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Abstract 

 

Visuospatial neglect, most commonly associated with injury to the right cerebral 

hemisphere, is primarily a disorder of attention. Whilst at its core there undisputedly lies 

a spatially-lateralised bias, there is now wide acceptance that it also comprises non-

spatial components, including deficits of selective and sustained attention. Furthermore, 

following reports of reward-related improvement in neglect, there is increasing evidence 

that motivational factors may be involved, which may be amenable to dopaminergic 

modulation. The experiments described here aim to examine the interaction between 

reward and the non-spatial components of the neglect syndrome, and to determine what 

influences dopamine has on the disorder and on the reward-attention interaction in 

neglect. 

 

The effect of anticipated monetary reward on the attentional blink (AB), an index of 

temporal selective visual attention, was assessed using a rapid serial visual presentation 

task. Whilst reward abolished the AB effect in healthy controls, it improved overall 

performance of stroke patients, which was more evident in patients whose neglect had 

recovered. Reward modulation of sustained attention, probed using a continuous 

performance task, was also apparent. The effects were much clearer in the control group 

compared to stroke patients, and the majority of stroke patients did not exhibit a reward-

attention response. 

 

Finally, I investigated how dopaminergic stimulation affects reward and attention in 

neglect. Compared to placebo, a single dose of levodopa improved cancellation and 

working memory, and reward was again shown to modulate neglect. Levodopa appeared 

to induce a reward-attention interaction in those patients where this was previously 

absent, but conferred no advantage in those with a pre-existing motivational response.  

 

These results confirm that attentional deficits in the neglect syndrome are amenable to 

motivational and dopaminergic modulation. Furthermore, they shed light on the 

dynamics between reward-attention interactions and dopamine, increasing the 

understanding of how these might be harnessed for effective neglect rehabilitation. 
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1 General Introduction 

 

1.1 Visuospatial Neglect 

The syndrome of visuospatial neglect has been described for over a century, including 

Hughlings Jackson’s (1876) account of a female with a right occipito-temporo-parietal 

glioma causing “left hemiplegia and imperception,” who, 

“When told to read Snellen’s test types, she did not know how to set about it, 
began at the right lower corner and tried to read backwards…” 

 

and Gordon Holmes’ (1918) study of “disturbances of visual orientation” in soldiers who 

sustained shrapnel injuries to the brain in the trenches of the Western Front during World 

War I. He wrote of one patient: 

“He rarely made even approximately correct attempts at dividing a line…On one 
occasion, when he was given a piece of bread and a knife, and asked to divide 
the bread equally between two men, he cut it into two pieces one of which was 
about six times as large as the other…” 

 

and of another: 

“In reading…often failed to bring his central vision promptly to the left of the 
succeeding line…” 

 

However, it was Brain (1941) who explicitly stated: 

“Patients with a massive lesion of the right parieto-occipital region exhibit a 
tendency to neglect the left half of external space and in consequence when 
following a familiar route to turn to the right instead of to the left in 
error…comparable with the amnesia for the left half of the body, which may also 
follow a lesion of the right parietal lobe.” 

 

and acknowledged that such a disorder was not the result of a “mere inability to see 

normally”, consequently paving the way for the modern study of unilateral visual neglect. 

Not only is it of considerable interest to neuroscientists, as it has informed our 

understanding of spatial cognition and attention processing, but it is also important to 

clinicians because its presence has a significant negative impact on daily activities and 
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is associated with poor functional recovery after stroke (Jehkonen et al., 2000a, Ugur et 

al., 2000, Di Monaco et al., 2011). Its recognition and treatment are, therefore, crucial. 

 

1.1.1 The ‘Classical’ Presentation of Neglect 

The syndrome of unilateral visuospatial neglect is a common consequence of unilateral 

brain injury. Although it may be observed in a number of pathological conditions, it is 

most often associated with those of vascular origin, being more severe and persistent 

following right hemisphere stroke, with reported frequencies of up to 82% in the acute 

phase (Stone et al., 1993). Patients with the syndrome characteristically fail to orientate 

to, report, or respond to stimuli located on the contralesional side, with this behaviour not 

being attributable to primary sensory or motor defects (Heilman and Valenstein, 2012).  

 

In severe cases, for example following an extensive right middle cerebral artery territory 

infarct, patients turn their head and direct their gaze to the extreme right, never looking 

to the left. When presented with a plate of food, they eat only that which is on the right, 

and when reading, omit words on the left side of the page. Some patients may 

demonstrate personal neglect, which has been defined as a lack of exploration of the 

side of the body contralateral to the damaged hemisphere (Beschin and Robertson, 

1997), and can manifest as a failure to shave or to apply make-up to half of their face, or 

to comb half of their head. The majority of patients, however, present more subtly, and 

neglect may be evident only on standard neuropsychological tests, the most commonly 

employed of which are cancellation tasks that require subjects to find targets presented 

on a centrally aligned sheet of paper. Patients typically fail to cancel targets on the left, 

and some are observed to revisit previously found targets on the right side (Mannan et 

al., 2005, Parton et al., 2006). Line bisection, where patients are required to estimate the 

midpoint of horizontal lines, is also widely used. Typically, centre estimates by patients 
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with left-sided neglect show a rightward deviation of true centre (Schenkenberg et al., 

1980). This is better demonstrated with the use of longer lines (Azouvi et al., 2002), and 

endorses the view that the lateralised bias in spatial attention in neglect follows a left-to-

right gradient (Behrmann et al., 1997, Pouget and Driver, 2000), where sensitivity and 

responsiveness to behaviourally relevant stimuli deteriorates with movement from 

ipsilesional to contralesional locations. 

 

Studies have reported that neglect may occur in different spatial frames of reference. As 

already encountered, it may affect personal as well as extrapersonal space. The latter  

may affect near space (peripersonal neglect) (Halligan and Marshall, 1991) as well as 

the far space that is beyond reach (Vuilleumier et al., 1998), and some authors argue 

that this may also be classified as egocentric or allocentric depending on which spatial 

coordinate system is operational. The egocentric frame of reference is dependent on the 

position of the viewer, the spatial locations of stimuli being described with respect to the 

midline of the head or trunk (Bisiach et al., 1985). In contrast, observer position is 

irrelevant to the allocentric system, which is typically defined with reference to the 

canonical axis of an object (object-centred neglect), or described in stimulus-centred 

coordinates (Behrmann and Moscovitch, 1994). Stimulus-centred neglect is evident in 

patients who make errors on the contralesional side of a stimulus irrespective of its 

canonical axis, the referential axis being that of the direction of gravity (Ota et al., 2001). 

 

It has been argued that pen-and-paper tests are representative only of visual or 

visuomotor performance in near peripersonal space (Halligan and Marshall, 1991, 

Azouvi et al., 2006). Neglect in far extrapersonal space can be determined by asking 

patients to point and to name objects around the room (Stone et al., 1991). Those with 

neglect fail to report objects on the left. 
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This description of the classical presentations of neglect illustrates the multifaceted 

features of the disorder and its heterogeneity (Stone et al., 1998). Moreover, although 

the main manifestations of the syndrome are unified by the presence of a spatially-

lateralised bias, they may occur independently of one another. For example, patients 

may show a dissociation between personal and extrapersonal neglect (Bisiach et al., 

1986a, Guariglia and Antonucci, 1992), between near and far extrapersonal neglect 

(Halligan and Marshall, 1991), and between egocentric and allocentric neglect (Ota et 

al., 2001, Marsh and Hillis, 2008). Such a wealth of dissociations indicates the diversity 

of the disorder and is likely to reflect the involvement of multiple cognitive systems that 

when selectively damaged, result in selective patterns of impairment. 

 

1.1.2 Neuroanatomy of Neglect 

Over several decades, there have been numerous attempts to define the lesional basis 

of the neglect syndrome. The anatomical correlates, however, remain controversial, with 

many different lesion sites having been reported. Reasons for such variation may, in 

part, relate to methodological diversity, differences in the clinical definition of neglect, 

and whether or not chronicity of symptoms and characterisation of its subtypes were 

accounted for.  

 

Traditionally, spatial functions have been associated with the right parietal lobe, and early 

anatomical studies have consistently implicated the right inferior parietal lobule (IPL) as 

having a particularly relevant role in the manifestation of left-sided neglect symptoms 

(Vallar and Perani, 1986, Leibovitch et al., 1998, Mort et al., 2003). However, the findings 

of Karnath et al. (2001, 2004) suggested that the critical site is the superior temporal 

gyrus (STG). Such contradictory evidence cannot wholly be explained by methodological 

diversity given that similar techniques were used, but may, in part, be accounted for by 
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their failure to differentiate patients by neglect subtype. Support for this is provided by a 

number of studies. Comparing the neural bases of the personal versus extrapersonal 

components of neglect, Committeri et al. (2007) found that awareness of extrapersonal 

space appears to be dependent upon the integrity of right frontal and superior temporal 

regions, whereas that of personal space seems to be reliant upon intact right inferior 

parietal regions. Hillis and colleagues (2005) performed a perfusion imaging study on 

neglect patients, and although none had cortical lesions, those with egocentric neglect 

had associated hypoperfusion of the right angular gyrus, whereas allocentric neglect was 

most strongly associated with hypoperfusion of the right STG. Similar studies, however, 

have not produced concordant results. Chechlacz et al. (2010) concluded that lesions to 

posterior cortical regions within the right hemisphere (posterior superior temporal sulcus, 

angular, middle temporal and middle occipital gyri) resulted in left allocentric neglect, and 

more anterior cortical damage (middle frontal, postcentral, supramarginal and superior 

temporal gyri) was associated with egocentric neglect. In their voxel-based lesion-

symptom mapping analysis, Verdon et al. (2010) found that the neural correlate for 

allocentric neglect involved deep temporal lobe regions, but that for egocentric neglect, 

for its perceptive/visuospatial component, involved right IPL, and for its 

exploratory/visuomotor component, right inferior frontal gyrus and dorsolateral prefrontal 

cortex (DLPFC). Furthermore, recent studies suggest that there are separate anatomical 

underpinnings for neglect in acute and chronic phases (Golay et al., 2008, Karnath et al., 

2011, Saj et al., 2012). 

 

It is not only cortical lesions that may result in neglect. Subcortical damage to the 

thalamus and basal ganglia (Watson et al., 1981, Karnath et al., 2002) has been 

documented in cases, although, as described above, Hillis et al. (2005) observed that 

allocentric and egocentric neglect in patients with subcortical lesions was the result of 

associated cortical hypoperfusion of non-infarcted regions rather than the subcortical 
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infarct itself. Furthermore, involvement of white matter tracts connecting frontal and 

parietal regions has also been described (Karnath et al., 2011, Thiebaut de Schotten et 

al., 2014), suggesting that perhaps it is the disconnection between cortical and/or 

subcortical areas that might be responsible for the syndrome (Gaffan and Hornak, 1997, 

Bartolomeo et al., 2007, Ciaraffa et al., 2013). Specifically, neglect has been associated 

with damage to superior longitudinal fasciculus (SLF) (Shinoura et al., 2009, Chechlacz 

et al., 2010, Thiebaut de Schotten et al., 2014), inferior longitudinal fasciculus (Bird et 

al., 2006, Chechlacz et al., 2010) and inferior fronto-occipital fasciculus (Urbanski et al., 

2008, Chechlacz et al., 2010, Urbanski et al., 2011).  

 

However, Corbetta and Shulman argue that neglect, rather than arising from structural 

damage to discrete brain regions, is better explained by dysfunction of two interacting 

fronto-parietal attentional networks (Corbetta and Shulman, 2002, 2011) involving the 

aforementioned brain structures, the dorsal attention network (DAN) and the ventral 

attention network (VAN). The DAN, organised bilaterally and whose critical nodes 

comprise the intraparietal sulcus/superior parietal lobule (IPS/SPL) and the frontal eye 

fields/DLPFC, is thought to generate top-down, goal-directed signals and control 

orienting of spatial attention. The VAN on the other hand, is asymmetric, being strongly 

lateralised to the right hemisphere, and is centred about the temporo-parietal junction 

and ventral frontal cortex. It is considered necessary for stimulus-driven detection and 

reorienting of attention towards unexpected but behaviourally relevant events, and to be 

more involved in non-lateralised attentional functions. The DAN is connected by the 

dorsal SLF I, whereas the VAN is connected by the ventral SLF III. Middle SLF II 

interconnects the parietal component of the VAN with the prefrontal component of the 

DAN, thus providing a direct means by which the two networks are able to communicate 

(Thiebaut de Schotten et al., 2011). He et al. (2007) demonstrated that a breakdown of 

functional connectivity (FC) in the VAN from stroke lesions within it was associated with 
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a disruption of FC in the DAN, specifically affecting interhemispheric connectivity 

between left and right posterior IPS/SPL. The degree of impaired FC correlated with the 

severity of neglect. Furthermore, although He and colleagues do not specify which 

branch, they also report that those with more severe neglect additionally had SLF 

damage.  

 

1.1.3 Mechanisms of Neglect 

Given the heterogeneity of the disorder, it is unsurprising that a number of possible 

mechanisms underlying the neglect syndrome have been proposed. There is no 

consensus as to which of these is critical but rather, there is increasing support for 

neglect to be considered as comprising a number of component deficits (Husain and 

Rorden, 2003, Bartolomeo, 2007, Corbetta and Shulman, 2011). These can be 

categorised into spatial and non-spatial deficits, not all of which need be present for the 

manifestation of neglect, such that distinct combinations may lead to behaviourally 

different patterns of neglect in individual patients. 

 

1.1.3.1 Spatial Deficits 

1.1.3.1.1 Spatial Attention and Salience 

It is generally considered that the core spatial deficit commonly observed in neglect 

patients is a bias in spatial attention. As it occurs more frequently and is longer-lasting 

following damage to the right hemisphere, it has been hypothesised that this may reflect 

hemispheric asymmetry of the mechanisms underlying spatial attention. According to 

Heilman’s ‘hemispatial’ theory, (Heilman and Van Den Abell, 1980), the right hemisphere 

is responsible for directing attention to both hemifields, whereas the left hemisphere only 

mediates attentional shifts to the right hemifield. Therefore, although the right 

hemisphere can compensate for injury to the left, the reverse is not possible, with 
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consequent neglect of the left hemifield. Contrasting with this is Kinsbourne’s ‘opponent 

processor’ model (Kinsbourne, 1977) which assumes that each hemisphere shifts 

attention towards the contralateral hemifield, but that the left hemisphere has a naturally 

stronger orienting tendency compared to the right. A balance between the two 

hemispheres is achieved through reciprocal inhibition, but when such inhibitory control 

is lost due to right hemispheric lesions, the disinhibited left hemisphere produces a 

rightward spatial attentional bias. Thus, as opposed to an attentional deficit to the left of 

the former theory, this model proposes that left neglect is due to enhanced attention to 

the right. Consistent with Kinsbourne’s view are reaction time (RT) studies that have 

shown that responses to visual stimuli appear to follow a left-to-right gradient, with faster 

responses to rightmost targets and slowing towards left space (Làdavas, 1990, Làdavas 

et al., 1990, Smania et al., 1998). Similarly, further support for this is provided by eye 

movement studies, where during a visual search task, Behrmann et al. (1997) 

demonstrated that neglect patients made more and longer fixations on the ipsilesional 

right side with fewer fixations and shorter inspection time in left hemispace. 

 

Some researchers have argued that a deficit of disengaging attention from previously 

attended locations is responsible for the spatial bias of neglect (Posner et al., 1984, 

Morrow and Ratcliff, 1988). This has been characterised following the observation of 

pathologically prolonged RTs to invalidly cued targets in the contralesional half of space 

in an attentional cueing paradigm. The presence of a disengage deficit has been reported 

for both central (Posner et al., 1984, Nijboer et al., 2008, Olk et al., 2010) and peripheral 

cues (Morrow and Ratcliff, 1988, Làdavas et al., 1994), suggesting that the disengage 

deficit is common to, respectively, voluntary/endogenous and involuntary/exogenous 

shifts of attention. Although Olk and colleagues (Olk et al., 2010), showed that a 

disengage deficit was present with non-predictive central cues, rather than it being a 

reflection of voluntary orienting of attention, they argue that this is instead representative 
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of an involuntary orienting of attention. In their meta-analysis, Losier and Klein (2001) 

concluded that the disengage deficit is robustly observed following peripherally 

presented cues but not with endogenous manipulations of attention, consistent with a 

biased exogenous orienting in neglect. Dukewich et al. (2012), however, were unable to 

reproduce the presence of a disengage deficit on the temporal order judgement task, an 

alternative cued attention task to the Posner paradigm. They suggest that perhaps the 

disengage deficit may be task-related rather than related to impaired attentional 

mechanisms, and neither is it necessary nor sufficient for neglect to manifest. 

 

For a disengagement deficit to occur to produce neglect, attention must firstly have been 

engaged. It is possible, therefore, that the spatial bias seen in neglect is due to stimuli 

“winning” the competition for selection over others (Duncan et al., 1997), and may 

account for some of the discrepant findings above. Salience refers to the “sensory 

distinctiveness and behavioural relevance of an object relative to other objects” (Corbetta 

and Shulman, 2011), and a defective saliency coding mechanism is considered by some 

(Snow and Mattingley, 2006, Corbetta and Shulman, 2011) to be one of the spatial 

deficits underlying neglect. Ptak and Schnider (2006) found that the RTs of neglect 

patients to contralesional targets were slowed only when the preceding ipsilesional cue 

was highly behaviourally salient, being similar to that of the target. Other investigators 

(Bays et al., 2010, Adam et al., 2013) have demonstrated the presence of a salience 

bias in neglect patients using a visual search task, where subjects’ eye movements were 

tracked to task-relevant or distinctive task-irrelevant (probe) stimuli. When both types of 

stimuli were presented in the ipsilesional hemispace, eye movements were directed 

towards the target with greater frequency than to the probe, consistent with preservation 

of the representation of target salience over the probe in ipsilesional space. With both 

stimuli in contralesional space, orienting to both was significantly reduced, but that to 

targets remained more frequent than to probes. This suggests that in contralesional 
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space, the priority of both target and probe was devalued relative to distractors, but that 

the target remained a priority over the probe. However, when the target was presented 

in the contralesional field and the probe in the ipsilesional field, eye movements towards 

the probe were significantly more frequent, suggesting that the priority of the target was 

sufficiently devalued for the competition for selection to favour the task-irrelevant probe.  

 

1.1.3.1.2 Spatial Representation 

It has been suggested that altered neural representations of space may be the 

mechanism underlying neglect. Bisiach and Luzzatti (1978) first alluded to this with their 

description of two patients who failed to report the left side of mental images. In 

subsequent work, Bisiach and colleagues (Bisiach et al., 1996) suggested that neglect 

is a manifestation of a horizontal anisometry of space representation, with compression 

on the ipsilesional side and expansion on the contralesional side in a logarithmic manner. 

In support of this hypothesis, it has been shown that with a background resembling such 

a space distortion, neglect signs, as measured by performance on line bisection, line 

extension and cancellation tasks, are worsened (Ricci et al., 2004, Manfredini et al., 

2013). On the other hand, with space-distorted backgrounds in the opposite direction, 

errors of neglect can be reduced (Ricci et al., 2004, Manfredini et al., 2013). Some 

authors, however, do not agree with this account of neglect (Karnath and Ferber, 1999, 

Doricchi et al., 2008). Based on the distribution of patients’ exploratory eye movements 

during visual search in the dark, Karnath (1997) speculates that egocentric space 

representation is rotated ipsilesionally about the vertical axis, whereas Vallar et al. (1995) 

suggest that it is wholly translated rightwards. From the results of their study that required 

patients to acquire mental images following a verbal description, persistence of their 

failure to report left-sided items with and without a 180° mental rotation of the image, led 

Logie and colleagues (Logie et al., 2005) to conclude that there was simply a deficit in 
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generating mental imagery for the left due to damage or a “tear” to that side of an 

otherwise intact mental screen. 

 

1.1.3.1.3 Directional Hypokinesia 

Directional hypokinesia refers to an impairment or slowness with initiating or executing 

movements towards contralesional space. In patients with right hemisphere lesions, this 

has been variously demonstrated, including slower RTs to initiate movements directed 

towards the left (Heilman et al., 1985, Mattingley et al., 1992), saccadic hypometria, with 

a reduction in the amplitude of leftward eye movements (Girotti et al., 1983), limb 

hypometria, with decreased amplitude of movements of the left upper limb (Meador et 

al., 1988), and hemispatial hypometria, with fewer movements towards the 

contralesional space (Meador et al., 1988). Dissociations, however, have been reported 

between such premotor deficits and neglect (Coslett et al., 1990, Mijovic, 1991, Tegnér 

and Levander, 1991), and it is acknowledged that by themselves, these deficits cannot 

primarily account for some of the neglect behaviours that are observed, which are better 

explained by attentional theories. 

 

1.1.3.1.4 Spatial Working Memory 

Working memory (WM) is a cognitive system that maintains, for a short period of time, 

an active representation of information that is no longer available in the environment. 

This temporarily stored information can be readily accessed by other cognitive processes 

to guide behaviours, and is essential for a variety of tasks such as language 

comprehension, problem-solving, and visuomotor learning (Anguera et al., 2010). 
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Spatial working memory (SWM) refers to WM involving spatial information, and it is 

closely related to spatial attention processes (Awh et al., 2000, Oh and Kim, 2004, Awh 

et al., 2006). It has been suggested that patients with neglect have an SWM deficit, with 

difficulties in keeping track of spatial locations, which may, in part, explain the recursive 

searching of targets on cancellation tasks that is observed in some patients. Using 

variations of standard cancellation tasks, this has been demonstrated in neglect patients, 

who repeatedly re-fixate previously searched targets and mistake them for new ones 

(Husain et al., 2001), and who re-cancel previously marked items (Wojciulik et al., 2001). 

The implication of the results of these studies is that the deficit is applicable across the 

entire visual field, and is non-lateralised (Husain and Rorden, 2003).  

 

Malhotra et al. (2005) provided further evidence for this using an analogue of the 

traditional Corsi blocks test of SWM adapted to the vertical meridian. The performance 

of neglect patients in this study was significantly impaired compared to controls, and 

correlated with the severity of neglect on cancellation tasks, further providing evidence 

that SWM deficits constitute a component of the neglect syndrome, but additionally 

supporting the non-lateralised nature of these deficits. 

 

However, there is evidence to suggest that SWM impairment in patients with neglect may 

not be completely non-lateralised. In a visual search task, Kristjánsson and Vuilleumier 

(2010) measured the RTs of neglect patients to find a target embedded amongst 

distractors, in a condition where the target remained in a static position, and compared 

performance to that when the target was relocated to a new spatial location. Crucially, 

the visual field in which the target could appear was manipulated. Compared to controls, 

in the presence of neglect, target relocation significantly hampered performance, with 

slower RTs, only when the target was presented in the right visual field but not the left. 
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They concluded that the lack of a contralesional effect was consistent with the presence 

of an already severely disrupted SWM in left visual space. Thus, the results of this study 

support a lateralised bias of SWM, affecting the left visual field to a greater extent than 

the right.  

 

Damage to right parietal (Husain et al., 2001, Pisella et al., 2004, Malhotra et al., 2005, 

Mannan et al., 2005) and right frontal (Wojciulik et al., 2001, Mannan et al., 2005) lobes 

have been implicated in SWM deficits in neglect patients. This is true also for non-neglect 

patients, where specifically, right DLPFC and posterior parietal cortex (PPC) appear to 

be of particular importance in maintaining spatial information in WM (van Asselen et al., 

2006). These findings correlate with those from functional imaging studies of healthy 

volunteers, where consistently, a fronto-parietal network has been shown to be active 

during SWM tasks (Jonides et al., 1993, Curtis, 2006, Ricciardi et al., 2006). 

 

1.1.3.2 Non-spatial Deficits 

Over the years, research has focussed extensively on the spatial mechanisms of neglect 

and their lateralisation (see above). However, the individual accounts, and even together 

as a whole, fail to fully rationalise the behaviour of neglect patients and the clinical picture 

in its entirety. Non-spatial, non-lateralised mechanisms are thought to additionally play a 

role. 

 

1.1.3.2.1 Selective Attention 

The capacity of the human brain to process multiple streams of information to reach a 

conscious level of awareness is severely limited. Thus, neural mechanisms are in place 

to enable the extraction of only the most relevant or important information from the 
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environment for detailed perceptual analysis. This is the basis for a selective attention 

mechanism, which occurs across both spatial and temporal dimensions. 

 

The temporal dynamics of visual selective attention have been examined in healthy 

individuals using a rapid serial visual presentation (RSVP) sequence (Raymond et al., 

1992, Chun and Potter, 1995, Bird et al., 2006), where stimuli are presented sequentially 

at the same spatial location. When asked to report on two targets amongst a stream of 

distractors, for the majority of subjects, detection of the second target (T2) is impaired if 

it is presented within approximately 200-500 ms of the correctly identified first target (T1). 

This failure of temporal selective attention is the attentional blink (AB) phenomenon 

(Raymond et al., 1992), and reflects the time taken by the visual system to identify a 

visual stimulus before it is free to detect a subsequent stimulus. Studies investigating the 

neural correlates of this have implicated fronto-temporo-parietal regions (Marois et al., 

2000, Kranczioch et al., 2005, Shapiro et al., 2007, Kihara et al., 2011). 

 

Husain et al. (1997) examined the AB in visuospatial neglect patients with right parietal, 

frontal or basal ganglia strokes. The ability of the patients to detect the presence of a 

black ‘X’ (T2) amongst non-target letters, having successfully identified a white letter 

(T1), was significantly diminished, corresponding to an abnormally protracted AB with a 

duration of approximately 1400 ms. This was an early demonstration that the neglect 

syndrome comprises a non-spatial component, and Cusack and colleagues (Cusack et 

al., 2000) have since reported a similar finding in the auditory domain. 

 

The presence of a prolonged AB, however, is not unique to the neglect syndrome. It has 

also been demonstrated in patients with focal brain lesions in the absence of neglect 

(Rizzo et al., 2001, Shapiro et al., 2002, Correani and Humphreys, 2011), raising the 



   Chapter 1 

 

33 
 

possibility that it is more reflective of an anatomically specific impairment. That being 

said, however, there appears to be a correlation between the level of deficit on the AB 

task and the degree of neglect (Husain et al., 1997), suggesting that although it may not 

be specific to neglect, the presence of a non-spatial temporal selective attention deficit 

may exacerbate the severity of the  disorder. 

 

1.1.3.2.2 Sustained Attention 

Humans are often required to monitor the environment for prolonged periods of time for 

infrequently occurring critical events, while ignoring neutral stimuli. This is the process of 

vigilance or sustained attention (SA) (Davies and Parasuraman, 1982). This ability to 

endogenously maintain attention over time is important for many daily tasks, but it is also 

a key cognitive component for adequate learning (Moscovitch, 1994). However, for most 

people, it is difficult to sustain attention at an efficient level and studies of visual SA have 

shown that performance declines over time. This effect, the vigilance decrement 

(Mackworth, 1948, Parasuraman, 1979), is characterised by either a decline in 

detections of critical stimuli, or an increase in RT to such targets. 

 

Stroke patients with neglect are more impaired at auditory and visual SA tasks compared 

to controls. Robertson et al. (1997b) applied their Elevator Counting test to a group of 

right hemisphere stroke patients, who were instructed to count the number of emitted 

tones in each of fourteen strings of varying lengths. Those with neglect performed 

significantly worse than their non-neglect counterparts. In a series of experiments, 

Malhotra et al. (2009) demonstrated that neglect patients were impaired at maintaining 

attention to simple visual stimuli presented centrally, with a vigilance decrement evident 

specifically when the tasks invoked sustaining attention to spatial locations. From these 

and other studies, there appears to be a significant correlation between impairments of 
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SA and neglect (Hjaltason et al., 1996, Robertson et al., 1997b, Samuelsson et al., 

1998). 

 

Further support for a role of SA deficits in neglect come from a collection of studies 

investigating the role of alertness training. Robertson and colleagues (Robertson et al., 

1998) first demonstrated that the right spatial bias in neglect patients could be 

ameliorated with brief, centrally-presented, auditory tones, serving to phasically increase 

their alertness whilst performing a spatial task. Subsequently, a number of research 

groups have shown that both tonic and phasic alertness training using visual (Thimm et 

al., 2006, Degutis and Van Vleet, 2010) or auditory stimuli (Van Vleet and DeGutis, 2013) 

can improve neglect, albeit temporarily.  

 

Lesion studies of neglect patients have described the role of right PPC in sustaining 

attention to spatial locations (Malhotra et al., 2009). Functional imaging studies involving 

vigilance tasks, irrespective of the modality of stimuli used, have consistently implicated 

a predominantly right fronto-parietal network as the neural substrate mediating SA in 

healthy volunteers (Cohen et al., 1988, Pardo et al., 1991, Coull et al., 1996, Coull et al., 

1998). These findings additionally chime with those from lesion studies of patients 

without the neglect syndrome who show SA deficits (Rueckert and Grafman, 1996, 1998, 

Molenberghs et al., 2009). Thus, as per the AB, SA impairments can also occur 

independently of neglect, but its severity may be exacerbated when combined with a 

non-lateralised deficit in SA. 

