
colour (red or blue) with the better odds was chdsesubjects The change in quality of
decision-making refers to the mean of the diffeesimcoccasions when the colour with the
better odds was chosen when the odds were hig) (@hpared to lower (6:4 odds).
Positive change values indicate that the coloun tie better odds was chosen more often
when the odds were high (9:1) compared to whenwexg lower (6:4). Compared to the
other groups, there was a trend for ICD patientctoally chose the colour with the better
odds more often when the odds of winning wereer, rather than higher. Their overall
quality of decision-making was also (non-signifitgnpoorer.

B. Total refers to the mean percentage of points gaanibiroughout the task, while
change refers to the adjustment of risk-taking whthodds of winning a trial, i.e. the
difference in the percentage of points gambled wherodds were high (9:1) compared to
when they were low (6:4). The more positive thikigathe larger the percentage of points
gambled when the odds of winning were high. Thezeewno group differences on this
measure.

C. Total deliberation time refers to the mean tims)(8pent considering the colour of box
to choose. Change in deliberation time refers ¢odifference in time considering which
colour to choose when the ratio of one colour edther was high (9:1) compared to
when this was low (6:4). Higher values indicatd tnare time was taken when the
outcome of the choice was less certain (6:4 ralibgre were no group differences on this
measure.

D. Impulsivity was measured by taking the differebeéwveen the percentage of points
bet on the ascending and descending conditionsatiVegvalues here indicate higher
levels of impulsivity. Although there was a tremd the ICD patients to be more

impulsive here, this failed to approach significanc

E. Then mean number of bankruptcies refers to thebeumf times subjects let their
points score fall down to one point or less. ICHigras encountered significantly more
bankruptcies than the PD patients without imputsgrol problems. This perhaps relates
to their tendency to make poorer decisions (graph A

Error bars indicate the standard error of the mean.
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6.3.3.2. Risk-taking and risk adjustmenrtFigure 6.9B
There were no significant differences between tioems in terms of the overall
percentage of points they were willing to gamblE(55)=0.148, p>0.9). Nor was there a
group difference in the way in which this willinggseto risk points was modulated by the
odds of winning, i.e. a 9:1 colour ratio compare@:4 colour ratio (F(3,55)=0.554,
p>0.6) — all groups increased the amount they gednbith better odds, and to a similar

extent.

6.3.3.3. Deliberation times Figure 6.9C
There were no significant differences between tloags in terms of the length of spent
deciding which box colour to choose (F(3,55)=082).48). Changes in deliberation time
with the odds of winning (time spent deciding wétd odds — time spent considering 9:1

odds) were also not significantly different acrties groups (F(3,55)=1.687, p=0.181).

6.3.3.4. Impulsivity- Figure 6.9D
Impulsivity on the CGT can be measured by compategamount bet on the ascending
and descending conditions. Negative values in Ei®D indicate that more points were
consistently gambled during the descending condgiad that there was a tendency to
respond earlier rather than later in both cond#jorgardless of the number of points at
stake. All groups appear to be impulsive on thék tand although Figure 6.9D suggests
that the ICD patients may be more inclined to resipmpulsively, there are no significant

group effects (F(3,55)=1.011, p>0.39).
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The apparent impulsivity of all subjects may represa flaw in the design of the CGT.
The whole task takes about 30 minutes to compledeésasomewhat repetitive, with the
ascension and descension of points being quite. Sabjects may therefore respond more
quickly during the betting phase at the end oftdsk due to boredom rather than true
impulsivity, a factor which is not accounted forthvconsecutive ascending followed by
descending blocks (or vice versa). Placing betseeauring either the last part of the
ascending or descending condition will have theatféf making the subject appear more
impulsive. Alternating ascending and descendingksonay therefore have improved the

task in this respect by removing this bias.

6.3.3.5. Bankruptcies- Figure 6.9E
The difference between the four groups in termemumber of times they let their point
score drop down to one or less approached statisiignificance (F(3,55)=2.462,
p=0.073). Importantly, the difference in the numbgbankruptcies between the ICD
patients and the PD patients without impulse céptr@blems did reach statistical

significance (t(39)=-2.481, p=0.018).

The higher frequency of bankruptcies in the ICOquds likely relates to the trend they
demonstrated towards poorer decision-making, asnhs the only other measure on
which they appeared to differ. The number of baptaigs experienced by the ICD
patients on this task did not correlate with eitto¢al dose of dopaminergic therapy

(r=0.345, p=0.272) or dose of dopamine agonist.@29, p=0.475).
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To summarise, the principal finding from the CGTswiiat ICD patients demonstrated a
higher likelihood of encountering bankruptcies camggl to PD patients without impulse
control problems, with this possibly being relatedheir tendency to make poorer

decisions.

6.3.4. Questionnaires

There were no significant differences across tle ¢poups on any of the three
dimensions of the TPQ (Cloninger, Przybeck et @91) or the BIS-11 (Patton, Stanford
et al. 1995) - see Figure 6.10 (F(3,54)<1.6, p>(B¥re was, however, a trend for the
ICD patients to be more reward dependent than Bhpdients without impulse control
problems (1(38)=-1.403, p=0.169) and for the tresmminant patients to be more harm

avoidant than the akinetic-rigid patients (t(26)5€l1, p=0.131).

These questionnaires, however, rely on subjecéspanses and are therefore likely to be

less sensitive than objective behavioural measiitesirends identified above, may have

become statistically significant if larger grougssabjects had been used.
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Figure 6.10. Personality questionnaires.

There were no significant differences between tlo@gs on the three components
(novelty-seeking, harm avoidance and reward depw®jef the Tridimensional
Personality Questionnaire (TPQ) or the Barratt Ilsipity Scale (BIS-11). There was,
however, a trend for the ICD patients to be moveard dependent than the other

participants and for tremor dominant patients tortoee harm avoidant than akinetic-rigid

patients.

NS — novelty seeking on the TPQ
HA — harm avoidant on the TPQ

RD — reward dependent on the TPQ
BIS-11 — Barratt Impulsivity Scale

Error bars indicate the standard error of the mean.
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6.4. Discussion

One of the principal findings of this chapter iatthkinetic-rigid PD patients dissociate
from tremor dominant patients in terms of theidigpto process stimulus novelty.
Akinetic-rigid patients were significantly slowen ¢ask P, when they had to respond to
non-novel perceptually salient stimuli, comparetbgk N, when they were instructed to
respond to novel stimuli (Figure 6.4), and by iefeze therefore, appeared able to process

novelty more quickly.

On the other hand, tremor dominant PD patientsjedisas healthy control subjects,
responded equally quickly across the two taskssd@heaction time findings were
mirrored by the perceptual sensitivity data fromst tasks, with akinetic-rigid patients
tending to be more accurate on task N compareastoR, while the tremor dominant

patients and controls were equally accurate atchaessvo tasks (Figure 6.5).

Importantly, the overall willingness to sample tisky compared to conservative decks
on the IGT correlated with quicker reaction timaestask N, in the akinetic-rigid patients
only (Figure 6.8), although the akinetic-rigid etis were not significantly different in
their performance on the IGT compared to tremoridant patients. Crucially, neither
faster responses to novelty, nor increased willesgrto make risky decisions correlated
with the total dose of dopaminergic medicationha dlose of dopamine agonist in the

akinetic-rigid group.
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ICD patients too, were found to have quicker reactimes on task N compared to task P
(Figure 6.4), as well as demonstrating a trencato@e the risky decks on the IGT more
oftenas time on the task progress@gtgure 6.7B). This therefore suggests that an
impairment in learning task contingencies and thiéty to switch set may also be an
important factor in the performance of this tagkaddition to risk-taking per se. The ICD
patients also encountered significantly higher neralof bankruptcies on the CGT
(Figure 6.9E), compared to the PD patients withiaiulse control problems, which may
have been related to their trend to demonstrategpai@cision-making on this task (Figure
6.9A). There were not, however, any significantrelations between these measures and

either total dose of dopaminergic medication oredaisdopamine agonist.

Interestingly, only 14% of the ICD patients teshenle demonstrated a tremor dominant
motor phenotype, with the remaining patients beiagsified as either akinetic-rigid or
mixed. Another possibly important observation relgag my ICD patients is that the two
tremor dominant patients both had disease duratibless than 5 years, whilst the
akinetic-rigid ICD patients had generally receitldir diagnosis more than 10 years
earlier (Table 6.1). As discussed in the introdocgection of this chapter, tremor
dominant patients may often progress to becomednixeeven akinetic-rigid, in motor
phenotype with time, while the reverse scenarionset® occur only rarely (Alves, Larsen
et al. 2006). It is therefore possible that these tremor dominant ICD patients may
subsequently progress to the akinetic-rigid motenwtype, as longer disease duration

seems to allow progression or conversion to alarggid PD.
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This observation, together with the fact that ak@ggid patients appear to process
novelty quicker that non-novel perceptual saliercgnding which correlated with risk-
taking on the IGT, suggests that the akinetic-rg5f-group of PD patients may be more
susceptible to the development of impulse controblems than those who are tremor
dominant. The fact that neither novelty processiay,risk-taking behaviour, was found
to correlate with dose of dopaminergic therapy sstgthamotor phenotype and the
underlying neurobiology — (perhaps in additiondonder disease duration) may be more
important in generating a vulnerability to imputsmtrol problems than dopaminergic
medication, contrary to previous reports (Weintrgsiderowf et al. 2006; Voon, Potenza
et al. 2007). Of course, it may also be that aeradtion between dopaminergic
medication and neuropathological differences betvada@netic-rigid and tremor dominant

groups defines vulnerability to developing ICD.

Interestingly, faster reaction times by akinetgidiand ICD patients on task N (respond
to the novel faces) was not accompanied by improgedgnition of these faces, in
comparison to the novel faces presented duringRasgkhich did not require a motor
response (Figure 6.6). This occurred even thougsetistimuli had reliably been
associated with motor responses (indicated by igjie perceptual sensitivity for task N

compared to task P — Figure 6.5).

In fact, there was some indication that the faces ftask N were mongoorly recognised

than those from task P by these patients, whitadredominant and healthy controls
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demonstrated the reverse trend — although thesetefdid not approach statistical

significance in any of the groups (Figure 6.6C).

Nevertheless, it can be concluded that faster geideg of stimulus novelty by akinetic-
rigid and ICD patients seems not to have been &dedowvith enhanced entry into
memory. It is possible that this may be relatedaxical Lewy body pathology and
associated cognitive deficits, which are more {ikel occur in akinetic-rigid patients
(Selikhova, Williams et al. 2009); most of the I@Btients were in fact also of akinetic-
rigid motor phenotype. Although there were no digant differences between the PD
groups examined here in terms of the MMSE and ACE-R possible that there may
have been more subtle deficits in the ICD (andetierrigid) patients, and that in the
wider patient population this may play a role ia ttevelopment of impulse control

problems.

It should also be acknowledged that the potentiafaunding factors of longer disease
duration and higher depression scores in ICD patiatthough not manifesting in
significant differences in terms of the MMSE andEA®, may have played a role in some
of the effects observed — such as the higher nuofdsankruptcies on the CGT that the

ICD patients demonstrated.

6.4.1. Akinetic-rigid and tremor dominant subtype$ PD

As discussed in the introduction to this chapteidence is accumulating for pathological

differences between the akinetic-rigid and tremmmnihant subgroups of PD. The brains
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of akinetic-rigid patients have been shown to hagher levels of neuronal loss and
gliosis within the midbrain (Paulus and Jellingé®1), compared to those of tremor
dominant patients, and greater reductions in dopameivels within the internal segment
of the globus pallidus (Rajput, Sitte et al. 20084inetic-rigid patients have also been
shown to have a higher cortical load of Lewy bodtslikhova, Williams et al. 2009),
and to be more susceptible to cognitive declinécotk, Kenny et al. 2006; Burn, Rowan

et al. 2006; Selikhova, Williams et al. 2009).

Single photon emission computed tomography (SPEEZ&)meulen, Wolters et al. 1995;
Asenbaum, Brucke et al. 1997) and positron emissiorography (PET) (Nahmias,
Garnett et al. 1985; Brooks, Ibanez et al. 199@Jiss demonstrate reduced ligand
binding to dopaminergic receptors in the basal barmd patients with PD, indicating
lower receptor density, compared to healthy corgubljects. However, while the severity
of bradykinesia and rigidity has been found to elate with the reduction in ligand
binding in the caudate and putamen in PD patiemtsuch relationship has been found
with the severity of tremdgEidelberg, Moeller et al. 1990; Antonini, Vontdles al. 1995;
Otsuka, Ichiya et al. 1996; Tissingh, Bergmand.et398). Therefore, whilst functional
degeneration of the nigrostriatal system seemsr@late with the severity of
bradykinesia and rigidity in PD, the severity afrtror may relate to different mechanisms,

perhaps involving thalamocortical circuits (Antonikloeller et al. 1998).

The recording of local field potentials (LFPs) fréine subthalamic region of patients with

PD, by macroelectrodes used for high frequencyuétion in advanced disease, have
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demonstrated an exaggerated oscillatory synchrioorsaf neuronal activity mainly in the
beta band (15-35 Hz), but also over a lower raBgE5(Hz) (Brown and Williams 2005;
Hammond, Bergman et al. 2007). It has been sugtj#s excessive synchronisation in
this band may contribute to some of the motor spmgtof PD (Brown 2003; Brown
2007). This theory is supported by the finding eéduction in beta power which occurs
before and during movement (Levy, Ashby et al. 20Qhn, Williams et al. 2004), in
addition to there being a strong relationship betwesaction times and suppression of
beta activity within the subthalamic nucleus (STNPD patients (Kuhn, Williams et al.

2004).