 

Neglect is manifest with a lateralised bias in visual processing. From the above 

discussion, it is evident that at its core, it represents a spatial attentional bias. This is 

characterised by a gradient across space, and the imbalance is likely to be related, at 
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least in part, to abnormal interhemispheric interactions (see also section 1.1.4.1). 

However, this account alone cannot explain the variety of neglect phenotypes that have 

been reported, and the studies described above suggest that other mechanisms must 

be involved. That being said, not all patients with neglect exhibit all the deficits as 

discussed above, and conversely, not all patients with these impairments suffer with 

neglect. In contrast to impaired spatial attention, therefore, they are clearly not critical to 

the syndrome, but undoubtedly play a role, particularly non-spatial deficits whose 

presence and degree of deficit correlate with the severity of neglect. Thus, it is possible 

that non-spatially lateralised components interact with spatially lateralised mechanisms 

to exacerbate the syndrome. Furthermore, it is possible that different combinations and 

interactions of each of these mechanisms, together with the central spatial attentional 

bias, generate the heterogeneity of the condition, which manifests as dissociations in 

performance on clinical tests and neglect type. 

 

1.1.4 Treatment of Neglect 

In their review of the literature, Luauté et al. (2006) identified eighteen different neglect 

interventions that have been described. However, despite such an impressive range, a 

recent Cochrane review (Bowen et al., 2013) has concluded that the evidence for their 

effectiveness remains unproven. 

 

1.1.4.1 Non-Pharmacological 

The disabling nature of the neglect syndrome has prompted the proposal of a variety of 

different treatments or rehabilitation techniques for the condition. Some of the earlier 

treatments utilise top-down approaches, requiring that patients retain some awareness 

of their deficits in order to modify their behaviour. Visual scanning training is an example 

of one such therapy, where, with the aid of sensory cues guiding their gaze towards the 
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appropriate region, patients are encouraged to visually explore the contralesional side of 

space (Weinberg et al., 1977, Pizzamiglio et al., 1992). However, the results from studies 

investigating the efficacy of this intervention conflict, with some authors reporting no 

improvement in neglect symptoms following treatment (Robertson et al., 1990) whilst 

others claim a significant effect that additionally generalises to daily activities (Paolucci 

et al., 1996). 

 

Many of the remaining approaches take advantage of bottom-up treatment strategies 

that aim to reconfigure sensorimotor mechanisms, or to elicit automatic orienting 

behavioural changes. The rationale behind interventions such as caloric (Cappa et al., 

1987, Rode et al., 2002) or galvanic (Wilkinson et al., 2014) vestibular stimulation, 

optokinetic stimulation with leftward-moving backgrounds (Kerkhoff et al., 2006), neck 

muscle vibration (Karnath et al., 1993, Schindler et al., 2002) and trunk rotation (Karnath 

et al., 1993, Wiart et al., 1997) is to recalibrate spatial coordinate frames, thereby 

displacing spatial representations leftward. 

 

Over the last two decades, some particularly promising novel approaches to neglect 

rehabilitation have emerged. The first of these, prism adaptation (PA), was introduced 

by Rossetti et al. (1998), who induced a 10° horizontal rightward shift of the visual field 

in a group of left hemispatial neglect patients by asking them to wear prismatic goggles. 

They made repeated pointing responses to targets either side of the new objective 

midline, following which (and after removal of the prisms), their performance on standard 

tests of neglect significantly improved. Further favourable effects of PA, using a variety 

of exposure regimes, have since been published (Frassinetti et al., 2002, Nys et al., 

2008, Vangkilde and Habekost, 2010, Mizuno et al., 2011), with long-lasting effects up 

to three and a half years following intervention reported (Shiraishi et al., 2010). Despite 
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such positive reviews, however, some studies have failed to replicate these findings 

(Rousseaux et al., 2006, Turton et al., 2010). In a randomised controlled trial (RCT) of 

29 patients, PA was no better than placebo at improving performance on standard tests 

of neglect on completion of treatment (Mancuso et al., 2012). However, as with the study 

of Turton et al. (2010), the degree of prismatic rightward optical shift was less than that 

utilised in those trials with positive findings (Rossetti et al., 1998, Nys et al., 2008, Mizuno 

et al., 2011). More recently, Rode and colleagues (Rode et al., 2015) found no difference 

between placebo at six months follow-up in their study examining the long-term benefits 

of PA in neglect. 

 

The use of non-invasive brain stimulation (NIBS) techniques with repetitive transcranial 

magnetic stimulation (rTMS) for the treatment of neglect was inspired by Kinsbourne’s 

opponent processor model (Kinsbourne, 1977) described above, which relates neglect 

to relative hyperactivity of the intact contralesional hemisphere due to loss of reciprocal 

interhemispheric inhibition. High (Oliveri et al., 2001) and low frequency (Brighina et al., 

2003, Song et al., 2009) rTMS pulses over contralesional parietal cortex, that serve to 

inhibit the hyperactive left hemisphere, have resulted in an improvement in neglect, thus 

providing some support for the model. Similarly, Kim et al. (2013) have recently reported 

facilitative effects of high frequency stimulation over the lesioned hemisphere on line 

bisection accuracy in a group of right hemisphere stroke patients with neglect. However, 

no difference in performance was observed between low frequency rTMS over the left 

PPC and sham stimulation. Although it is likely that variations in stimulation protocols 

and neglect measures account for these differential findings, common amongst these 

studies is that the effects appear to be transient. Shindo et al. (2006) have reported the 

longest duration of benefit, with improved performance on several subtests of the 

Behavioural Inattention Test (BIT) up to six weeks following treatment. Aiming to improve 

upon this, theta burst stimulation (TBS), a particular form of high frequency TMS has 



General Introduction 

 

38 
 

recently been introduced (Nyffeler et al., 2009, Cazzoli et al., 2012, Koch et al., 2012). 

Koch and colleagues (Koch et al., 2012) applied twenty continuous TBS (cTBS) trains to 

left PPC over two weeks and Cazzoli et al. (2012) applied eight trains over two days. 

Two weeks from the end of treatment in both studies, patients with left neglect 

demonstrated an improvement on a variety of measures. Although promising, clearly 

further investigation is required.  

 

Transcranial direct current stimulation (tDCS) is an alternative NIBS technique that has 

potential for becoming an adjuvant tool to supporting stroke rehabilitation (Floel, 2014). 

As with TMS, the principle behind its use is as a means to modulate cortical excitability 

and plasticity. Its application in motor and language recovery has received widespread 

interest, but only of late have attention deficits in the form of neglect been investigated 

(Ko et al., 2008, Sparing et al., 2009, Sunwoo et al., 2013). All three studies concur that 

immediately after facilitatory stimulation of lesioned PPC with anodal tDCS (atDCS), 

neglect deficits improved. Similar findings were produced by Sparing et al. (2009) 

following inhibitory cathodal tDCS (ctDCS) over the intact PPC. The additive effects of 

dual-mode tDCS (simultaneous atDCS and ctDCS over lesioned and non-lesioned 

hemispheres respectively), were subsequently demonstrated by Sunwoo and colleagues 

(Sunwoo et al., 2013), who reported a superior improvement in line bisection 

performance compared to single-mode atDCS. Recently, two studies have examined the 

effects of multiple sessions of tDCS. While, as with single sessions, Yi et al. (2016) 

confirmed the beneficial effects of facilitatory atDCS or inhibitory ctDCS on neglect 

compared to sham stimulation, Smit and colleagues (Smit et al., 2015) found no evidence 

that repeated, combined atDCS and ctDCS improved chronic neglect. Of the 

aforementioned studies, however, this latter one is the smallest, as only five patients 

were included consequent to the majority of patients failing to meet the safety criteria for 
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tDCS. Thus, despite the need for larger RCTs to fully determine its efficacy, there are 

potential barriers.     

 

1.1.4.2 Pharmacological 

Three classes of drug have been investigated for their potential therapeutic effects in the 

treatment of neglect: dopaminergic, noradrenergic and cholinergic drugs. While the 

majority of studies have focussed on dopaminergic therapies, noradrenergic and 

cholinergic compounds have only rarely been investigated. 

  

It has been established that dopamine plays a key role in attention and SWM processes. 

Furthermore, animal studies have shown that dopaminergic dysfunction can induce 

neglect whilst treatment with dopaminergic agents can reduce symptoms. The latter has 

been extrapolated to humans with differential effects. Carbidopa (Mukand et al., 2001), 

methylphenidate, a dopamine (and to a lesser extent, noradrenaline) reuptake inhibitor 

(Hurford et al., 1998), and the dopamine agonists bromocriptine (Fleet et al., 1987, 

Hurford et al., 1998), apomorphine (Geminiani et al., 1998) and rotigotine (Gorgoraptis 

et al., 2012), have all been reported to serve a beneficial role in neglect. Bromocriptine 

(Grujic et al., 1998, Barrett et al., 1999), however, as well as amantadine, an N-methyl 

d-aspartate receptor antagonist with weak dopamine-releasing and dopamine-reuptake-

inhibiting properties (Buxbaum et al., 2007), have both been recorded to produce 

detrimental effects. Most of these studies, however, are single case studies or case 

series, and non-RCTs. Adair et al. (2008) suggest that methodological issues specific to 

pharmacotherapy may account for such discrepant results, including dose regimes and 

the pharmacodynamics of individual substances. Whilst undoubtedly this is contributory, 

other factors are likely to play a role. For instance, as discussed, the neglect syndrome 

is thought to comprise a number of component deficits and the extent to which each of 
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these is present in an individual probably, in part, accounts for its heterogeneity. It is 

possible that only some of these may be modulated by dopaminergic agents and in their 

absence, the drug is ineffective. Furthermore, as anatomical differences begin to emerge 

with neglect chronicity, so might it influence drug modulation. 

 

Noradrenergic agents are the second class of drugs that have been used to modulate 

neglect. In a proof-of-principle study, Malhotra et al. (2006) administered guanfacine, an 

α2-receptor agonist, to three patients with chronic left-sided neglect. Two, those with 

preserved right DLPFC, performed better on a visual exploration task compared with 

placebo, possibly through modulations of non-spatial attentional processes by enhancing 

vigilance. 

 

Finally, as with the use of acetylcholinesterase inhibitors to improve functional outcomes 

in stroke patients by enhancing cognitive function (Whyte et al., 2008), Paolucci et al. 

(2010) evaluated the efficacy of rivastigmine, as an adjunctive treatment to specific 

cognitive rehabilitation, in the functional outcome of patients with chronic neglect. While 

those who received the drug performed significantly better on a letter cancellation task 

at discharge compared to those who did not, the benefit was not evident by one month 

following discontinuation of treatment. Recently, Lucas et al. (2013a) demonstrated that 

a single-dose of transdermal nicotine, a cholinergic agonist, significantly improved 

performance on cancellation tasks, possibly via enhanced SA and general arousal 

effects. 

 

Although there is insufficient evidence for the effectiveness of pharmacological 

interventions for the neglect syndrome, that three different neurotransmitter systems 

have been targeted with variable efficacy further highlights the complex and diverse 
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nature of the condition. Moreover, the possibility that each of these therapeutic 

manipulations may modulate only a single attentional component, lends further support 

for it being a multi-modular disorder, the management of which will continue to prove 

challenging. 

 

1.2 Motivation and Reward 

Behaviours can be modulated by motivational factors as well as cognitive attentional 

processes. Motivation can be conceptually described as a continuum along which stimuli 

can either strengthen or undermine responses to other stimuli (Nader et al., 1997). Those 

that strengthen are rewarding, whilst the latter are punishing and aversive. The effects 

of these are important for the development of goal-directed behaviours, supporting 

decision-making, and promoting the production of adaptive behaviours through 

reinforcement learning. 

 

1.2.1 Neuroanatomy of Motivation and Reward 

There has been much interest in understanding the neural bases of motivation. Major 

components central to the reward system include the prefrontal cortex (PFC), the 

striatum, the anterior cingulate cortex (ACC), the midbrain, and the amygdala. These 

anatomical structures are interconnected via a complex network of direct, indirect and 

reciprocal connections to form interacting systems and circuits that mediate reward. 

 

1.2.1.1 Prefrontal Cortex 

The orbitofrontal cortex (OFC) is one of the main cortical areas associated with reward, 

in particular, the coding for stimulus reward value. This has been shown in both animal 

studies (Critchley and Rolls, 1996) and human imaging studies (O'Doherty et al., 2003, 
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Rolls et al., 2003, Small et al., 2003) using primary rewarding sensory stimuli such as 

food. It has also been shown to respond to more abstract rewards such as money (Breiter 

et al., 2001), with mounting evidence that it additionally responds to punishers (Breiter 

et al., 2001, O'Doherty et al., 2001). This function appears to be outcome-specific, to the 

receipt of reward or punishment (Diekhof et al., 2012). 

 

Within the OFC, there appears to be regional, functional subspecialisation. In their meta-

analysis of neuroimaging studies, Kringelbach & Rolls (2004) identified two trends: a 

posterior-anterior distinction, where simple reinforcers are represented more posteriorly 

compared with a more anterior representation of abstract ones; and a medial-lateral 

distinction, with lateral OFC activity relating to punishments but medial OFC tending to 

be activated by rewards. These dissociations, however, have not been reported in some 

studies (Breiter et al., 2001, Elliott et al., 2003). 

 

1.2.1.2 Striatum 

Many cortico-subcortical circuits relay via the striatum, and as such, it supports a diverse 

range of functions, including reward processes. Functionally, it can be subdivided into 

dorsal and ventral components, with dorsal striatum (DS) primarily consisting of the 

caudate nucleus and putamen, and the ventral striatum (VS) consisting primarily of the 

nucleus accumbens (NAc). It is the latter that has been shown to be particularly involved 

in motivation. 

 

Utilising incentive motivation tasks, human functional magnetic resonance imaging 

(fMRI) studies have shown that anticipation of reward elicits activation of the VS that is 

proportional to the magnitude of expected reward (Knutson et al., 2001a, Knutson et al., 

2001b, Schmidt et al., 2012). This appears to be a temporal effect, with a reduction in 
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activity evident as the delay to the reward increases (Kable and Glimcher, 2007, McClure 

et al., 2007). VS activity, however, does not appear to reflect reward obtainment (Breiter 

et al., 2001, Knutson et al., 2001b, Schmidt et al., 2012), nor the anticipation of losses 

(Knutson and Greer, 2008), although findings to the contrary have been reported 

(Delgado et al., 2000, Carter et al., 2009).  

 

There is increasing evidence for a significant role of DS in reward-related processes. 

Increased activation in the DS has also been associated with reward anticipation 

(Knutson et al., 2001a, O'Doherty et al., 2002, Harsay et al., 2011). However, for an 

individual to possess the ability to form reward predictions necessitates that they must 

also be able to action them, and it is suggested that the DS has a particular role in reward 

learning. This has been shown in a number of studies, where DS activation correlates 

with subjects having established a stimulus-response-reward connection (Haruno et al., 

2004, O'Doherty et al., 2004, Haruno and Kawato, 2006, Harsay et al., 2011). 

 

1.2.1.3 Anterior Cingulate Cortex 

The ACC has been proposed to have a number of key functions in a variety of processes 

including value-encoding, decision-making and motivation. Single-cell recordings from 

monkeys have shown that the activity of neurons within this area discriminates between 

rewarded and non-rewarded situations, and that the reward magnitude is encoded by a 

subpopulation of cells (Amiez et al., 2006). In their human fMRI study where individuals 

performed a reward-based decision-making task, Bush et al. (2002) demonstrated 

significant activation of the dorsal ACC (dACC) on trials associated with a reward 

reduction that indicated a change in task response. Similar findings were reported when 

single-neuron recordings were made from dACC in patients undergoing planned surgical 

cingulotomy (Williams et al., 2004). 
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1.2.1.4 Midbrain 

Animal electrophysiological studies have consistently implicated the ventral tegmental 

area (VTA) and substantia nigra pars compacta (SNc) of the midbrain in the reward 

circuit. Within these nuclei, there appear to reside different populations of cells that have 

been reported to convey motivational signals in distinct manners. Typically reported are 

neurons that are activated by appetitive stimuli that predict rewards (Mirenowicz and 

Schultz, 1996, Satoh et al., 2003, Matsumoto and Hikosaka, 2009b). However, also 

described are those that are activated by aversive stimuli that predict punishments 

(Mirenowicz and Schultz, 1996, Matsumoto and Hikosaka, 2009b), appetitive-responsive 

cells that are inhibited by aversive stimuli (Ungless et al., 2004, Mileykovskiy and 

Morales, 2011), and cells that are activated by the rewards (Mirenowicz and Schultz, 

1996, Matsumoto and Hikosaka, 2009b) and/or punishments (Ungless et al., 2004, 

Matsumoto and Hikosaka, 2009b) themselves, particularly when they are unexpected.  

 

Human electrophysiology (Zaghloul et al., 2009) and fMRI studies (Tom et al., 2007, 

Zweynert et al., 2011) have confirmed the role of these midbrain regions in reward 

processing. Furthermore, the reported increased midbrain activation during anticipation 

of reward (O'Doherty et al., 2002, Knutson et al., 2005, D'Ardenne et al., 2008), and 

higher firing rates of SNc neurons in response to unexpected gains (Zaghloul et al., 2009) 

are supportive of distinct populations of VTA and SNc cells subserving reward and 

motivational functions.  

 

1.2.1.5 Amygdala 

In fMRI studies, activations of the amygdala have been observed during reward 

anticipation (Hommer et al., 2003) as well as upon receipt of reward (Ernst et al., 2005, 

Kosson et al., 2006). Its role in reward processing, however, has been particularly 
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implicated in linking objects with current stimulus value at the time of decision-making. 

This has been demonstrated in both animal and human studies using reinforcer 

devaluation paradigms, where a stimulus is conditioned to be associated with a 

rewarding outcome that is subsequently devalued. Following devaluation, amygdala 

activity in response to the stimulus is decreased, compared to its prior activity with 

retention of stimulus value (Gottfried et al., 2003, Pickens et al., 2003). Further consistent 

with this, that the amygdala may be involved with encoding stimulus values at the time 

of choice, are the results of Jenison et al. (2011), who performed single neuron 

recordings from the human amygdala in patients whilst they made simple purchase 

decisions over food items. 

 

1.2.1.6 Other Structures 

In addition to the above structures that are most commonly associated with reward and 

motivation, there is increasing evidence for the contributions of other brain areas, with 

particular interest in the subthalamic nucleus (STN), ventral pallidum (VP), hippocampal 

formations, lateral habenula (LHb) and the rostromedial tegmental nucleus (RMTg) 

(McGinty et al., 2011). Animal studies have shown that neurons in the STN are reward-

sensitive, increasing or depressing activity in anticipation of, or following reward delivery 

(Darbaky et al., 2005), with manipulations of its activity affecting drug-seeking and 

natural reward-seeking behaviours (Baunez et al., 2002, Baunez et al., 2005). Intact VP 

appears to be integral for normal reward and motivation functions, with activations of VP 

enhancing the rewarding impact of both incentive and hedonic stimuli and actions (Smith 

et al., 2009). Neurons within this region may encode expected reward value signals that 

are subsequently utilised to promote or prevent motor actions (Tachibana and Hikosaka, 

2012). The subiculum and hippocampus appear to contribute to reward and motivated 

behaviours by virtue of their anatomical connections with other structures within the 

reward circuitry. In contrast to the neuronal properties in these regions, those of the 
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subiculum and hippocampus do not appear to display intrinsic reward-encoding abilities 

(McGinty et al., 2011). 

 

It has been proposed that the LHb is of particular importance in regulating reward signals. 

Matsumoto and Hikosaka (2009a) found that the neurons of primate LHb are involved in 

negative reward signalling, being most strongly excited by stimuli predicting the omission 

of a reward or the presence of a punishment, but also by the unpleasant event 

themselves, particularly if unexpected. Furthermore, they have shown that this activity 

contributes to the suppression of behaviours that lead to negative outcomes (Matsumoto 

and Hikosaka, 2011). RMTg in the midbrain, also implicated in aversion and negative 

reward signalling, receives afferent projections from the LHb with dense efferent 

projections to VTA and SNc that inhibit cells of these regions activated by appetitive 

stimuli. Thus, RMTg may play an intermediary role between LHb and VTA/SNc in reward 

processes (Jhou et al., 2009, Hong et al., 2011). 

 

1.2.2 Motivation, Reward and Dopamine 

The cell bodies of the largest populations of dopamine neurons reside in the VTA and 

SNc, their axons projecting to the striatum and various cortical areas. Thus, studies that 

have implicated these regions in reward processing are thought to reflect dopaminergic 

function. However, not all neurons in the VTA are dopaminergic (Ungless et al., 2004, 

Cohen et al., 2012, Tan et al., 2012). Nonetheless, through a variety of studies, including 

lesion, imaging and pharmacological studies, it has been clearly established that the 

neurotransmitter dopamine has a central function in reward processing.  

 

Parkinson’s disease (PD), characterised by loss of dopamine signalling, has been used 

to study dysfunctions in reward processing. Bódi et al. (2009) found that, as compared 
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to healthy controls and medicated PD patients, treatment-naïve PD patients were 

significantly impaired on a reward learning task, which improved following treatment with 

a dopamine agonist. Using a monetary incentive grip force task, Schmidt et al. (2008) 

measured the performance of PD patients off medication and patients with bilateral basal 

ganglia damage from vascular or anoxic insults. As compared to healthy controls, PD 

patients showed a reduced reward response but were still able to modulate their hand 

grip force according to the magnitude of the incentive, whereas those with bilateral basal 

ganglia damage showed no response to monetary incentives. 

 

Music is regarded as a potent rewarding stimulus, with activation of brain reward circuitry 

during pleasurable music listening (Blood and Zatorre, 2001, Menon and Levitin, 2005). 

Using radiolabelled raclopride ([11C] raclopride) positron emission tomography (PET) 

scanning, Salimpoor et al. (2011) recorded increased endogenous striatal dopamine 

transmission, as indexed by decreased [11C] raclopride binding potential (BP), whilst 

listening to pleasurable music compared to a music neutral condition. 

 

Blocking the effects of dopamine with dopamine receptor antagonists has been shown 

to impede reward-related performance. Healthy participants performed an instrumental 

learning task involving monetary gains and losses, having been treated with the 

dopamine antagonist haloperidol or levodopa (L-Dopa) (Pessiglione et al., 2006). Those 

in the L-Dopa relative to the haloperidol group performed better in response to monetary 

gains. Similarly, Pleger et al. (2009) found that L-Dopa enhanced high reward-related 

performance in a somatosensory decision-making task relative to placebo, but that 

haloperidol eliminated the reward effect.  
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Thus, it is apparent that dopamine plays a key role in reward-related processes, but the 

exact nature of this remains unclear. 

 

1.2.3 Motivation, Reward and Attention 

There is a growing body of literature intimating that attention and motivation are 

intimately related, with evidence of their interactions from studies showing that reward 

influences several aspects of attentional processes in healthy humans.  

 

Della Libera et al. have demonstrated the effects of reward on selective attentional 

processes by showing that past encounters to visual stimuli associated with high 

monetary reward strongly affect subsequent deployment of visual selective attention, 

both immediately (Della Libera and Chelazzi, 2006) but also several days later (Della 

Libera and Chelazzi, 2009). Similarly, Anderson et al. (2011) found that stimuli that were 

previously associated with a high reward involuntarily captured attention during a visual 

search task, despite such stimuli being non-salient and irrelevant to the task at hand. 

Whereas these studies show that reward can affect the later consequences of selective 

attentional processing, Kiss and colleagues (2009), have shown that the reward status 

of targets themselves can modulate the speed and efficiency with which they are 

selected. This latter effect has been replicated in other studies (Kristjánsson et al., 2010). 

 

There are few studies that have examined the effects of reward on temporal aspects of 

attention, and the results from these are of a conflicting nature. Olivers and Nieuwenhuis 

(2005) found no notable improvement in T2 detection on an AB task, and Bijleveld et al. 

(2011) found that only when presented subliminally, did high-value rewards improve 

performance. Contrary to these findings, however, is that of Raymond and O’Brien 
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(2009) who have reported on the abolition of the AB when T2 was that of a stimulus 

previously associated with winning a monetary reward.  

 

1.2.3.1 Anatomy of Motivation and Reward-Attention Interaction 

Attentional functions are dependent on fronto-parietal networks (Corbetta and Shulman, 

2002) and cortical-basal ganglia circuits lie at the heart of motivational processes (Haber 

and Knutson, 2010). However, the effects of motivation on brain regions utilised during 

attentional tasks to enhance performance are less well known. Recent neuroimaging 

studies have started to probe the neural correlates of attention-motivation interactions in 

humans. For example, in a cued spatial attention task, performance in trials with valid 

cues was enhanced by monetary incentive (winning or losing money), with OFC activity 

preferentially engaged when subjects had the possibility of winning money, and dACC 

was preferentially engaged when there was the possibility of losing money (Small et al., 

2005). Engelmann et al. (2009), also using a Posner-type task, found both cortical 

(including ACC, supplementary motor area (SMA) and anterior insula) and subcortical 

(including caudate, putamen, thalamus and midbrain) areas that exhibited incentive 

modulation of cue-related responses. In a population of healthy adults, the effect of 

reward on SA was associated with increased activation of prefrontal cortices, striatum, 

SMA, anterior insula, thalamus, and temporal and occipital cortices (Smith et al., 2011). 

 

1.2.4 Motivation and Reward in Patients with Brain Damage 

Motivational deficits and reduced responsiveness to reward have been reported in 

patients with brain damage. Powell et al. (1996) specially devised the card arranging 

reward responsivity objective test, where participants sort a stack of sixty cards into three 

piles on four different trials. On the third trial, for every five cards sorted, subjects receive 

a ten pence reward.  Whereas healthy controls showed an average rise in sorting speed 
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by approximately 4%, patients who had suffered a traumatic brain injury (TBI) failed to 

increase their sorting speed when rewarded. Furthermore, TBI patients have been 

shown not to differentiate between reward and non-reward feedback as demonstrated 

by the lack of change in amplitude of the feedback-related negativity component of an 

event-related potential evoked in response to feedback (Larson et al., 2007). 

 

PD is characterised by a loss of dopaminergic signalling, which has long been implicated 

in reward processing (Wise, 2004). It is unsurprising, therefore, that patients with PD 

show reward-related impairments (Kunig et al., 2000, Schott et al., 2007, Bódi et al., 

2009). In a recent study (Muhammed et al., 2016), PD patients made speeded saccadic 

eye movements to a target for differing values of monetary reward. Changes in pupil 

diameter were used as a proxy for reward sensitivity. Whilst on medication, their saccadic 

peak velocity and pupillary response increased as a function of reward magnitude, but 

this was blunted when not on medication, consistent with reduced reward sensitivity in 

the off state. Moreover, those with apathy, a disorder of motivation for goal-directed 

behaviour (Marin, 1991), also demonstrated an attenuated reward response with 

reduced pupillary changes to monetary incentive. Similarly, using a monetary incentive 

grip force task, Schmidt et al. (2008) found that off medication, although PD patients 

were able to modulate their grip force according to the magnitude of reward, this was to 

a lesser extent relative to controls. Patients with apathy consequent to bilateral basal 

ganglia lesions, however, failed to adjust their grip force in response to monetary reward.  

 

Motivational deficits, in the form of clinical apathy, have been widely reported in stroke 

patients, with a prevalence estimated to be approximately one third (Jorge et al., 2010, 

Caeiro et al., 2013, van Dalen et al., 2013). Adam et al. (2013) reported on a patient with 

profound apathy, associated with reward insensitivity, following ischaemic strokes 



   Chapter 1 

 

51 
 

affecting the internal segment of globus pallidus bilaterally. On an oculomotor decision-

making task, subjects made a saccade to a target and was rewarded dependent upon 

saccadic RT according to an exponential discounting function. Compared to controls, the 

patient made fewer correct anticipatory responses and more errors, and did not show 

evidence of learning to accrue money. On a second task, participants made speeded 

saccades to rewarded & non-rewarded targets, receiving reward only dependent upon 

RT, also with a discounting function. Whereas the saccadic RTs to rewarded targets was 

faster than for non-rewarded targets in controls, the patient did not discriminate between 

the two. Following dopaminergic treatment, however, these findings were reversed 

together with an improvement in apathy score in to the normal range. Similarly, Kohno 

et al. (2010) successfully treated post-stroke apathy with the dopamine agonist 

ropinirole.  

 

1.2.5 Motivation and Reward in Neglect 

Mesulam (1985) first observed in the 1980s that on a cancellation task, when a patient 

with severe left neglect was given one cent for every target found, there was a distinct 

improvement in performance. Ishiai et al. (1990) demonstrated that patients with 

moderate to severe neglect performed significantly better on a line cancellation task 

when they were required to mark successive lines with increasing numbers, compared 

to crossing them out. The authors suggested that in this way, numbering might have 

motivated the search activity of the patients. It has also been observed that by inducing 

positive emotion, in the form of pleasant music, visual attention in neglect patients may 

be improved (Soto et al., 2009, Chen et al., 2013, Tsai et al., 2013). Sarkamo and Soto 

(2012) suggest that the mechanism for this might be through modulation of the 

dopaminergic reward system, consistent with findings of endogenous dopamine release 

in striatal areas associated with emotional arousal whilst listening to music (Salimpoor et 

al., 2011). 
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Recently, Malhotra et al. (2013) have systematically examined the effects of reward 

modulation on the neglect syndrome. Ten patients with left sided neglect secondary to 

right hemisphere stroke performed two cancellation tasks, with (R) and without (NR) 

reward, on two separate occasions. Participants were informed that they would receive 

a reward for every target found on the R task only, the target stimuli for which were one 

pound coins, and brass buttons for those of the NR task. While subjects found a similar 

number of targets in both conditions in the first session, it was only following receipt of 

fifteen pounds at the end of this, and therefore having been exposed to monetary reward, 

that significantly more targets were found on the R compared to the NR task in the 

second session. Moreover, a greater number of left sided targets were detected not only 

on the R compared to the NR task, but also in comparison to the first R task. Those 

patients who showed no evidence of a reward-attention response had sustained right 

striatal damage, whereas this brain region was not damaged in those individuals who did 

respond to reward. 

 

Lucas et al. (2013b) have explored this effect using a visual search task, where reward 

magnitude was asymmetrically, horizontally distributed across the array in favour of left-

sided targets, and subjects were instructed to select a target that would earn them the 

highest possible amount of reward. The outcome of their choice was explicitly fed back 

at the end of each trial. Lucas and colleagues found that as the task progressed, patients 

with left-sided neglect gradually biased their exploration towards neglected hemispace, 

preferentially selecting targets on the contralesional side by the last quarter of the task, 

in a similar manner to healthy controls. Crucially, patients were unaware of the gradient 

for reward contingency suggesting implicit learning. Those who demonstrated weaker 

reward effects had lesions extending to deep frontal and capsulo-striatal regions on the 

right. The authors propose that owing to the preservation of reward-induced modulations 
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of space, reward effects are partly independent of those systems that mediate attention 

functions in neglect, possibly involving subcortical pathways in striatum. 

 

Retention of reward learning in contralesional space in neglect patients has again 

recently been demonstrated by Lecce et al. (2015). In this study, patients were required 

to choose one of two boxes either side of the midline to obtain a monetary reward. In 

one session, reward was biased towards the box on a particular side, and vice versa in 

another session. The number of trials required for subjects to learn the spatial reward 

contingent was no different between those with and without left-sided neglect, and 

neither between the two sides of space. However, one neglect patient, with lesion 

involvement of the right ACC, failed to exhibit any incentive learning when rewards were 

preferentially associated with the left side of space in the presence of infrequent 

competing rewards in ipsilesional space. 

 

1.3 Aims of Current Thesis 

From the discussions above, it is evident that motivational impairments exist following 

brain injury, including stroke, and may accompany neglect. How important and 

necessary they are to the latter, however, is unknown. As with non-lateralised deficits 

(Robertson, 2001, Husain and Rorden, 2003), it is possible that their presence may 

exacerbate the neglect syndrome, either as a discrete element, or through specific 

interactions with one or more of the other components of the disorder. Furthermore, 

neglect chronicity and response to treatment may be influenced by motivational factors. 

Nevertheless, regardless of the extent to which they may be involved in the clinical 

syndrome, converging evidence as discussed indicates that reward sensitivity and 

reward learning are preserved in at least some patients with neglect (Lucas et al., 2013b, 

Malhotra et al., 2013, Lecce et al., 2015). With currently no proven effective intervention 
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(Bowen et al., 2013, Luvizutto et al., 2015), exploiting this discovery, therefore, potentially 

generates an alternative therapeutic avenue for the treatment of neglect.  

 

There is some evidence that neglect may be modulated with monetary reward (Malhotra 

et al., 2013). The extent to which this may be achieved and the degree of incentive 

required to accomplish this is unknown, as are the mechanisms for reward’s effects. 

Although general arousal effects and increased target salience have been proposed as 

potential mechanisms, another possibility is that reward may modulate neglect via 

influences on non-spatial deficits, improvements in which have been associated with 

concurrent improvement in performance on tests for neglect (Robertson et al., 1995, Van 

Vleet and DeGutis, 2013). Moreover, in healthy individuals, these non-spatial attentional 

components have been successfully modulated by reward (Tomporowski and Tinsley, 

1996, Raymond and O'Brien, 2009).  

 

It must be borne in mind, however, that not all patients in the aforementioned reward-

related neglect studies (Lucas et al., 2013b, Malhotra et al., 2013, Lecce et al., 2015) 

displayed a reward response, possibly secondary to lesion neuroanatomy, or 

alternatively in relation to apathy, or both. Although apathy has been described in 

conjunction with reward insensitivity, these two elements are not necessarily directly 

equivalent (Lawrence et al., 2011, Chong et al., 2015). However, both have been 

demonstrated to improve with dopaminergic agents (Adam et al., 2013, Muhammed et 

al., 2016), and the previously reported variability in efficacy of dopaminergic intervention 

(Grujic et al., 1998, Barrett et al., 1999, Mukand et al., 2001) in neglect patients may be 

related to one or both of these factors. That is, dopaminergic therapy may be effective 

only in the presence of apathy or the lack of a reward response. This notion would be 

consistent with impaired dopamine signalling consequent to striatal damage, which has 
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been reported in apathy and in patients with an absent reward response (Levy and 

Czernecki, 2006, Levy and Dubois, 2006, Schmidt et al., 2008, Adam et al., 2013), and 

would explain why PD patients exhibit blunted reward responses (Lawrence et al., 2011) 

that improve with dopamine treatment (Chong et al., 2015, Muhammed et al., 2016). To 

that end, it is conceivable that neglect patients who do not show a reward response, 

which may reflect unilateral striatal dysfunction (Lucas et al., 2013b, Malhotra et al., 

2013), may be sensitive to dopaminergic influences that reverse reward insensitivity, 

thereby rendering them amenable to incentive stimulation. On the other hand, of course, 

the effects of dopaminergic therapy on neglect may be unrelated to reward response, 

but alternatively possibly related directly to the presence or absence of non-lateralised 

deficits. Similarly, in order to account for the differences in drug effects, dopaminergic 

agents may be beneficial only in the presence of one or more of these deficits, which is 

supported by evidence that both WM (Cools and D'Esposito, 2011) and SA (Saeedi et 

al., 2006, del Campo et al., 2013) may be modulated by dopamine. 

 

As discussed at the beginning of this chapter, the presence of the neglect syndrome has 

a significant negative impact on daily activities and is associated with poor functional 

recovery after stroke (Jehkonen et al., 2000a, Ugur et al., 2000, Di Monaco et al., 2011). 

In pursuit of effective pharmacological and/or motivational therapies to treat the 

condition, it is important to address the issues highlighted above. This is the purpose of 

the current thesis. The first main aim was to investigate the effects of motivation, in the 

form of anticipated monetary reward, on the non-spatial deficits of temporal selective 

attention and SA in right hemisphere stroke patients with neglect. A subsidiary aim was 

to determine the anatomical correlates of any reward-attention interaction. The second 

aim was to examine the effects of exogenous dopamine on the reward-attention 

interaction in neglect, specifically to assess whether a previously absent reward-attention 

interaction can be induced, and an existing one enhanced. A subsidiary aim was to 
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establish anatomical differences that may underpin the reward response. Third, was to 

understand the relationship, if any, between clinical apathy and a deficient reward-

attention interaction, and finally, to study the effects of dopamine on WM and SA.  

 

1.4 Outline of Remaining Thesis 

To achieve the aims as set out above, brain damaged patients with neglect were 

recruited. Chapter 2 describes the assessment tools employed for the screening process 

and their characterisation, additionally detailing the procedures used to determine lesion 

anatomy.  

 

The experimental work and findings to address motivational effects on non-spatial 

attentional components are presented in Chapter 3 and Chapter 4. The former recounts 

the process by which an RSVP paradigm was developed to probe the pathological AB in 

neglect patients, whilst the latter describes the use of a continuous performance task 

(CPT) to measure and contrast SA performance in patients and healthy controls. 

 

To address the aims centred upon dopamine, its effects, and the reward-attention 

interaction, a comprehensive proof-of-concept study was designed, which is presented 

and discussed in Chapter 5.  

 

Finally, Chapter Six draws together the experimental outcomes in a general discussion, 

and their significance for the future therapeutic management of neglect. Limitations are 

addressed and potential future work is discussed. 
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2 General Methods 

 

2.1 Introduction 

In this chapter, the procedures used to determine the presence of hemispatial neglect in 

stroke patients are described, together with the method employed to map their lesion 

anatomy.  

 

2.2 Screening for Neglect 

The purpose of the present thesis was to explore the role of motivation, in the form of 

monetary reward, on the non-spatial component deficits of the neglect syndrome. Thus, 

identifying patients with hemispatial neglect was critical. Given that neglect is not a 

unitary disorder, with a variety of clinical manifestations that are dissociable from one 

another (Bisiach et al., 1986a, Halligan and Marshall, 1991, Guariglia and Antonucci, 

1992, Beschin and Robertson, 1997, Ota et al., 2001, Marsh and Hillis, 2008), and with 

symptoms ranging from the severe to the more subtle, it can be diagnostically 

challenging. Whereas studies have been reported where only one screening tool has 

been used to detect neglect (Gainotti et al., 1972, Damasio et al., 1980, Vallar and 

Perani, 1986), rather than relying on a single measure, diagnosis is most effectively 

achieved using a battery of tests (Azouvi et al., 2006), although there is no consensus 

as to its specific constitution (Stone et al., 1991, Azouvi et al., 2002). In their review, 

Menon and Korner-Bitensky (2004) identified 62 assessment tools for neglect in 

personal, near and far extrapersonal space. The tests selected for the screening battery 

for this thesis, therefore, included tasks that would probe each of these. Additionally, all 

patients were assessed for primary sensory deficits and neglect-related disorders. In this 

way, detection of the syndrome was optimised to ensure that a majority of neglect 

patients could be identified.  
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2.2.1 Tests for Neglect 

2.2.1.1 Personal Neglect 

The presence of personal neglect was determined using the Comb and Razor test 

(Beschin and Robertson, 1997, McIntosh et al., 2000). Patients were asked to mime 

combing their hair, and shaving (for men) or applying make-up (for women). The amount 

of time spent on the ipsilesional and contralesional sides, and the number of 

strokes/touches made on each side were compared. Personal neglect was deemed 

present if either or both of these favoured the ipsilesional half. 

 

2.2.1.2 Near Extrapersonal Neglect 

Traditionally, pen-and-paper tasks have been employed to assess near extrapersonal 

neglect for their ease of administration at the bedside. Cancellation tests are most 

frequently used, and are singly more sensitive at detecting visuospatial neglect (Ferber 

and Karnath, 2001). The majority require subjects to identify targets, often interspersed 

amongst distractors, which are arranged pseudo-randomly on an A4 sheet of paper. 

Sensitivity of these tasks increase with distractor density and if the display is less well-

structured (Weintraub and Mesulam, 1988, Halligan et al., 1989). For the experiments 

described in this thesis, two cancellation tests were used for the assessment of neglect 

in peripersonal space. The Mesulam shape cancellation task (Mesulam, 1985) 

comprises a random, unstructured array of 60 targets (15, open circles with six radiations 

and a single slanted line, in each quadrant) interspersed amongst 300 foils (filled and 

unfilled, familiar and unfamiliar shapes), whereas with the star cancellation task from the 

BIT battery (Wilson et al., 1987), targets are 56 small stars (27 on each side, and 2 

positioned centrally for demonstration purposes and which are not scored) mixed up with 

large stars, capital letters and short words (Figure 2.1). Each was administered on an A4 

sheet of paper in landscape orientation, placed at the patient’s midline within comfortable 
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For the purposes of the current study, patients were defined as having neglect if they 

demonstrated evidence of a lateralised deficit on two or more of the tests described 

above, or on a single task in conjunction with a right-sided start on the cancellation tasks 

(Stone et al., 1991, Azouvi et al., 2002).  

 

2.2.2 Assessment for Primary Sensory Deficit 

By definition, patients with purely primary sensory deficits do not manifest neglect 

behaviours. However, identifying an afferent defect in the presence of neglect may be 

complicated, particularly in the visual modality (Parton et al., 2004, Heilman and 

Valenstein, 2012). In their investigations of the neural correlate of neglect, Karnath et al. 

(2001, 2002) excluded patients with visual field defects as they felt that the presence of 

these had confounded the results of previous studies of neglect patients. Although this 

approach is controversial, it remains important to reliably identify the group of patients 

who appear to have a primary sensory deficit in addition to neglect, and for the current 

set of studies, I aimed to discern the presence of primary deficits in somatosensory and 

Figure 2.4: Naming objects task 

When asked to point to and name 10 objects around the room, the patient’s 
responses were biased towards the right side of the room, failing to mention any 
objects from the left within 1200. 
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visual domains as part of the screening process. Firstly, sensory loss was enquired 

about, followed by formal bedside neurological examination for somatic sensation to light 

touch and visual field assessment using the confrontation method. 

 

2.2.3 Assessment for Related Disorders 

2.2.3.1 Sensory Extinction 

Individuals with unilateral brain damage not infrequently fail to report stimuli delivered 

contralesionally when a concurrent ipsilateral stimulus is given, despite retaining the 

ability to detect each event in isolation. This is the phenomenon of sensory extinction, 

and although it has been reported with lesions to either hemisphere, it is thought, 

similarly to neglect, to be more commonly associated with right hemisphere damage 

(Stone et al., 1993, Becker and Karnath, 2007). It remains unclear, however, whether 

neglect and extinction, which can be dissociated (Stone et al., 1998, Cocchini et al., 

1999), represent the same (Heilman and Valenstein, 1972, Becker and Karnath, 2007) 

or distinct (albeit related) (Vallar et al., 1994) phenomena.  

 

Patients were examined with four double-simultaneous stimulations (bilateral trials), and 

eight single stimulations (four on each side) presented randomly, by touching the arms 

(or in some instances, the face) and by small wiggling movements of the index finger to 

test for tactile and visual extinction respectively. The latter were administered within the 

normal hemifield for hemianopic patients. Extinction was classified as being present if 

patients failed to indicate the contralesional stimulus in more than 50% of bilateral 

stimulations, having correctly reported the individual stimulations. 
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2.2.3.2 Anosognosia 

Anosognosia is the unawareness of the existence of a deficit due to brain lesions or 

disease. It may be observed with a number of deficits, including cortical blindness, 

cortical deafness, hemianopia and hemiplegia. Although its presence has been 

demonstrated and is usually considered in patients with neglect, it has also been 

described in those without (Cutting, 1978, Jehkonen et al., 2000b, Baier and Karnath, 

2005). Its presence, however, is a strong predictor of poor recovery from stroke 

(Gialanella and Mattioli, 1992, Pedersen et al., 1997). To determine its extent in each 

patient, a short questionnaire (Bisiach et al., 1986b) was administered. 

 

It should be noted that neither the presence of extinction or anosognosia were a 

requirement for the diagnosis of neglect. 

 

2.3 Subjects 

As approved by the NHS research ethics committee, patients admitted with symptoms 

and signs suggestive of an acute hemispheric stroke were recruited from the Hyperacute 

Stroke Units at Charing Cross and Northwick Park Hospitals, London. Most patients, 

including all of those who had no evidence of neglect, were screened within seven days 

of presentation. The decision to screen so acutely was deliberate, predominantly to 

ensure precise neglect classification of patients. As up to 85% of those with right 

hemisphere stroke manifest some degree of neglect in the acute and subacute stages 

(Stone et al., 1993, Azouvi et al., 2002, Karnath et al., 2011), improving to approximately 

one third even by three months (Cassidy et al., 1998), this method, when compared to 

delayed screening, reduces erroneous labelling of individuals with recovered neglect as 

having no neglect. 
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RIGHT 

HEMISPHERE 
LEFT 

HEMISPHERE 

Number of patients assessed 168 7 

    

C
LI

N
IC

A
L 

A
SS

ES
SM

EN
T 

Visual field deficit 61/168 (36.3%) 5/7 (71.4%) 

Limb weakness 131/168 (78.0%) 5/7 (71.4%) 

Dysphasia *2/168 (1.2%) 4/7 57.1%) 

Anosognosia 35/143 (24.5%) 0/5 (0.0%) 

Visual extinction 63/168 (37.5%) 2/7 (28.6%) 

Tactile extinction 64/144 (44.4%) 1/7 (14.3%) 

    

N
EG

LE
C

T 
A

SS
ES

SM
EN

T 

PERIPERSONAL   

Mesulam shape cancellation 86/138 (62.3%) 3/7 (42.9%) 

BIT star cancellation 103/163 (63.2%) 1/7 (14.3%) 

Line bisection 82/150 (54.7%) 3/7 (42.9%) 

BIT shape copying 67/132 (50.8%) 3/5 (60.0%) 

Clock drawing 45/134 (33.6%) 2/5 (40.0%) 

   

PERSONAL   

Comb/razor/make-up 36/139 (25.9%) 0/4 (0.0%) 

   

EXTRAPERSONAL   

Pointing to objects around room 67/119 (56.3%) 3/5 (60.0%) 

    

Right-sided start on cancellation task 104/163 (63.8%) - 

Lateralised deficit on ≥ 1 task 128/168 (76.2%) 4/7 (57.1%) 

Lateralised deficit on ≥ 1 task & right hand start  119/168 (70.8%) - 

Lateralised deficit on ≥ 2 tasks 109/168 (64.9 %) 3/5 (60.0%) 

Table 2.1: Summary of results of stroke patient screening for neglect deficits 

Numerator indicates the number of patients with a lateralised deficit on each task, and the 
denominator equates to the number of patients who were able to perform the task. 

*Both patients were left hand dominant 

 



General Methods 

 

66 
 

Patients were excluded if they were aged <18 years, were physically unable to perform 

the tests, had significant visual impairment preventing them from reporting centrally 

presented visual stimuli, or had coexistent conditions, for example dementia, potentially 

causing attentional impairments. Those who failed to understand the consent 

information, as assessed using a questionnaire adapted from Buckles et al. (2003) were 

also excluded. Nearly 200 patients were personally screened by myself, and those who 

subsequently transpired not to have suffered a stroke were excluded. Table 2.1 

summarises the results of the screening programme for the remaining 175 patients. 

Unfortunately, not all were able to complete the assessments, commonly due to acute 

medical illness or fatigue.  

 

Healthy control participants included spouses of patients and volunteers from a local 

gymnasium. None had any prior history of cerebral pathology, psychiatric illness or 

substance abuse. 

 

All subjects who subsequently participated in the experiments detailed in Chapters 3 to 

5 gave written informed consent according to the Declaration of Helsinki.  

 

2.4 Lesion Mapping 

As discussed in the introduction, the anatomy of the neglect syndrome and that for 

motivation and reward has been extensively studied. With the emerging evidence that 

some attentional processes are influenced by motivation, there has been growing 

interest into examining the neural basis of such interactions, the majority of which have 

been carried out on healthy individuals. A primary purpose of the current thesis was to 

study the effects of reward on discrete attentional components of the neglect syndrome. 

That is, to assess, if present, the various reward-attention interactions in brain lesioned 
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patients with attentional deficits. Therefore, examining their lesion anatomy in the context 

of their behavioural data, would help to provide insight into and further our understanding 

of motivational modulation of attention. 

 

2.4.1 Procedure 

As computed tomography (CT) is the dominant modality used in acute stroke, clinical CT 

brain images that were obtained within 24 hours of hospital admission were available for 

all patients who took part in this set of studies. Half of the cohort had additional clinical 

scanning with magnetic resonance imaging (MRI), which included axial diffusion 

weighted imaging (DWI) and fluid-attenuated inversion recovery (FLAIR) sequences. 

These CT and MRI data were imported into the MRIcron software package 

(www.mccauslandcenter.sc.edu/mricro/mricron). Using the same programme, lesions 

were mapped (Figure 2.5) directly onto each patient’s native CT or MRI (DWI or FLAIR 

if the images were, respectively, acquired within or beyond 48 hours of stroke onset) on 

all axial slices where lesion was evident. The anatomical scan and lesions were 

subsequently mapped onto stereotaxic space using Clinical Toolbox for spatial 

normalisation (Rorden et al., 2012; www.mccauslandcenter.sc.edu/CRNL/clinical-

toolbox), implemented via the SPM8 software package 

(www.fil.ion.ucl.ac.uk/spm/software/spm8).  

 

Whereas traditionally, normalisation would warp an individual’s brain images to 

approximate an MRI template derived from neurologically healthy young adults, this fails 

to reflect the atrophic changes commonly observed in a group of adults of more 

advanced years that is typical for the stroke population. The CT and MRI templates 

developed by Rorden et al. (2012) that are embedded within Clinical Toolbox confer such 

an advantage, having been created from an older cohort. Furthermore, with an MRI 

http://www.mccauslandcenter.sc.edu/mricro/mricron
http://www.mccauslandcenter.sc.edu/mricro/mricron
http://www.mccauslandcenter.sc.edu/mricro/mricron
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
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template that approximately matches that of the CT, studies where mixed modalities are 

present, as with this thesis, are possible.  

 

 

      

 

 

 

 

 

 

 

2.4.2 Limitations 

The notion that cognitive functions may be ascribed to specific brain regions dates back 

to antiquity (Gross, 1995), and gained considerable prestige in the 19th and early 20th 

century following the work of Paul Broca (1861) and Carl Wernicke (1874), who reported 

that injury to focal areas within the left hemisphere disrupted particular aspects of 

language. This human ‘lesion method’ has considerably advanced our understanding of 

how function depends upon structure (Rorden and Karnath, 2004, Fellows et al., 2005). 

However, relating behavioural function to anatomy using this approach has its caveats, 

centred around the necessity to identify the location and extent of the lesion. This is 

dependent on a number of variables, beginning firstly with the acquisition of brain 

images.  

 

  

Figure 2.5: Lesion mapping example 

Single axial DWI slice (A) with lesion drawn directly onto the 
native scan (B). 

 

A B 
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2.4.2.1 Brain Imaging Modality and Sequences 

Whilst MRI is the preferred modality, particularly in acute and subacute stroke (Sa de 

Camargo and Koroshetz, 2005, Latchaw et al., 2009) owing respectively to the high 

sensitivity and specificity of DWI and that FLAIR sequences permit the detection of subtle 

intraparenchymal fluid changes, with high spatial resolution (Mort et al., 2003), this is not 

always feasible, as was the scenario in this thesis. With modern clinical stroke 

sequences and the advances in CT imaging, however, lesion information from clinical 

scans is still able to provide relatively high quality data, and has been a method used in 

a number of studies of the neglect syndrome (Karnath et al., 2004, Verdon et al., 2010, 

Karnath et al., 2011).  

 

Cognitive impairment may occur consequent to a lesion that disrupts communication 

between two functionally intact brain areas, resulting in a disconnection syndrome 

(Rorden and Karnath, 2004). Structural imaging with CT and MRI, however, cannot 

detect properties of an overall functional network, a further limitation of the lesion-

behaviour approach. However, whilst functional imaging studies may reveal brain 

regions that are activated during a particular task, it cannot discriminate which regions 

are merely involved in, from those that are critical to, a cognitive process, the latter for 

which lesion-behaviour relationships confer an advantage. Some inferences about 

network disruption can be made from dedicated MRI sequences which enable 

visualisation of white matter tracts (tractography), but these are not acquired as part of 

standard clinical scans. Thus, studies using tractography tend to be those with a 

particular anatomical focus (Urbanski et al., 2011, Thiebaut de Schotten et al., 2014), 

rather than the broader behavioural approach that was taken here. 
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2.4.2.2 Lesion Delineation Accuracy 

Another limitation of the lesion-behaviour approach is that it requires lesions to be 

accurately delineated. Currently, the most common method is for this to be done 

manually. As such, it is observer-dependent, relying on an individual’s judgment to define 

the boundaries of a lesion and thus, is a potential source of error. This may be 

exacerbated in the presence of many operators, but was constrained in this thesis on 

account of the lesions being defined only by myself. Although automated methods, an 

approach which also serves to remove inter-subject variability, have been described both 

for CT (Gillebert et al., 2014) and MRI (Seghier et al., 2008), these are limited by reduced 

sensitivity in regions close to the ventricles and the brain contours, leading some authors 

to conclude that manual tracing remains the gold standard for exact lesion delineation 

(Wilke et al., 2011).  

 

2.4.2.3 Vascular Anatomy 

One further issue, which has recently been raised by investigators interested in lesion 

mapping of behavioural deficits following hemispheric stroke, is the importance of 

vascular anatomy  (Mah et al., 2014). These authors have suggested that a hidden bias 

exists in the lesion anatomy of ischaemic strokes, secondary to the underlying 

architecture of the vascular tree, and that only sophisticated machine learning techniques 

in very large patient groups must be used to avoid such biases. Although this may have 

some influence, it should be noted that it relates only to ischaemic strokes rather than 

haemorrhage, and does not necessarily take into account the use of behavioural 

comparisons between patient groups. Thus, the combination of lesion mapping and 

analysis methods employed here represented a pragmatic approach, which was best 

suited to the heterogeneous group of patients that were recruited, providing the best 

possible lesion analysis from the available clinical scans.
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3 The Effect of Reward on Temporal Selective Visual Attention 

 

3.1 Introduction 

3.1.1 Theoretical Models for the Attentional Blink 

When asked to report on two targets amongst a stream of distractors, for the majority of 

subjects, detection of the second target (T2) is impaired if it is presented within 

approximately 200-500 ms of the correctly identified first target (T1). Although it was 

Raymond et al. (1992) who first coined the term ‘attentional blink’ to refer to this 

phenomenon, a similar post-target processing deficit was earlier reported by Broadbent 

and Broadbent (1987) and Weichselgartner and Sperling (1987), who used an RSVP 

paradigm to demonstrate the effect.  

 

The RSVP paradigm is an effective tool for exploring the temporal characteristics of 

visual attention and information processing. Visual stimuli, commonly in alphanumerical 

form, are presented sequentially at the same spatial location, often at a rate of 

approximately 10 items per second. Typically, two items constitute targets, T1 and T2, 

with the remainder being distractors. Reporting of the targets is unspeeded, and made 

offline at the end of each trial.  Such studies are utilised to observe the AB (Figure 3.1), 

with the prime measure of interest being the percentage of correct T2 reports from trials 

in which T1 was accurately reported. 

 

From their RSVP experiments, Raymond et al. (1992) identified three important 

characteristics of the AB. Firstly, the post-target processing deficit is an attentional rather 

than perceptual limitation: when the task demanded that subjects reported both T1 and 

T2, on trials in which T1 was correctly identified, T2 performance was impaired if it 

followed within 200-500 ms of T1, yet when instructed to ignore T1, detection of T2 
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greatly improved. Secondly, when T2 appeared immediately after T1, its detection 

accuracy was essentially unimpaired, an effect now referred to as ‘lag 1 sparing’ (Potter 

et al., 1998). Thirdly, when visual input was eliminated by way of insertion of a blank 

interval into the RSVP stream in place of the distractor following T1 (T1 +1 item), a post-

target processing deficit was not produced, suggesting that a novel stimulus following T1 

is required to generate an AB. To account for their findings, they postulated a ‘gating 

theory’. According to this inhibitory model, an attentional episode is initiated (akin to a 

gate opening) when the relevant features of T1 are detected. The features of an item 

that follows immediately will be processed along with those of T1 thus leading to the 

possibility that features of the two stimuli may be inappropriately conflated. The closing 

of an attentional gate limits the potential for such confusion through the suppression of 

processing of subsequent stimuli at an early perceptual level. An AB arises because this 

inhibition persists until T1 identification is complete, over a duration of approximately 500 

ms. Thus, T2 appearing after this time can be subject to a new attentional episode. Lag 

1 sparing occurs because both T1 and T2 are processed within the same attentional 

episode. When the T1 +1 item is blank, T1 identification can be achieved more quickly 

without interference, thereby allowing the next attentional episode to be initiated more 

rapidly and thus attenuating the AB effect. 