It has been shown that dopaminergic medicatiorrednce the LFP power recorded from
the STN over the 8-35 Hz frequency range, andtthsitcorrelates with improvement in
motor impairment, as assessed by the UPDRS. Mguertamtly, however, is the fact that
this medication-induced reduction in oscillatoryivty correlates with improvement in
akinesia and rigidity, butot with tremor(Kuhn, Kupsch et al. 2006; Kuhn, Tsui et al.
2009). It is possible that oscillations over thedo frequency ranges may correlate with
tremor (Raz, Feingold et al. 1996; Levy, Hutchisp@al. 2000). However, this evidence is
not conclusive, with current opinion being thatioe may have evolved as a downstream
compensatory mechanism, perhaps involving low feagy oscillatory activity in cortical

loops with the basal gangléand cerebellum (Rivlin-Etzion, Marmor et al. 2006).

In sum, these findings regarding basal ganglialasaiy activity, in addition to the earlier

SPECT and PET studies, provide further eviden@edstinction between akinetic-rigid
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and tremor dominant PD. The pathological, biochafracd neurophysiological
differences discussed here may underlie the digBooil have found regarding novelty
processing and risk-taking behaviour between thesesubtypes of PD, as well as the
difference in susceptibility to cognitive declinedamotor phenotype. One particularly
attractive theory regarding vulnerability to ICDhieh | have found to be associated with
speedier novelty processing and increased willingite take risks, is the mesolimbic
overdose hypothesis (Dagher and Robbins 2009).sftigtion may be more likely to
occur in akinetic-rigid PD secondary to some ofpaghophysiological differences

described above.

6.4.2. The mesolimbic overdose hypothesis

It has been reported that ICD in PD patients isroéissociated with the presence of
dyskinesias (Voon, Potenza et al. 2007; Voon, Fprnat al. 2009), involuntary
movements that are due to excessive dopaminergialation. In fact, nine of the
fourteen ICD patients reported in this chapterexeifl from dyskinesias to varying
degrees. Furthermore, ICD symptoms are often féardbate after reductions in
dopaminergic treatments (Weintraub 2008; Antonird &ilia 2009; O'Sullivan, Evans et
al. 2009). Hence it would seem likely that elevdeaatls of dopamine neurotransmission

may play a role in the development of ICD.

As discussed in Chapter 1, it is possible to digtish separate sensorimotor, cognitive

and limbic regions of the striatum, based on theirnections with the cerebral cortex

(Parent 1990), a finding that has also been reganteivoin the human brain using MRI
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tractography techniques (Draganski, Kherif et 80&). Theventral striatunreceives
input from limbic areas, such as the hippocampuny,galala and orbitofrontal cortex, and
has been implicated in drug addiction (Robbins BEweritt 1999). It is therefore possible
that excessive limbic dopaminergic stimulatiomigalved in the development of ICD. If
this is the case, PD patients with relative presigon of ventral striatal dopamine
projections may be at increased risk of develogingh problems (Dagher and Robbins

2009).

Indeed, it has been documented that in PD, dopan@neons projecting to the ventral
striatum are less severely affected by the dispassess (Kish, Shannak et al. 1988; Goto,
Hirano et al. 1989). This therefore raises the ipdgy that pharmacological restoration

of dopamine transmission in thersal (motor) striatum may lead wverdosingof the
ventralstriatum, with excessive dopamine receptor stinaideading to adverse effects

(Swainson, Rogers et al. 2000).

This hypothetical difference in baseline dopamaeels between the dorsal and ventral
striatum may also account for the finding that Bepa improves performance on
cognitive tasks thought to involve the dorsal st such as working memory and task-
set switching, whilst causing deficits in testsugbt to depend on the ventral striatum,
such as reversal learning and gambling tasks (CBalker et al. 2001; Cools 2006). This
ventral overdose hypothesis is further supporteddayoimaging studies, which show

that the normal signal that arises from the vergi@gtum when subjects must reverse a
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previously learned response is abolished in PCepttitreated with levodopa, in parallel

with impaired task performance (Cools, Lewis e2807).

Another factor which may contribute to mesolimbierlosing is sensitisation, which
refers to an increased effect of stimulant drugh vépeated administration (Paulson and
Robinson 1995). Sensitised animals are more liteeBelf-administer drugs and there is
also evidence that PD patients with addiction (colsige medication overuse) express
sensitisation in the ventral striatum (Evans, Pawtsl. 2006). Evans and colleagues used
PET to measure dopamine release in response ngla siose of levodopa in PD patients
with and without compulsive medication overuse. d@opa caused dopamine release in
the motor striatum in both groups in equal meagdosvever, only the addicted group
demonstrated significant dopamine release in thérakestriatum, indicating sensitisation.
Sensitisation to amphetamine has also been shothe iventral part of the striatum in
control subjects using PET (Boileau, Dagher e2@06), with this being proportional to
novelty-seeking as measured by the TPQ (Cloning87;1Cloninger, Przybeck et al.

1991).

PD patients with ICD can therefore be hypothesiedthve an overactive mesolimbic
system (Dagher and Robbins 2009). So too mightegikhmigid patients without ICD, on
the basis of their behaviour as revealed in thaptdr, although to a lesser extent. The
observation that, at least in this sample, the nigjof ICD patients were of akinetic-rigid
motor phenotype supports this contention. Thetfeadt akinetic-rigid patients seem to

have the most severe pathology on post-mortem evadion (Paulus and Jellinger 1991,
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Rajput, Sitte et al. 2008; Selikhova, Williams et2009) also suggests the possibility that
greater degeneration in some areas, may lead smeati compensatory mechanisms,
which may also occur in areas that are relativpraed — perhaps including the
mesolimbic system — so that such regions becomeciee. More advanced symptoms
would also necessitate higher medication doses;hwihiay compound the problem. The
ICD patients tested here, did in fact have moreseparkinsonian symptoms than those

patients without ICD (Table 6.1), in addition tétoager duration of disease.

The hypothesis that akinetic-rigid patients, ad aglthose with ICD, might have more
advanced degeneration in the nigrostriatal sysésngpmpared to the mesolimbic system,

will be tested in the next chapter using structt& imaging.

The mesolimbic dopaminergic system has been showe activated by novelty
(Bunzeck and Duzel 2006; Bunzeck, Schutze et &7 addition to rewarding stimuli
(Delgado, Nystrom et al. 2000; Holroyd and Cole820rank, Woroch et al. 2005).
Hence the mesolimbic overdose hypothesis is alsateactive explanation for the

findings regarding novelty processing in this cleapt

6.4.3. Mechanisms by which dopaminergic activitayrmodulate novelty processing
and risk-taking behaviour

As discussed in Chapter 1, phasic dopaminergigigctias been considered to act as a
rewardprediction error This has been postulated to underlie the teadigmal in

reinforcement learning theories, where learningrigen by deviations or ‘errors’ between
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the predicted time and amount of rewards and Hetual experienced times and

magnitudes (Schultz, Dayan et al. 1997).

However, other theories have taken into accourtesgde that dopamine also appears to
have motivating and activating effects indepenaé¢arning, where the emphasis has
been on dopamine enhancing reward-seeking behaviyuacting on attention, arousal,
movement and effort (Salamone, Correa et al. 2B@bpins and Everitt 2007). For
example the incentive salience hypothesis, in whmbamine firing is thought to
exaggerate the incentive properties of environmestitauli, turning them into ‘objects of

desire’ (Berridge and Robinson 1998).

These models are not, however, mutually exclusiveas been shown in some learning
paradigms that changes in phasic dopamine bursts oomediately before a reward-
seeking action and again once the reward is agtuatkived (Phillips, Stuber et al. 2003).
Hence phasic dopamine may act both as a learrgnglsand as an incentive signal. One
computational approach by McClure and colleagusdrd to reconcile the two models,
suggesting that the reward prediction error sigited biases neural activity in favour of
actions or stimuli predictive of reward (McClureaw et al. 2003). In their scheme
dopamine not only encodes reward prediction enptHe purpose of learning, but also
the expected future reward rate, which is verylsimo incentive salience (with the

incentive salience of an environmental stimulusige&qual to its reward prediction).
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This scheme has been expanded by Niv and colleagthespropose that dopaminergic
stimulation is a running average of recent rewarts$ therefore an index of likely future
rewards (Niv, Daw et al. 2007). Such a proposalld&/suggest that in states of high
dopaminergic activity, choices may be biased towaesvard-predicting actions or
stimuli, but may also function to energise andgavate the individual, such that when

expected rewards are high, there is a cost ofiinct

A conceptual link between the learning model jietatibed and addictive or novelty-
seeking behaviour is supported by recent humaraamdal studies examining naturally
occurring variations in dopamine function. In humano polymorphisms that determine
dopamine D2 receptor expression have been assbeigteimpulsivity and vulnerability
to drug addiction, and both appear to influencégoerance on a probabilistic task that
distinguishes positive from negative feedback leayi(Klein, Neumann et al. 2007,
Jocham, Klein et al. 2009). The TAQ-1A polymorphisradulates D2 receptor density,
with the Al allele being associated with lower egzion of D2 receptors, in addition to
impulsivity, addiction and compulsive behaviour®f@ngs, Rosenthal et al. 1996).
Individuals with this allele are better at learningm positive feedback, but poorer at
learning from negative feedback, than subjectsauithhe allele. The two groups also
differ in their reward-related response in the vanttriatum as measured with fMRI

(Klein, Neumann et al. 2007).

It is therefore plausible that impulsivity, addastiand other risky behaviours, as well as

novelty-seeking, may partly be explained by aniiitglio learn from negative feedback —
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a trait which the ICD patients from this chapterded to demonstrate on the CGT (figure
6.10A). As discussed in Chapter 1, negative reyaediction errors (i.e. when an
expected reward fails to arrive) are signalled ayses in dopamine neuron firing.
Persistent postsynaptic dopamine stimulation, aargsavhen chronic dopaminergic
medication is used — as in PD — may therefore rethe ability of these pauses to

influence learning.

This scheme accounts for reports of the difficatigdicated PD patients have in negative
feedback learning (Frank, Seeberger et al. 2004|Cbewis et al. 2007), which is also a
consistent feature of the human (Frank, Mousta#d. &007; Klein, Neumann et al. 2007)
and animal (Belin, Mar et al. 2008) dopamine-relatepulsive phenotypes. It is in fact,
easy to appreciate how insensitivity to the advemesequences of an action may promote

the taking of disproportionate risks.

These theories are also well supported by recedings on the cellular neurophysiology
of striatal dopamine. A well-validated model of it@tico-striatal system divides it into
direct and indirect pathways (Albin, Young et @89). The direct pathway contains D1
dopamine receptors and is primarily involved in@cselection, while the indirect
pathway contains D2 receptors, with the principé of response inhibition (Mink 1996).
In addition to phasic bursts of dopamine, slow tsuo$ dopamine neuron activity control
tonic dopamine levels, which act via the D2 receplbe large transient increases in
dopamine, which occur following phasic bursts, avke to activate the lower affinity D1

receptor (Grace 2008). A further model proposesghasic bursts following unexpected
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rewards promote positive reinforcement within tiveat pathway, via the D1 receptor,
whilst withheld rewards or punishments, by redudmgc dopamine levels, lead to
negative reinforcement via reduced signalling mitidirect pathway (Cohen and Frank

2009).

In fact, it has recently been shown that D1 stimoitaand lack of D2 stimulation both
promote long term potentiation at the cortico-s#ligynapses of the direct and indirect
pathways respectively (Shen, Flajolet et al. 2008ys it is likely that both tonic and
phasic dopamine signalling shape striatal synggéisticity, whether in the normal
situation — learning — or pathological situatioaddiction or compulsive behaviours.
Persistent pharmacological stimulation, as is #e=dn medicated PD patients, could
therefore potentiate positive reinforcement leagrand impair learning from
punishments, increasing engagement in reward-sgéidhaviours and at the same time
reducing the ability to disengage from risky bebavs leading to negative consequences

(Dagher and Robbins 2009).

Such an account sits well with the associationagfagninergic medication, particularly
the use of dopamine agonists, with the developmil@Ds in PD patients (Weintraub,
Siderowf et al. 2006; Voon, Potenza et al. 200Dweler, it does not preclude the
mesolimbic overdose hypothesis discussed earliaglibr and Robbins 2009). Instead, it
suggests to me, that possible mesolimbic, or vemvardose in akinetic-rigid PD may
render these patients relatively more susceptibtbe development of these problems.

Nevertheless, this theory would suggest that thebaviours may be seen even in the
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absence of ventral striatal hyperstimulation (treadmminant patients perhaps), although

this situation is likely to be less common.

6.4.4. Summary

The results of this chapter suggest that PD patieith ICD process stimulus novelty
more quickly than non-novel perceptual salienceddition to demonstrating riskier
behaviour on gambling tasks compared to PD patigitte®ut impulse control problems.
More interestingly, however, is that akinetic-rigd® patients (without impulse control
problems), unlike tremor dominant PD patients amntrol subjects, also demonstrated
quicker processing of novel compared to non-noeebkglient stimuli. The akinetic-rigid
patients did not perform significantly differentiy the gambling tasks compared to
tremor dominant patients. However, quicker procegssi novel events correlated with
increased risk-taking on the IGT in this group &f patients only. Importantly, neither
quicker processing of novelty nor increased rigéAg behaviour correlated with dose of

dopaminergic medication in either the akineticdigr ICD patients.

| believe these results suggest that akinetic-qgitients may be more vulnerable to the
development of ICD, a proposal supported by thé prgportion of my ICD patient

sample found to be of the akinetic-rigid motor ptigpe.

I hypothesise that novelty seeking and impulsiigk-taking behaviour may be related to

relative overdose of the mesolimbic dopaminerggtesy in PD. Accordingly, | predict

that ICD patients, as well as akinetic-rigid patsewithout ICD, may have relative
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preservation of the mesolimbic system in the camé&xnore severe degeneration of the
nigrostriatal system. | would hypothesise tremamna@nt PD patients on the other hand,
to have more equal levels of degeneration in mediddi and nigrostriatal systems, making
them less susceptible to impulse control problérhg proposal will be investigated in

the next chapter using structural MR imaging teghes.
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Chapter 7

7.1. Introduction

The results obtained in Chapter 6 suggest thaitbenajor subgroups of patients with
Parkinson’s disease (PD) — the akinetic-rigid aarthbr dominant subtypes — may differ
in terms of their behaviour, in addition to theiotor phenotype. Like PD patients with
impulse control disorders (ICD), akinetic-rigid jgaits (without ICD) were found to
process novel stimuli more quickly than non-nowaligeptually salient stimuli. Unlike the
ICD patients, however, the akinetic-rigid patiewtthout ICD did not demonstrate riskier
behaviour on gambling tasks. Nevertheless thelmgitess to take risks on the lowa
Gambling Task (IGT) did correlate significantly tviaster responses to novel stimuli
compared to non-novel yet salient stimuli. Impotitameither quicker processing of
novelty nor increased willingness to take risksrelated with dose of dopaminergic

medication or dose of dopamine agonists.