 

This account of the AB was replaced by the ‘interference theory’ following further work 

by Raymond and colleagues (Shapiro et al., 1994). This consists of a model based on 

competition in visual short term memory similar to that proposed by Duncan and 

Humphreys’ (1989) model of spatial visual search. On the premise of task instructions, 

a template is generated for both T1 and T2. Upon viewing an RSVP stream, perceptual 

representations are made for each stimulus, and those most congruous with the 

templates enter into a visual WM store, typically T1, T2, and the T1 +1 and T2 +1 items.  

Within this store, the four items interfere with each other during retrieval selection and 
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and whilst an item is undergoing stage 2 processing, no additional items can be 

processed beyond stage 1. Thus, if T2 appears during stage 2 processing of T1, stage 

2 processing of T2 will be delayed. The longer the delay, the greater the likelihood that 

T2 will have been lost, given the volatility of stage 1 representations. 

 

Subsequent to Chun and Potter’s (1995) ‘bottleneck’ model, similar models have been 

proposed that involve some form of capacity-limited component to its framework (Ward 

et al., 1996, Jolicoeur and Dell'Acqua, 1998, Awh et al., 2004, Di Lollo et al., 2005, Dux 

and Harris, 2007a). However, according to the ‘boost and bounce theory’ (Olivers et al., 

2007, Olivers and Meeter, 2008), capacity limits contribute little to causing an AB. This 

model also assumes two major information-processing stages consistent with other 

theories, sensory processing and WM, but rather than being strictly sequential, interact 

with one another. Sensory processing activates representations of perceptual features 

in addition to high-level representations involving semantic and categorical information. 

At stimulus onset, these are activated rapidly and strongly with subsequent decay. 

However, as stimuli are presented at the same spatial location in an RSVP stream, the 

activation of a single item is affected from forward and backward masking effects of those 

items preceding and succeeding it. The role of WM in this model is several-fold. Firstly, 

it maintains task instructions, enabling the relevant stimuli to be linked to the relevant 

response, and secondly, it stores these latter stimuli-response representations. Thirdly 

and crucially, it employs an input filter for relevant, and against irrelevant, information. In 

the presence of a stimulus that matches the target set, attentional enhancement is 

triggered that boosts its processing via excitatory feedback mechanisms, enabling the 

target to enter WM. The dynamics of this enhancement is such that with the AB 

paradigm, the T1 +1 distractor also receives an attentional boost by virtue of its temporal 

proximity to T1. The attentional enhancement of such irrelevant information, however, 

triggers a strong, transient, inhibitory feedback response, with the input filter thus 
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bouncing subsequently presented stimuli to prevent the T1 +1 distractor from entering 

WM. An AB is the consequence.  

 

In addition to the above, a number of alternative models have also been described, an 

extensive discussion of which is beyond the scope of this thesis. Despite their 

differences, these theoretical accounts of the AB share a high degree of convergence. 

Barring the initial inhibitory model of Raymond et al. (1992), the others assume that all 

items in the RSVP stream are fully processed up to the point of conceptual 

representations. Deficits in the consolidation of T2 into a reportable WM representation 

thus results in the AB. 

 

3.1.2 Neural Correlates of the Attentional Blink 

Research attempting to identify the neural correlates of the AB has implicated a network 

of areas distributed across occipital, parietal and frontal regions. In a series of 

experiments using fMRI, Marois et al. (2000) consistently found differential activations of 

the right IPS. They suggested that this brain region was likely to represent a key neural 

component of the capacity-limited process presumed to underlie the AB. However, their 

study focussed on the perceptual interference on T1, manipulating the T1 +1 item to 

compare high with low interference conditions, rather than on the AB phenomenon itself. 

This was addressed in a subsequent study (Marois et al., 2004) where they distinguished 

consciously perceived from non-perceived T2 stimuli on T1-correct trials. In contrast to 

their earlier work, differences in parietal activation were not found but rather in lateral 

frontal cortex, whose activation was strongly dependent on whether T2 was explicitly 

reported. Specifically, the haemodynamic response was greater for correctly identified 

T2 as compared to missed T2 or T2-absent conditions. Kranczioch et al. (2005) reported 

similar findings but with the addition of parietal activation. Activity in occipito-temporal 
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cortices was also reported but interestingly, were significantly larger when T2 was 

missed rather than detected. By decreasing the delay between T1 and T2 from 700 ms 

to 300 ms in an RSVP stream, Marcantoni and colleagues (2003) also observed 

enhanced activation in inferotemporal, lateral frontal and left posterior parietal cortices 

for T2 stimuli presented during the AB window.  

 

In addition to fMRI, studies utilising electroencephalography (Sergent et al., 2005), TMS 

(Kihara et al., 2011) and magneto-encephalography (Gross et al., 2004) have further 

identified the role of fronto-parietal cortices in the AB, with more activation observed in 

‘T2-seen’ than on ‘T2-blinked’ trials.  

 

3.1.3 The Attentional Blink and the Neglect Syndrome 

Husain et al. (1997) first reported the pathological prolongation of the AB in patients with 

the neglect syndrome. Compared to healthy subjects and right-hemisphere stroke 

patients without neglect, the AB of those with neglect was extended beyond 1260 ms 

compared to 360 ms as demonstrated by their control counterparts. Furthermore, there 

was a significant correlation between the degree of neglect, as measured by 

performance on the Mesulam cancellation task, and the magnitude of the AB. The results 

were interpreted to suggest that in addition to a spatial bias, neglect additionally has a 

non-lateralised, temporal component which when present, may exacerbate severity 

(Husain and Rorden, 2003). 

 

In support of this latter view, Hillstrom et al. (2004) demonstrated the presence of a 

spatiotemporal gradient in the allocation of attention in a neglect patient, using an RSVP 

paradigm where T1 was presented centrally but T2 location varied between trials, 

appearing either centrally, to the left or to the right. When T2 was on the right, there was 
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no evidence of an AB, but was of approximately normal duration for T2 presented 

centrally at fixation. A prolonged AB, however, was evident when T2 was on the left, 

which lasted for over 600 ms. Thus, AB duration showed a spatial gradient. Similar 

findings had been reported by di Pellegrino et al. (1998) in a patient whose neglect had 

resolved as determined by conventional assessments, but with persistent left-sided 

extinction. Two successively presented letters in right hemispace were accurately 

reported when their temporal presentation was separated by more than 300 ms, 

consistent with a normal AB. When presented in left hemispace, however, a temporal 

separation between the letters of greater than 600 ms was required for accurate 

performance. 

 

Although these studies suggest that there is a link between impaired temporal selection 

and biases in spatial attention, it should be borne in mind, however, that the presence of 

neglect is not a necessary prerequisite for a pathological AB (Rizzo et al., 2001, Shapiro 

et al., 2002, Correani and Humphreys, 2011). 

 

3.1.4 Reward and the Attentional Blink 

The AB is considered to be a highly robust effect, having been replicated in multiple 

studies by many researchers, under a wide variety of experimental conditions and in a 

large proportion of subjects. There is evidence, however, that the AB can be subject to 

modulation, including by the emotional (Anderson and Phelps, 2001, Tibboel et al., 2011, 

de Oca et al., 2012, Kanske et al., 2013) or motivational salience of the target stimuli 

(Waters et al., 2007, Liu et al., 2008, Tibboel et al., 2010, Brevers et al., 2011). Although 

much of the latter has been described in relation to addiction-related items, monetary 

rewards have also been reported to facilitate performance but with variable results. 
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Participants in Raymond and O’Brien’s study (2009) learned to associate facial stimuli 

with monetary gains, losses or neither, which were subsequently used to represent T2 

in an AB task. A typical AB effect was seen when T2 was of faces previously associated 

with loss or neutral outcomes. In stark contrast, T2 recognition for win-associated faces 

rendered the AB effect absent. Olivers and Nieuwenhuis (2005) on the other hand, 

remunerated participants on their performance on an AB task, where accurate T1/T2 

performance was rewarded with earnings but incorrect identifications were punished with 

monetary losses. Although they found no statistically significant effect of reward on the 

AB compared to another group of subjects who performed the task in the absence of 

anticipated monetary reward, they noted that there was a trend towards better 

performance at the longest T2 lag suggesting that the duration of the AB may be reduced 

under conditions of higher motivation. Similarly, Bijleveld et al. (2011) reported no 

beneficial effect on the AB when monetary reward was made explicit, yet when 

participants were subliminally exposed to it, high value rewards improved performance. 

 

3.2 Aims 

Although there have been few studies that have investigated the effects of reward on the 

AB, none as yet have examined its effects on the pathologically prolonged AB. This was 

the aim of the present study, whose hypothesis is that reward can modulate the 

pathological AB. In the context of the neglect syndrome, modulation of temporal attention 

deficits could in turn potentially modulate the syndrome itself. 
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3.3 Experiment 1: Pilot Study 

3.3.1 Method 

3.3.1.1 Subjects 

Six right-hemisphere stroke patients with left hemispatial neglect participated in this pilot 

study. The presence of a lateralised spatial deficit on the Mesulam shape cancellation 

task, and/or the BIT star task (as evidenced by more than two target omissions on the 

contralesional over the ipsilesional half of the array) was considered to be indicative of 

neglect. All participants provided written informed consent before entering into the study. 

 

3.3.1.2 Study Design and Behavioural Task 

An initial AB task, adapted from that used by Husain et al. (1997), developed using E-

Prime software (Psychology Software Tools, Inc.) was piloted on six right hemisphere 

stroke patients with neglect. From a distance of approximately 50 cm, subjects viewed 

an alphanumeric RSVP stream in bold Arial type, font size 36, presented at the centre of 

a Hewlett Packard EliteBook 2470p Tablet PC (Figure 3.2). Each stimulus was presented 

for the same duration (see below) without an interstimulus interval (ISI). All stimuli were 

black capital letters, except T1, which was a white digit presented on a uniform grey 

background. Subjects initiated a block of trials when ready by depressing the spacebar 

key. Each trial began with a black fixation cross presented centrally for 1000 ms. The 

number of letters presented before T1 varied randomly between 0 to 9 items. T1 could 

be any digit between 1 and 9 inclusive, appeared in all trials, and was always followed 

by a sequence of 10 letters. T2 was the black letter ‘X’, which was presented randomly 

as one of the ten letters that followed T1, and only in a randomly selected half of the 

trials. An ‘X’ was never presented before T1 and never appeared more than once within 

a single RSVP stream. Due to the similarities of a ‘K’ and an ‘X’, ‘K’ was omitted as a 

distractor item. 
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In separate sessions, subjects were instructed to identify T1 and to report the presence 

or absence of T2 (dual-target trials), or only to report on T2 (single-target trials). 

Responses were verbalised at the end of each RSVP stream and recorded by the 

examiner. Per block of trials, T2 was presented once at each of the 10 possible serial 

positions after T1 (equating to lags 1 to 10), yielding 20 trials per block. The dual-target 

trials were performed on two separate sessions under different conditions (one without 

reward, NR, and the other with reward, R), each consisting of 8 blocks (a total of 80 T2-

present and 80 T2-absent trials, with T2 having been presented 8 times at each of the 

lag positions). Following each trial, correct responses for both T1 and T2 were fed back 

to subjects in pictorial representations in the form of a smiling face (for the NR condition) 

or a win of £2 (for the R condition). An incorrect response for either T1 or T2 was depicted 

by a crying face or a loss of £2. At the start of the R session, subjects were informed that 

they would earn 10% of their total winnings on the task, but all subjects were rewarded 

with £20 in vouchers regardless of performance as the Ethics committee requested that 

all subjects were awarded an identical amount for participating in any particular 

experiment. The single-target trials were performed on a third session, where feedback 

was not provided for correct nor incorrect trials. Only 4 blocks were administered (total 

of 40 T2-present trials) because it was felt that the majority of patients might otherwise 

struggle to complete the full experiment given the length (minimum 1 ½ hours) of an 8-

block session.  

 

The sessions were performed on separate days in the following order to prevent the 

potential carry over effects of reward (Della Libera and Chelazzi, 2006, 2009): NR dual-

target task, single-target task (S), and lastly R dual-target task, with each of the latter 2 

sessions taking place within 1 week of the first. Subjects received 20 practice trials in 

each condition prior to data collection. Short rest breaks were provided between each 

block.  
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3.3.1.3 Determination of Stimulus Duration 

At the start of the first session, subjects performed a single block of the AB task in the 

NR dual-target condition with a stimulus duration of 200 ms.  Dependent on performance, 

this block was repeated, adjusted for stimulus duration: floor performance (failure to 

correctly identify T2 at any lag position) resulted in an increase, and performance at 

ceiling (scoring all 20 practice trials correctly) resulted in a reduction in stimulus duration 

by approximately 17 ms (the time taken for the screen to refresh once). This procedure 

was repeated until performers previously at floor could appropriately identify T2 at lag 10 

or better, and performers previously at ceiling failed to identify T2 at least at lag 2 

(assuming a lag 1 sparing effect). Subjects then entered into the experimental blocks. 

Performance was reviewed after 4 blocks and those performing at floor (correct 

responses for T1 <80% or correct responses for T2 <20% at all lag positions in T2-

present trials) or at ceiling (correct responses for T1 >80% and correct responses for T2 

>60% at all lag positions in T2-present trials) level repeated these blocks with further 17 

ms increments or decrements, respectively, in stimulus duration. Those not at floor or 

ceiling continued with the remainder of the experimental blocks. 

 

3.3.2 Results 

Two of the six patients who participated were unable to complete the testing sessions: 

one patient declined to attend subsequent sessions stating reasons of time consumption, 

and one patient found the task too difficult and the procedure was abandoned. They were 

therefore excluded from analysis. 

 

As the AB effect is defined by a deficit in reporting a second target contingent upon a 

first target having been correctly identified, T2 accuracy at each lag was determined by 

calculating the percentage of T2-correct responses only for those T2-present trials in 
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3.3.3 Discussion 

The paradigm used for the pilot study failed to elicit an AB effect as evidenced by the 

lack of a main effect of lag, and the absence of significant differences between T2 

performance on the baseline S task and either of the dual-target tasks at any lag, a 

prerequisite in order to assess the effects of reward modulation. Below, I discuss 

methodological factors that may account for this. 

 

A staircase model was introduced in an attempt to determine the threshold stimulus 

duration for each subject. Yet despite this, a robust AB effect was not obtained. Choi et 

al. (2012) reported the elimination of the AB effect following just one hour of training. 

Thus, practice effects may be one possibility to account for the lack of an AB effect in 

the present study, and would particularly be the case for those subjects who required 

lengthy titrations for stimulus duration. Furthermore, in their study, Husain et al. (1997) 

noted that the performance of neglect patients on the dual-target task improved with 

time. Only 4 blocks were used per stimulus duration in the procedure for the current pilot 

task to establish whether a subject fulfilled the criteria to complete the remaining blocks 

for that stimulus duration. Thus, the initial AB effect observed could have been negated 

if subjects’ performance improved in the latter half of the task. It would have been 

impractical and further time-consuming (possibly leading to higher patient drop-out 

rates), and with the risk of exacerbating practice effects, however, to have implemented 

a full 8 blocks for the purposes of determining stimulus duration. The effect of 

performance improving with time on task, however, was not observed in this pilot group 

of patients.  

 

Although overall T1 accuracy in the present pilot experiment was comparable to those 

of other studies (Husain et al., 1997, Kawahara et al., 2001, Nieuwenstein et al., 2009, 
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It has been argued that backward masking of T2 is an essential factor in obtaining an AB 

(Giesbrecht and Di Lollo, 1998, Brehaut et al., 1999). That is, the distractors trailing T2 

in the RSVP stream mask and replace T2 as the internal representation to be identified, 

a process Di Lollo and colleagues referred to as ‘object substitution’. Moreover, masking 

of T1 also appears to play an important role (Brehaut et al., 1999), where if the distractor 

immediately following T1 is replaced by a blank interval, the accuracy with which T2 

occurring at lag 2 is reported improves, attenuating the AB (Raymond et al., 1992). 

Although both T1 and T2 were masked in the present study (other than when T2 was 

presented as the last item in the RSVP stream), the stimulus onset asynchrony (SOA) 

between target and the subsequent mask, or the display duration of the latter itself, may 

be relevant in determining the AB effect. In one of their experiments, Giesbrecht and Di 

Lollo (1998) varied the SOA between T2 and the mask. Although an AB effect was 

obtained at SOAs of 50 ms, 100 ms and 200 ms, the effect was less pronounced as SOA 

increased. In the present study, the SOA was not consistent and differed across subjects, 

which may explain why an AB effect was not observed at a group level. 

 

Taking all the above into consideration, the paradigm and protocols were therefore 

reviewed and modified as described below. 
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3.4 Experiment 2: Experimental Study 

3.4.1 Method 

3.4.1.1 Subjects 

Eighteen right-hemisphere stroke patients (thirteen male) took part in this study. All had 

evidence of left-sided visuospatial neglect at the time of recruitment, from which seven 

had recovered by the time of testing (Table 3.1). As before, the presence of a lateralised 

spatial deficit on the Mesulam shape cancellation task, if not the BIT star task, as 

evidenced by more than two target omissions on the contralesional over the ipsilesional 

half of the array, was considered to be indicative of neglect.  

 

Age-appropriate healthy control subjects were also recruited. This was to ensure that 

any AB effect obtained in the patient group was pathological relative to controls. 

Recruitment, however, was discontinued after the first four subjects (two male) as it 

became evident that by the widely-accepted criteria of McLaughlin et al. (2001) (see 

below), compared to the patients, healthy individuals did not appear to exhibit an AB 

deficit on this particular paradigm. Thus, any observed deficit in the patient group was 

considered to be pathological. 

 

All participants provided written informed consent before entering into the study. 

 

3.4.1.2 Study Design and Behavioural task 

The behavioural task and procedures were similar to that of the pilot study but with a 

number of key changes (Figure 3.5), each of which will be discussed below. 
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3.4.1.2.1 Task Type 

The pilot task is an example of a detection task. That is, T2 is fully specified and subjects 

report on its presence or absence. In identification (or discrimination) tasks, targets are 

partially specified, being described by both a target-defining characteristic (for example, 

colour or capital letters) for selection purposes, and a to-be-reported characteristic (for 

example, the name of a letter or number) for subjects to declare. Both types of tasks 

have been used to study the AB. It has been argued, however, that identification tasks 

are more complex than those of detection, and that performance is more greatly impaired 

(Kawahara et al., 2001). For the revised task, the nature of T2 was changed such that it 

could now be any one of a series of black digits (any number between 1 and 9 inclusive) 

rather than a black ‘X’. Differences between targets and distractors that render targets 

readily discriminable from the distractor set has been shown to attenuate the deficit for 

detecting T2 in AB tasks (Chun and Potter, 1995). T2 therefore remained as black to 

prevent it from “popping-out”. 

 

The reasons for using an identification format were twofold: firstly, because it is a more 

difficult task, an AB effect is more likely to be evident within and between subjects, and 

secondly, T2-absent trials are obsolete, thereby giving rise to more data points per lag 

and a more accurate measure of performance. To further enhance the latter, T2 was 

presented only at lags 1 to 5, 7 or 10. The number of trials per block was increased to 

21 from 20, thus yielding 3 trials per block for each T2 lag position (total of 24 T2-present 

trials per lag). With the change in T2, which would never be the same number as that of 

T1 within the same trial, letters that could be mistaken for digits (I, S and Z) were removed 

from the distractor streams, and the letters K and X reintroduced.  
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3.4.1.2.2 Number of Pre-T1 Items 

Based on the results from the pilot study, the number of non-target items appearing 

before T1 was adjusted to between 3 and 9 items (as opposed to 0 to 9 items) to optimise 

the number of trials of T1 detection. The position of T1 was not fixed to prevent subjects 

from predicting its location within the distractor stream, and thereby potentially bypassing 

processing limitations through the establishment of temporal expectations (Tang et al., 

2014). 

 

3.4.1.2.3 Stimulus Onset Asynchrony 

SOAs can be achieved either by separating successive stimuli with a blank ISI or without. 

In the case of the latter, as was featured in the pilot task, stimulus duration equals SOA. 

It is unclear from the AB literature, however, what advantages one presentation has over 

the other, given that ABs have been produced effectively in tasks utilising either method 

(Raymond et al., 1992, Chun and Potter, 1995). Furthermore, the actual selection of the 

SOA appears to be arbitrary, as evidenced by each of the many studies reporting the 

use of different SOA values (Broadbent and Broadbent, 1987, Raymond et al., 1992, 

Chun and Potter, 1995, Akyurek et al., 2008, Nieuwenstein et al., 2009). Additionally, for 

those that have opted for an ISI, again, the division of the SOA between stimulus 

presentation duration and ISI appears to be arbitrary. In their study investigating temporal 

control of the lag 1 sparing effect, Akyurek et al. (2008) varied the stimulus duration and 

ISI within subjects. They found that performance on the AB task with long stimulus 

duration (and therefore shorter ISIs) was better than with short stimulus duration (and 

therefore longer ISIs), but this was dependent on T2 lag position. 

 

For the present study, the SOA was fixed to 150 ms, thus abolishing potential 

confounding practice effects between subjects, with each subject now receiving a single 
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practice block (14 trials) prior to each task, and additionally reducing the total duration of 

the experiment. An SOA of 150 ms was chosen on the assumption that an AB would be 

evident before lag 10, when T2 would occur 1500 ms after T1, based on the results of 

Husain et al. (1997), who demonstrated that right hemisphere stroke patients with 

neglect recovered from the AB effect by 1440 ms. The 150 ms SOA constituted 83.3 ms 

for stimulus duration and 66.6 ms ISI. This decision was made to potentially limit the 

complexity of the task due to concerns that patients may find it too difficult to perform, 

given that the paradigm was to be modified into the more demanding identification task. 

A longer stimulus duration over ISI was chosen based on the non-specific findings of 

Akyurek et al. (2008). 

 

3.4.1.2.4 Procedure 

With the reduction in the total duration of the experiment, and to further minimise the risk 

of subjects withdrawing participation, the number of experimental sessions was reduced 

from three to two, occurring on separate days within one week of each other. The dual-

target tasks were performed in different sessions, and the single-target task withdrawn. 

To include this latter control task was considered to be impractical given that the T1 and 

T2 tasks were now identical, the reason being that T1 would be subject to contingent 

capture despite instructions to ignore it (Folk et al., 2008), and that T1 performance could 

be used as a suitable substitute baseline (McLaughlin et al., 2001, Chua, 2005). The 

order of the dual-target tasks (NR and R) was counterbalanced across subjects to 

minimise the possibility that any observed effect of reward could be related to practice. 

 

3.4.1.3 Analysis 

As previously discussed, the AB effect is defined by a deficit in reporting a second target 

contingent upon a first target having been correctly identified. Thus, T2 accuracy at each 
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lag was determined by calculating the percentage of T2-correct responses only for those 

trials in which T1 was also correct. Responses were regarded as correct only if they were 

provided in the appropriate order. 

 

3.4.1.3.1 Defining the Presence of an Attentional Blink Effect 

The AB effect represents a change in T2 performance as a function of its temporal 

proximity to T1, being worst at shorter lags and improving to asymptote at longer lags, 

where T1 no longer influences T2 performance. Although the presence of a lag-

dependent effect on T2 accuracy informs the presence of an AB effect, it in itself does 

not quantify the size of the AB. The latter may be described in terms of strength, duration 

and magnitude. Although these have been quantified using various methods in various 

studies (Shapiro et al., 1994, Raymond et al., 1995, Martens and Johnson, 2005), 

calculations have not been based on the specific profile of each individual.  

 

It has been shown that there is great variation between and within individuals in the size 

of their AB, being influenced, for example, by dispositional affect (MacLean et al., 2010) 

and personality (Maclean and Arnell, 2010). Determining the various AB parameters 

indiscriminately at a group level, therefore, fails to take into account such individual 

variability, which is imprudent particularly if the modulation of an individual’s pattern of 

response is of interest. Hence, in the present study, a distinction is made between the 

lag-dependent AB effect as described, and an individual’s AB deficit, which corresponds 

to their specific blink profile. 
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Although in their study of healthy young participants, McLaughlin and colleagues 

(McLaughlin et al., 2001) chose to incorporate lags into the AB if T2 performance was 

≥15% below asymptote, 30% was chosen for the purposes of this experiment. This 

decision was based on the results from various studies in both healthy subjects 

(Raymond et al., 1992, Shapiro et al., 1994) and brain injured patients (Husain et al., 

1997, di Pellegrino et al., 1998, Rizzo et al., 2001, Hillstrom et al., 2004, Kavcic and 

Scheid, 2011, Georgiou-Karistianis et al., 2012), where lags that were typically 

incorporated into the AB included those where T2 performance was >30%, but not 

necessarily those where performance was <30% below the asymptote. 

 

3.4.1.3.3 Duration of the Attentional Blink 

AB duration was determined by multiplying the number of blinked lags by the length of 

the SOA (150 ms). To avoid confounds from fluctuations in vigilance, in the event that 

T2 performance deteriorated at later lags having previously recovered to asymptote, only 

those lags prior to recovery were considered to be part of the AB. Where asymptotic 

performance was achieved following a non-sampled lag, the sampled lag previous to this 

where T2 performance was ≥30% below the asymptote was considered to be the last 

blinked lag. For example, lag 5 would equate to the last blinked lag for an individual who 

achieves asymptotic performance at lag 7, given that lag 6 was not sampled in this study. 

 

3.4.1.3.4 Strength of the Attentional Blink 

As per the method of McLaughlin et al. (2001), the AB strength was computed by the 

sum of the difference between mean non-blinked T2 performance and that on each 

blinked lag. Non-blinked lags were those that were not incorporated into the AB (Figure 

3.6). 
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3.4.1.3.5 Magnitude of the Attentional Blink 

The AB magnitude is a reflection of the depth of the AB effect. A common approach to 

its estimation is by subtracting performance at shorter lags from that of performance at 

longer lags to create a difference score (Martens and Johnson, 2005, Dale and Arnell, 

2010). Alternatively, other measures that are felt to reflect asymptotic performance, for 

example, ceiling performance of 100% (Shapiro et al., 1994), T1 performance 

(McLaughlin et al., 2001), or performance on a control condition (Raymond et al., 1992), 

may be used to create the difference score. For this study, a subtraction of T2 

performance at the worst performing blinked lag from asymptotic mean T1 performance 

was used to calculate the magnitude of the AB. 

 

3.4.1.4 Lesion Mapping 

For details of brain imaging and lesion mapping, see Chapter 2, section 2.4. 

 

3.4.2 Results 

One patient did not complete the study and was excluded from analysis. 

 

3.4.2.1 Comparison of Controls with Patients 

There was no significant difference between the mean age of the patients and the 

controls (65.8 and 63.8 years respectively). A repeated measures ANOVA performed on 

T1 accuracy with condition (NR and R) and T2 lag position (1 to 5, 7 and 10) as within-

subjects factors and group (controls and patients) as a between-subjects factor revealed 

a significant effect of group (F(1,19)=4.46, p<0.05), with controls performing better than 

patients (Figure 3.7A). There were no other main effects nor interactions. A similar 

ANOVA was performed to examine T2 accuracy. Again, there was a significant effect of 
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3.4.2.3 Patient Group 

The results for seventeen patients (twelve male) were included. A two-variable repeated 

measures ANOVA for T1 performance revealed a main effect of lag (F(6,96)=6.39, 

p<0.005) where T1 accuracy was poorer when T2 occurred at lag 1 (Figure 3.9A). There 

was no main effect of condition for mean T1 performance collapsed across lags (90.4% 

and 89.8% for NR and R conditions respectively) and there was no condition x lag 

interaction. A repeated measures ANOVA for T2 accuracy also revealed a main effect of 

lag (F(6,96)=6.90, p<0.005), with a characteristic U-shaped function (Figure 3.9B) of the 

AB effect, where performance was worst at lags 2, 3 and 4 in comparison to lag 10. The 

difference scores between NR and R conditions for mean asymptotic T1 performance 

minus T2 performance at each of lags 2, 3 and 4 were not significant. However, a paired 

samples t-test for that at lag 10 approached significance (t(16)=-2.12,p=0.05) in favour of 

reward. Paired samples t-tests comparing AB duration, AB strength and AB magnitude 

in NR and R conditions were not significant. 

 

To determine whether any T2 modulation effects by reward may be masked by practice 

effects, an additional repeated measures ANOVA (condition x lag x task order as a 

between-subjects factor) was carried out. This revealed a significant condition x task 

order interaction (F(1,15)=7.22, p<0.05). Post hoc t-tests to explore this further suggested 

that when the second session was the R condition, there was a significant improvement 

in overall T2 performance compared to the NR condition (t(8)=-3.45, p<0.01), but not vice 

versa (t(7)=0.97, p=ns) (Figure 3.10). 