Accordingly, | hypothesised that the akinetic-rignbtor phenotype may be important in
generating a susceptibility to the developmentgdulse control problems, a proposal
supported by the fact that the majority of my ICirple in Chapter 6 were of the
akinetic-rigid motor phenotype. This hypothesisesiceptibility may interact with factors
previously identified as being associated withdbeelopment if ICD, such as the use of

dopamine agonists (Weintraub, Siderowf et al. 20@@n, Potenza et al. 2007).
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7.1.1. Pathophysiological differences between thenatic-rigid and tremor dominant
subtypes

As discussed in Chapter 6, there are various sfrahgathophysiological evidence that
support a distinction between the akinetic-rigid &remor dominant subtypes of PD.
Akinetic-rigid patients have been shown to havénaidevels of neuronal loss and gliosis
within the midbrain (Paulus and Jellinger 1991 )mpared to tremor dominant patients,
and greater reductions in dopamine levels with@ititernal segment of the globus
pallidus (Rajput, Sitte et al. 2008). Akinetic-dgpatients have also been shown to have a
higher cortical load of Lewy bodies (Selikhova, Mdins et al. 2009), which may also
explain their increased vulnerability to cognitakecline (Allcock, Kenny et al. 2006;

Burn, Rowan et al. 2006; Selikhova, Williams et24109).

PET and SPECT studies have found that nigrostrggéneration in PD correlates with
bradykinesia and rigidity, burot with tremor(Eidelberg, Moeller et al. 1990; Antonini,
Vontobel et al. 1995; Otsuka, Ichiya et al. 1996sihgh, Bergmans et al. 1998),
suggesting that tremor may relate to different me@ms. Furthermore, it has been
reported that dopaminergic medication can reduci#la®ry activity in the subthalamic
nucleus, a finding which correlates with a redutiio akinesia and rigidity, but agamot
with tremor(Kuhn, Kupsch et al. 2006; Kuhn, Tsui et al. 2009)ese finding therefore
provide further evidence of pathophysiological &iénces between akinetic-rigid and
tremor dominant subgroups, which may underlie thr@rasts in behaviour reported in

Chapter 6.
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7.1.2. The mesolimbic overdose hypothesis

One particularly attractive hypothesis regardirgy\thinerability of PD patients to ICD is
the mesolimbic overdose hypothesis (Dagher and iRsl#2®09), which due to the
pathophysiological differences described above, beagnore likely to occur in akinetic-

rigid patients.

It has been reported that ICD in PD patients isroéissociated with the presence of
dyskinesias (Voon, Potenza et al. 2007; Voon, Fgrhet al. 2009), involuntary
movements that are due to excessive dopaminergialation. This is consistent with the
clinical characteristics of my sample of ICD patgem Chapter 6, a high proportion of
whom suffered from dyskinesias to variable exteni&ely related to their long duration
of disease. Furthermore, ICD symptoms are oftenddao abate following reductions in
dopaminergic treatment (Weintraub 2008; Antonird &ilia 2009; O'Sullivan, Evans et
al. 2009). It would therefore seem that elevatedleof dopamine — or increased

sensitivity to dopamine — may play a role in theelepment of ICD.

As previously discussed in Chapters 1 and 6,pbisible to distinguish separate
sensorimotor, cognitive and limbic regions of thieatum, based on their connections

with the cerebral cortex (Parent 1990), a findimat thas also been reporiedvivoin the
human brain using MRI tractography techniques (Bragi, Kherif et al. 2008). The
ventral striatum receives input from limbic aresigch as the hippocampus, amygdala and
orbitofrontal cortex, and has been implicated imgdaddiction (Robbins and Everitt

1999). It is therefore possible that excessive iindopaminergic stimulation is involved
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in the development of ICD. If this is indeed theeaPD patients with relative
preservation of ventral striatal dopamine projetimay be at increased risk of

developing such problems (Dagher and Robbins 2009).

In fact, it has been reported that dopamine neuponjecting to the ventral striatum from
the medio-dorsal substantia nigra/ventral tegmeartzd (SN/VTA) are less severely
affected by the disease process (Kish, Shanndk ¥2&8; Fearnley and Lees 1991). This
therefore raises the possibility that pharmacolalgiestoration of dopamine transmission
in thedorsal or motor striatum may lead twverdosingof theventral striatum, with
excessive dopamine receptor stimulation leadiragierse effects, such as the

development of ICD (Swainson, Rogers et al. 2000).

PD patients with ICD can therefore be hypothesiedthve an overactive mesolimbic
system, as too might akinetic-rigid patients withiitD, on the basis of their behaviour in
Chapter 6, although perhaps to a lesser extentobgervation that, at least in my sample,
the majority of ICD patients were akinetic-rigidalsupports this contention. The finding
that akinetic-rigid patients also seem to haventiost severe pathology on post-mortem
examination suggests the possibility that greatgiederation in some areas may lead to
enhanced compensatory mechanisms. This may ocecegions that are relatively spared
— perhaps including the mesolimbic system — sodhelh areas become relatively
overactive. More advanced symptoms would also séeds higher medication doses

which may compound the problem.
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The aim of this chapter will be to investigate Hypothesis that ICD patients and
akinetic-rigid patients (without ICD) have relatigeeservation of their mesolimbic
system, in comparison to tremor dominant patiditsll examine this hypothesis using

magnetisation transfer imaging.

7.1.3. Magnetisation transfer imaging

Magnetisation transfer imaging (MTI) depends ondkehange of proton magnetisation
between mobile water protons and protons thatraneobilised by macromolecules, such
as myelin or cell membrane constituents (Wolff &adbhban 1989). To achieve MTI, the
magnetisation of macromolecular protons is paytisditurated using off-resonance
radiofrequency pulses during standard proton demeighted imaging (dependent
primarily on the density of protons in the imagw@ume). The interaction of these
partially saturated macromolecular protons withgh&ons of mobile water in their

immediate surrounding attenuates the observed w@eal in the images.

This signal reduction depends on tissue propedias) as the concentration, structure
and/or chemistry of macromolecules, and water ¢tinte addition to image sequence
parameters, and is therefore thought to provideasure of tissue integrity. The amount
of magnetisation transfer has been found to cagg@asitively with the degree of
myelination(Rademacher, Engelbrecht et al. 1999) and with axdensity (van

Waesberghe, Kamphorst et al. 1999).
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Furthermore, MTI provides greater contrast of sutical grey matter structures compared
to standard T1-weighted methods. The basal gaagtiahalamic nuclei are connected by
complex and intertwined axonal tracts below thelggn limits of standard T1-weighted
imaging, thus reducing contrast by partial volumeraging. Additionally, the high iron
content of the midbrain nuclei and basal ganglithgr shortens and degrades T1 contrast.
MTI is considered a more effective means of ingading the integrity of deep grey

matter nuclei because it appears to be a moretadireasure of myelin content and other
macromolecules, such as iron-containing neuromeldnan T1 relaxation, which mainly

reflects the physical properties of tissue wateliht, Draganski et al. 2009).

The measure most frequently taken during studigda@nmg MTI is the magnetisation
transfer ratio (MTR). This can be calculated orogel-by-voxel basis by taking two
consecutive measurements with (MT) and without¥fi-magnetisation transfer

according to the following formula:

MTR = (no-MT — MT)/no-MT

Reductions in MTR have previously been documenigtie SN/VTA of PD patients
compared to control subjects (Tambasco, Pelliceindil. 2003; Eckert, Sailer et al. 2004,
Seppi and Schocke 2005). This is in contrast toveotional structural MRI techniques
which generally do not show differences betweerepts with idiopathic PD and healthy
individuals especially in the earlier stages ofdisezase (Seppi and Schocke 2005; Hotter,

Esterhammer et al. 2009). Volumetric MRI methodsaso usually unable to distinguish
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PD patients from controls (Huber, Chakeres et@0]1 Schulz, Skalej et al. 1999), with
the utility of these techniques generally beingtéa to the differentiation of atypical

parkinsonian syndromes from PD (Kraft, Schwarz.e1299; Schrag, Good et al. 2000).

The same is also true in multiple sclerosis, WMT& reductions may be seen despite
conventional MRI techniques indicating no abnortgabuggesting that MTI may be
particularly sensitive in detecting early abnortiedi (lannucci, Tortorella et al. 2000;
Traboulsee, Dehmeshki et al. 2002; Fernando, Tetzal 2005) likely related to
alterations in myelination. The reason for SN/VTA Rireduction in PD is not fully
understood, but may be due to neuronal loss ancdaton of the neuromelanin
macromolecule (the pigment conferring the blackaoto the SN/VTA) which is thought

to occur during the PD disease process (FasangaBersco et al. 2006).

Importantly, mesolimbic haemodynamic response®te@ity — as measured during a
paradigm similar to that employed in Chapter 6 vehaeen found to correlate positively
with MTR in the SN/VTA in older healthy individua(8unzeck, Schutze et al. 2007).
Furthermore, SN/VTA MTR has been found to correfaisitively with verbal memory in

younger and older healthy subjects (Duzel, Schettzd. 2008).

In this chapter, however, instead of using MTR,alrshows a residual T1 dependence, |
will be using MT saturation, a novel semi-quanitatparameter, which separates MT
from T1 effects (Helms, Dathe et al. 2008; Helmsdanski et al. 2009). Such MT maps

are corrected for confounding influences of praensity and T1 relaxation changes and
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have been shown to provide good contrast of sulsebgrey matter structures (Helms,
Draganski et al. 2009) and hence may representra raliable measure of tissue integrity

here.

7.1.4. Compartmentalisation of SN/VTA
In order to assess differences in the level of deg®ion across mesolimbic and
nigrostriatal dopaminergic systems, it will be resagy to divide the SN/VTA

accordingly.

The distinction between the SN and VTA in the ptiena not so clear cut as it is in the rat
(Duzel, Bunzeck et al. 2009), where the SN reprissie source of the nigrostriatal
system and the VTA the mesolimbic system. In hunaerasprimates, the SN is more
continuous with the VTA (Lynd-Balta and Haber 1994th dopaminergic projections to
limbic regions unrestricted to the VTA and insteligpersed across the SN/VTA (Smith

and Kieval 2000; Bjorklund and Dunnett 2007).

It is for this reason that | have hitherto refertedhese regions jointly as the SN/VTA.
Nevertheless, it is possible to distinguish a dersalial region of the primate SN/VTA
that seems to be most representative of the rat ¥bfon (McRitchie, Cartwright et al.
1998), although the distinction between the verdteral region is in the form of a
gradient, rather than a clear boundary (Duzel, Bokzt al. 2009) — see Figure 7.1 for a

comparison of the rat and primate compartmentadisaif the SN/VTA.
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Dorsolateral
(motor / associative)
Ventromedial

(limbic / associative)
lateral + medial

ventral

Figure 7.1. Compartmentalisation of the SN/VTA in he primate compared to the rat
brain.

This figure demonstrates the comparative orgamisaif the efferent projections from the
midbrain dopaminergic system in rats and primdtedike the rat, the primate SN/VTA
distinction is not so clear cut and instead ther@ dorso-medial versus ventro-lateral
gradient of SN/VTA projections to ventro-medial atatso-lateral portions of the
striatum respectively (coloured from green to biddje dotted border between the VTA
and SN in the primate midbrain indicates that theseregions are more continuous in

primates than in the rat.

Amy — amygdala
Hipp — hippocampus

Adapted from Dulizeét al, 2009.
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As previously mentioned, the mesolimbic overdogeothesis is based on reports of
more extensive dopamine neuron loss in the veaterdl SN/VTA (projecting to the
dorsal striatum) compared to the dorso-medial catnmEnt which projects to the ventral
striatum (Fearnley and Lees 1991). Furthermoresamali loss in PD appears to begin in
the ventro-lateral tier of the SN/VTA and throughthe course of the disease this region

remains the most severely affected (Fearnley aed 1891).

Accordingly, patients who have higher levels ofistural integrity within the dorso-
medial, compared to the ventro-lateral, compartroétie SN/VTA may be more
vulnerable to mesolimbic overdose. It may therefardypothesised that PD patients with
ICD might have higher levels of structural integiit the dorso-medial SN/VTA — as too

might akinetic-rigid patients without ICD — compdr® tremor dominant patients.

For this reason, the ideal would be to examineéSiNA/TA with respect to ventro-lateral
and dorso-medial compartments. However, the rasalaf the MR acquisitions we used
does not allow such precise compartmentalisatidreteeliably made (Duzel, Schutze et
al. 2008). It was, however, possible to divide 8/VTA more grossly into medial and
lateral compartments. The medial compartment wveiltdken to represent the highest
density of mesolimbic dopaminergic neurons (seef€i@.1), while the lateral region

contains predominantly nigrostriatal neurons.
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7.1.5. Aims

In summary, the aim of this chapter is to invesegsructural differences in the SN/VTA
and ventral striatum between PD patients with aitdout ICD. Differences between
akinetic-rigid and tremor dominant patients witht@iD will also be assessed. This will
be performed using MTI. Specifically, | predict th@D patients will have greater sparing
(i.e. higher MT saturation) of the mesolimbic dop@engic system (medial SN/VTA and
ventral striatum) compared to PD patients with@D| | further predict that, within those
patients without ICD, akinetic-rigid patients magvie greater mesolimbic sparing than

tremor dominant patients.

| will also assess how these structural paramegdase to behavioural measures of
novelty-seeking and risk-taking behaviour. | prédhat increased levels of novelty-
seeking and risk-taking will correlate with highevels of structural integrity in the

mesolimbic system.