 

To account for the possibility that neglect status (that is, whether patients who had 

recovered neglect might perform differently to those who had persistent neglect) might 

also relate to differential T2 accuracy results, a further repeated measures ANOVA was 
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3.4.2.3.3 Lesion Anatomy 

Figure 3.13A shows the lesion overlap images for all seventeen patients who completed 

the experiment. The majority of patients had damage within the territory of the right 

middle cerebral artery, with two patients additionally having damage to regions supplied 

by the right posterior cerebral artery. Figure 3.13B and Figure 3.13C show the lesion 

overlaps for those with ongoing and recovered neglect respectively. From the lesion 

subtraction in Figure 3.13D, patients with recovered neglect were less likely to have 

damage to temporal cortex and underlying white matter, extending superiorly into the 

STG. 

 

3.4.3 Discussion 

As anticipated, patients performed pathologically compared to their control counterparts. 

This was evident for both T1 and T2, confirming the presence of a deficit in selective 

attention regardless of its temporal dynamics. In terms of the latter, whilst both groups 

exhibited the presence of a lag-dependent effect on T2 performance, consistent with an 

AB effect, in the NR condition, the post-T1 target processing deficit in the controls was 

confined to lag 1 with a duration of 150 ms. That in the patient group, on the other hand, 

was greatest when T2 was at lags 2 to 4, occurring over 300-600 ms, with evidence of 

lag 1 sparing. There are several things of note: firstly, that the patients but not the controls 

exhibited lag 1 sparing; secondly, the duration of the post-T1 target processing deficit 

was shorter than has been typically published for controls; and thirdly, whilst by the 

criteria of McLaughlin et al. (2001) none of the individual controls had a measurable AB 

deficit, an AB effect was still evident. 
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3.4.3.1 Lag 1 Sparing 

Although lag 1 sparing has not always been observed (Visser et al., 1999, Dux and 

Harris, 2007b, Martens et al., 2010), it appears to be an almost universal phenomenon 

when stimuli in the RSVP stream are alphanumeric characters (Livesey and Harris, 

2011), T1 and T2 appear at the same spatial location (Visser et al., 1999) and are digits 

where the task requires their explicit identification (Dell'Acqua et al., 2007). Yet despite 

Figure 3.13: Lesion maps for stroke patients 

A: Lesion overlap images of all 17 patients; B: Lesion overlap images of patients 
with persistent neglect; C: Lesion overlap images of patients with recovered neglect; 
D: Lesion subtraction showing regions that were damaged in patients with 
persistent neglect that were less likely to be damaged in those with recovered 
neglect 

Sagittal images show slice levels. For panels A-C, the number of patients with damage to 
each region is represented by the multi-coloured bars, with one patient depicted by the 
leftward-most violet colour, and the maximum number of patients as indicated by red on 
the far right. In panel D, regions that were damaged in patients with persistent neglect that 
were less likely to be damaged in those with recovered neglect, is represented as a 
percentage as indicated by the legend to the right of the panel. 

 
 
 

A 

B 

C 
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the paradigm in the present study fulfilling these specifications, lag 1 sparing was not 

witnessed in the control group. The distinguishing feature appears to be that of the SOA. 

Whereas 150 ms was used in the current study, reported studies in healthy subjects with 

lag 1 sparing have typically used an SOA of 100 ms or less (Raymond et al., 1992, Chun 

and Potter, 1995, Jolicoeur, 1998, Visser et al., 1999, Dell'Acqua et al., 2007, Livesey 

and Harris, 2011). This would suggest that lag 1 sparing is time dependent, consistent 

with the findings of Bowman and Wyble (2007). Although models such as the ‘boost and 

bounce’ or ‘temporary loss of control’ theories would struggle to account for this, in the 

case of Chun and Potter’s two-stage model of the AB (Chun and Potter, 1995), it may 

reflect the time required to process T1 through stage 1 before it enters stage 2 

processing. In the case of controls, its duration would be no more than 150 ms. Thus, 

when T2 appears at lag 1, 150 ms after T1, it cannot enter stage 2 processing due to 

capacity limitations imposed by stage 2 processing of T1. However, T2 appearing sooner 

may enter stage 2 processing along with T1 thereby resulting in lag 1 sparing. This is 

further supported by Crewther et al. (2007), who, using SOAs of 167 ms or greater, did 

not produce a lag 1 sparing effect. Along the same lines, the presence of lag 1 sparing 

in the patients would suggest that their stage 1 processing abilities are slower, requiring 

a minimum of 150 ms but not more than 180 ms, the latter consistent with the AB 

literature in stroke subjects where lag 1 sparing of T2 was not observed with SOAs of 

180 ms or longer (Husain et al., 1997, Rizzo et al., 2001, Hillstrom et al., 2004). 

 

3.4.3.2 The Attentional Blink Effect 

It has typically been reported that the post-T1 target processing deficit of healthy subjects 

is most marked in alphanumeric RSVP streams if T2 appears within 200-500 ms of T1 

(Raymond et al., 1992, Chun and Potter, 1995, Potter et al., 1998). In the present study, 

however, despite T2 appearing within this period, no deficit was observed after 150 ms. 

As performance is most probably dependent on presentation rate, this is likely to account 
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for the difference, as common across all these previous studies was their use of a 

maximum 100 ms SOA. Support for this explanation comes from the work of Potter et al. 

(1998), who upon increasing the SOA from 120 ms to 135 ms in their visual task, 

appeared to shorten the AB effect, recovering sooner. Similarly, Arnell and Jolicoeur 

(1999) found that AB effects in the visual condition increased in magnitude as SOA 

decreased. 

 

In comparison to the findings of Husain et al. (1997), the post-T1 target processing deficit 

of patients was of much shorter duration, even allowing for only those with persistent 

neglect. Whereas the AB effect started to recover from 750 ms, it persisted for almost 

twice the duration in the former study, the cause of which is likely to be multifactorial. Not 

only were there differences in the AB task itself, as has been discussed in detail in the 

methods, but the correlation of the degree of neglect with AB magnitude (Husain et al., 

1997) would suggest that the patients of the present study were less severely neglecting 

left hemispace. Indeed, they exhibited much less of a spatial bias on cancellation tasks 

than did those from Husain et al.’s study, who failed to locate any targets on the left side 

of space. 

 

3.4.3.3 The Attentional Blink Effect versus the Attentional Blink Deficit 

It is of interest that whilst none of the control subjects had any demonstrable AB deficit, 

suggesting that performance at all lags approximated asymptote, as a group, there was 

evidence of a lag dependent effect on T2, with performance being worst at lag 1. The 

most likely explanation is that of the use of different asymptotic baseline conditions. The 

AB effect represents comparatively poorer T2 accuracy at short relative to longer lags, 

thus assuming that performance at the latter is effectively equivalent to asymptote. With 

the method of McLaughlin et al. (2001), it was T1 performance that was considered to 
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reflect asymptotic performance. Furthermore, only those lags where T2 accuracy was 

≥30% below asymptote were incorporated into the AB deficit, thereby potentially 

underestimating it. However, even adjusting for T2 performance ≥15% below asymptote, 

controls had no evidence of an AB deficit, the presence or absence of which clearly being 

dictated by this arbitrary threshold. Although various baselines have been used in 

different studies for estimating the AB deficit, perhaps the least problematic was the 

original single-target control condition used by Raymond et al. (1992), where subjects 

were asked to ignore T1 and to report only on T2. Whilst this may be effective with 

detection tasks, as discussed in the methods, it is impractical with identification tasks as 

T1 would be subject to contingent capture despite instructions to ignore it (Folk et al., 

2008). 

 

3.4.3.4 The Effects of Anticipated Monetary Reward 

3.4.3.4.1 Controls versus Patients 

The presence of reward appeared to exert differential effects on the control and patient 

groups. Both exhibited an AB effect as demonstrated by the presence of a lag-dependent 

effect on T2 performance, but whereas this was sensitive to reward modulation in the 

controls, abolishing the 150 ms AB effect, it was not clearly so in the patients. Regardless 

of the presence of reward, T2 processing in the patient group remained relatively 

impaired when T2 appeared within 300-600 ms of T1. In their PET study, Slagter et al. 

(2012)  demonstrated that the AB magnitude of healthy adult subjects correlated linearly 

with dopamine D2-like receptor binding in the striatum. That is, increased D2-like 

receptor availability was associated with a larger AB, consistent with lower levels of 

endogenous dopamine. With their stroke lesions involving striatum (Figure 3.13), the 

finding of a prolonged AB effect in the patient group compared to the controls in the 

present study would be consistent with this. That reward abolished the AB effect in the 

control group provides further support for a role for striatal involvement in reward-based 
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modulation of the AB, suggesting that reward’s effects may be mediated through an 

increase in striatal dopamine release.  

 

There was no overall effect of reward compared to feedback alone on T2 performance 

in the patient group, although reward appeared to modulate performance at the longer 

lag 10, improving T2 accuracy here.  However, when the R condition was performed as 

the second session, overall T2 performance of the patients improved compared to the 

NR condition. It may be argued that this could represent practice effects, with a general 

improvement in T2 accuracy at all lags. However, if this change was related purely to 

task repetition, it would be expected that performing the NR task second would yield 

similar results over the R task. This was not the case for the present study. In fact, there 

was no difference in performance between the R and NR tasks when the NR task was 

performed second, which might relate to separate reward and practice effects improving 

performance respectively. Alternatively, it is possible that the reward effects from the first 

session might have carried over to the subsequent NR session. Choi and colleagues 

(Choi et al., 2012) trained patients on an RSVP task that specifically made T2 more 

salient. Following this exposure, through improved attentional control and consequently 

temporal resolution, the AB effect was eliminated on a standard RSVP task. Moreover, 

performance outside of the AB lags was also enhanced.  In the present study, anticipated 

monetary reward may have effectively increased T2 salience, resulting in better 

attentional regulation to enable more efficient target selection for processing and 

distractor inhibition. Whilst this was also effective at the blinked lags in healthy controls, 

it did not appear to be clearly so in patients, and might possibly relate to the pathological 

capacity limitations of stimulus processing that may not be modulated by reward. 

Reward’s effects on T2 performance outside the blinked lags in the patient group, 

however, resulted in an overall improvement, but due to possible carry over effects into 

the NR task when the R task was performed first, this was not evident statistically as a 
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main effect of reward and rather only when task order was factored in. Although an 

indiscriminate effect on T2 performance might also suggest a general arousal 

mechanism for reward, this is unlikely because, despite patients’ T1 performance not 

being at ceiling, T1 performance was not improved by reward. 

 

There was no significant modulation by reward of AB duration, AB strength or AB 

magnitude in patients, who demonstrated the most notable improvement in T2 detection 

with reward at the longest lag. This is comparable to the findings in healthy subjects as 

reported by Olivers and Nieuwenhuis (2005), who suggest that under conditions of higher 

motivation, AB duration may be reduced, which is in line with reports of enhanced 

attention as a function of reward magnitude (Bucker and Theeuwes, 2014, Reinhart and 

Woodman, 2014). It is possible, however, that the findings reported here may not be truly 

representative because the AB deficit (and therefore individual AB parameters) and AB 

effect may have been underestimated, not least due to non-sampling of lags 6, 8 and 9. 

It has often been reported that T1 performance is influenced by its proximity to T2. 

Specifically, when T2 is the item immediately following T1, its identification is impaired 

on a higher proportion of trials than at greater T1-T2 separations (Raymond et al., 1992, 

Chun and Potter, 1995, McLaughlin et al., 2001, Dell'Acqua et al., 2012). This 

phenomenon has been attributed to inversion errors (Chun and Potter, 1995), where the 

T2 target has been identified as the T1 target and vice versa. Whilst this was not 

observed in the control subjects, it was evident in the patient group as a whole. Whereas 

some studies have allowed T1 and T2 to be reported in any order (Brehaut et al., 1999, 

Dell'Acqua et al., 2007, Zhao et al., 2012), this was not permitted in the present study 

and naturally would impact on both T1 and T2 accuracy, and consequently the AB 

parameters. Similarly, although patients demonstrated a lag-dependent effect, the 

assumption here was that T2 performance at the longest lag sampled had reached 

asymptote. If, however, it had not, the AB effect would have been underestimated and 
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lag 10 in the present study may potentially still be within the post-T1 critical period. In 

fact, a retrospective comparison for each of NR and R conditions of T2 performance at 

lag 10 with combined T1 performance at lag 10 revealed significantly poorer T2 

accuracy, suggesting that T2 performance here had not yet reached asymptote. Of 

course, this calculation itself is based upon the assumption that for this particular task, 

T2 asymptotic performance in patients equates to mean T1 performance. Unfortunately, 

as lags beyond 1500 ms duration were not sampled, it is not possible to determine 

whether this was the case.  

 

3.4.3.4.2 Recovered versus Ongoing Neglect 

Patients who had recovered from neglect appeared to respond more strongly to reward, 

suggesting that motivational stimulation may be important in the recovery from 

attentional biases. Lesion subtraction revealed that the regions spared in this group of 

patients included STG (Figure 3.13D). Shapiro et al. (2002) demonstrated that patients 

with lesions to STG and IPL had evidence of a prolonged AB effect compared to those 

without. The results presented here suggest that patients with STG damage have an 

attentional capacity deficit that is not modifiable by behavioural intervention. 

Furthermore, damage to this region has previously been associated with prolonged 

neglect (Golay et al., 2008, Karnath et al., 2011). However, as the anatomical subtraction 

analysis is based on a preliminary result from a post hoc analysis, these results should 

be interpreted with caution. 

 

3.5 Conclusion 

The present study, which attempted to examine the effects of reward on AB modulation, 

has demonstrated that the AB can be influenced by reward in healthy controls, and this 

may be through the effects of increasing striatal dopamine levels. Although a reliable AB 
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effect was found in right hemisphere stroke patients, the AB itself was not clearly 

amenable to reward modulation, possibly due to extensive striatal damage. However, 

there was a suggestion of a reward effect upon overall performance, more evident in 

those individuals who had recovered from spatial neglect (as indexed by standard clinical 

tests), suggesting a possible role for motivational responsiveness in recovery from 

attentional biases.
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4 The Effect of Reward on Sustained Attention 

 

4.1 Introduction 

The ability to focus attention is a fundamental feature of human cognition. Attention is 

multifaceted, varying, amongst other things, in its time course. The allocation of attention 

over short periods of time has been referred to as phasic orienting, whereas the 

maintenance of attention over prolonged periods is referred to as sustained attention, 

often used interchangeably with vigilance and arousal (Oken et al., 2006). 

 

4.1.1 The Vigilance Decrement 

The systematic study of vigilance was inspired by the observation that during the Second 

World War, British naval and air force radar operators missed critical signals on their 

displays signifying the presence of enemy combatants, and this was particularly evident 

towards the end of a watch. Under laboratory conditions, Mackworth (1948) devised the 

Clock Test to simulate the monotony of a radar-monitoring task, where the hand of a 

blank-faced clock made small jumps around the circumference. Occasionally, larger 

jumps were made and these were the critical signals that participants were tasked to 

detect over periods of up to 2 hrs. Mackworth confirmed the observation that participants 

demonstrated a significant decline in detection accuracy over time. Such a decline in 

performance as a function of time-on-task is known as the ‘vigilance decrement’, and 

has since been replicated in many studies (Davies and Parasuraman, 1982, Nuechterlein 

et al., 1983, Helton and Warm, 2008). 

 

The mechanisms underlying the vigilance decrement remain debatable. Modern 

theoretical accounts take one of two forms: the overload and underload theories. The 

underload theory proposes that difficulties in sustaining attention are due to boredom, a 
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lack of interest and/or underarousal as a consequence of task monotony. The 

‘mindlessness hypothesis’ suggests that vigilance tasks are understimulating (Manly et 

al., 1999) and a participant’s decline in performance is consequent to loss of potency of 

their supervisory attentional system (Stuss et al., 1995), ceasing to focus awareness on 

the task at hand. Thus, as time passes, attention is withdrawn from the perceptual input 

thus resulting in a thoughtless and automatic approach to the vigilance task. The ‘mind-

wandering hypothesis’ argues that once attention is withdrawn from the task, rather than 

vanishing, it is specifically redirected internally towards self-generated, task-unrelated 

thoughts (Giambra, 1995, Smallwood et al., 2004). 

 

The overload theory, on the other hand, proposes that sustaining attention is effortful. 

The ‘resource-depletion hypothesis’ considers that the resources required to process 

information in vigilance tasks are limited (Davies and Parasuraman, 1982, Warm et al., 

2008). The perpetual demand on these resources during such tasks, where participants 

must make continuous signal/noise discriminations without rest, prevents their 

replenishment. Hence, the resource pool depletes over time resulting in a reduced ability 

to detect critical events, which is reflected in a decline in performance accuracy with time-

on-task. 

 

4.1.2 Assessment of Sustained Attention 

Studies have typically employed one of two methods to examine lapses of SA. The first 

is the CPT, where subjects make overt responses to rare and temporally unpredictable 

target stimuli, and withhold responses to frequent distractor stimuli. The second is the 

sustained attention to response task (SART) (Robertson et al., 1997a), where the 

reverse is true and subjects make overt responses to frequent distractor stimuli and 

withhold responses to rare target stimuli. Robertson et al. (1997a) have argued that this 
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latter method is more sensitive to lapses in SA, with commission errors occurring early 

in the task (within <4 mins). However, Helton et al. propose that the SART is primarily a 

measure of impulsive responding rather than one of SA (Helton et al., 2009, Helton et 

al., 2011). Furthermore, similar to the SART, a deficit in SA can be seen in CPTs, when 

task demand conditions are high, as rapidly as within 5 mins (Helton et al., 1999). 

Typically, however, a vigilance decrement appears within the first 15 mins (Teichner and 

Krebs, 1974).  

 

A number of factors have been observed as influencing performance on SA tasks. It has 

been judged that tasks with a high event rate (>24 events per minute), where more 

distractor stimuli must be inspected for the presence of a rare target, produces a much 

more reliable vigilance decrement by increasing the resource demands of the task and 

consequently creating a greater decrement in perceptual sensitivity (Parasuraman, 

1979). The frequency at which targets are presented additionally appears to be an 

important variable affecting SA performance. This has been demonstrated in patients 

with right frontal lobe lesions, who when presented with a succession of target stimuli 

that they were required to count, performed better when the presentation rate was faster, 

compared to a slower rate of 1 per second (Wilkins et al., 1987). Furthermore, the 

temporal regularity at which targets are presented can affect endogenous attention. 

Observers detect more targets in CPTs when they occur regularly at fixed intervals, 

whereas this is reversed in the SART (Helton et al., 2005). Targets that are readily 

distinguished from the background and/or easily discriminable from non-targets are 

highly salient signals. Their use enhances perceptual sensitivity (Parasuraman and 

Mouloua, 1987), enables a greater proportion of their detection and causes a less 

marked vigilance decrement (Helton and Warm, 2008). The reverse is observed for low-

salience signals. Finally, increasing the cognitive resource demands during an SA test 

with a concurrent WM task has also been shown to exacerbate the decline in perceptual 
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sensitivity (Parasuraman, 1979, Helton and Russell, 2011) and to increase RT in 

response to targets (Helton and Russell, 2011). 

 

4.1.3 Neural Correlates of Sustained Attention 

The anatomical correlates of SA have predominantly been determined via two lines of 

research. The first is that from functional imaging studies, which have demonstrated a 

distributed, predominantly right-lateralised, network of brain areas that are activated 

during tasks of SA (Hager et al., 1998, Lawrence et al., 2003, Fassbender et al., 2004). 

PET studies have consistently demonstrated activation of right prefrontal and parietal 

cortices (Cohen et al., 1988, Pardo et al., 1991, Cohen et al., 1992, Coull et al., 1996, 

Fink et al., 1997, Paus et al., 1997, Coull et al., 1998) during tasks that require SA over 

time. Although Pardo and colleagues (Pardo et al., 1991) employed somatosensory and 

visual vigilance tasks, Cohen et al. (1988) used an auditory task, suggesting that these 

areas mediate SA irrespective of the sensory modality utilised. 

 

Coull and co-workers carried out a functional imaging study using a rapid visual 

information processing (RVIP) task, which although primarily a test of SA, also requires 

WM (Coull et al., 1996). They manipulated the WM requirements of the task to better 

delineate the neural areas involved in WM and SA. In comparison with rest, where 

participants’ eyes were closed, the RVIP task produced significant increases in regional 

cerebral blood flow in bilateral inferior frontal and parietal regions, and also in rostral 

superior frontal gyrus on the right. Given the nature of the RVIP task, these areas of 

activation were considered to reflect regions required for both WM and SA. However, 

when the RVIP task was compared to a control task of simple SA with a negligible WM 

load, the right frontal activations were no longer significant, intimating its role in SA rather 

than WM.  In a subsequent study to determine the involvement of prefrontal and parietal 
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cortices in the interaction between SA and object selection, Coull and colleagues  (Coull 

et al., 1998) engaged volunteers in a selective and non-selective task. The former 

required subjects to respond to a target letter amongst a stream of non-target letters, 

whereas the latter required that they respond to all stimuli. Although a vigilance 

decrement with respect to RT was not observed with the original six participants, with 

the addition of behavioural data from a further four subjects, a vigilance decrement was 

evident only in the non-selective task, with RT increasing with time-on-task. Interrogation 

of the corresponding PET data revealed differential activations of right inferior parietal, 

and right superior and inferior frontal gyri, with relative deactivations in these cortical 

areas as time-on-task increased during performance of the non-selective task only. 

Similar reductions in regional cerebral blood flow in right frontal, parietal and temporal 

cortices with time-on-task were also described by Paus et al. (1997) in their auditory 

vigilance study. 

 

Neuropsychological studies in brain-injured patients have also contributed to current 

understanding of neuroanatomical correlates of SA. Two years following stroke onset, 

SA performance, as measured using the Elevator Counting test and Telephone Search 

task embedded within the Test of Everyday Attention (Robertson et al., 1994), was 

significantly worse in patients with right hemisphere compared to left hemisphere strokes 

(Robertson et al., 1997c). Comparison of patients with right frontal lobe lesions to those 

with left frontal or posterior lesions revealed that those with right anterior lesions made 

more errors in auditory and tactile vigilance tasks  (Wilkins et al., 1987). Similarly, loss 

of integrity of the right inferior frontal cortex following ischaemic stroke resulted in more 

commission errors on the SART (Molenberghs et al., 2009). Using a simple visual 

vigilance task and a CPT, Rueckert and Grafman (1996) compared the performance of 

patients with right frontal lobe lesions to those with left frontal lesions and healthy 

controls. Those with lesions on the right consistently missed more targets and showed 
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longer RTs. Furthermore, they also demonstrated a vigilance decrement, as measured 

by RT, on the CPT. In a second study (Rueckert and Grafman, 1998), they assessed the 

performance of patients with posterior cortical lesions and found that they too made more 

target omissions compared to controls in a simple visual vigilance task. On the CPT, 

although both groups demonstrated a vigilance decrement with respect to RT and 

missed targets, this was more pronounced in the patient group when stimuli were 

presented at a faster rate of one item per second rather than a slower rate of one item 

every two seconds. 

 

The extent to which these lesion studies and functional imaging studies correlate is 

remarkable, and provides strong evidence for the importance of a right-lateralised fronto-

parietal network in the maintenance of attention over time, regardless of the sensory 

modality being studied. 

 

4.1.4 Sustained Attention in Hemispatial Neglect 

The observation that neglect may persist beyond many months following stroke, and that 

patients with deficits of SA fail to acquire compensatory strategies, prompted Hjaltason 

and colleagues (Hjaltason et al., 1996) to explore the relationship between the two. 

Patients who were impaired at performing a non-spatial auditory task of SA, where they 

were required to tap a finger in response to hearing a specified target letter, also 

performed poorly on two tests of spatial neglect. Similarly, Robertson et al. (1997b) also 

used an auditory task to show that there was a significant correlation between 

performance on a non-lateralised Elevator Counting test and multiple standardised tests 

of spatial bias. Furthermore, comparison of those subjects with neglect to those without, 

revealed that overall performance on the task of the former group was impaired 

compared to their non-neglect counterparts. In contrast to this latter finding, Farne et al. 
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(2004) found that although neglect patients demonstrated longer RTs in a SART 

compared to healthy subjects, there was no difference between patients with and without 

neglect. 

 

In a series of experiments, Malhotra et al. (2009) compared the performance of patients 

with neglect to healthy volunteers and stroke controls without neglect, on various non-

lateralised visual tasks of SA. Using a basic task, where subjects were required to make 

a button press in response to the presence of an infrequently occurring, centrally-located, 

black circular target over the course of approximately 8 mins, the overall performance of 

those with neglect was impaired, with a greater number of omission errors. In their spatial 

tasks of SA, patients were required to make responses to stimuli appearing in any one 

of two predesignated target locations along the vertical meridian. Not only did patients 

with neglect make more errors overall, but the number of errors increased with time-on-

task, as did D-prime (d’, a measure of target sensitivity – see section 4.3.3 for further 

details) decline with time-on-task, consistent with a vigilance decrement. More recently, 

in a large prospective study of stroke patients, Corbetta and colleagues (Corbetta et al., 

2015) found that deficits of lateralised spatial attention correlated strongly with SA 

performance. 

 

The relationship between SA deficits and neglect is also evident from studies that have 

attempted to modulate SA in neglect patients. Phasic alerting (Robertson et al., 1998, 

Finke et al., 2012) and alertness training using auditory (Van Vleet and DeGutis, 2013) 

and visual (Thimm et al., 2006, Degutis and Van Vleet, 2010) modalities have 

consistently demonstrated a reduction in the rightward spatial bias of neglect. Moreover, 

drug-related improvements in neglect in small clinical studies or case reports have also 
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been associated with improvements in SA (Malhotra et al., 2006, Singh-Curry et al., 

2011). 

 

4.1.5 Reward and Sustained Attention 

Although reward is known to be able to enhance performance in various cognitive 

domains, including aspects of attention, its impact on performance of SA tasks is unclear. 

To my knowledge, there have been very few studies that have specifically examined this 

relationship in healthy individuals (see below). 

 

Tomporowski and Tinsley (1996) assessed the effects of monetary reward on the 

performance of young and older adults in a 60 mins CPT. Using a non-parametric 

measure of stimulus detection combining the proportions of hits and false alarms, they 

found that younger subjects, who received payment, performed better at an overall level 

and failed to demonstrate a vigilance decrement. This appeared to be driven by an 

improvement in target detection rather than commission errors. Monetary reward, 

however, did not appear to modulate SA performance in the older adults, who performed 

equally well in the absence of anticipated monetary reward. The authors argue that their 

findings may reflect differences in responses to extrinsic motivation, with the older 

population more influenced by intrinsic factors rather than extrinsic monetary reward. 

This is supported by the fMRI study of Smith et al. (2011), who studied the differences 

of the impact of reward on SA systems between adolescent and adult participants. 

Similarly, they found that on a CPT, younger subjects were more sensitive to reward as 

demonstrated by a decrease in latency of RTs for rewarded compared to non-rewarded 

targets. Moreover, with advancing age, brain regions that were activated during non-

rewarded SA, including DLPFC, inferior PFC and thalamus, showed increased activation 

during reward, with a negative association with age observed during the rewarded 
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contrast for activation within posterior cingulate, inferior temporal gyrus and lateral 

putamen. Thus, in adults, top-down executive attention networks were amplified and, 

although they remained susceptible to potentiation with reward, this appeared to result 

in a more stable performance across both rewarded and non-rewarded conditions. In 

adolescents, on the other hand, reward appeared to enhance bottom-up paralimbic 

regions of visuospatial attention to stimulus salience thereby reflecting a greater 

behavioural impact of extrinsic motivational salience. This latter inference is further 

supported by Rubia et al. (2009) who found that healthy children, as well as those with 

attention deficit hyperactivity disorder (ADHD) or conduct disorder, made fewer omission 

errors and demonstrated less RT variability with reward on a CPT. 

 

More recently Esterman et al. (2014) have attempted to determine the effects of 

monetary reward on multiple measures of SA, including on the vigilance decrement. 

They found that overall accuracy, as measured using d’, was greater, and RT variability 

lower, in rewarded participants compared to those who were unrewarded. However, 

reward appeared to have no effect on the vigilance decrement, a result in contrast to that 

of Tomporowski and Tinsley (1996), but which may be explained by methodological 

differences between the studies. 

 

4.2 Aims 

In many occupations and life situations, there is an inherent requirement to sustain focus 

of attention over long periods of time. For some, this ability is critical, where a vigilance 

decrement can be costly. It is, therefore, important to find ways to optimise SA 

performance. Motivation and reward have been shown to enhance performance in a 

number of cognitive domains, including, as discussed, various aspects of attention. It 

remains unclear, however, how they impact on SA. Furthermore, as it is increasingly 
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evident that in addition to spatial deficits, the syndrome of neglect also comprises non-

spatial deficits including those of SA, manipulation of the latter could potentially reduce 

neglect. There is accumulating evidence supporting this, particularly in light of 

interventions that boost SA have also been reported to improve neglect. Thus, the aim 

of the current study is to explore this further by determining whether or not SA deficits in 

neglect patients may be modulated by motivation in the form of anticipated monetary 

reward, the hypothesis being that they can. 