7.2. Methods

7.2.1. Participants

Patients were recruited from movement disordersgameral neurology outpatient
departments with local ethics approval. Overalbkihetic-rigid (mean age: 66.3, range:
58-79; all right-handed) and 10 tremor dominanigpés (mean age: 66.6, range: 42-84;
all right-handed) without ICD were recruited, indétn to 7 PD patients who had been

diagnosed by their neurologist as having an ICDafmege: 60.3, range: 36-73; all right-

332



handed). The PD patients were all assessed, unaiebekavioural testing and scanned on

their usual medication.

Note that these groups of PD patients were the santigose used in Chapter 6, but
excluding those who had contraindications to MRirsgng. An additional group of
healthy elderly control subjects=12)were also recruited for MRI scanning (mean age:
64.7, range: 43-85; all right-handed). A one-way@\KA revealed no significant

differences between the groups in terms of age 3BJ30.586, p=0.628).

7.2.1.1. Exclusion criteria
As in Chapter 6, exclusion criteria included cogmeiimpairment such that there was
difficulty following assessment or task instructsoand/or a Mini-Mental State
Examination (MMSE) score of less than 25. To prevadmore detailed measure of
cognitive function in the PD patients, the Adderdies Cognitive Examination —
Revised (ACE-R) was also performed (Mioshi, Dawsbal. 2006) — see Table 7.1. There
were no significant differences between PD groupeims of MMSE score

(F(2,26)=0.099, p>0.9) or ACE-R score (F(2,26)=0,08>0.9).

Significant depression was the other principal @sicn factor. PD patientsithoutICD
were excluded if they had a Beck Depression Inugr(®DI) score of 21 or more.
Patientswith an ICD were only excluded if their BDI score w&sd@ more. In the normal
population, scores of 21 and above are thoughtdicate depression, while scores above

30 indicate moderate-severe depression in peopiehate already been diagnosed as
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depressed. As disordered mood is common in PD @daihicDermott et al. 2008;
Aarsland, Bronnick et al. 2009) and seems to begodarly so in those with ICD
(Pontone, Williams et al. 2006; Voon, Hassan e2@0D6), this higher cut-off point was
used for this group, in order to avoid the exclosibexcessive numbers in this already
difficult to recruit population. This considerati@ras particularly pertinent to subject
recruitment in this chapter, due to the relativi@byh proportion of ICD patients with
contraindications to MRI scanning, including thegance of moderate to severe
dyskinesias. However, a one-way ANOVA did not rézesignificant difference between

the patient groups in terms of their BDI score (£62=3.317, p>0.05).
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Subject Age Time UPDRS Subtype MMSE ACE-R LEU
Dx ratio
Akinetic-
rigid/mixed
AR1 F 64 3.5 26 0.4 30 95 10 300 0
AR2 M 79 54 0.7 29 73 9 867 67
AR3 F 62 2 29 0.7 29 93 6 268 268
AR4 F 62 17 21 0.4 30 95 10 351.25 83.75
AR5 F 58 2 11 0.94 30 95 5 201 201
ARG F 69 0.1 28 0.8 30 95 4 0 0
AR7 M 65 0.6 19 0.8 30 95 1 200 0
ARS8 M 64 5.5 30 0.25 30 86 6 720 120
AR9 M 69 2 37 0.625 30 95 1 246.9 46.9
AR10 M 71 9 9 49 0.357 30 90 4 600 0
Means/Ratio | 5:5 66.3 4.97 6.2 30.4 0.597 29.8 91.2 5.6 375.42 78.67
Tremor
dominant
TD1 M 71 7 8 50 2.1 30 97 12 830 280
TD2 M 73 10 11 34 25 29 87 9 520 120
TD3 M 66 3 3 38 1.3 29 93 15 1675 1675
TD4 F 62 4 5 28 1.3 30 98 10 301.5 201
TD5 F 67 1.5 2 22 1.1 30 91 13 501 201
TD6 M 79 4 4 28 2.7 30 84 5 300 0
TD7 M 62 7 10 48 1.3 30 97 8 1334.7 268
TD8 F 42 0.25 0.5 27 1.7 30 86 19 0 0
TD9 M 60 25 55 21 1.6 30 91 8 167.5 167.5
TD10 F 84 0.1 0.8 27 1.25 30 93 3 0 0
Means/Ratio | 6:4 66.6 3.94 4.98 32.3 1.69 29.8 91.7 10.2 412.22 1405
Impulse
control
disorder
ICD1 M 73 20 22 81 0.16 30 91 6 980 180
ICD2 M 51 17 175 68 0.625 30 92 13 1201 201
ICD3 M 65 19 20 79 0 30 94 8 400 0
ICD4 M 36 15 5 54 0.19 29 95 29 180 180
ICD5 M 63 12 15 36 0 29 87 14 747 80
ICD6 M 69 3 10 15 3 30 81 6 0 0
ICD7 M 65 4.5 5 42 24 30 93 8 500 0
Means/Ratio | 7:0 60.3 11 135 53.6 0.91 29.7 90.4 12572.57 91.57
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Table 7.1. Patient demographics.

Time Dx — time since diagnosis in years

Time Sx — time since symptom onset in years

UPDRS - Unified Parkinson’s Disease Rating Scabeesmaximum 199)

Subtype ratio — for calculation see Section 7.2.1.2

MMSE — Mini-Mental State Examination score (maxim@@)

ACE-R — Addenbrooke’s Cognitive Examination — Rediscore (maximum 100)

BDI — Beck Depression Scale score (maximum 63)

LEU — L-dopa Equivalent Units (including L-dopa athobamine agonisits) — see Section
7.2.1.3 for method of calculation

DA — total dose of dopamine agonist in LEU

7.2.1.2. PD subgroups
As in Chapter 6, PD patients were placed into eigkéetic-rigid/mixed or tremor
dominant subgroups on the basis of the motor exatioim (part IIl) of the Unified
Parkinson’s Disease Rating Scale (UPDRS) (Fahn)1S®ibgroups were defined
according to the ratio of each patient’'s UPDRSr8mor score (sum of items 20 and 21
divided by 4) to their UPDRS akinetic/rigid scoself of items 22-27 and 31 divided by
15) after the method proposed by Kang and collea@kiang, Bronstein et al. 2005).
Patients with a ratio of >1.0 were classified asor dominant, those with a ratio of <0.8
as akinetic-rigid and 0.8-1.0 as mixed. See Taldldatr detailed patient demographic

information, including subtype ratios.
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Impulse control problems were diagnosed in PD ptdiby the neurologist managing
their PD. This occurred in the context of cliniggterview during routine follow-up
appointments and by administration of questionsasteeh as the Minnesota Impulse
Disorder Interview (Christenson, Faber et al. 1984 tompulsive buying, gambling and
sexuality. The impulse control problems identifiedhe ICD patients studied in this
chapter are detailed in Table 7.2. At the timeestihg, all patients were subjectively in

either full or partial remission.
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Subject Impulse control Remission Motor Dyskinesias
behaviour status subtype
ICD1 Hobbyism and punding Parital AR Yes
ICD2 Hobbyism and punding Partial AR Yes
ICD3 Hobbyism and punding Full AR Yes
ICD4 Pathological gambling Full AR No
ICD5 Hypersexuality Full AR Yes
ICD6 Pathological gambling Full TD No
ICD7 Hypersexuality Full TD No

Table 7.2. Impulse control problems in the ICD grop.

The impulse control problems of the individual I@Btients. Remission status was

assessed by self-reports from the patients.

AR — akinetic-rigid/mixed

TD — tremor dominant

338



7.2.1.3.Demographic differences between the PD gir®u
There was a significant difference between theetf® groups in terms of their UPDRS
scores (F(2,26)=5.133, p=0.014). This was drivetheyICD group who demonstrated
significantly higher UPDRS scores than the PD pagigvithout ICD (t(25)=-3.254,
p=0.003), whilst the two subgroups without ICD wesgl-matched on this measure
(akinetic-rigid versus tremor dominant: t(18)=-Q136>0.7). This was mirrored by
duration of parkinsonian symptoms (F(2,26)=5.3%30.p12), with the ICD group having
a significantly longer duration of symptoms thaigl without ICD (t(25)=-3.313,
p=0.003), while the akinetic-rigid and tremor doamhgroups were similarly matched

(1(18)=0.489, p>0.6).

The total dose of dopaminergic medication of thep@bents was quantified by using I-
dopa equivalence units after Evans and colleadgtean§, Katzenschlager et al. 2004),
which was defined as follows: I-dopa dose + |-ddpae x 1/3 if on entacapone +
bromocriptine (mg) x 10 + cabergoline or pramipex@hg) x 67 + ropinirole (mg) x 20 +

pergolide (mg) x 100 + apomorphine (mg) x 8.

In these samples of patients, a one-way ANOVA didraveal a significant group
difference in total dose of dopaminergic medicafip(2,26)=0.63, p>0.5). Isolating the
contribution of dopamine agonists to the LEU ofigras also revealed no significant

group difference (F(2,26)=1.3, p>0.29).

339



In summary, although the two PD groups without I€Bkinetic-rigid and tremor
dominant — were well-matched, the ICD group hades@vere parkinsonian symptoms,
with a longer duration of these symptoms. This maye represented a confounding

influence in the data.

7.2.2. Structural Magnetic Resonance Imaging

Structural MRI scans were performed on the PD pttiand healthy elderly controls
using a 3Tesla whole-body MRI system (Magnetom Tifib, Siemens Medical Systems,
Erlangen, Germany) operated with a radio frequédindy transmit and 12 channel receive

head coil. Each scanning session lasted for aabggbproximately 30 minutes.

All 3D datasets were acquired in sagittal orieotatvith 1 mm isotropic resolution (176
partitions, field of view (FOV) = 256 x 240 nfpnmatrix 256 x 240 x 176) and non-

selective excitation.

7.2.2.1. T1-weighted anatomical images
T1-weighted structural scans were obtained usi8D dodified Driven Equilibrium
Fourier Transform (MDEFT) sequence: repetition temé.92 ms, echo time = 2.48 ms,
inversion time = 910 ms (symmetrically distribusadund the inversion pulse, quot =
50%), flip anglen = 16°, fat saturation, bandwidth 195 Hz/pixel)e®equence was
specifically optimised for reduced sensitivity t@ton, susceptibility artefacts and B1

field inhomogeneities (Deichmann, Schwarzbauet. &094). These images were used to

340



identify possible lesions from strokes or othelibdiseases and for anatomical

localisation.

7.2.2.2. Magnetisation transfer imaging
As discussed in Section 7.1.3, in order to achiMVé the magnetisation of
macromolecular protons is partially saturated usipgropriate off-resonance
radiofrequency pulses during standard proton demssighted imaging. The interaction
of these partially saturated macromolecular proteitis the mobile protons of water in
their direct surrounding attenuates the observadngignal in the images. This signal
reduction depends on tissue properties, such adrilneture, integrity and chemistry of

macromolecules and water content, as well as ogersaquence parameters.

MT maps were calculated from a mutli-parameterquok based on a 3D multi-echo fast
low angle shot (FLASH) sequence (Weiskopf and H&0@8). Three co-localised 3D
multi-echo FLASH datasets were acquired with pratensity weighting (repetition

time/o = 23.7 ms/6°), T1-weighting (18.7 ms/20°) and M@ighting (23.7 ms/6°;
excitation preceded by an off-resonance Gaussiampiyde of 4 ms duration, 220°
nominal flip angle, 2 kHz frequency offset). Thgrsls of six equidistant bipolar gradient
echoes (at 2.2 ms to 14.7 ms echo time) were agdragncrease the signal-to-noise ratio
(Helms and Dechent 2009) and a rather high acepnditandwidth of 425 Hz/pixel was
chosen to keep the susceptibility-related geomdtsitortions in brain and the chemical
shift displacement of fat signals below one pikelorder to speed up the acquisition,

generalised autocalibrating partially parallel astjion (GRAPPA) parallel imaging with
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an acceleration factor of two in the phase-encodirgrtion (anterior-posterior) and 6/8
partial Fourier in the partition direction (lefght) was employed. Semi-quantitative MT
parameter maps, corresponding to the additionaftat#n created by a single MT pulse,
were calculated by means of the single amplitudestd maps (Helms, Dathe et al.
2008), thereby eliminating the influence of relamatand B1 inhomogeneity (Helms,

Dathe et al. 2008).

7.2.2.3. Delineation of regions of interest
The SN/VTA and ventral striatal regions of inter@0Is) were defined as described
below using MRICro software (available from www.ora.com). From each of these
ROls, the mean volume and MT values were extradied. was performed twice for each
ROI and each subject and the average of the tweune@ents taken, although the two

sets of data were highly correlated for each R&0.¢9, p<0.001).

7.2.2.3.a. SN/VTA
All boundaries of the SN/VTA were selected visudlfsed on the intense change in
contrast between its bright grey colour and thé& daey colour of the adjacent tissue in
the MT image (Duzel, Schutze et al. 2008). First$IN/VTA ROI was defined as a whole
and then was later divided into a medial and latympartment (Fearnley and Lees

1991).

The upper limit of the SN/VTA ROI was taken at tbeel of the superior colliculi, where

the cross-sectional area of the SN/VTA appearsna&ven bright grey coloured region in
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the MT image and therefore excluding voxels thegally flank the adjacent tissue. The

anterior part of the SN/VTA ROI was limited by tilerpeduncular fossa and posterior
borders by the lateral side of the cerebral peduridie medial and lateral boundaries of
the SN/VTA ROI were extended until the contrastgead. The lower limit of the

SN/VTA was identified as the last even grey coldusss sectional area.