 

4.3 Method 

4.3.1 Subjects 

Eleven right-hemisphere stroke patients (six male) took part in this study. All had 

evidence of left-sided visuospatial neglect at the time of recruitment, from which four had 

recovered by the time of testing (Table 4.1). As before, the presence of a lateralised 

spatial deficit on the Mesulam shape cancellation task, if not the BIT star task, as 

evidenced by more than two target omissions on the contralesional over the ipsilesional 

half of the array, was considered to be indicative of neglect.  

 

A control group comprising eleven age-appropriate healthy subjects (three male) were 

also recruited.  

 

All participants provided written informed consent before entering into the study. 
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4.3.2 Study Design and Behavioural Task 

A CPT, adapted from Rueckert and Grafman (1996), was developed using E-Prime 

software (Psychology Software Tools, Inc.). From a distance of approximately 50 cm, 

subjects viewed letters in bold Arial Type, font size 36, presented individually in the 

centre of a 12” Hewlett Packard EliteBook 2470p Tablet PC (Figure 4.1). All stimuli were 

black, capital letters presented for 200 ms, followed by a black fixation crosshair (which 

additionally provided a masking effect) presented for 1800 ms. Thus, one letter appeared 

every 2 s, equating to an event rate of 30 events per minute. Subjects were instructed to 

make speeded button presses in response to the presence of two target letters, an ‘X’ 

and an ‘E’, and to refrain from responding to other non-target letters. The time between 

consecutive presentations of target letters (intertarget interval, ITI) varied randomly 

between 8 s, 14 s, 18 s, 22 s, 26 s, and 30 s, and each ITI preceded each of ‘X’ and ‘E’ 

with equal frequency. Thus, the target ‘X’ occurred once following each of the time 

intervals from the last target, as did the target ‘E’, rendering a total of 12 (10%) targets 

(6 ‘X’s and 6 ‘E’s) and 108 (90%) non-targets per 4 mins block. The task began with a 

fixation crosshair presented for 2 s, and consisted of 4 blocks run continuously, giving a 

total task duration of 16 mins and enabling it to be subdivided into four equal epochs. 

Subjects initiated the task by pressing any key on the keypad. 

 

On a single day, subjects performed the task twice, in two separate sessions: first without 

reward (NR) and subsequently with reward (R). Prior to the first session, subjects 

practised a modified version of the task that utilised fewer targets (6 each of ‘X’ and ‘E’), 

with ITIs of 2 s or 4 s that were randomly selected, with a total duration of 64 s. This was 

included to ensure that patients understood the task instructions, could identify the target 

letters, and could operate the keypad. 

  



Time 
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Prior to the start of the second session, each subject received £10 in gift vouchers 

regardless of their performance in the first session. In explanation of this, subjects were 

informed that unbeknownst to them, the targets had in fact been assigned monetary 

values (£1 for the letter ‘X’ (‘E’) and £0.01 for the letter ‘E’ (‘X’), counterbalanced across 

subjects), and that their reward correlated with their performance in session 1. It was 

reinforced that the same rules would apply to session 2, and made explicit that subjects 

would yet again be rewarded on their performance at the end of the following session. 

Thus, the R task was always performed second to prevent carry over effects of reward 

with previously reward-linked targets (Della Libera and Chelazzi, 2006, 2009) had the 

order of tasks been counterbalanced. At the end of their participation, all subjects 

received a further £20 in gift vouchers regardless of performance, as it was the request 

of the Ethics committee that all participants receive the same remuneration. 

 

There was a rest period of 15 mins between the NR and R tasks, to enable recovery of 

SA deficits (Mackworth, 1948, MacLean et al., 2009). Patients were not allowed to take 

stimulants (such as caffeine) immediately prior to testing.   

 

RT (made within 1 s after stimulus onset), numbers of correct responses to targets, and 

number of incorrect responses to non-targets were recorded. From these, RT variability 

(RT standard deviation) and d’ (see section 4.3.3) were calculated. 

 

4.3.3 Derivation of D-Prime 

The d’ statistic is a relatively pure measure of sensitivity of a system at detecting signal 

from noise regardless of bias, by taking into account the difference between the 

proportion of correct signals detected (hit rate) and the proportion of incorrectly detected 

noise (false alarm rate). Thus, d’ of 0 represents chance performance. For this study, d’ 
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was calculated to determine an individual’s sensitivity at detecting targets from non-

targets despite changes in response criterion that they may adopt. Correct responses to 

targets equated to hit rates, and false alarm rates to errors of commission.  

 

4.3.4 Lesion Anatomy 

For details of brain imaging and lesion mapping, see Chapter 2, section 2.4. 

 

4.4 Results 

There was no significant difference between the mean age of the patients and the 

controls (68.5 and 69.2 years respectively). 

 

4.4.1 Overall Performance 

4.4.1.1 Comparison of Controls with Patients 

Repeated measures ANOVAs with condition (NR and R) as a within-subjects factor and 

group (controls and patients) as a between-subjects factor, revealed a significant effect 

of group for target RT (F(1,20)=21.20, p<0.005), target RT variability (F(1,20)=14.41, 

p<0.005), percentage of target omissions (F(1,20)=17.44, p<0.005) and d’ (F(1,20)=31.10, 

p<0.005), with patients exhibiting longer RT (Figure 4.2A) with greater RT variability 

(Figure 4.2B), and omitting significantly far more targets (Figure 4.2C) than controls 

combined across both NR and R sessions.  

 

There was a main effect of condition with respect to the number of commission errors 

made (F(1,20)=4.88, p<0.05), there being fewer commission errors in the R condition 

compared to the NR condition (Figure 4.3). There were no other main effects of condition. 

There were no interactions.      
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4.4.1.2.3 D-prime 

As d’ is a construct of target omissions and commission errors, a paired samples t-test 

comparing d’ in the NR and R conditions also revealed no significant difference. 

 

4.4.1.2.4 Target Reaction Time 

A paired samples t-test comparing mean RT to targets revealed significantly slower RTs 

in the R compared to the NR condition (Figure 4.4A, left panel). A repeated measures 

ANOVA with condition (NR vs LR vs HR) as a within-subjects factor revealed a significant 

effect of condition (F(2,20)=10.50, p<0.005). Post hoc t-tests to explore this further 

suggested that RTs to LR targets were significantly prolonged compared to NR (t(10)=-

4.98, p<0.005) and HR targets (t(10)=3.25, p<0.05), with no significant difference between 

the latter (Figure 4.4A, right panel). 

 

4.4.1.2.5 Target Reaction Time Variability 

A paired samples t-test comparing mean RT variability revealed no significant difference 

between NR and R targets. A repeated measures ANOVA with condition (NR vs LR vs 

HR) as a within-subjects factor also revealed no significant effect of condition 

(F(2,20)=1.81, p=ns) (Figure 4.4B). However, comparing RT variability between HR targets 

and NR targets in a t-test revealed significantly less variability in RT toward HR compared 

to NR targets (t(10)=2.51, p<0.05).  
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4.4.1.3.1.3 D-prime 

A paired samples t-test comparing d’ in the NR and R conditions revealed no significant 

difference. 

 

4.4.1.3.1.4 Target Reaction Time 

In a repeated measures ANOVA with condition (NR vs LR vs HR) as a within-subjects 

factor, there was no effect of condition. 

 

4.4.1.3.1.5 Target Reaction Time Variability 

In a repeated measures ANOVA with condition (NR vs LR vs HR) as a within-subjects 

factor, there was no effect of reward. 

 

As with Chapter 3, to account for the possibility that neglect status may yield differential 

results, a repeated measures ANOVA was performed with condition as a within-subjects 

factor and neglect status as a between-subjects factor for each of the parameters 

measured. Other than a main effect of reward for commission errors as discussed above, 

there were no other main effects, including no effect of neglect status and no condition x 

neglect status interaction.  

 

4.4.2 Decremental Performance 

To determine the presence of a vigilance decrement, performance was compared across 

epochs 1 to 4, and between the 1st half of the task (epochs 1 and 2 combined) with the 

2nd half of the task (epochs 3 and 4 combined). 

 



The Effect of Reward on Sustained Attention 

 

134 
 

4.4.2.1 Comparison of Controls with Patients 

4.4.2.1.1 Target Omissions 

Using repeated measures ANOVAs with condition (NR vs LR vs HR) and epoch (for each 

of the combinations of epoch as above) as within-subjects factors, and group (controls 

and patients) as a between-subjects factor, other than a group effect (F(1,20)=17.16, 

p<0.005) as discussed above, there were no other main effects nor interactions. 

 

4.4.2.1.2 Commission Errors 

Aside from a main effect of reward as discussed above, repeated measures ANOVAs 

with condition (NR vs R) and epoch (for each of the combinations of epoch as above) as 

within-subjects factors, and group (controls and patients) as a between-subjects factor, 

revealed no other main effects nor interactions. 

 

4.4.2.1.3 D-prime 

Using repeated measures ANOVAs with condition (NR vs R) and epoch (for each of the 

combinations of epoch as above) as within-subjects factors, and group (controls and 

patients) as a between-subjects factor, there were no main effects nor interactions other 

than a group effect (F(1,20)=25.76, p<0.005) as discussed above. 

 

4.4.2.1.4 Target Reaction Time 

A repeated measures ANOVA with condition (NR vs R) and epoch (1st half vs 2nd half of 

the task) as within-subjects factors, and group (controls and patients) as a between-

subjects factor, revealed, as expected and as discussed above, a group effect 

F(1,20)=21.08, p<0.005), with patients exhibiting longer RT to targets compared to 

controls. There was also a main effect of epoch (F(1,20)=12.42, p<0.005) with RT to targets 
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4.4.2.3.1.4 Target Reaction Time 

A repeated measures ANOVA with condition (NR vs R) and epoch (1 to 4) as within-

subjects factors revealed a main effect of epoch (F(3,30)=5.27, p<0.005) (Figure 4.15A). 

There was no condition x epoch interaction and neither was there an interaction when 

comparing the three levels of reward. However, a paired samples t-test comparing RT in 

epoch 4 in the NR and HR conditions revealed faster RT to HR targets (t(10)=1.88, 1-

tailed p<0.05) (Figure 4.15B). Furthermore, the significant increase in RT in the NR 

condition between epoch 1 and 4 (t(10)=-2.32, p<0.05) was not evident in the HR 

condition. 

 

4.4.2.3.1.5 Target Reaction Time Variability 

Using repeated measures ANOVAs with condition (NR vs LR vs HR) and epoch (for each 

of the combinations of epoch as mentioned above) as within-subjects factors, there were 

no main effects nor interactions. 

 

Again, to account for the possibility that neglect status may yield differential results, 

repeated measures ANOVAs were performed with condition and epoch as within-

subjects factors and neglect status as a between-subjects factor for each of the 

parameters measured. Other than a main effect of reward for commission errors and a 

main effect for epoch with respect to target RT as discussed above, there were no other 

main effects nor interactions for each of the other parameters. In particular, there was no 

group effect and no interactions involving group.  
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Figure 4.16: Lesion maps for stroke patients 
A: Lesion overlap images of all 11 patients; B: Lesion overlap images of patients 
with persistent neglect; C: Lesion overlap images of patients with recovered 
neglect; D: Lesion subtraction showing regions that were damaged in patients with 
persistent neglect that were less likely to be damaged in those with recovered 
neglect 

Sagittal images show slice levels. For panels A-C, the number of patients with damage to 
each region is represented by the multi-coloured bars, with one patient depicted by the 
leftward-most violet colour, and the maximum number of patients as indicated by red on 
the far right. In panel D, regions that were damaged in patients with persistent neglect that 
were less likely to be damaged in those with recovered neglect (STG and putamen), is 
represented as a percentage as indicated by the legend to the right of the panel. 

STG = superior temporal gyrus. 

A 

B 

C 

D 
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4.4.3 Lesion Anatomy 

Figure 4.16A shows the lesion overlap images for all patients who took part in the 

experiment. The majority of patients had damage within the territory of the right middle 

cerebral artery, with four patients additionally having damage to regions supplied by the 

right posterior cerebral artery. Figure 4.16B and Figure 4.16C show the lesion overlaps 

for those with ongoing and recovered neglect respectively. From the lesion subtraction 

in Figure 4.16D, patients with recovered neglect were less likely to have damage to STG 

and putamen. 

 

4.5 Discussion 

4.5.1 Comparison of Sustained Attention Performance in Controls with Stroke 

Patients 

As expected, SA performance of healthy controls, as measured using RT parameters 

and by overall accuracy (percentage of target omissions) and consequently d’, was better 

than that of the stroke patients. This is in agreement with the existing literature and further 

supports the presence of non-spatial attentional deficits in the neglect syndrome, and 

reflects the loss of integrity of the right fronto-parietal SA network (Figure 4.16) in 

patients. With the promise of monetary reward, fewer commission errors were made by 

the controls and patients combined, and the decrement in RT between the first and 

second half of the task as seen in the NR condition was no longer evident. However, 

reward appears to exert differential effects on controls and patients separately. 

 

4.5.2 Reward Modulation of Sustained Attention in Healthy Individuals 

Although the RT of controls to rewarded targets appeared prolonged compared to non-

rewarded targets, this was purely driven by slower RT to targets with a low rather than 

high reward value. Esterman and colleagues (Esterman et al., 2014) did not report 
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consistently faster mean RT with reward, but they employed a SART-like task that 

required responses to be withheld in order to gain a higher reward rather than a button 

press for low reward. In the present study, the R condition always followed the NR 

setting. Although the 15 mins break between the two sessions should have been 

sufficient to restore performance to normal levels (Mackworth, 1948), one explanation 

for the absence of an effect of HR in comparison to NR, in keeping with the resource-

depletion theory of SA, is that the rest period was insufficient to allow for recovery of SA 

deficits in this older population.  

 

In further support of reward modulation of SA in the healthy control group, RT variability 

was significantly lower toward HR compared to NR targets, consistent with the findings 

of Esterman et al. (2014) and Rubia and colleagues (Rubia et al., 2009) of R compared 

to NR. Intra-individual RT variability is considered to be an important indicator of the 

efficiency of attentional control, with greater variability reflecting lapses in attention or 

difficulty maintaining attention. Studies on healthy controls have consistently implicated 

the ACC in intra-individual RT variability, there being a negative correlation between ACC 

activation and the latter (Esterman et al., 2013, Johnson et al., 2015). Furthermore, there 

is a considerable body of evidence linking the cingulate region with reward processing, 

including single-unit recording studies in monkeys demonstrating increased firing from 

neurons in response to reward delivery (Niki and Watanabe, 1979, Amiez et al., 2006), 

and human fMRI studies using monetary reward showing increased activation of anterior 

cingulate regions in relation to reward receipt (O'Doherty et al., 2001, Nieuwenhuis et al., 

2005) or anticipation (Ernst et al., 2004, Marsh et al., 2007). Thus, in healthy subjects, 

reward may modulate SA by its effects on ACC activity which, in the present study, would 

account for the lower RT variability observed in response to targets associated with HR 

but not NR.  
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Reward also appeared to reverse the vigilance decrement, as measured by the 

percentage of target omissions, in the healthy volunteers. Tomporowski and Tinsley 

(1996) reported on the abolition of the vigilance decrement with reward in young healthy 

participants, but not in older adults with a mean age of 63.1 years similar to that of the 

control group in the current study.  Although they reported on the absence of a vigilance 

decrement on the rewarded task in the older subjects, they attributed this to intrinsic 

motivation by the cognitive properties of the task, rather than due to motivation by 

monetary incentive. This was on the basis of the absence also of a vigilance decrement 

in the non-rewarded task. However, the vigilance tests used were not the same, and 

each utilised a different set of participants. The SA task without reward was more 

challenging than that for the reward condition, with greater memory demands, which may 

have been sufficient to intrinsically motivate the participants to maintain their level of 

attention throughout the task. Comparatively, the behavioural task of the current study 

was less cognitively taxing, and together with the crossover design, modulation by 

reward of the vigilance decrement in controls reported here is likely, therefore, to be more 

reflective of its effect. One possible mechanism is that reward enhances PFC activity, as 

was reported by Smith and colleagues (Smith et al., 2011). As the vigilance decrement 

is thought to mirror deactivations involving prefrontal regions (Paus et al., 1997, Coull et 

al., 1998), consequently activity within these areas is maintained. Thus, top-down rather 

than bottom-up processes are amplified, resulting in a more consistent performance 

throughout the duration of the task. Lack of engagement of exogenous attention due to 

reward’s comparative failure at sufficiently increasing target salience, would additionally 

explain the absence of a reward effect on overall performance for target omissions. 

These findings directly contradict those of Esterman et al. (2014), who reported that  

reward effects were much clearer with overall performance measures rather than over 

time. They argue that reward-related enhancement of overall performance is indicative 

of modulation of underload factors such as boredom and mindlessness, rather than 
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resource depletion, which they feel instead is a reflection of the vigilance decrement. 

They conclude that resistance of the vigilance decrement to reward supports depletion 

of a limited resource that motivation cannot easily restore. However, the role of reward 

may not be to replenish resources, but rather to allocate them in a more efficient manner 

(Kiss et al., 2009). This could explain both the effects of reward on overall RT and RT 

variability performance, as well as that on the decrement seen in the controls. There are, 

however, differences between that experiment and the current study, predominantly the 

shorter duration of the task utilised by Esterman and colleagues (Esterman et al., 2014). 

As they acknowledged, it is possible that a more depleted state is required for the effects 

of reward on vigilance decrements to be observed, which would occur only with longer 

task durations (Sipowicz et al., 1962, Yufer, 1969, Tomporowski and Tinsley, 1996).  

 

4.5.3 Reward Modulation of Sustained Attention in Stroke Patients 

In stroke patients, SA deficits did not appear to be clearly amenable to modulation by 

monetary reward across the patient group as a whole. It may be that such motivational 

modulations are dependent on there being a wholly intact SA network, without which 

reward has no influence. Against this, however, is that stroke patients appeared to show 

a weak effect of reward, with fewer overall commission errors in the R condition, and loss 

of the significant increase in RT to targets between the first and last epoch when targets 

were associated with a high reward value rather than no reward. The ACC was 

unaffected in the stroke patients, with relative sparing of the PFC as well (Figure 4.16A). 

Despite the possibility that the effects of reward are modulated via these two regions, it 

is possible that there was sufficient white matter damage to attenuate the reward 

response.  
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Only a proportion of patients with neglect appear to demonstrate a reward-attention 

response. This is evident from previous work (Malhotra et al., 2013), including that 

described in Chapter 3. Should the study population contain a preponderance of non-

responders, this would clearly bias any subsequent results. In fact, if patients are 

classified into responders (RR) on the basis that their performance improved on the R 

over the NR condition in a majority of the measured parameters, then, as would be 

expected, the majority of the patients assessed in this study were non-responders (RNR) 

(Table 4.1). Thus, the seemingly limited reward effect in stroke patients reported here 

may simply be a diluted effect. Lesion subtraction (Figure 4.17) suggests that 

predominantly STG and putamen were relatively spared in RR patients. Interestingly, 

these areas are similar to those with recovered neglect (Figure 4.18). However, these 

findings are driven by a small number of patients and should be interpreted with caution, 

particularly as there was no difference in performance with or without reward between 

those whose neglect had recovered compared to those with persistent neglect. It is 

possible to premise that the sample size of the present study was too small and distorted 

to adequately reveal the effects of reward on SA. 

 

 

  

Figure 4.17: Lesion subtraction according to reward-attention response 
This subtraction shows regions that were damaged in RNR patients that were less likely to 
be damaged in RR patients (STG and putamen), represented as a percentage as indicated 
by the legend to the right of the panel. Sagittal images show slice levels. 

RR = reward responder whose performance improved on the reward task relative to the no 
reward task in a majority of the measured parameters; RNR = reward non-responder 
whose performance did not improve on the reward task relative to the no reward task in a 
majority of the measured parameters; STG = superior temporal gyrus. 
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An alternative explanation for the paucity of a reward effect in stroke patients may be 

related to the 15 mins break between the two sessions. It is possible that this was 

inadequate for the stroke patients to recover SA performance to their baseline, and 

therefore the findings presented do not accurately reflect those of reward. Although 

quarter of an hour may be sufficient in healthy participants (Mackworth, 1948), the 

minimum recovery time to restore SA performance to normal levels is unknown, and it is 

possible that brain-injured patients require a longer period of rest. Malhotra et al. (2013) 

found an effect of reward in stroke patients only on a second session performed on a 

separate day. Similarly, the reward effects reported in Chapter 3 are on account of 

participants who undertook the tasks on different days. Thus, to avoid this confound, the 

SA task could have been performed on separate days. Alternatively, the behavioural task 

could have been designed to have been performed in a single session, incorporating all 

three targets for each of the reward values (NR, LR and HR). However, this would 

potentially have loaded on the demands of WM, which is impaired in right hemisphere 

stroke patients (Lee et al., 2008). 

 

  

Figure 4.18: Lesion intersection of reward non-responders & those patients with 
persistent neglect 

Common regions that were more likely to be damaged in both RNR patients and those with 
persistent neglect. 

RNR = reward non-responder whose performance did not improve on the reward task 
relative to the no reward task in a majority of the measured parameters. 
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4.6 Conclusion 

In the current experiment, there was a clear effect of anticipated reward on SA. This was 

most evident in healthy volunteers, and it is probable that reward’s effects were mediated 

by enhancing activity within ACC and PFC. Thus, top-down attentional processes are 

therefore amplified, which may result in a more efficient allocation of resources. In stroke 

patients, on the other hand, the effects of reward were less clear, and this may represent 

a differential response to reward secondary to disruption of motivation-attention network 

interactions in a sub-group of patients. It should be noted that, in this study, we directly 

observed the effects of reward on attention, using the same paradigm, in both healthy 

volunteers and stroke patients, which differs from previous work (Malhotra et al., 2013). 

The clear demonstration of a reward effect in healthy individuals, with a less clear effect 

in patients is not necessarily indicative of an absence of a reward-attention effect in the 

patient group. Rather, the current results suggest that reward does boost SA in healthy 

individuals, and that this effect is not present in all patients. 
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5 The Effects of Exogenous Levodopa on Cognition and the Reward-

Attention Interaction in the Neglect Syndrome: A Randomised, Double-

Blind, Proof-of-Concept Study 

 

5.1 Introduction 

Modulation of the neglect syndrome has been attempted by targeting noradrenergic 

pathways (Malhotra et al., 2006) and cholinergic systems (Paolucci et al., 2010, Lucas 

et al., 2013a). However, over the years, pharmacological therapy for neglect has largely 

focussed on dopaminergic agents (Fleet et al., 1987, Geminiani et al., 1998, Gorgoraptis 

et al., 2012). In the following paragraphs, I discuss the association between 

dopaminergic systems and neglect, including in the context of motivation and reward, 

and review the evidence that some components of the syndrome might be amenable to 

dopaminergic modulation.  

 

5.1.1 Neglect and Dopamine 

Studies of neglect using animal models have suggested that disturbances of the 

dopaminergic system may be important in its pathogenesis. Brown and Robbins (1989) 

demonstrated left-sided neglect behaviours in rats with 6-hydroxydopamine-induced 

lesions to the right striatum. In a choice RT task, they were slower to respond to the 

furthest left of two contralesional stimuli, and demonstrated a response bias for that 

closest to the centre. Using similar methods and procedures, Carli et al. (1989) reported 

corresponding findings, with rats exhibiting a response bias for stimuli ipsilateral to the 

site of striatal dopamine depletion. These findings have more recently been replicated 

by Heuer and Dunnett (2013). Such effects of unilateral striatal dopamine depletion, 

however, are not unique to rodents. Monkeys with similarly induced lesions of the 

nigrostriatal bundle have been reported to display behaviours resembling the neglect 
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syndrome, with a preference for ipsilesional head deviation, and a slowness or failure to 

respond to contralesional stimuli (Apicella et al., 1991, Annett et al., 1992, Milton et al., 

2004).  

 

In humans, asymmetric degeneration of dopaminergic nigrostriatal pathways is manifest 

as idiopathic PD. Visuospatial abnormalities have been reported in such patients, with 

evidence for the existence of a lateralised bias. In their study using a visual exploration 

paradigm, Ebersbach et al. (1996) demonstrated that whereas the majority of control 

subjects and patients with right-predominant parkinsonian symptoms (RPD) started 

searching on the left of the display, those with predominantly left-sided symptoms (LPD) 

exhibited a rightward shift in their visual search. This was particularly true for all treatment 

naïve LPD patients. In a line bisection task, Starkstein et al. (1987) reported that LPD 

patients showed a rightward bias when crossing lines and more recently, Lee and 

colleagues (Lee et al., 2001) replicated these findings using computerised versions of 

the task, providing further evidence for a consistent left neglect in LPD patients.   

 

The role of dopamine in neglect phenomena is further supported by reports of a reduction 

in symptoms following treatment with dopaminergic agents. The administration of the 

dopamine receptor agonist, apomorphine, to rats resulted in a dose-dependent decrease 

in the severity of their neglect (Corwin et al., 1986, King and Corwin, 1990, Corwin et al., 

1996), the effect of which was blocked by the dopamine antagonist spiroperidol (Corwin 

et al., 1986). Similarly, three of four patients with neglect from right hemispheric stroke 

lesions temporarily improved after a single subcutaneous dose of apormorphine 

(Geminiani et al., 1998). An early open trial of two patients reported beneficial effects of 

bromocriptine across a number of neglect tests (Fleet et al., 1987), as did a subsequent 

case report (Hurford et al., 1998), with the latter recording a persistent improvement 
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despite discontinuation of the agonist. Recently, in a double-blind, randomised, placebo-

controlled study, rotigotine has been shown to reduce neglect, as measured by 

performance on the Mesulam shape cancellation task (Gorgoraptis et al., 2012). 

However, despite these data from animal neurophysiology and treatment studies in 

humans, the mechanism of the interaction between dopamine and the neglect syndrome 

is unclear. As discussed in Chapter 1, in addition to spatial deficits, neglect is thought to 

comprise also non-spatial deficits, the presence of which may exacerbate the syndrome. 

It is thus possible that a dopamine-dependent-related effect on the non-lateralised 

components of neglect is being demonstrated in the aforementioned studies. This might 

account for the differential effects of various dopaminergic therapies, where in the 

absence of non-lateralised deficits, such therapies are apparently ineffective.  

 

5.1.2 Sustained Attention and Dopamine 

Although noradrenaline has long been associated with alerting effects during vigilance 

tasks (Petersen and Posner, 2012), there is some evidence, particularly that which stems 

from the literature on ADHD, that dopamine may also play an important role in attentional 

functioning. Methylphenidate is one of the recommended treatments for ADHD (NICE, 

2006), whose cognitive phenotype includes deficits of SA (Manly et al., 2001, Stins et 

al., 2005). Methylphenidate increases synaptic dopamine by preventing its reuptake 

(Wilens, 2006) and has been shown to reduce errors of omission and commission, and 

consequently increase d’, on a CPT in children with ADHD (Losier et al., 1996). 

Additionally, its effects on other parameters of SA have been described, including faster 

RT to targets (Werry et al., 1980, Klorman et al., 1991, van der Meere et al., 1995) as 

well as a reduction in fast, moment-to-moment variability in RT (Johnson et al., 2008). 

Although methylphenidate also inhibits reuptake of noradrenaline, the critical importance 

of its dopaminergic effects is reflected by the inhibition of its beneficial effects following 



The Effects of Exogenous Levodopa in the Neglect Syndrome 

 

156 
 

the administration of the predominantly D2 receptor antagonist haloperidol (Levy and 

Hobbes, 1996).  

 

PET studies have enabled the estimation of dopamine receptor availability in patient 

groups, which have been recorded as being lower in the left caudate in subjects with 

ADHD compared to controls (Volkow et al., 2007), and particularly in those with low 

scores on an RVIP task as measured using the non-parametric signal detection index of 

sensitivity A’ (del Campo et al., 2013). These results are felt to reflect decreased 

dopamine release in the caudate. Based on the binding competition principle between 

endogenous dopamine and radioligands for dopamine receptors, PET enables detection 

of in vivo dopamine release following a pharmacological challenge, whereby 

concentrations of the neurotransmitter is inversely related to the radiotracer BP (Laruelle, 

2000). Following methylphenidate, an improvement in SA scores was associated with a 

significant reduction in [11C]raclopride BP (Rosa-Neto et al., 2005). 

 

Pharmacological challenge studies have also been carried out on healthy individuals, to 

determine the effects of dopaminergic therapies on SA performance. In a within-subject, 

double-blind, placebo-controlled study, Elliott and colleagues showed that volunteers 

responded more quickly to targets on an RVIP task on methylphenidate than on placebo 

(Elliott et al., 1997). Whilst there was no significant main effect of the drug on A’, del 

Campo et al. showed that methylphenidate differentially improved A’ scores in low 

performing subjects at baseline compared to their high performing counterparts on a 

similar task (del Campo et al., 2013). This latter finding is consistent with dopamine 

agonist effects on vigilance in animal studies (Granon et al., 2000, Barnes et al., 2012) 

and supports an inverted U-shaped dose response, whereby optimal dopamine levels 

are required for optimal cognitive performance, with too little or too much being 
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detrimental (Robbins and Sahakian, 1979, Williams and Goldman-Rakic, 1995, Cools 

and Robbins, 2004). In their attempt to determine the impact of the use of antipsychotic 

treatment on cognitive function, Saeedi et al. (2006) employed a double-blind study 

design randomly allocating healthy individuals to receiving either placebo, or one of three 

different doses of haloperidol. Four hours following higher doses of the latter, the time at 

which is felt to reflect peak occupancy of the drug at the receptor, performance on the 

CPT deteriorated, with a decline in d’ scores. 

 

Studies probing specifically the effects of direct dopaminergic therapies on SA function, 

however, are scarce. Those that have, have done so in the context of PD (Brusa et al., 

2003, Molloy et al., 2006, Lou et al., 2014) rather than in neglect. Gorgoraptis et al. (2012) 

did examine the effects of rotigotine on SA performance in neglect patients, but found no 

effect. The present study aims to examine systematically the effects of L-Dopa on SA in 

neglect. 

 

5.1.3 Working Memory and Dopamine 

WM is widely regarded as a capacity-limited system whereby sensory information, that 

is no longer available in the environment, is temporarily stored but that can be accessed 

by other cognitive processes. Although distinct from spatial attention, it is clear that SWM 

is linked to attentional processes, with a degree of shared neural architecture. There is 

extensive evidence that dopamine is critical in WM functioning, first demonstrated by 

Brozoski et al. (1979) with dopamine depletion in monkey PFC leading to severe WM 

impairments, comparable to those observed following ablation of the same region. 

Further evidence in support of the relationship between WM and dopamine is drawn from 

a variety of sources, including the observation of the presence of deficits in disorders 

associated with dopamine deficiency (Bradley et al., 1989, Owen et al., 1997), rodent 
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lesion studies (Simon et al., 1986, Miyoshi et al., 2002), work using both dopaminergic 

agonists (Luciana et al., 1992, Kimberg and D'Esposito, 2003, Costa et al., 2009, Nakako 

et al., 2013) and antagonists (Sawaguchi and Goldman-Rakic, 1994, Mehta et al., 2004, 

Mehta et al., 2008), and PET studies correlating WM performance with striatal dopamine 

concentrations (Erixon-Lindroth et al., 2005, Landau et al., 2009). 

 

It has been established across species that the PFC plays a key role in WM (Brozoski et 

al., 1979, Murphy et al., 1996, D'Ardenne et al., 2012). Further studies have delineated 

that dopamine modulates this function predominantly via the D1-like receptor family 

(Sawaguchi and Goldman-Rakic, 1991, Arnsten et al., 1994, Williams and Goldman-

Rakic, 1995), comprising the D1 and D5 receptor subtypes (Girault and Greengard, 2004). 

Indeed, within the same study, pergolide, a mixed D1/D2 receptor agonist, but not the 

selective D2 agonist, bromocriptine, facilitated WM performance in humans (Muller et 

al., 1998). Similarly, D1, but not D2 antagonists, reduced delay-period neuronal activity 

in monkey PFC (Sawaguchi, 2001), and induced a delay-dependent impairment in rats 

during a delayed-response task (Didriksen, 1995). These findings are, perhaps, 

unsurprising given the higher concentration of D1-like receptors in the PFC, as compared 

to the D2, D3 and D4 subtypes of the D2-like receptor family (Lidow et al., 1991, Santana 

et al., 2009). The contribution of the latter to WM is much less clear. Despite results 

suggesting non-effects of receptor stimulation or inhibition, there are, however, reports 

to the contrary (Luciana et al., 1992, Arnsten et al., 1995, Mehta et al., 1999, Kimberg et 

al., 2001).  

 

The relationship between dopamine receptor activation and WM performance is complex 

and appears to follow an inverted U-shape function, whereby too little or excessive 

stimulation impairs performance (Figure 5.1). This has been observed across a number 
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of studies (Arnsten et al., 1994, Cai and Arnsten, 1997, Zahrt et al., 1997, Vijayraghavan 

et al., 2007). Furthermore, dose-dependent effects are highly variable between subjects, 

and interact with the baseline WM abilities of the individual (Kimberg et al., 1997, 

Kimberg et al., 2001, Kimberg and D'Esposito, 2003, Gibbs and D'Esposito, 2005). 

Generally, dopaminergic stimulation of those with low baseline WM capacity improves 

WM performance, with a tendency to worsen performance in those with higher baseline 

capacities (Kimberg et al., 1997, Mattay et al., 2000, Gibbs and D'Esposito, 2005, Frank 

and O'Reilly, 2006). 

 

As with SA and neglect, again, there have been few studies performed to determine the 

relationship between dopaminergic manipulation of WM and neglect. The positive effect 

of rotigotine on a visual search task reported by Gorgoraptis and colleagues was not 

associated with improved WM performance (Gorgoraptis et al., 2012) and the present 

study aims to revisit this using L-Dopa. 

 

5.1.4 Neglect and Reward 

As discussed in Chapter 1, the neglect syndrome is amenable to modulation via 

motivation and reward incentives (Ishiai et al., 1990, Malhotra et al., 2013), with the latter 

being particularly strongly associated with dopamine. One of the purposes of the present 

study is to determine what effects exogenous L-Dopa might have on the reward-attention 

interaction in neglect. In particular, the current study aims to investigate whether there is 

a differential effect of dopaminergic stimulation, depending on initial response to reward 

(see below). 
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5.1.5 Apathy 

Clinical apathy is a syndrome characterised by a lack of goal-directed behaviours, 

cognitions and emotional concomitants of goal-directed behaviours due to loss of 

motivation (Marin, 1991). It is common following stroke (Starkstein et al., 1993, Brodaty 

et al., 2005, Withall et al., 2011), and has been associated with lesions affecting the 

integrity of the frontal lobe (Glodzik-Sobanska et al., 2005) and basal ganglia circuitry 

(Hama et al., 2007, Onoda et al., 2011). This is supported by the observation that apathy 

is a common feature of other pathological states associated with dysfunction of frontal-

basal ganglia networks (Levy and Czernecki, 2006), having also been described in a 

variety of dementias (Cipriani et al., 2014), TBI (Starkstein and Pahissa, 2014), and PD 

(Starkstein and Brockman, 2011, Santangelo et al., 2013). 

 

The exact mechanisms underlying apathy are unknown. Adam and colleagues (Adam et 

al., 2013) and Rochat et al. (2013) have demonstrated that unlike controls on a rewarded 

RT task, apathetic stroke patients, particularly those with focal lesions to the basal 

ganglia, do not make faster responses in order to accrue reward. On the other hand, 

Schmidt et al. (2008) have shown that the hedonic response to reward is maintained in 

apathy, as evidenced by greater skin conductance response amplitudes for higher 

monetary incentives, but that this appears not to be translated into a corresponding motor 

output as measured by grip force. Thus, reward insensitivity or disconnection of reward 

evaluation from behavioural output may be relevant components, and there is 

accumulating evidence that dysfunction of the dopaminergic system may underlie this 

(Le Bouc et al., 2016).  

 

The enzyme catechol-O-methyltransferase (COMT) plays a crucial role in dopamine 

catabolism in mammalian PFC. Single nucleotide polymorphisms in the COMT gene that 
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result in decreased enzymatic activity and consequently increased dopamine levels, are 

associated with a lower risk of apathy (Mitaki et al., 2013). In dementia-associated 

apathy, higher apathy scores appear to correlate with lower striatal dopamine transporter 

uptake, suggesting some relationship with loss of dopaminergic neurons (David et al., 

2008). Additionally, there are a number of studies and case reports where apathy has 

been successfully treated with dopamine agonist therapy (Kohno et al., 2010, Kohno et 

al., 2012, Gerace et al., 2013, Thobois et al., 2013). Furthermore, following dopaminergic 

stimulation with L-Dopa and subsequently ropinirole, insensitivity to reward in an 

individual with apathy following bilateral globus pallidus lesions, was reversed in 

conjunction with an improvement in apathy scores (Adam et al., 2013). 

 

One further aim of the present study is to explore the relationship between clinical apathy 

and reward sensitivity in neglect patients.  

 

5.2 Aims 

The purpose of this study was to explore whether the effects of dopamine on neglect 

relate to motivation and to its actions on non-lateralised components of the syndrome. 

Specifically, it was sought to answer the following questions: 

i) Does dopamine induce a reward-attention response in those individuals with neglect 

who previously did not manifest such a response? 

ii) In those who do exhibit a reward-attention interaction without any pharmacological 

intervention, what effect does subsequent dopaminergic stimulation have on this 

motivational response? 

iii) Where a reward-attention interaction is absent, are such individuals more likely to 

have clinical apathy? 
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iv) Are there any anatomical differences between those neglect patients with and 

without a reward-attention interaction? 

v) Does dopamine modulate SA in neglect? 

vi) Does dopamine modulate WM functions in neglect? 

 

5.3 Method 

5.3.1 Subjects 

Eighteen right-hemisphere stroke patients (Table 5.1) with the neglect syndrome (mean 

age 67.6 years with mean time since stroke onset 19.9 months) participated in this proof-

of-concept study. In contrast to the experiments of Chapters 3 and 4 where neglect 

modulation was not directly assessed, in this particular study, neglect was defined as 

missing more than five targets on the Mesulam shape cancellation task, if not on the BIT 

star cancellation task, timed over two minutes. This greater number of omissions was 

decided upon because it was anticipated that with reward (Malhotra et al., 2013) and L-

Dopa (Mukand et al., 2001), the performance on cancellation tasks of some patients 

would improve, and therefore it was important to identify those candidates in whom this 

could be appropriately reflected, which would have been limited by a potential ceiling 

effect had the criteria from Chapters 3 and 4 been used. Furthermore, no lateralised 

aspect was imposed as the mechanism(s) for reward and L-Dopa modulation on neglect, 

as assessed by cancellation tests, is(are) unknown, both having been shown to improve 

overall performance (Mukand et al., 2001, Malhotra et al., 2013) in a fashion not purely 

attributable to enhanced performance on the left side of an array. The time parameter 

was selected based on Mesulam’s work demonstrating that healthy individuals under the 

age of 65 years can complete the shape cancellation task in less than two minutes 

(Weintraub and Mesulam, 1988). 
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Exclusion criteria in addition to those described in Chapter 2 were: 

 Acute concomitant illness (including cardiac, renal or liver failure) 

 Symptomatic postural hypotension 

 History of psychosis or PD 

 Antihypertensive medications commenced within the previous two weeks 

 Current exposure to monoamine oxidase inhibitor, dopaminergic or 

sympathomimetic drugs 

 Stroke within previous four weeks 

 Pregnancy or breastfeeding 

 

All patients provided written informed consent before participating in the study, and the 

study was approved by the National Research Ethics Service. 

 

5.3.2 Study Design 

A randomised, double-blind, placebo-controlled study design was employed, consisting 

of five sessions (Figure 5.2). 

 

In a preliminary session, eligible patients performed baseline cancellation tasks with (R) 

and without (NR) reward. An apathy assessment was undertaken using the apathy 

evaluation scale (AES) (Marin et al., 1991). Both the clinician (C) and self-rated (S) 

versions were administered, and where possible, also the informant (I) version. To 

determine the motivational characteristics of each individual, the behavioural 

inhibition/approach system (BIS/BAS) questionnaire of Carver and White (1994) was 

also conducted. 

 



Placebo or Levodopa

Preliminary Session
Neglect screening (BIT star & Mesulam shape cancellation tests)

 
 

AES-C, I & S; BIS/BAS
NR & R cancellation tasks (timed)

Session 1a
NR & R cancellation tasks (timed)

WM task
SA task

Excluded 
from study

neglect 
absent

60 minutes

60 minutes

1 to 7 days

1 to 7 days

Domperidone

Session 2a
Tasks as per Session 1a

Session 2b
Tasks as per Session 1b

Session 1b
NR & R cancellation tasks (timed)

WM task
SA task

Domperidone

neglect present

Levodopa or Placebo
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Session 1 took place within a week of the preliminary session, and was divided into two 

parts, (a) and (b). In session (a), patients performed cancellation tasks with and without 

reward, a WM task, and an SA task. This order was maintained in session (b), but 

counterbalanced across subjects.  Either a single oral dose of Co-careldopa 25/100 or 

placebo was administered to patients at the end of session (a), sixty minutes prior to the 

start of session (b). This particular dose of L-Dopa was chosen based on that used in 

similar studies (Pleger et al., 2009). To counteract the possible side effects of nausea 

and vomiting, oral Domperidone 20 mg was given prior to any testing in session (a). 

Using the same format, patients undertook session 2 within a week of the first, but those 

who received L-Dopa previously were given placebo on this occasion and vice versa. 

 

Each session took approximately one hour in total. 

 

5.3.3 Behavioural Tasks 

All computerised tasks were developed using E-Prime software (Psychology Software 

Tools, Inc.) and presented on a Hewlett Packard EliteBook 2470p Tablet PC, viewed 

from a distance of approximately 50 cm. 

 

5.3.3.1 Cancellation Tasks 

The cancellation tasks employed to determine the effects of reward were adapted from 

those of Malhotra et al. (2013) (Figure 5.3). For each array, subjects were asked to circle 

as many targets as they could find and to inform the examiner when they felt that they 

had completed the task. A maximum time period of five minutes was allowed per array, 

but performance was video recorded to enable more accurate analysis. Target stimuli in 

the R task were £1 coins, and buttons in the NR task. The NR task was incorporated to 
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Subjects were given the same verbal instructions. Prior to testing, they were informed 

that they would receive a monetary reward corresponding to their performance on the R 

task, and no reward regardless of performance for the NR task. After completion of both 

tasks, subjects were asked to rate their motivational levels for each on a simple visual 

analogue scale (VAS) composed of a 100 mm length horizontal black line. They were 

instructed to place a single vertical mark across the scale at a point which they felt best 

represented their motivational levels on the NR task in black and on the R task in red, 

with the left and right extremities of the line representing minimum and maximum levels 

respectively. Patients received shopping vouchers after completion of both tasks in each 

session in accordance with their performance, up to a maximum of £10. As requested 

by the Ethics committee, however, all patients received an equal sum (total of £50) by 

completion of the study.  

 

5.3.3.2 Working Memory Task 

5.3.3.2.1 Recall 

Black and white drawings of objects were presented on a 30.7 cm computer screen. 

Objects were positioned in eight locations, three on the left and on the right, and two 

centrally. The decision was made to disperse these across the spatial field, rather than 

to centralise them, to provide an additional measure of neglect. Objects were displayed 

for 10 seconds and participants were asked to remember both what and where they 

were. Following a further interval of 5 seconds, during which subjects viewed a blank 

screen, they were instructed to free recall as many items only as possible (Figure 5.4). 

Responses were recorded by the examiner. 
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5.3.3.2.2 Identification and Object Location 

To ensure that any failure to recall an item could not be attributed to the inability to 

recognise an object for any reason, an identification step was included. Upon completion 

of the recall task, the previously displayed items were each presented individually and 

centrally. Patients were given unlimited time to identify each object and responses were 

recorded by the examiner. Following identification of each picture, subjects were then 

tasked to recall the location of the item as it was positioned in the original display (Figure 

5.4). To reduce the level of difficulty, and therefore to prevent floor effects, patients were 

given a choice of two locations to select from. In the event that they had no recollection 

of having viewed that item and thus were unable to relocate it, a non-response was 

entered. 

 

To prevent learning through repetition, four versions of the task were created. The order 

in which these were performed was counterbalanced across individuals. 

 

  

Figure 5.4: Schematic representation of the working memory task 

Eight objects were displayed for 10 seconds and subjects were instructed to remember what 
and where they are. Following a 5 seconds interval, during which a blank screen was viewed, 
subjects free recalled as many items as possible. Each object was subsequently presented 
individually for subjects to identify and to locate its position in the original display. 
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5.3.3.3 Sustained Attention Task 

The task was based on that of Malhotra et al. (2009) (Figure 5.5). Subjects were 

presented with a series of black characters comprising the first five letters of the English 

alphabet, in Arial font size 54, on a uniform grey background. The letters were individually 

displayed for a duration of 1 s every 2 s, at one of five central locations along the vertical 

meridian. Participants were instructed to depress the middle button on a response box, 

as quickly as possible, upon seeing any of the letters appear at either one of two 

predefined target locations. The task took approximately 8 mins to complete, during 

which time a total of 150 non-target and 100 target stimuli were presented. A short 

demonstration of the task was given prior to each testing session. 

 

 

 

 

 

 

 

5.3.4 Lesion Anatomy 

For details of brain imaging and lesion mapping, see Chapter 2, section 2.4. 

 

Figure 5.5: Schematic representation of the sustained attention task 

The spatial locations of targets are indicated by the red squares, and those of non-target 
locations by the black squares. Subjects responded with a button press as quickly as possible 
whenever a letter appeared in one of the target locations. All letters for the actual task were 
presented in black, but the targets are shown here in red for demonstration purposes. Letters 
were displayed for 1 second every 2 seconds, for a task duration of approximately 8 minutes.  
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5.3.5 Analysis 

5.3.5.1 Cancellation Tasks 

Malhotra et al. (2013) found an effect of reward on cancellation task performance only in 

a second session, after participants had been in receipt of reward. In order to determine 

the effects of reward and consequently the effects of L-Dopa on such a reward-attention 

interaction in this experiment, subjects who performed at ceiling (defined as finding >50 

targets) on the R task in the preliminary session were excluded from the analyses. To 

determine whether or not the effects of L-Dopa differ in the presence or absence of a 

reward response, subjects were divided into reward responders (RR) and reward non-

responders (RNR) on the basis of their performance in session 1a. The former was 

defined as those who found more targets in the R compared to the NR task. 

 

In the event that original data were not normally distributed, as measured using the 

Kolmogorov-Smirnov test, either a standard log transformation was applied, or the data 

were reverse scored followed by a log transformation. Repeated measures ANOVA was 

the parametric statistical analysis of choice. Input factors included reward (referring to 

the two levels of NR and R), drug (referring to the two testing days on which either 

placebo or L-Dopa was given) and session (referring to the pre-drug (a) and post-drug 

(b) sessions, regardless of placebo or L-Dopa), with reward response (RR versus RNR) 

as a between-subjects factor. The assumption of homogeneity of variance was tested 

using Levene’s test of equality of variances. If data failed to normalise despite attempted 

transformations, non-parametric tests were used where possible. Measured parameters 

included number of targets found, number of targets found per second (search 

efficiency), duration of time spent on the task (time-on-task), centre of cancellation, and 

the VAS scores. 
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5.3.5.2 Lesion Anatomy 

Normalised lesion images were superimposed upon anatomical regions of interest (ROI), 

in common MNI space, obtained from reference atlases of Brodmann areas, cortical and 

subcortical structures, and white matter tracts (Desikan et al., 2006, Zhang et al., 2010). 

The proportion of each ROI occupied by lesion, as well as the proportion of lesion 

occupying each ROI was calculated for each subject by matrix multiplication, that is 

lesion profile (row vector) x ROI (column vector). Subject-level values were compared 

between groups using univariate logistic regression. All analyses were performed in 

MATLAB (The MathWorks, Inc.). A threshold of p<0.05 uncorrected was set for 

exploratory reasons. 

 

5.4 Results 

5.4.1 Cancellation Task Performance 

5.4.1.1 Effect of Reward and Levodopa on Cancellation Task Performance 

Nine patients were included in the analyses. Using the reverse scored and log 

transformed data for the number of targets found, a three-factorial (reward x drug x 

session) repeated measures ANOVA was carried out. A main effect of reward 

(F(1,8)=7.89, p<0.05) was seen, with a greater number of targets found in the R compared 

to the NR condition. There was no reward x session interaction (F(1,8)=0.94, p=ns). A 3-

way interaction approaching significance was evident (F(1,8)=5.13, p=0.05). Post hoc 

tests suggested that the interaction was due to a reward x drug interaction specifically 

on post-drug (b) sessions (F(1,8)=7.73, p<0.05) (Figure 5.6), with significantly more 

targets found in the NR task following L-Dopa compared to following placebo (t(8)=2.45, 

p<0.05).  
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5.4.2 Working Memory 

For all eighteen subjects, a drug x session repeated measures ANOVA for the 

percentage of objects recalled was conducted. This revealed a main effect of session 

(F(1,17)=5.89, p<0.05) as well as a drug x session interaction (F(1,17)=8.63, p<0.01). Post 

hoc comparisons demonstrated that the accuracy of free recall was significantly worse 

following L-dopa compared to pre-L-dopa (t(17)=4.25, p<0.005), as well as compared to 

post-placebo (t(17)=2.48, p<0.05) (Figure 5.18). For the post-L-Dopa session, there was 

no correlation between the percentage of objects recalled and the percentage of objects 

identified (r(18)=-0.373, p=ns). There were no significant differences across the four 

sessions in ability to accurately identify the objects. 

Figure 5.17: Anatomical differences between reward responders & non-
responders  

A: Lesion overlap images for 5 reward non-responder patients; B: Lesion overlap 
images for 4 reward responder patients; C: Lesion subtraction showing regions 
damaged in reward non-responders that were less likely to be damaged in reward 
responders. 

Sagittal images show slice levels. For panels A & B, the number of patients with damage 
to each region is represented by the multi-coloured bars, with one patient depicted by 
the leftward-most violet colour, and the maximum number of patients as indicated by 
red on the far right. In panel C, regions that were damaged in reward non-responders 
that were less likely to be damaged in reward responders, is represented as a 
percentage as indicated by the legend to the right of the panel. 
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5.4.3 Sustained Attention 

A repeated measures ANOVA, with drug and session as within-subject factors, was 

completed to examine the effects of L-Dopa on overall performance by eighteen 

participants, as measured using a number of parameters that have been used to index 

SA. These included d’ (a construct of the percentage of targets hit and percentage of 

commission errors – see also Chapter 4, section 4.3.3), RT to targets, and RT variability. 

There were no significant main effects or interactions. 

 

To further probe the effects of L-Dopa on SA, epoch was introduced to the ANOVA as a 

third within-subject factor. This consisted of two levels, by separating the duration of the 

task into two 4 mins segments, enabling drug effects on the vigilance decrement to be 

assessed. For errors of commission (and therefore d’), there was a main effect of epoch 

(F(1,17)=5.00, p<0.05 (F(1,17)=6.58, p<0.05)), with an increase in commission errors and 

reduction in d’ from the first to the second half of the task. A main effect of epoch was 

also seen with RT variability (F(1,17)=9.43, p<0.05), surprisingly with less variability in the 

second compared to the first half of the task. Although no other main effects nor 

significant interactions were identified, examining performance in each of the pre- and 

post- drug sessions individually via paired samples t-tests, for the measures of targets 

hit, commission errors and thus d’, there was a suggestion that where a significant 

vigilance decrement was evident pre-placebo (t(17)=2.40, p<0.05, t(17)=2.14, p<0.05 and 

t(17)=2.74, p<0.05, respectively), this no longer existed post-placebo (Figure 5.21A). 

Additionally post-placebo, rather than a vigilance decrement with respect to RT 

variability, this appeared to significantly improve by the second epoch (t(16)=2.70, p<0.05) 

(Figure 5.22). Furthermore, where no significant vigilance decrement was present pre-

L-Dopa, as measured by d’, following L-Dopa, there seemed to be a significant fall in d’ 

by the second half of the task (t(17)=2.52, p<0.05) (Figure 5.21B). 



0.00
0.20
0.40
0.60
0.80
1.00
1.20

1 2

d'

Epoch

Pre-placebo Post-placebo

0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40

1 2

d'

Epoch

Pre-L-Dopa Post-L-Dopa

0.0
50.0

100.0
150.0
200.0
250.0
300.0
350.0
400.0

1 2

RT
 v

ar
ia

bi
lit

y 
(m

s)

Epoch

Pre-Placebo Post-Placebo



Chapter 5 

 

189 
 

5.5 Discussion 

5.5.1 Reward and Levodopa Effects on Cancellation Task Performance 

In the present study, cancellation tasks were used to investigate the effects of exogenous 

dopamine on neglect, in addition to those of anticipated monetary reward, and the 

interaction between the two. The presence of monetary incentive improved neglect as 

measured by overall performance on a cancellation task, which is consistent with the 

findings of Malhotra et al. (2013) and in line with the motivational effects of payment as 

has been extensively reported in studies of healthy adults in the neuropsychological 

literature. Consistent with this, patients felt subjectively more motivated, as evidenced 

by the overall higher ratings on the VAS for the rewarded task.  

 

In the absence of L-dopa, the beneficial effect of reward was evident only in the post-

placebo session. Subjects underwent testing on two separate sessions on two different 

days, and thus, the post-placebo session would equate to the second session of the day. 

This finding is akin to that of Malhotra et al. (2013), with the pre-placebo session serving 

to reinforce the association of performance with financial gain.  Not only were more 

targets found, but there also appeared to be a shift in the centre of cancellation towards 

the left, with less of a rightward bias. This latter result would suggest that reward 

modulates the spatial component deficits of neglect, whilst the former findings would 

support also its modulation of non-spatial selective attention deficits.  

 

With the introduction of L-dopa, the dynamic between R and NR appeared to be altered, 

seemingly with the abolition of the reward advantage. Rather than the disappearance of 

a reward effect, the findings are more in keeping with previous reports of dopaminergic 

therapy improving neglect, where patients in the present study found more targets 

following the administration of L-Dopa than placebo in the NR task, but with no significant 

effect on the centre of cancellation. It is possible, therefore, that L-Dopa exerts its positive 
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effects on neglect predominantly via non-spatial mechanisms, and might explain some 

of the discrepancies in the literature regarding dopaminergic treatments. For example, 

Mukand et al. using L-Dopa (Mukand et al., 2001) and Geminiani and colleagues using 

bromocriptine (Geminiani et al., 1998), found that neglect improved based on their 

reporting of overall scores on neglect tasks, rather than on a lateralised bias. Grujic et 

al. (1998), on the other hand,  reported negative effects of bromocriptine on neglect as 

determined by the comparison of exploration of left hemispace with that of the right.  

 

There was no evidence for a synergistic effect of exogenous dopamine administration 

with reward, there being no difference in the number of targets found post-L-Dopa 

compared with following placebo in the presence of monetary incentive. This is 

somewhat at odds with the findings of Pleger et al. (2009), who reported an enhancement 

of reward-related effects following the same dose of L-Dopa as was used in the present 

study. There are, however, many critical differences between the current study and that 

of Pleger and colleagues. The previous study was with non-brain-injured participants, 

involved a somatosensory decision-making task, and used lower reward incentives that 

were presented visually only. On the other hand, the current findings are concordant with 

those of other researchers (Guitart-Masip et al., 2012, Apitz and Bunzeck, 2014). One 

possible explanation is that the relationship between dopamine and the neural and 

cognitive processes involved in neglect modulation follows an inverted U-shape. That is, 

optimal levels of brain dopamine are required to drive these processes, but suboptimal 

or supraoptimal levels might impair them, the latter which may occur through combining 

L-Dopa administration with a reward incentive.   

 

The results of the VAS scores suggest that patients felt subjectively more motivated to 

perform on the R than NR task in the pre-placebo, pre-L-Dopa and post-L-Dopa 

sessions, yet, interestingly, this was not reflected by their behavioural performance. 
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Moreover, where subjects did demonstrate a beneficial reward-attention effect in the 

post-placebo session, the difference in VAS scores did not reach significance. Thus, 

there appears to be a disconnection between the hedonic or motivational impact and 

cognitive effects of reward, with the former appearing to fatigue from pre- to post- 

placebo sessions. Furthermore, the addition of L-Dopa appears to modulate these 

seemingly separable reward effects differently, appearing to maintain an otherwise 

fatiguing motivational effect yet, as already discussed, conferring no further cognitive 

benefits. Contrary to some reports (Berridge, 2007), the results of this study suggest that 

dopamine may mediate discrete aspects of reward processing, the manifestations of 

which are different and probably additionally dependent on the interplay of other factors. 