According to the study by Fearnley and Lees (Fegrahd Lees 1991), the medial and
lateral compartments of the SN/VTA were definedbieting a diagonal line of voxels
within the SN/VTA-ROI. The junctures of this diagdiine was identified as the

midpoint of the ventral side of the cerebral pedeand its intersection with an imaginary
line connecting the anterior and posterior intetisacf the superior sagittal sulcus at an
angle of about 45°. Fearnley and Lees, furtherisideti the SN/VTA into dorsal and
ventral tiers in their post-mortem study (Fearrdeg Lees 1991), however, the resolution
of the MT imaging used here did not allow for sticle-grained subdivision. Figure 7.2

demonstrates an example of the medial and lat&V&I'BA ROIs.
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Medial Lateral
SN/VTA SN/VTA

Figure 7.2. SN/VTA regions of interest.
An example of the medial and lateral SN/VTA regiohiterest (ROIs). The top row
indicates the ROI (shown in red) on a coronal sectand the bottom row, the ROl as

seen on a transverse slice.

Adapted from Dulizeét al, 2008.
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7.2.2.3.b. Ventral striatum
In the primate, the ventral striatum includes tbeleus accumbens and the broad
continuity between the caudate nucleus and putaraeinal to the rostral internal capsule,
in addition to the olfactory tubercle and the rtetieral portion of the anterior perforated

space adjacent to the lateral olfactory tract (Halnel McFarland 1999).

The following criteria were used to define the vahstriatal ROI, based on those
described by Mawlawi and colleagues, see FiguréMa8vlawi, Martinez et al. 2001).
The boundary between the ventral striatum infeyiarid the dorsal striatum superiorly
was defined by a line joining the intersection bew the outer edge of the putamen with
a vertical line going through the most superior Eteral point of the internal capsule
(point a in Figure 7.3) and the centre of the porof the anterior commissure transaxial
plane overlying the striatum (point b in Figure)7-Bhis line was extended to the internal

edge of the caudate (point c in Figure 7.3).

The other boundaries of the ventral striatum wesaally determined by its dense grey

signal, making it easy to distinguish from adjacgntictures, and it was sampled from the

anterior boundary of the striatum to the levelred anterior commissure coronal plane.
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Figure 7.3. Ventral striatal region of interest.

The anatomical scheme used for identifying the na¢striatum is shown on coronal
slices. The area within the red dashed box is nfi@agnbelow. The boundary between the
ventral striatum inferiorly and the dorsal striatsaperiorly was defined by a line joining
the intersection between the outer edge of thenpertawith a vertical line going through

the most superior and lateral point of the integagdsule (point a) and the centre of the

portion of the anterior commissure transaxial plavnerlying the striatum (point b). This
line was extended to the internal edge of the daugeint c).

Cau — caudate nucleus
Put — putamen

VStr — ventral striatum

Adapted from Malawet al, 2001.
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7.2.2.4. Data analysis
One-way ANOVAs, and t-tests where appropriate, wsex to assess for statistically

significant group differences regarding size and $afuration of the ROIs.

7.2.3. Behavioural indices
The MTI data was also compared to some of the behl indices obtained from the

computerised tasks described in Chapter 6. These agefollows.

7.2.3.1. lowa Gambling Task
The IGT was used as the behavioural index of a&lkag behaviour as it produced more
robust findings in Chapter 6 than the Cambridge Rang Task. A ready-made
computerized version of the IGT was used, obtafraud the Psychology Experiment
Building Language (PEBL) website (http://pebl.s@iocge.net/). This task is explained in

detail in Section 6.2.2.2 and summarized againgaré 7.4.

The difference in the number of advantageous -ddaaageous decks sampled in the
first 20 compared to the last 20 trials was thesusawhich was compared against the
imaging data obtained in this chapter. This measa®chosen, rather than the overall
difference between advantageous and disadvantagecls, as the ICD patients tended
to demonstrate differences on this measure in @h&pfThis measure was compared to

MT saturation in the SN/VTA and ventral striatunmass each of the subject groups.
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Select deck by pressing key 1-4

Choice: 2
Reward: $100 Total: $2100
Penalty: $-0
Net gain: $100
I |
-$1000 $0 $1000 $2000 $3000 $4000

Figure 7.4. lowa Gambling Task.

Subjects were instructed to choose cards from detist, by pressing keys 1 to 4 on a
keyboard, in order to earn as much play money asiple. Decks 1 and 2 consistently
gave out high rewards ($100), but were associatgdhigh and frequent penalties. On
the other hand, decks 3 and 4 gave out smallerdsw#50), but were associated with
smaller and less frequent penalties, so that aver, they led to higher gains. Decks 1 and

2 can therefore be considereddésadvantageoysvhile decks 3 and 4 aeglvantageous
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7.2.3.2. Tridimensional Personality Questionnairenovelty-seeking
The novelty-seeking score from the TridimensioraisBnality Questionnaire (TPQ
(Cloninger, Przybeck et al. 1991)) was also comp&wehe structural imaging data. This
measure of novelty-seeking was chosen as it hasopsdy been shown to correlate with
SN/VTA activation in response to novel cues (Krebshott et al. 2009). This measure

was compared to MT saturation across each of thecigroups.

7.3. Results

7.3.1. Correlations between MT saturation and belwawal parameters
7.3.1.1. Novelty seeking
In the PD patients without ICD, novelty seekingnasasured by the TPQ (Cloninger,

Przybeck et al. 1991), was found to correlate Wihsaturation in the whole SN/VTA

(r=.454, p=0.045 — see Figure 7.5A), with littlerstion in this correlation across the
medial (r=.435) and lateral (r= .452) compartmeHigher MT values were associated

with an increased novelty seeking score on the TPQ.

Importantly, this correlation was unchanged whemtradling for dose of dopamine
agonist medication (r=.464, p=0.046) and actuatigroved when controlling for total
dose of dopaminergic medication (r= .569, p=0.G1) duration of disease (r= .536,

p=0.018).
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The same association was also seen in the vetriedus (r= .474, p=0.035 — see Figure

7.5B), again with preserved ventral striatal inigygrorrelating with a higher level of
novelty seeking. This correlation too, was una#ddby controlling for total dose of
dopaminergic medication (r= .547, p=0.015), dosdagfamine agonist (r= .471, p=0.042)

and duration of disease (r=.499, p=0.03).
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Figure 7.5. Correlation between novelty seeking anMT saturation in the SN/VTA

and ventral striatum.

A. In PD patients without ICD, novelty seeking (asaswed by the TPQ) correlates with
MT saturation in the SN/VTA, whereby higher novedgeking scores are associated with
a higher degree of SN/VTA integrity.

B. The same association was also seen between vstniashl MT saturation and novelty

seeking.
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Although there was no variation in the correlatadmovelty seeking with SN/VTA MT
saturations across the medial and lateral subcamepats, the fact that there was also a
correlation with ventral striatal MT saturation gegts that greater mesolimbic
preservation may represent a structural correliadéehigher tendency towards novelty

seeking.

7.3.1.2. Risk-taking behaviour
Although the ICD patients did not demonstrate aggificant correlations between
novelty seeking and MT saturation (r<.4, p>0.38&ré was a highly significant
correlation between risk-taking on the IGT and Miiusation in the medial compartment
of the SN/VTA (r=-.933, p=0.002), which was lesarked in the lateral compartment (r=
-.685, p=0.089). An increased tendency to sam@dnitph risk decks of the IGT with time
was associated with preserved integrity of the aleBIN/VTA — see Figure 7.6). This
association between MT values in the medial SN/\&PA risk-taking was not observed

in the PD patients without ICD (r=-.013, p>0.9).

Importantly this correlation remained significarttemn controlling for total dose of
dopaminergic medication (r=-.925, p=0.008), ddsdopamine agonist (r=-.909,
p=0.012) and duration of disease (r= -.954, p=0,0@8tors which have previously been
reported as increasing susceptibility to the dgualent of ICD (Voon, Hassan et al. 2006;
Weintraub, Siderowf et al. 2006; Voon, Potenzd.€2@07). Instead, this result suggests

that structural factors, specifically the integiifythe medial SN/VTA — the SN/VTA
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compartment with the highest density of mesolindmpamine neurons — may be more

important in mediating a vulnerability to risk-pebehaviours.
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Figure 7.6. Correlation between risk-taking and me@l SN/VTA MT saturation.

In the ICD patients there was a significant cotretabetween risk-taking on the IGT and
MT saturation in the medial SN/VTA. Increased prefee for the risky decks on the IGT
as the task progressed was associated with incrsgsetural integrity of the medial
SN/VTA.
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In summary, in PD patients without ICD, increasegeity processing correlated with
higher structural integrity of the SN/VTA and vaitstriatum(Figure 7.5), indicating that
preservation of the mesolimbic dopaminergic systethese patients may be associated
with an increased tendency to novelty seekinghénl€D patients on the other hand,
increased risk-taking behaviour was associated pvigservation of structural integrity in
the medial compartment of the SN/VTA (Figure 7tBg region likely to contain a higher
proportion of mesolimbic dopamine neurons. Impdtyathese correlations remained
even when dose of dopaminergic medication was albedrfor, suggesting that
preservation of the mesolimbic system may be amrtapt factor in mediating tendencies

towards such behaviours.

7.3.2. Group differences in the structural imagirdata

7.3.2.1. SN/VTA
A one-way ANOVA revealed a significant differencethe size of the whole SN/VTA
ROI between the four groups (F(3,38)=7.137, p<0.00kis was driven by the control
groups demonstrating a significantly larger SN/Vihan the PD patients (t(37)=-4.615,
p<0.001), while there were no significant differeadetween the PD groups themselves
(t<0.94, p>0.36). There was no significant differem MT saturation in the SN/VTA

ROI across groups, including controls (F(3,38)=4,(36=0.377).

Examining the lateral and medial compartments ef3N/VTA, a one-way ANOVA

revealed a significant difference in the size ahlibe lateral SN/VTA (F(3,38)=6.748,
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p=0.001) and the medial SN/VTA (F(3,58)=6.659, 860.) between the groups (Figure

7.7 A and B).

Again, this was driven by the control groups demi@atimg significantly larger volumes
than the PD patients (lateral SN/VTA: t(37)=-4.5£80.001 medial SN/VTA: t(37)=-
4.354, p<0.001). Again there were no significaffedences between the PD groups in

terms of lateral (t<0.75, p>0.46) or medial (t<1.8¥0.19) SN/VTA size.

As was the case with the whole SN/VTA, there wersignificant differences across the
groups in terms of MT saturation in the lateral $NA (F(3,38)=0.423, p>0.73).

Although this was also the case in the medial SM{H(3,38)=1.909, p=0.146), here
there was a trend for ICD patients (t(15)=1.893).p%8) — and to a lesser extent akinetic-
rigid PD patients without ICD (t(18)=1.668, p=0.)13to have larger MT values

compared to tremor dominant PD patients.

Although these findings regarding medial SN/VTA Malues did not reach (two-tailed)
statistical significance, the observed trends mtée direction predicted in Section 7.1.
ICD patients demonstrated higher MT values — anoht®yence structural integrity — of
the medial, or mesolimbic, SN/VTA in comparisortremor dominant PD patients; as did
the akinetic-rigid patients to a lesser extent. Uibe of larger group sizes, particularly in
the ICD group, might have led to a statisticallynsficant result here, but unfortunately

many of my original ICD patient sample had contd&ations to MRI scanning.
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Figure 7.7. Group differences in the lateral and maial compartments of the

SN/VTA.

A. PD patients had a significantly smaller lateral\&NA than control subjects.

B. This was also the case for the medial SN/VTA cartnpant.

C. There was no difference in the MT value of theralt SN/VTA across the groups.

D. Although there were also no significant differenbesnveen the groups in terms of the
MT value of the medial SN/VTA, there was a trendIfdD patients — and to a lesser
extent the akinetic-rigid PD patients without IC@o-have higher MT values here than

the tremor dominant PD patients. Error bars inéicé&ndard error of the mean.
AR — akinetic-rigid patients without ICD

TD — tremor dominant without ICD

ICD — PD patients with an impulse control disorder
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7.3.2.2. Ventral striatum
There were no significant differences between tloems in terms of either ventral striatal
size (F(3,38)=0.318, p>0.8) or MT saturation (F8:3.374, p=0.267). As the striatum is
downstream of the principal source of pathologi?ih structural changes here may be

more subtle and difficult to discern with the cunrenethods.

7.3.3. Correlations between structural imaging panaters and subtype ratio

In the PD patients without ICD (i.e. both akinetigid and tremor dominant patients who

were well-matched on all demographic measureskeitiie ICD patients), there was a

trend towards higher MT values in the medial SN/Vai#d lower subtype ratios (r=-.403,

p=0.078). In other words, the more akinetic-ridid patient was, the higher the MT
saturation in (and by inference the more intaat)rttedial (or mesolimbic) SN/VTA

(Figure 7.8A). Importantly, there was no such datren in the_lateral SN/VTA (r= -.265,

p=0.259), suggesting that motor phenotype waslilkesy to influence structural integrity

here.

No such correlation was observed in the small I@&up of PD patients regarding MT

saturation and subtype ratio in either the laterahedial SN/VTA compartments (r<0.43,

p>0.33). However, in this group there was a cotigiebetween the size of the lateral
SN/VTA and subtype ratio (r=.798, p=0.031), witle #ikinetic-rigid ICD patients having
a significantly smaller lateral SN/VTA than thertrer dominant ones (Figure 7.8B). This,

however, is likely to be secondary to the akineggd ICD patients having a longer
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duration of disease and more severe parkinsoniapteyns than the tremor dominant

ICD patients (see Table 7.1).

Subtype ratio and medial SN/VTA MT
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Figure 7.8. Correlation between subtype ratio andtsuctural parameters.
A. In the PD patients without ICD, there was trendas an association between lower

subtype ratios (more akinetic-rigid parkinsoniagns) and higher MT values in the
medial SN/VTA, suggesting that the more akinetggerithe patient, the greater structural

preservation of the medial SN/VTA.
B. In the PD patients with ICD, there was a significassociation between the size of the

lateral SN/VTA and subtype ratio, whereby the akkaaggid ICD patients had smaller
lateral SN/VTA ROils.
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This inhomogeneity of the ICD group may also explahy no correlation between MT
saturation and subtype ratio was observed in tlos in the more advanced cases
(which were also more advanced than the majoritsases in the PD groups without ICD)

more severe and widespread degenerative changesamiund such associations.

In summary, this adds some support to the hypathikat akinetic-rigid patients may have
less neurodegeneration in the medial SN/VTA thamar dominant patients, which is

likely to contain the highest density of mesolimbapaminergic neurons.

7.4. Discussion

One of the most important findings of this chaptes that in the ICD patients there was a
significant correlation between greater propensitsisk-taking behaviour (as measured
by the IGT) and preserved structural integrityre medial SN/VTA (Figure 7.6), the
region of the SN/VTA likely to contain the higheknsity of mesolimbic dopaminergic
neurons. Crucially, this association remained $icgmt when controlling for dose of
dopaminergic medication and duration of diseasg#pfa which have previously been
linked to the development of ICD in PD patients ¢ipHassan et al. 2006; Weintraub,
Siderowf et al. 2006; Voon, Potenza et al. 200Aer& was also a trend for ICD patients
to have higher levels of structural integrity i tmedial SN/VTA compared to tremor

dominant patients without ICD (Figure 7.7D).

Although the PD patients without ICD did not demoai® this association between risk-

taking behaviour and structural integrity of thediaé SN/VTA, they did show significant
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correlations between higher scores of novelty-sgpl@as measured by the TPQ) and

preservation of structural integrity in the SN/VBAd the ventral striatum (Figure 7.5).

Again, these correlations remained significant wbemtrolling for dose of dopaminergic
medication and duration of disease. Furthermomretivas a trend for integrity of the
medial SN/VTA to correlate with subtype ratio iretRD patients without ICD, with
akinetic-rigid patients demonstrating higher levaistructural integrity here (Figure

7.8A).

In Chapter 6, akinetic-rigid patients were showpitocess novel stimuli more quickly
than non-novel yet perceptually salient stimulilikentremor dominant patients and
healthy controls, who processed both types of stiequally quickly), with this measure
correlating with risk-taking behaviour on the IGRkhough these patients did not
demonstrate an increase in risk-taking per seeasad novelty-seeking and speedier
processing of novel stimuli may therefore represgntecursor to the development of
risky behaviour and explain why there was no assioti between risk-taking and

mesolimbic integrity identified in the PD patiemighout ICD.

In summary, in PD patients with ICD there was aalation between mesolimbic
preservation and risk-taking behaviour. By contresPD patients without ICD there was
a correlation between mesolimbic preservation aoteased novelty-seeking. Both
akinetic-rigid patients without ICD and PD patieniish ICD — shown in Chapter 6 to

process novel stimuli more quickly than non-nowaient stimuli — tended to have higher
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levels of structural integrity within the medialmpartment of the SN/VTA, the area

containing the highest density of mesolimbic dop®ergic neurons.

These results therefore suggest that preservatithre anesolimbic dopaminergic system
may indeed be crucial in generating a vulnerabibtyhe development of ICD.
Furthermore, akinetic-rigid patients, on the basitheir behaviour (Chapter 6) as well as
their tendency towards increased preservationeofribdial SN/VTA, may be more

susceptible to these problems.

7.4.1. Contribution of dopaminergic medication

Previous reports have documented an associatisrebrtICD and the use of dopamine
agonists (Voon, Hassan et al. 2006; Voon, Hassah 2006; Weintraub, Siderowf et al.
2006; Weintraub 2008; Voon, Fernagut et al. 2088hough the results obtained here
suggest that integrity of the mesolimbic dopamireesgstem may be a crucial factor in
generating a susceptibility to ICD, this nevertisleccurred on a background of

dopaminergic replacement therapy (Table 7.1).

Despite the possibility that generalized compengatechanisms (Creese and Snyder
1979; Zigmond and Stricker 1984; Zhang, Tilsonle1888) may contribute to some
extent tomesolimbic overdos@agher and Robbins 2009), it seems likely thist should
predominantly result from the use of dopamine regt@ent medication. Dopamine
replacement therapy principally consists of theafdés precursor L-dopa (Yahr,

Duvoisin et al. 1969; Hornykiewicz 2002) and mageantly the use of dopamine agonists
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which act predominantly at the D2 subclass of ddpameceptors (Rascol 1999; Seeman
2007). Importantly, it is the use of dopamine agtmirather than L-dopa, which has been
linked to the development of ICD in PD patients ¢ipHassan et al. 2006; Weintraub,

Siderowf et al. 2006; Voon, Potenza et al. 2007).

Although these data implicate a more important oflstructural integrity of the
mesolimbic SN/VTA in risk-taking behaviour in ICagents, some of the variance in
risk-taking behaviour in this group could be acdedrfor by dose of dopamine agonist
medication. The bivariate correlation between taking on the IGT and medial SN/VTA
MT fell from r=-.933, p=0.002 to r=-.909 p=0.0dden controlling for dose of
dopamine agonist — in contrast to a correlatior=6£925, p=0.008 when controlling for

total dose of dopaminergic medication.

Together, these results provide considerable stippothe mesolimbic overdose
hypothesis in the development of impulse controbpgms (Dagher and Robbins 2009).

But why should the use of dopamine agonists be tilkeky to lead to such problems?

As mentioned above, L-dopa is an amino acid preciucsdopamine which is converted
in the brain to its active substrate (Hornykiew2€&02). It may therefore be more capable
of producing an effect which in some respectsasal to normal physiology than
dopamine agonists which act directly at specifredominantly D2 type, receptors

(Rascol 1999). The mechanism of action of L-dod&kédy to be complex.
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Acute administration of the L-dopa is associatethairobust increase in extracellular
dopamine levels within the striatum in dopamineleiea animals (Spencer and Wooten
1984; Orosz and Bennett 1992), which appears t@lede with the initial reduction in
rigidity observed in parkinsonian patients (Junt882). By contrast, repeated
administration of L-dopa is necessary for improveteaén complex motor behaviour

(Juncos 1992).

Studies usingn vivo microdialysis in rats with unilateral dopamine tijons have
demonstrated that elevated extracellular dopaneweld in the dopamine-depleted
striatum that occur in response to L-dopa admaistin are unaltered during the course of
repeated drug administration, even though the betieal response to L-dopa is enhanced
over a 28-day period with the administration ofcassive doses of the drug (Wachtel and
Abercrombie 1993). Therefore, the time course awdch L-dopa administration induces
maximal increases in striatal extracellular dopaméavels in rats does not appear to be

correlated with its behavioural actions.

Other evidence suggests that the site of actidnddpa may actually lie in areas other
than the striatum. For example, augmentation oadope levels in the SN/VTA
produced by L-dopa administration has been fourmbtcelate more precisely with its
behavioural actions in comparison to L-dopa indudgahges in striatal dopamine levels

(Robertson and Robertson 1989).
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Indeed, studies have shown that repeated syst&mmasstration of L-dopa can induce
alterations in the electrophysiological activitySM/VTA neurons (Harden and Grace
1995), such as a decrease in the sensitivity ohipe neurons to dopamine agonist
induced inhibition in intact rats (Jackson, Waltersl. 1982). Furthermore,
electrophysiological studies in rats have also destrated that L-dopa administration can
increase stimulation-induced release of dopamirérstriatum in both intact and
dopamine depleted animals, suggesting that L-d®parnverted to dopamine by SN/VTA
neurons (Keller, Kuhr et al. 1988; Wightman, Amatet al. 1988). Importantly, this

stimulation-induced release appears to occur inasip manner (Keller, Kuhr et al. 1988).

Therefore, in summary, L-dopa appears to act inasic manner by increasing dopamine
release from dopaminergic neurons, in additionrtmlpcing_tonic effects through other
mechanisms leading to increased levels of strididphmine. L-dopa therefore seems
capable of producing effects that are more phygio&lly adaptable than those associated
with dopamine agonists, which are unlikely to exay phasic effects and instead lead to

tonic stimulation of specific dopamine receptortypbs.

As discussed in Chapters 1 and 6, it has been steghthat persistent — or tonic —
postsynaptic dopaminergic stimulation may blockgihdopamine dips that serve as a
crucial component of the learning signal to negateinforcement (Frank, Seeberger et al.
2004; Frank, Samanta et al. 2007). In PD patiexdsiving treatment with dopamine
agonists, this situation could be further amplifiedhe context of greater levels of

mesolimbic sparing, making learning from negatigasequences particularly difficult — a
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trait which the ICD patients investigated here szhtb demonstrate on the Cambridge

Gambling Task in Chapter 6.

Further support for this notion of enhanced meduiltndopaminergic activity in ICD
patients comes from a recent PET study. Patientshald developed pathological
gambling on dopamine agonists were found to hageatgr decreases i€]-raclopride
binding (indicating higher levels of dopamine relelgin the ventral striatum during a
gambling task than control patients, who were t&ng dopamine agonist medication

(Steeves, Miyasaki et al. 2009).

In addition to a possible effect on learning froagative consequences, it is possible that
the enhanced tonic postsynaptic dopamine recepoulation associated with dopamine
agonist use may also affect learning from positivecomes. In fact, one further recently
published study reports that ICD patients on dopamgonists demonstrate faster
learning about gain, or positive outcomes, thancBitrol patients also taking dopamine
agonists (Voon, Pessiglione et al. 2010). Furtheem@dopamine agonists in ICD patients
increased ventral striatal activity to positivegiotion errors, resulting in a persistent
‘better than expected’ outcome. In contrast, dopanaigonists were associated with

slower loss, or negative outcome, learning in tBecBntrol patients.
To summarise, it appears that use of dopamine sigoiy persistently increasing

mesolimbic dopaminergic activity, may be capablerdiancing learning from positive

outcomes whilst also perhaps deleteriously affgd@arning from negative outcomes. In
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susceptible individuals, this may subsequently teatie development of impulse control
problems. On the basis of the results obtainetligwahapter, preserved structural integrity
of the medial SN/VTA, which appears to be a palticteature of akinetic-rigid PD, may

represent one such important susceptibility factor.

Other factors, unrelated to PD and also occurmnpe normal population, may of course
also result in a vulnerability to the developmehingpulse control problems, such as
genetic polymorphisms resulting in different dopaenieceptor profiles. For example, the
TAQ-1A polymorphism modulates D2 receptor densitigh the Al allele being
associated with lower expression of D2 receptaraddition to impulsivity, addiction and
compulsive behaviours (Comings, Rosenthal et &61L9Nevertheless, in the context of
PD, high levels of mesolimbic preservation, esghcwaith concurrent use of dopamine

agonists, may be a critical determinant in the tgreent of ICD.

7.4.2. Summary

The results obtained in this chapter suggest ttestgoved integrity of the mesolimbic
SN/VTA may be a crucial factor in mediating a vubtality to the development of ICD in
PD patients. They also suggest that akinetic-figitients may be more likely than tremor
dominant patients to demonstrate preserved injegfithe medial (or mesolimbic)

SN/VTA.

This finding dovetails with the findings from Chap6 which demonstrated that ICD

patients were more likely to have an akinetic-rigidtor phenotype. Furthermore,
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akinetic-rigid patients were shown to process natietuli more quickly than non-novel
yet salient stimuli, with this increased speedraicessing of novel stimuli correlating

with risk-taking behaviour.

In sum, these results appear to suggest that akimgid patients may be particularly

vulnerable to impulse control problems and that thilnerability may be exacerbated by

the use of dopamine agonists.

366



Chapter 8

8.1. Introduction

The principal aim of this thesis has been to ex@p8mme of the functions attributable to
the right inferior parietal lobe (IPL) of humanshdpter 1 examined two existing theories
of cortical visual processing streanigngerleider and Mishkin 1982; Milner and Goodale
1995) and the corticalontrol of visual attentioiCorbetta and Shulman 2002; Corbetta,
Patel et al. 2008) which, | argue, have failedaptare the full extent of the role played by
the IPL. In particular the earlier models, althodigly addressed the visuospatial
functions of this region, failed to accommodate-spatial aspects (Ungerleider and
Mishkin 1982; Milner and Goodale 1995). The moreerd model advanced by Corbetta
and colleagues (Corbetta and Shulman 2002; Corlétdtel et al. 2008), while attempting
to incorporate some non-spatial functions of tegion, does not really offer a clear role

for important components, such as the ability &tan attention.

In Chapter 1, | reviewed evidence which suggesisttie right IPL plays a crucial role in
broadly different, but complimentary, aspects ¢tér@ion: maintaining attentive control

on current task goaendresponding to salient new information or alertstignuli in the
environment. | argued that findings from functiomahging, neurophysiological and
lesion studies are all consistent with the view thes region is a vital part of a system that

allows the flexible reconfiguration of behavioutWween these two contrasting modes of
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operation, and that noradrenergic input to therily be particularly important in this

regard (Singh-Curry and Husain 2009).

This proposal was tested in earlier chapters gfttiésis by investigating stroke patients
with hemispatial neglect, the syndrome which fredlyeoccurs following damage to the
right IPL (Vallar and Perani 1986; Mort, Malhotraat. 2003). The ability of such
individuals to sustain attention on task goalspoesl to salient stimuli and alerting tones,
as well as orient spatial attention were all asskgs a series of experiments that sought

also to determine lesion locations associated #efitits in these domains.

The processing of salient new, or novel, stimdbahvolves activation of the mesolimbic
dopaminergic system (Bunzeck and Duzel 2006), gateomodulatory network which is
crucial in signalling reward-related informatiorc(filtz, Tremblay et al. 1998).
Parkinson'’s disease (PD), a neurodegenerative womdharacterised by loss of
dopaminergic cells in the midbrain, therefore repris another disorder which may help

reveal how the brain processes stimulus noveltyedsas reward-related information.

In fact, a subgroup of medicated PD patients, gtoatevelop impulse control problems,
which are associated with risk-taking behaviour aodelty-seeking (Wu, Politis et al.
2009). The use of dopamine agonists has been iat@tian the genesis of impulse control
disorders (ICD) (Voon, Potenza et al. 2007). Howgthes does not explain why only
some patients using these drugs encounter suckeprspwhile most others do not. One

possibility is that pathophysiological differende=tween two well characterised
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subgroups of PD — the akinetic-rigid and tremor oh@mt motor phenotypes — might at
least partially explain a difference in suscepitipito these problems. Such
pathophysiological differences may occur within tlopaminergic system itself.

However, patients with PD may additionally demaaigtipathology outside of the
midbrain and basal ganglia, including within thenftal and parietal lobes (Derejko,
Slawek et al. 2006; Beyer, Janvin et al. 2007; Nohbbruzzese et al. 2009), which may
of course, also contribute to behavioural and dognproblems. The purpose of this
thesis was to investigate these proposals by exagipatients with the neglect syndrome,

following right hemisphere stroke, and PD.

8.2. Functions of the IPL and ventral attention nework as revealed by neglect

8.2.1. Sustained attention and salience detection

The aim of Chapter 2 was to probe the functiontefventral attention network — IPL,
temporoparietal junction (TPJ), superior tempoudtiss and ventral frontal regions — by
examining deficits associated with hemispatial aeglthe syndrome that often follows
damage to these areas (Vallar and Perani 1986;itHasd Kennard 1996; Mort, Malhotra
et al. 2003). Using variants of an ‘oddball paradigBarcelo, Suwazono et al. 2000),
neglect patients were shown to have difficulty aumshg attention over time, or a
vigilance decrementven when no spatial shifts of attention wereliregl. In other

words, neglect patients were unable to adequatebeq task-related goals in working

memory over the time-course of the task.
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This deficit in sustained attention was particylavident for stimuli of lower perceptual
salience (Figure 2.2). More importantly, howevhg tleficit in sustaining attention was
found to interact with difficulty detecting salietairgets (Figure 2.2), as well as with the
orientation of spatial attention (Figure 2.9), sesfing that these functions may be

dependent upon an interrelated brain network.

Consistent with this notion, the results of thedesanalysis indicated that the ventral
attention network appears to be crucial in the eigzh of all of these processes (Figure
2.14). However, the findings suggested that theag be differences in the contributions
of two critical nodes — frontal and parietal — lostnetwork. The right inferior frontal
gyrus (IFG) appears to play the key role in thditgtib sustain attention (figure 2.4A),
consistent with classical findings (Wilkins, Shedliet al. 1987; Rueckert and Grafman
1996), but a feature which is of little prominemeehe formulation of Corbetta and

colleagues (Corbetta and Shulman 2002; Corbettal €aal. 2008).

By contrast, although the right IPL plays a roleha direction of spatial attention (Figure
2.12A) and encoding stimulus salience (Figure 2 &83uggested by Corbetta and
colleagues, it also contributes to sustaining &tiarover time (Figure 2.5A), especially

for left-sided events (Figure 2.12B).

These differences suggest a division of functiamvben the frontal and posterior nodes of

the ventral attention network which has not presigieen established. Moreover, the

results suggest that the right IPL may not simglyeha role in reorienting attention or

370



detecting salient events, as is the central teintsteoCorbetta model (Corbetta and
Shulman 2002; Corbetta, Patel et al. 2008), bt ialsustaining attention. Furthermore,
neglect patients demonstrated a deficit in sali@emmding that interacts with the ability
to maintain vigilant attention. These findings aomsistent with the hypothesis that the
right IPL plays an important role in allowing tHexXible adaptation of behaviour,
permitting a modulation between a task-engaged,statvhich attention is sustained on
task goals, and an exploratory mode that facikt#te identification of novel, salient

events of potential behavioural significance (Sk@hrry and Husain 2009).

8.2.2. Phasic alerting

The aim of Chapter 3 was to investigate the etbégthasic alerting tones on the ability of
neglect patients to sustain attention and encantellsts salience, and also to examine
how this may interact with the more characterid@écit in the spatial reorientation of
attention. As previous investigators have foundb@ttson, Mattingley et al. 1998), the
results demonstrated that non-informative alertorges enhanced detection of left-sided
targets. However, alerting tones also ameliordteddeficits in sustained attention and the
detection of low salience stimuli throughout spaus,just those occurring on the left

(Figures 3.3 and 3.7).

How might this improvement of non-spatial defi@tscur? | have argued that phasic
alerting can be considered to represent a catefa@tymulus salience, having much in
common with stimulusiovelty(Singh-Curry and Husain 2009). Salience refers to

properties of a stimulus which make it stand oobfithe environment, due either to goal-
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relevance or task-irrelevant perceptual charatiesidPhasic alerting refers to a readiness
to detect and respond to events of behaviouralfgignce and can occur in a different

stimulus modality to the target (as was the casle thie auditory tones used in Chapter 3).

Alerting stimuli can be informative, predictingsome way the occurrence of a target
event, or non-informative, when they can be consui¢o have most in common with
novel eventsThose used in this thesis were non-informatieédp equally likely to occur
with a target as a non-target stimulus. Like natiehuli, phasic alerting eventsvoke a
parietal P3 potential: the P3a. This ERP occughsi earlier than the P3b potential
(evoked by task-relevant salient targets) and doésave to be accompanied by a motor

response (Courchesne, Hillyard et al. 1975; Squ8qsires et al. 1975).

When paired with a target stimulus, however, fiassible that a P3a ERP immediately
preceding a P3b target-evoked potential can patientine P3b, making initiation of a
motor response more likely. Indeed, it has beemasltbat when novel stimuli are
unpredictably associated with a target, the angiditof both the P3a and subsequent
target-related P3b increase (Suwazono, Machado 20@0). Alerting stimuli too, have
been shown to enhance P3b amplitude (Miniussi, Wdlét al. 1999; Griffin, Miniussi et

al. 2002).

One way in which the findings regarding phasictalgrstimuli obtained in this thesis

could be extended would be to record ERPs duriagasks. On the basis of the evidence

discussed above, | would expect that P3b potentatsrget stimuli, particularly those of
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lower perceptual salience, would be of greater @oge when paired with an alerting

tone.

The findings obtained in this thesis, together wither evidence from the literature,
suggest that the parietal cortex might be cruaiahéediating the alerting effect. In fact, the
neglect patients tested here demonstrated a theigenteraction that approached
significance, between stimulus position, salienog presence of alerting tones,
suggesting that all of these processes may bedbgthe same or closely linked neural
systems. As discussed in the previous sectiorlPthevas significantly associated with
deficits in salience encoding, orienting attentiomeft-sided stimuli and sustaining
attention to left-sided, as well as central eve@isen that these processes interact with
the alerting effect, the IPL would therefore seeltkely candidate for its mediation. In
fact, functional imaging studies in healthy papamnts have also suggested that the right

IPL is indeed involved in this process (Fan, McQerscet al. 2005; Thiel and Fink 2007).

Together, these findings suggest that the functdiise IPL cannot be classified as
purely stimulus-driven (Corbetta and Shulman 2@@&betta, Patel et al. 2008). Indeed,
even processes such as salience detection and plhersing cannot truly be considered as
only ‘bottom-up’, as they also involve componentsiah can be thought of as more ‘top-
down’ in nature. As previously argued, the right iFan be considered to play a crucial
role in the flexibly reconfigurating behaviour, petting adaptation between opposing

functional states: a task-engaged, ‘exploitativates in which attention is effectively
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focused on task demandsida more ‘exploratory’ state, which enables potdigtia

important novel or salient environment events tadeatified.

8.2.3. Novelty processing

One of the principal findings of Chapter 5 was theglect patients, in addition to
demonstrating impairment in tlaecuratedetection of non-novederceptually salient
stimuli, are also at least equally deficient atdloeurate detection obvelstimuli
(Figures 5.2 and 5.3). Importantly, neglect pasemere found to be significantbjower
at the detection of novel compared to non-novetgmually salient stimuli (Figure 5.5).
Furthermore, impairment in the accuracy of detectibnovel stimuli (Figure 5.4), as well
as the slower detection of novel compared to norehperceptually salient stimuli
(Figure 5.6), was associated with damage withieraral network of brain regions,
including the IPL, but particularly the IFG. Thegadings therefore also support the
proposed role of the right IPL and ventral attemtn@twork in the processing of novel
events, in addition to non-novel salience detecaiod the ability to effectively sustain

attention.

Again, a role of the ventral attention networkhe tetection of novel stimuli is not a
feature incorporated within the model of Corbetid aolleagues (Corbetta and Shulman
2002; Corbetta, Patel et al. 2008). In fact, inrtheost recent formulation (Corbetta, Patel
et al. 2008), they appear to suggest that thisorétig important only in responding to
salient task-relevant events and not novel or taskevant items. The novel stimuli used

in the experiments of this thesis were, of couigsk-relevant. However, the fact that

374



reaction times to novel stimuli were significarglpwerthan those to non-novel
perceptually salient stimuli in neglect patientshwight-sided ventral network damage —
in the context of otherwise identical experimenéauirements — suggests that stimulus

novelty itself is important.

| therefore conclude that the results of this patéir experiment also add support to the
proposal that the right IPL and ventral attentietwork play a crucial role in the
reconfiguration of behaviour which allows flexitlddaptation between task-engaged and

exploratory modes of attentional functioning (Si¥@trry and Husain 2009).

8.2.4. The role of noradrenaline and the locus cakrus

It has been proposed that noradrenergic inpute@émietal cortex from the locus
coeruleus (LC) may be important in the flexibleamftguration of behaviour between
these two opposing functional states (Aston-JondsCohen 2005; Singh-Curry and
Husain 2009). Converging evidence suggests thgidhetal P3 potential may reflect
phasic activity of the LC noradrenergic system (Mienhuis, Aston-Jones et al. 2005).
By inference, therefore, effective phasic LC buwstsa background of moderate tonic
levels should be correlated with the P3b ERP ipaase to salient task-relevant events

(Aston-Jones, Rajkowski et al. 1994; Dayan and S06G).

| have argued, therefore, thatasicbursts of LC noradrenergic activity, on a backgbun

of moderatdonic activity, may induce, via parietal regions, a tasigaged state,

enhancing sustained attention to task demandsaailddting detection of task-relevant
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events (Singh-Curry and Husain 2009). It can tloeeséllso be envisaged that alerting
stimuli — accompanied by their own parid®fla potentialind capable of enhancing the
amplitude of target-related P3b potentials (Miniuggélding et al. 1999; Griffin, Miniussi
et al. 2002) — mediate their beneficial effect @glect by effectively boosting

noradrenergic input to the parietal cortex.

If this hypothesis is correct, one would expect tiadrenergic agonists may also
ameliorate the spatial and non-spatial deficit®eiased with neglect. A small proof-of-
principle trial previously demonstrated that negleatients may benefit fromsangle
dose of the noradrenergic agonist guanfacine rmg®f visuospatial exploration, but

perhaps also their ability to sustain attention lfM&a, Parton et al. 2006).

In Chapter 4, | described the case of a patiert pétrsistent neglect and severe difficulty
sustaining attention, secondary to bilateral thaddesions caused by acute disseminated
encephalomyelitis (ADEM), which improved followinige introduction of a regular dose
of guanfacine. Although continuous use of guanfatias been shown to be efficacious in
the treatment of inattentiveness in children anolestents with attention
deficit/hyperactivity disorder (Biederman, Melmedaé 2008), this case represents a first
demonstration of persistenamelioration of the spatial deficit in neglect i

noradrenergic agonist.

| speculate that guanfacine produced this amei@mrdty boosting noradrenergic activity

in regions such as the IPL and, in the case ofptiient with bilateral thalamic lesions, by
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increasing the excitatory input in response to @gnstimulation that may normally be
potentiated by thalamic input (Watson, Valensteiale1981). Furthermore, based on the
interaction between deficits in sustained attendéiod the spatial orientation of attention
demonstrated in Chapter 2, it is possible thatraeliaration of the deficit in sustained

attention may also act to improve the exploratibspace in neglect.

One way in which to attempt to gain support fos thypothesis would be to compare
neurophysiological or functional imaging parametirgng sustained attention tasks in
such patients, comparing them on and off guanfatiweuld expect that improved
performance on guanfacine would be paralleled bgrdrancement of parietal P3b

potentials and increased activation of parietalecor

8.3. The dopaminergic contribution to novelty procesing and risk-taking behaviour

as revealed by Parkinson’s disease

One of the principal findings of Chapter 6 was tivaaddition to differences in motor
phenotype, akinetic-rigid PD patients dissociatenftremor dominant patients in terms of
their ability to process stimulus novelty. Akinetigid patients were significantly quicker
to process novel stimuli than they were non-noeeteptually salient stimuli (see Figure
6.4), while tremor dominant PD patients and heatibiytrols responded to both types of
stimulus equally quickly. Importantly, increaseskrtaking behaviour, as measured by
performance on the lowa Gambling Task (IGT), cated with quicker reaction times to

novelty (as compared to non-novel perceptuallyesakstimuli) in the akinetic-rigid
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patients only (see Figure 6.8). Crucially, neitfasster responses to novelty, nor increased
willingness to make risky decisions correlated wviittal dose of dopaminergic

replacement therapy.

ICD patients too, were found to have quicker rearctimes to novel compared to non-
novel perceptually salient stimuli (Figure 6.4) vesl as demonstrating a trend to sample
the risky decks on the IGT more often as time entéisk progressed (Figure 6.7B). There
were not, however, any significant correlationsassn these measures and either total

dose of dopaminergic medication or dose of dopamguist.

Interestingly, only 14% of the ICD patients testaste tremor dominant, with the
remainder classified as either akinetic-rigid okea motor phenotype. This observation,
together with the fact that akinetic-rigid patieafgpear to process novelty quicker than
non-novel perceptual salience, a finding which elated with risk-taking on the IGT,
suggests that the akinetic-rigid sub-group may beersusceptible to ICD. The fact that
neither novelty processing nor risk-taking behavioarrelated with dose of dopaminergic
therapy suggests thatotor phenotype and the underlying neurobiology — may be more
important in generating a vulnerability to ICD thdopaminergic medication, contrary to

previous reports (Weintraub, Siderowf et al. 2006pn, Potenza et al. 2007).

It is important to note that all of the patientstésl here were taking their usual

dopaminergic medications. Despite the lack of dati@n between the behavioural

parameters obtained and dose of dopaminergic mexic# would be important in the
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future to demonstrate similar dissociations betwed@netic-rigid and tremor dominant
patients off their medications. Of course, it méspde that an interaction between
dopaminergic medication and neuropathological tkfiees between akinetic-rigid and

tremor dominant groups defines vulnerability to @leping ICD.

8.3.1. Akinetic-rigid and tremor dominant subtypes PD

Evidence is accumulating for pathological (Paulog dellinger 1991) and
neuropharmacological (Rajput, Sitte et al. 2008gdences between akinetic-rigid and
tremor dominant PD patients. Moreover, while theesiky of bradykinesia and rigidity

has been found to correlate with the reductionopasininergic ligand binding in the
caudate and putamen in PD patientssuch relationship has been found with the severity
of tremor(Eidelberg, Moeller et al. 1990; Antonini, Vontolee al. 1995; Otsuka, Ichiya

et al. 1996; Tissingh, Bergmans et al. 1998). Tloeee whilst functional degeneration of
the nigrostriatal system seems to correlate wighsttverity of bradykinesia and rigidity in
PD, the severity of tremor may relate to differer@chanisms, perhaps involving

thalamocortical circuits (Antonini, Moeller et 41998).

Local field potentials (LFPs) from the subthalamggion of patients with PD have
demonstrated an exaggerated oscillatory synchrommsaf neuronal activity mainly in the
beta band (15-35 Hz) (Brown and Williams 2005; Haondh Bergman et al. 2007). Such
excessive synchronisation may contribute to sombeomotor symptoms of PD (Brown
2003; Brown 2007). Dopaminergic medication can cedihe LFP power recorded from

the STN over the 8-35 Hz frequency range, anddffiest correlates with improvement in
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akinesia and rigidity, butot with tremor(Kuhn, Kupsch et al. 2006; Kuhn, Tsui et al.

2009).

Together, these findings from pathological, imagang neurophysiological studies
support the distinction between the akinetic-rigial tremor dominant subgroups of PD
They may also underlie the dissociation | foundardmg novelty processing and risk-
taking behaviour between these two motor phenotypgarticularly attractive theory
regarding vulnerability to ICD — which | have foutalbe associated with speedier
novelty processing and increased willingness te tadks — is the mesolimbic overdose
hypothesis (Dagher and Robbins 2009), a staterthgtbe more likely to occur in
akinetic-rigid PD secondary to some of the pathgpiiggical differences described

above.

8.3.2. The mesolimbic overdose hypothesis

Theventral striatunreceives input from limbic areas, such as theditpmpus, amygdala
and orbitofrontal cortex, and has been implicatedrug addiction (Robbins and Everitt
1999). It is possible that excessive limbic dopasrgic stimulation is involved in the
development of ICD. If this is the case, PD pasesith relative preservation of ventral
striatal dopamine projections may be at increastdof developing such problems

(Dagher and Robbins 2009).

In fact, dopamine neurons projecting to the vergtiaatum are less severely affected by

the disease process in PD (Kish, Shannak et a8;X88to, Hirano et al. 1989). This
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raises the possibility that pharmacological resioneof dopamine transmission in the
dorsal (motor) striatum may lead to overdosing of Yeatral striatum, leading to adverse
effects (Swainson, Rogers et al. 2000). This véotrardose hypothesis is further
supported by neuroimaging studies, which showttiehormal signal that arises from the
ventral striatum when subjects must reverse a pusly learned response is abolished in
PD patients treated with levodopa, in parallel viftipaired task performance (Cools,

Lewis et al. 2007).

Another factor which may contribute to mesolimbierlosing is sensitisation: an
increased effect of stimulant drugs with repeatddiaistration (Paulson and Robinson
1995). In PD patients with and without compulsivedacation use, levodopa caused
dopamine release in the dorsal striatum in equalsore in both groups. However, only
the compulsive drug users demonstrated signifidapamine release in the ventral
striatum, indicating sensitisation (Evans, Pavese#. 006). These findings suggest that
PD patients with ICD may have an overactive medulinsystem (Dagher and Robbins
2009). On the basis of the findings from Chaptef this thesis, so too might akinetic-
rigid patients without ICD, although probably téeaser extent. The results obtained in

Chapter 7 add further support to this proposal.

8.3.3. Correlations between the structural integrivf the mesolimbic system and novelty
seeking and risk-taking in PD
The most striking finding from Chapter 7 was thathie ICD patients there was a

significant correlation between risk-taking behawvi¢as measured by the IGT) and
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preserved structural integrity of the medial SN/V{as assessed by magnetisation
transfer), the region of the SN/VTA likely to comtahe highest density of mesolimbic
dopaminergic neurons (Figure 7.6). Importantlys #ésociation remained significant
when controlling for dose of dopaminergic medicatamd duration of disease, factors
which have previously been linked to the developneéhCD in PD (Voon, Hassan et al.
2006; Weintraub, Siderowf et al. 2006; Voon, Poteetzal. 2007). There was also a trend
for ICD patients to have higher levels of structimgegrity in the medial SN/VTA

compared to tremor dominant patients without ICIyFe 7.7D).

Although the PD patients without ICD did not dentoait® this association between risk-
taking behaviour and structural integrity of thedia¢ SN/VTA, they did show significant
correlations between higher scores of novelty-sgpl@as measured by the TPQ) and
preservation of structural integrity in the SN/VBAd the ventral striatum (Figure 7.5).
Again, these correlations remained significant wbemtrolling for dose of dopaminergic
medication and duration of disease. Furthermoe¥ettvas a trend for integrity of the
medial SN/VTA to correlate with subtype ratio iretRD patients without ICD, with
akinetic-rigid patients demonstrating higher levastructural integrity here. Increased
novelty-seeking and speedier processing of nowaliit as they were found to correlate
with risk-taking behaviour in some patients with PBChapter 6, may therefore represent
a precursor to the development of risky behaviowr explain why there was no
association between risk-taking and mesolimbiogntyg identified in the PD patients

without ICD.
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These results therefore add support to the proplabpreservation of the mesolimbic
dopaminergic system may be crucial in generatingl@erability to the development of
ICD. Furthermore, akinetic-rigid patients, on ttasis of their behaviour, as well as their
tendency towards increased preservation of theah8#/VTA, may be more susceptible

to these problems.

To investigate this proposal further it would befu$to examine dopamine release in the
ventral striatum using PET during gambling and igverocessing tasks. It has, in fact,
recently been shown that PD patients with pathcldgzambling demonstrate reduced
[**C] raclopride binding, and therefore greater dopemelease, in the ventral striatum
during a gambling task compared to control PD p&di€Steeves, Miyasaki et al. 2009).
However, | would also speculate that akinetic-rigadients without ICD may also
demonstrate higher ventral striatal dopamine rel@asomparison to tremor dominant

patients.

8.4. Novelty, reward and attention

The results of the early chapters of this thesiguld argue, add support to the proposal

advanced in Chapter 1: that the IPL plays a key irothe allowing the flexible adaptation

of behaviour between a task-engaged state — witergian is focused on task demands —
and a more labile, exploratory state in which npsalient events of potential behavioural

significance capture attention (Singh-Curry and &#u2009). Phasic and tonic

noradrenergic input from the LC to the IPL (partié ‘ventral attention network’) is
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thought to be crucial in this process of reconfagiam (Aston-Jones and Cohen 2005;

Singh-Curry and Husain 2009).

The detection of stimulus novelty is a complex pss; requiring the individual to keep
track of and compare stimuli with earlier eventspider to correctly judge a novel
stimulus as new. Novelty processing has also besocated with activity in the

SN/VTA, as well as the hippocampus and ventrahtm (Bunzeck and Duzel 2006),
which together form a mesolimbic loop. With inprdrh prefrontal areas, this loop is
considered to be instrumental in controlling emfynformation into long-term memory
(Lisman and Grace 2005). Data presented in the da@pters of this thesis, which suggest
that novelty processing may be enhanced by relatregeactivity of the mesolimbic
dopaminergic system, would be consistent with suglew. Novelty processing therefore
seems to involve the synthesis of information fithie mesolimbic dopaminergic system

as well as from the LC and ventral attention nekwor

There are prominent cortical connections to thefloé medial frontal and orbitofrontal
cortex (Rajkowski, Lu et al. 2000; Aston-Jones Kaajski et al. 2002), which may play a
key role in modulating its responses. These framtgions might provide a site for the
integration of sensory information with input frahre mesolimbic system (Carmichael
and Price 1995; Devinsky, Morrell et al. 1995; Cimhmel and Price 1996; Morecraft and
Van Hoesen 1998; Ongur and Price 2000), placingytvéhin a network that is
modulated by dopamine and capable of encodingetivand associations of sensory

stimuli. In fact, it has been demonstrated thataimgplitude of LC phasic responses to
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targets is altered by the motivational significanc@associated reward of the stimulus

(Aston-Jones, Rajkowski et al. 1994; Rajkowski, dzgnski et al. 2004).

Frontal afferents to the LC may therefore be capabkignaling thenotivational salience
of environmental events and act to bias the noremgéc innervation to parietal cortex
accordingly. The PPC of course also receives its connections from frontal regions
(Selemon and Goldman-Rakic 1988; Schmahmann, Patdta2007), enabling a direct
frontal modulation of parietal activity. Furthernaothere is also evidence for a more
direct dopaminergic input to PPC, with the pariédlke appearing to receive input (via the
thalamus) from the SN/VTA (Yeterian and Pandya 198i@ldleton and Strick 2000;

Middleton and Strick 2000; Clower, Dum et al. 2005)

Indeed, it has been shown that expectations aheuwddlivery of a reward activate the
parietal cortex in monkeys, with neuronal modulagibere interpreted as being associated
with reward contingencies and expectations reggrttia amount of reward to be received
(Platt and Glimcher 1999; Coe, Tomihara et al. 2@¥hdiksby and Platt 2003;

Newsome 2003; Sugrue, Corrado et al. 2004). Althaumay be difficult to separate out
parietal responses associated with reward and tssseiated with attentional processes,

more recent studies have attempted to do just this.

For example one investigation employing a rewasetadic-cueing task in monkeys,

found that while the activity of parietal neuronasamodulated by reward size, neuronal

responses were also correlated with reaction timdeppendently of reward magnitude
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(Bendiksby and Platt 2006). The authors arguetthsiindicates that parietal cortex is a
crucial area for integrating reward-related infotima with attention and saccade
planning, but that information regarding reward estption and attentional processes may

be separate.

Some human studies have also attempted to assessrtbined effects of attention and
motivation on the performance of visual tasks ($n@itelman et al. 2005; Engelmann
and Pessoa 2007; Engelmann, Damaraju et al. 2D0@9rtantly, rewards or incentives
have been shown to interact with attentional preegswith the impact of incentive being
greater on invalidly cued trials — that necessitatgienting — compared to validly cued
trials. Furthermore, this effect of motivation aorienting led to an increase in target-

evoked signals in the TPJ (Engelmann, Damaraju 2089).

Parietal lobe function therefore also appearsftaence reward-related and risk-taking
behaviour, in addition to the processing of noviehsli. Indeed, the right IPL has been
shown to be significantly activated during the ame phase of the lowa Gambling Task
in normal subjects (Lin, Chiu et al. 2008). To best of my knowledge, there has only
been one study which has examined the effectsra@tphlesions on reward-related
decision-making (Gomez-Beldarrain, Harries et @04). This investigation suggested
that while parietal patients were good at assedssigrelated information, they were poor

at using this information to inform their judgemgnt
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| therefore further speculate that the parietatlotay be an important area of
convergence for attentional and reward relatedim&ion and that, together with
modulation from the noradrenergic and dopaminesggtems, it plays a key role in the
flexible adaptation of behaviour in changing enmitental circumstances (Figure 8.1).
Indeed, this idea is supported by evidence dematimsgrthat the IPL is at the heart of a
‘structural core’ of the human cerebral cortexpase of the most densely interconnected

cortical regions (Hagmann, Cammoun et al. 2008).

An important avenue for further investigation astproposal would be the use of reward
related paradigms in neglect patients in whom dansgentred on the IPL. It would be
important to investigate whether reward can moeulattention, both spatial and non-
spatial, in such individuals. Moreover, future séisdmight also explore the effects of
dopaminergic drug modulation of inattention, withmathout reward modulation, in

neglect patients.
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Medial frontal cortex

Sensory cortex

Ventral striatum

Figure 8.1. Convergence of attention and reward raked input on to the IPL.
Although simplified, this diagram aims to demontrhe convergence of input from a
variety of structures on to the IPL. In combinatieith modulation by both the
noradrenergic and dopaminergic systems, the IRleally placed to allow the flexible

adaptation of behaviour according to environmetitaumstances.
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With respect to Parkinson’s disease, the findimgsgnted here suggest it would be
important to pursue further whether motor phenofgkénetic- rigid versus tremor
dominant) is associated with risk for developingl@n dopaminergic medication.
Ideally, a longitudinal rather than cross-sectistatly would need to be performed, but
this would require a large number of patients, sioely a relatively small percentage of
PD patients develop ICD. The neurobiology of arffedéntial effects in akinetic-rigid
and tremor dominant patients can be investigetetl/o with existing ligand-based PET

methodology (Steeves, Miyasaki et al. 2009).

The findings discussed in this thesis, linking 8i/VTA system and IPL to novelty
processing, also suggest that it might be usefuiviestigate cortical function in PD
patients, particularly with respect to visual atiiem. In fact, existing studies have
demonstrated significant abnormalities in sevespkats of attention, even in non-
demented PD patients and perhaps independent of pla¢notype (Taylor, Rowan et al.
2008), with some of these deficits being linke@hanges within the parietal lobe
(Matsui, Udaka et al. 2006; Matsui, Nishinaka e2807). But, to the best of my
knowledge, there has been no systematic investigafimodulation of attention by
behavioural manipulations of reward or noveltybgipharmacological interventions with

dopaminergic or noradrenergic drugs in such indiaig.

The perspectives presented in this thesis haveptéel to bring together some disparate

elements of research on the contributions of caliticC and mesolimbic systems to

novelty processing, reward modulation and attenfldre findings suggest such a wide-
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ranging view might be useful in considering notyothle inter-connected functions of
these regions, but also their modulation in twoongnt neurological conditions: stroke

and PD.
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