 

5.5.2 Interaction of Reward Response with Reward and Levodopa Effects on 

Cancellation Task Performance 

In the presence of monetary reward incentive, L-Dopa appeared to exert differential 

effects on RRs and RNRs. In relation to the overall number of targets found, RRs 

demonstrated no additional benefit of L-Dopa, but rather performance appeared to 

deteriorate on the R task (although not reaching significance). This finding would again 

support an inverted U-shape relationship between dopamine and neglect modulation as 

discussed earlier. RNRs, on the other hand, having previously exhibited an absence of 

a reward-attention interaction, showed an overall improvement in performance on the R 

task following the ingestion of L-dopa. This suggests that L-Dopa may ‘induce’ a reward-

attention interaction. This interpretation would reflect the report of Bódi et al. (2009) in 

the PD literature, where blunted reward processing in patients off medications was 

enhanced following dopamine agonist administration, and also the findings of Adam et 

al. (2013). 
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It is an established finding that animals weigh the costs and benefits of an action to 

maximise net gain. The cost of an action encompasses the effort associated with it, which 

may be measured in terms of cognitive demand (Boksem and Tops, 2008) or the 

expenditure of physical energy (Kurniawan et al., 2010). In the presence of identical 

rewards, most animals take those actions that require less effort (Walton et al., 2006). In 

this study, although RR and RNR patients did not differ in their ability to appreciate a 

reward incentive, as reflected by the absence of a between-subjects interaction on the 

VAS scores for the R and NR tasks, they did differ in their task performance in response 

to reward. Compared to RNRs, RRs spent less time on the NR task. One interpretation 

of this could be that in the absence of reward, RRs “chose” to exert less physical effort 

on the task as the gain was insufficient to justify the effort. RNRs, on the other hand, did 

not. Conversely, whereas finding more targets in the presence of a reward incentive 

might correspond to RRs judging that the effort warranted the gain, RNRs did not. This, 

however, was reversed in the RNRs following L-Dopa. Thus, it is possible, therefore, that 

the mechanisms for evaluating and discounting reward by effort may be disrupted in 

RNRs but amenable to dopaminergic modulation. 

 

There was no effect of L-Dopa on time-on-task, neither as a group as a whole nor 

comparing RRs with RNRs. Using time-on-task as a substitute measure of physical 

effort, these findings would appear to contradict those of Wardle et al. (2011) and Chong 

and colleagues (Chong et al., 2015), who report that healthy individuals and PD patients, 

respectively, appear to invest more effort in return for rewards on motor tasks following 

dopaminergic stimulation. The discrepancies are likely to be accounted for by differences 

in patient populations and methodologies. The tasks in both of the aforementioned 

studies required subjects to choose whether to undertake a particular trial, which was 

subsequently incorporated into their measures of effort.  
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5.5.3 Relationship of Apathy with Reward Response 

The presence of apathy has been associated with reward insensitivity (Adam et al., 2013, 

Rochat et al., 2013). In keeping with this, the apathy scores of the patients of the present 

study negatively correlated with their scores on the reward responsiveness subscale of 

the BAS scale, with the more apathetic patients being less responsive to reward. 

However, this was not reflected by their performance on the cancellation tasks, there 

being no significant difference in the mean apathy scores between RRs and RNRs. It is 

possible that the reported differences in association between apathy and behavioural 

reward responsiveness may reflect differences in how apathy has been defined across 

other studies. Whereas Adam et al. (2013) and Rochat and colleagues (Rochat et al., 

2013) measured apathy using the Apathy Inventory, the present study utilised instead 

the AES, with the latter considered to be one of the most psychometrically robust broad 

measures of apathy (Clarke et al., 2011).  

 

Although Schmidt et al. (2008) also reported a relationship between apathy and the lack 

of a behavioural response to reward, they additionally demonstrated that affective 

responses to rewards may remain intact despite there being no behavioural correlate. 

Correspondingly, both RR and RNR groups in the present study showed higher VAS 

scores for the R compared to the NR task. The difference in these scores, however, did 

not correlate with their apathy scores. Thus, although there seems to be a disconnection 

between reward evaluation and motor output, clinical apathy, as gauged by a validated 

rating scale, appears to have no bearing.  

 

The absence of a relationship between apathy and lack of reward response as seen in 

the current study is consistent with those results of Chong and colleagues (Chong et al., 

2015), who demonstrated that even in the absence of apathy, PD patients showed 
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deficits in reward-incentivised decision-making. The mean apathy score for the RNRs in 

the present study was 34.8, below the suggested cut-off scores (39-41) for the AES. 

Similarly, individuals with PD, with or without clinically significant levels of apathy, have 

been shown to perform no differently on a spatial search task regardless of the presence 

of monetary reward (Lawrence et al., 2011). Rather, the differences between the 

apathetic and non-apathetic groups lay in diminished activity in several brain regions as 

measured using PET imaging.  

 

5.5.4 Anatomical Differences between Reward Responders and Non-responders 

While the DS is primarily associated with action selection and movement, there is 

accumulating evidence for its role in motivational processing. For example, as measured 

by displacement of radioligands at dopamine receptors by endogenous dopamine 

release, PET studies have reported an increase in dopamine release (as reflected by 

reduced raclopride BP) in both DS and VS when participants played a video game for 

monetary incentives (Koepp et al., 1998), and in DS when healthy humans performed 

card selection tasks for money (Zald et al., 2004). Similarly, fMRI studies have typically 

reported increases in blood oxygenation level dependent responses in DS in anticipation 

of monetary reward (Knutson et al., 2001a) and to rewarded outcomes (Delgado et al., 

2000). However, these studies demonstrate only the involvement of DS in reward-related 

processes but not its necessity.  In this experiment, that as a proportion of each ROI 

occupied by lesion the RNR group were more likely to have damage to the right anterior 

putamen and the right anterior caudate, provides further evidence that DS is an important 

component for the effects of reward on neglect (Malhotra et al., 2013). 

 

As a proportion of lesion occupying each ROI, the right hippocampus and the anterior 

division of the right parahippocampal gyrus were also more likely to be damaged in 
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patients within the RNR group. Traditionally, declarative memory formation was thought 

to be dependent on the integrity of medial temporal lobe (MTL) structures, but there is 

also evidence that the hippocampus plays a role in WM maintenance (Ranganath and 

D'Esposito, 2001, Axmacher et al., 2010, Poch et al., 2011), and may be necessary for 

certain types of visuospatial WM (Hannula et al., 2006, Olson et al., 2006a, Olson et al., 

2006b, van Asselen et al., 2006). Furthermore, the hippocampus has recently been 

featured in reward-related studies. The presentation of monetary incentives to healthy 

human participants has been shown to enhance hippocampal activation prior to (Adcock 

et al., 2006) and during (Wolosin et al., 2012) stimulus encoding, leading to facilitated 

memory for rewarding events. How reward influences hippocampal activity, however, is 

unknown. One suggestion is that it reflects enhanced binding of event elements to the 

motivational context in which they are experienced (Singer and Frank, 2009), and this 

may, in part, explain why it was evident that reward improved performance on the 

cancellation task only in a second session. Another possibility is through dopaminergic 

modulatory effects on WM (see section 5.5.5).  

 

The MTLs and midbrain dopamine systems are anatomically and functionally related. 

The hippocampus receives dopaminergic projections from sources originating in the 

midbrain (Swanson, 1982, Frey et al., 1990), and fMRI studies have revealed that 

reward-related motivation is associated with coupled activation in the midbrain and MTL 

structures (Adcock et al., 2006, Wolosin et al., 2012). Furthermore, the hippocampus is 

anatomically connected with striatum, including to parts of the caudo-putamen via 

entorhinal cortex (Sorensen, 1985, Swanson and Kohler, 1986, Finch et al., 1995). It is 

perhaps through these networks and under the influence of dopaminergic signals that 

reward might modulate neglect, and the anatomical differences reported in this study, 

between those who did and did not exhibit a reward-attention response, would support 

this notion.  
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5.5.5 Effects of Levodopa on Working Memory 

In the absence of semantic or perceptual difficulties, as evidenced by patients’ retained 

ability to accurately identify the objects, following L-Dopa, the ability of right hemisphere 

stroke patients to freely recall previously presented items appeared to be significantly 

impaired. If an individual’s reporting criterion of an event is altered, for example the 

threshold lowered or elevated, they are respectively more or less likely to report the 

event. It is conceivable, therefore, that by influencing the processes involved in setting 

one’s response criterion, WM function may appear to be modulated. For the present 

cohort of patients, L-Dopa acting to increase this threshold would account for the 

observed reduction in recall ability. This would seem unlikely, however, particularly with 

the well-documented relationship of dopamine with impulsivity (Dalley and Roiser, 2012, 

Atmaca, 2014). Furthermore, it would not account for why subjects did not demonstrate 

a reduction in the number of objects located but not recalled, nor why they performed 

only at chance on this parameter, and neither was there not an increase in their overall 

uncertainty levels as reflected by the proportion of objects neither recalled nor located. 

 

On the surface, these findings seem to contradict the literature where there have been 

several studies showing that dopamine deficiency states, as seen in PD patients when 

compared to healthy controls, are associated with lower accuracy on free recall tasks 

(Weintraub et al., 2004, Costa et al., 2014). However, a crucial difference between those 

reports and the present study is the nature of the initial memory task. Weintraub et al. 

(2004) used a verbal memory task (Hopkins Verbal Learning Test-Revised) to determine 

free recall performance; PD patients were read a list of words and subsequently asked 

to recite as many as possible. Subjects in the study of Costa et al. (2014) were instructed 

to memorise visually presented objects only. The memory task of the current study, 

however, was more complex, requiring participants to commit to memory both what the 

objects presented to them were, together with where the object was located. It is 
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possible, therefore, that the findings may be a reflection of L-Dopa effects on different 

components of memory, the latter being that of object-location memory. 

 

Object-location memory is not a unitary construct and can be simply functionally 

subdivided into three component processes. The first is that of the processing of object 

information, commonly referred to as visual WM (VWM), and the second that of object 

spatial location (SWM). Traditionally, these two functions have been understood to be 

subserved by distinct ventral and dorsal streams respectively (Mishkin et al., 1983, 

Haxby et al., 1991, Goodale and Milner, 1992), with evidence that they may be 

maintained in separate memory stores (Farah et al., 1988, Carlesimo et al., 2001). 

However, in order to remember the location of objects, there must be some interaction 

between the two, being the third component process where the two representations are 

bound. It has been proposed that the hippocampus may be critically involved in this latter 

process (Olson et al., 2006b). 

 

In studies assessing object-location memory, subjects are typically shown a display of 

items positioned at various locations to encode. All items are then re-presented,  without 

the need for individuals to recall the items themselves, for subjects to reposition, with or 

without cues, to their original locations (Kessels et al., 2002, van Asselen et al., 2008, 

Pertzov et al., 2012, Frisch and Helmstaedter, 2014). For those that utilise cued 

locations, the percentage of errors is used as a measure of performance, based on the 

number of objects that are incorrectly located, of all objects (van Asselen et al., 2009). 

Error rates in the present study were similarly defined, but as a proportion of recalled 

objects. In the context of the task, I believe this is a more faithful assessment to reflect 

binding of the information regarding object identity with that of object location.  



The Effects of Exogenous Levodopa in the Neglect Syndrome 

 

198 
 

A single dose of L-Dopa given to right hemisphere stroke patients resulted in fewer 

binding errors. Misbinding features are more likely to occur with increasing memory load 

(Treisman and Schmidt, 1982, Bays et al., 2009). Thus, it may be argued that by recalling 

fewer items initially, there was less scope for patients to make such errors. In such an 

event, a direct relationship between the proportion of items recalled and that of errors 

should be observed. There was no evidence for such a correlation.  

 

The circumstances under which WM resources for object identity and object location 

interact are unclear. Sala and Courtney (2009) suggest that representation of the two 

are integrated only when such a relationship is relevant to the task. Wood (2011) found 

the two interacted when object identification was for shapes, the integration of colour and 

shape features, or the identification of coloured objects at specific locations. Although 

the items used in the current study were not in colour, combining object identity with 

location information was task-relevant. A possible explanation for the reported findings 

here, therefore, is that L-Dopa selectively strengthens the binding of object features with 

object location during the encoding process, possibly by a greater allocation of VWM to 

SWM resources for the binding process. Given the capacity limitations of WM systems, 

this would also explain why a deterioration in free recall ability but not localisation 

accuracy was noted following L-Dopa administration. 

 

5.5.6 Effects of Levodopa on Sustained Attention 

Overall performance of right hemisphere stroke patients with neglect on the SA task was 

not modulated by L-Dopa. On the surface, this appears to contradict the extensive body 

of literature that have studied the effects of dopaminergic stimulation on SA. However, 

much of the latter is centred around the effects of methylphenidate on SA performance 
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in subjects with ADHD, and therefore not directly comparable with the results of the 

present study. 

 

Methylphenidate is believed to inhibit the reuptake of both dopamine and noradrenaline 

by blocking their respective transporters on the presynaptic nerve terminals (Kuczenski 

and Segal, 1997, Solanto, 1998). Although its beneficial effects on SA are felt to be 

predominantly mediated via the dopaminergic system, in principle, it is possible that it 

may be due to the synergistic action of both dopaminergic and noradrenergic 

mechanisms, or via the latter alone. Support for noradrenergic modulation of SA is 

provided by studies and reports of guanfacine reducing the number of commission and 

omission errors on CPTs (Scahill et al., 2001, Singh-Curry et al., 2011).  

 

Furthermore, many studies investigating the effects of methylphenidate utilised multiple, 

rather than single, doses of the drug (Sykes et al., 1972, Klorman et al., 1991, Johnson 

et al., 2008), where subjects had been exposed to the agent over a number of days to 

weeks. Additionally, participants of these studies were typically children or adolescents, 

and there is evidence from animal experiments that the attention-enhancing effects of 

methylphenidate may be age-dependent, being less effective with advancing years 

(Bhattacharya et al., 2015). Ultimately, however, methylphenidate and L-Dopa are drugs 

with different pharmacokinetic properties and mechanisms of action. In comparison to 

those with methylphenidate, the negative results of the present study are, therefore, 

perhaps, not wholly unexpected. 

 

The effects of L-Dopa have been studied in ADHD, but with no clinical or cognitive 

improvements (Langer et al., 1982, Wood et al., 1982). However, these studies did not 

specifically assess SA. More recently, Overtoom et al. (2003) used a stop signal task 
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(SST) to determine the effects of a number of drugs on attention and inhibition in children 

with ADHD. Although an SST is typically used to measure response inhibition, in many 

ways, it is similar to the SART, and the choice RT part of the test may be used to measure 

SA. As with the present study, the effects of L-Dopa on RT, omission rates and choice-

error rates were no different from placebo. 

 

There was less variability in the RT of subjects between the first to the second half of the 

task, not typically representative of a vigilance decrement effect. However, it has been 

argued that detection failures in SA tasks may be due to “mindlessness” (Robertson et 

al., 1997a) and subjects approach the task in a routinised manner. Although the temporal 

intervals between the targets themselves were not predictable, the letter stimuli of the 

SA task in the current study were presented every 2 seconds and without variation. Given 

this regularity, together with the spatial component of the task, the positions of which 

could readily be misidentified in the presence of mindlessness, it is possible that with 

time, patients erroneously anticipated stimulus events to fall into a predictable sequence, 

resulting in an automated response pattern. This would equate to a lapse in attention, 

accounting for the reduction in RT variability by the latter half of the task, together with a 

significant increase in commission errors.  

 

Participants in the current study demonstrated the presence of a significant vigilance 

decrement, with a reduction in d’ from the first to the second half of the SA task, in the 

pre-placebo condition. Following placebo, there was no longer any such decrement. The 

reverse pattern was seen with L-Dopa, suggesting that not only was it ineffective, but 

with possible detrimental effects on vigilance. Although the effects of L-dopa on SA and 

vigilance in humans have not been well studied, similar results have been reported 

(Brusa et al., 2003, Overtoom et al., 2003, Lou et al., 2014). Such a trend of worsening 
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performance may be accounted for by an inverted U-shaped dose response as 

discussed in the introduction of this chapter. This is supported by the observation of Lou 

et al. (2014) that dopaminergic drugs in PD patients increased RT and reduced accuracy 

on a vigilance task in a dose-related manner. Furthermore, the L-Dopa doses employed 

in the studies of Brusa and colleagues (Brusa et al., 2003) and Overtoom et al. (2003) 

were higher than that used in the current study, and not all studies with methylphenidate 

showed benefits, the lack of positive results possibly relating to medication dosages 

(Riccio et al., 2001). 

 

5.6 Conclusion 

This study provides support that neglect can be modulated by reward. For some patients, 

there is a disconnection between reward evaluation and attentional performance. A 

reward-attention interaction, in patients with neglect in whom this is absent, can be 

induced by L-Dopa, but the latter confers no augmentation effect in those with such a 

pre-existing motivational response. A deficiency of an initial reward-attention interaction 

does not correlate with the presence of clinical apathy, but appears to depend upon the 

degree of damage to specific anatomical regions involving DS and hippocampus and 

parahippocampus.  

 

This study additionally provides support that neglect can be modulated by L-Dopa. 

Although it does not improve SA, the current study provides novel evidence that L-Dopa 

may modulate WM functions in right hemisphere stroke patients specifically by 

enhancing the binding of object features with that of location during the encoding 

process. 
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6 General Discussion 

 

6.1 Introduction 

In this closing chapter, I summarise the main findings from each of the experimental 

chapters, and address how these might relate to previous research in the field. However, 

despite extending the reward literature, there are important limitations to consider with 

the work presented in this thesis, which I subsequently discuss. Finally, I detail potential 

further directions for which this work may be taken in the future. 

 

6.2 Summary of Key Findings 

One of the purposes of the current thesis was to determine the motivational effects of 

anticipated monetary reward on non-spatial components of the neglect syndrome. 

Reward’s effects on temporal selective attention was examined in Chapter 3 using an 

AB paradigm. Monetary reward was found to abolish the AB effect of healthy individuals 

when compared to the effect of feedback alone. This was not clearly evident in patients 

with right hemisphere stroke, and in this group, reward improved overall T2 performance 

on the task only when the reward session was performed second, which this was not 

attributable to the effects of practice. This effect was most clear in those whose neglect 

had recovered, in association with relative sparing of the right IPL and STG. For those 

with persistent neglect, reward exerted its modulatory effects purely outside of the post-

T1 critical period at long lags, in association with relatively intact SFG and ACC frontal 

regions. 

 

In Chapter 4, a CPT was employed to investigate the modulatory effects of motivation in 

the form of anticipated monetary reward on SA. Reward value exerted differential effects 

in healthy controls, with faster RT to targets associated with high rather than low reward. 
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Furthermore, in the presence of reward, they exhibited reversal of the vigilance 

decrement, as measured by the percentage of target omissions. In stroke patients, the 

effects of reward were less clear, with fewer overall commission errors being made in 

comparison to the session where there was no reward incentive. In this group, however, 

there was no effect of reward on preventing worsening performance with time-on-task, 

the presence of which some authors consider demonstrative of a failure of SA (See et 

al., 1995, Parasuraman et al., 1998). In contrast to Chapter 3, there was no differential 

effect of reward on SA between patients with recovered and those with persistent 

neglect. Although in this cohort, patients with recovered neglect were also less likely to 

have damage to STG, this was to a far lesser extent than those who participated in the 

AB experiment of Chapter 3. 

 

The study described in Chapter 5 was designed to determine the effect of dopamine, in 

the form of L-Dopa, on the motivational response in patients with neglect, and whether it 

could induce a reward-attention effect in those who did not previously manifest such a 

response. Although the addition of L-Dopa to monetary reward incentive did not further 

improve performance on a cancellation task of patients with neglect, it maintained the 

subjective motivational effect of reward as reflected by their scores on the VAS. In 

patients who did not previously demonstrate a reward-attention interaction, yet who were 

as subjectively motivated as those who did, L-Dopa appeared to induce a reward effect 

by improving performance on a rewarded cancellation task. These findings most 

probably reflect an inverted U-shape relationship between dopamine and motivational 

processes, and highlights the disparity between the hedonic impact and performance-

related effects of reward.  
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A third aim of the final experimental chapter was to examine the relationship between 

apathy and reward sensitivity in neglect patients. Apathy correlated with reward 

responsiveness as measured on the BAS scale, but this was not reflected in their 

performance on the cancellation tasks. Patients who demonstrated the absence of a 

reward-attention interaction were not apathetic in comparison to those in whom such an 

interaction was present. However, there were anatomical differences between the two 

groups, with the latter subgroup less likely to have damage to dorsal striatal (caudate 

and putamen) and hippocampal and parahippocampal areas. DS has been repeatedly 

associated with reward anticipation (Knutson et al., 2001a, O'Doherty et al., 2002, 

Harsay et al., 2011), and activation patterns in hippocampus and parahippocampal 

cortex have been reported to reflect different reward conditions (Wolosin et al., 2012, 

Brooks et al., 2013, Wolosin et al., 2013). 

 

Finally, also within Chapter 5, the role of L-Dopa in modulating WM functions and SA in 

neglect was examined. Following L-Dopa, patients made fewer errors when combining 

information for what and where objects were, selectively enhancing the binding of object 

features with object location during the encoding process. With respect to SA, however, 

L-Dopa conferred no beneficial effects. 

 

6.3 Implications 

6.3.1 Reward Modulation of the Attentional Blink in Healthy Individuals and the 

Role of Dopamine 

In the study by Raymond and O'Brien (2009), healthy volunteers learned to associate 

facial stimuli, which were subsequently used to represent T2 in an AB task, with 

monetary gains, losses or neither. The AB was eliminated when the T2 stimulus was one 

that had previously been associated with monetary gain. Using this method, however, 
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they did not directly assess the effects of motivation in the form of monetary reward on 

the AB. With the experiment described in Chapter 3, in the reward session, participants 

were explicitly informed that they would be paid according to their performance, receiving 

feedback after each trial. This is similar to the methods used by Olivers and Nieuwenhuis 

(2005) and Bijleveld et al. (2011). However, whilst both of these studies reported no 

effect of conscious reward on the AB, the result presented in this thesis has 

demonstrated that the AB in healthy individuals is amenable to motivational modulation 

by way of monetary reward. 

 

There is some evidence for a modulatory role of dopamine in the AB. Colzato et al. (2011) 

studied the impact of genetic variability associated with dopaminergic functioning on the 

AB. They reported that healthy adults with the C957T polymorphism of the DRD2 gene, 

which codes for the dopamine D2 receptor, who were homozygous T/T carriers, 

exhibited a smaller AB. This polymorphism is assumed to be related to lower levels of 

striatal dopamine (Duan et al., 2003). These findings, however, were not replicated by 

Felten et al. (2013). Moreover, Colzato and colleagues have published work to support 

the relationship for a role of striatal dopamine in the AB to be in the opposite direction. 

In one study (Colzato et al., 2008), they compared eyeblink rate (EBR), a functional 

marker of striatal dopaminergic production (Karson, 1983, Blin et al., 1990), with AB size. 

They found that subjects with high EBR, and therefore high basal dopaminergic activity, 

showed a smaller AB than those with low EBR. Furthermore, in a PET study (Slagter et 

al., 2012), greater D2-like receptor binding in the striatum, and thus lower levels of 

endogenous dopamine, was associated with a larger AB.  

 

There is much evidence linking the dopaminergic and reward systems (Berridge and 

Robinson, 1998, Ikemoto, 2007, Arias-Carrion et al., 2010), with dopamine depletion 
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associated with reward-insensitivity. The finding in this thesis that monetary reward can 

modulate the AB in healthy individuals, although indirectly, adds to the evidence for the 

role of dopamine in the AB, and provides further support that their relationship is most 

likely to be inversely correlated. 

 

6.3.2 Reward Modulation of Sustained Attention in Healthy Individuals 

That reward can improve overall performance on an SA task has been established by a 

number of researchers: Rubia et al. (2009) reported that fewer omission errors were 

made, and that there was less RT variability during the rewarded condition;  Smith and 

colleagues (Smith et al., 2011) found that subjects were slower to respond, and made 

more omission errors to non-rewarded targets than rewarded targets; and Esterman et 

al. (2014) published that reward improved accuracy, as measured using d’, and also 

reduced RT variability. However, all of these findings pertain to adolescents and/or to 

young adults, with a mean age of 27 years or less. Although Tomporowski and Tinsley 

(1996) demonstrated that older adults with a mean age of 63.1 years performed better 

in the presence of reward with respect to A’ (non-parametric equivalent of d’) and 

omission errors, this was on account of a comparison with the performance of non-

rewarded younger adults with a mean age of 21.0 years. In this thesis, reward modulated 

SA in healthy individuals (mean age 69.2 years) with less RT variability and slower RT 

to targets associated with high reward compared to targets with no or low reward 

respectively. Not only do these findings provide further evidence for the modulatory 

effects of reward on overall SA performance, but they additionally highlight that older 

adults are amenable to reward manipulation, and the presence of differential effects of 

reward value on SA. Furthermore, in contrast to Esterman et al. (2014), the results from 

Chapter 4 have also shown that the presence of a vigilance decrement as determined 

by target omissions, may be abolished by anticipated monetary reward. To my 

knowledge, this is the first study to demonstrate such an effect in older adults.  
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Coull et al. (1998) reported that right prefrontal and parietal cortices were relatively 

deactivated, mirrored behaviourally with increasing RT, as a function of time spent 

performing a vigilance task. Paus and colleagues (Paus et al., 1997) described similar 

findings. It is possible that for reward to abolish the vigilance decrement in healthy 

individuals, as described in this thesis, its effects may be mediated via dopaminergic 

actions in these regions. Support for the role of dopamine in SA function is largely 

provided by the ADHD literature, with convergent evidence also from animal, lesion, 

pharmacologic, genetic and human functional imaging studies (Baunez and Robbins, 

1999, Granon et al., 2000, Overtoom et al., 2003, Bellgrove et al., 2005, Barnes et al., 

2012, Lim et al., 2012, del Campo et al., 2013). The results of this thesis, albeit indirectly, 

add to the literature linking dopamine to SA performance. 

 

6.3.3 Reward Modulation of the Neglect Syndrome 

The initial observation by Mesulam that neglect may be reduced by a monetary incentive 

(Mesulam, 1985) has since been systematically demonstrated by Malhotra et al. (2013). 

They reported that following an initial exposure to monetary reward, patients’ subsequent 

performance on a rewarded cancellation task improved compared to performance on an 

unrewarded task. These findings were replicated in Chapter 5 of this thesis, 

strengthening the evidence that reward can modulate the severity of neglect. However, 

the mechanism of this is unknown.  

 

Although the clinical hallmark of neglect is a profound spatially lateralised bias, it is widely 

considered to consist of a number of component deficits, including non-spatial as well as 

spatial impairments (Robertson, 2001, Husain and Rorden, 2003). Non-lateralised 

disturbances in selective temporal attention (Husain et al., 1997, Shapiro et al., 2002) 

and SA (Hjaltason et al., 1996, Robertson et al., 1997b, Malhotra et al., 2009) have been 
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reported in patients with neglect. As presented in this thesis, reward had some effect on 

the performance of right hemisphere stroke patients with neglect on both AB and SA 

tasks. Thus, one possible mechanism of reward’s modulation of the neglect syndrome 

is, in part, via these non-spatially lateralised components. This might also account for 

why the reward effect on the AB task was most pronounced in those who had recovered 

from the syndrome. To investigate this further in the future, performance on standard 

clinical tests for neglect could be compared before and after performance on each of NR 

and R tasks such as those described in this thesis. 

 

6.3.4 The Effect of Dopamine on the Motivational Response in Neglect 

In Chapter 5, it was observed that the performance on a cancellation task of some 

patients with neglect did not improve with reward, the RNRs. However, in this group of 

patients, following treatment with L-Dopa, performance on the rewarded task was better, 

suggesting the “induction” of a reward-attention interaction. Thus, by enhancing 

dopaminergic action, it is possible that L-Dopa facilitates reward processing (Moustafa 

et al., 2008, Bódi et al., 2009, Adam et al., 2013, Chong et al., 2015), and this would be 

consistent with the extensive body of literature linking dopamine with motivational 

control. 

 

In RNR patients, dopamine could have effected a reward response by acting directly on 

intact brain regions that were otherwise disconnected from major dopaminergic systems 

as a consequence of their stroke. This, however, would not explain why some of the 

stroke patients retained an initial reward response (the RRs).  Alternatively, restoration 

of dopamine levels with L-Dopa in those regions damaged in the RNR but not RR group 

would account for the reinstatement of a reward response. As RNR patients were more 

likely to have sustained damage to right anterior putamen and caudate, similarly to 
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Malhotra et al. (2013), application of such reasoning would be rational given the widely 

published involvement of basal ganglia circuitry in reward functions (Haber and Knutson, 

2010, Ikemoto et al., 2015, Schultz, 2016). However, RNR patients were also more likely 

to have sustained damage to the right hippocampus and parahippocampal gyrus, regions 

established to play a critical role in memory (Broadbent et al., 2004, van Strien et al., 

2009, Bohbot et al., 2015). As discussed below (see section 6.3.6), dopaminergic 

modulation of neglect may be via WM functions, by strengthening the binding effect 

between object features and object location. Moreover, recent research indicates that 

memory is enhanced for rewarded events (Wolosin et al., 2012, 2013, Dillon et al., 2014). 

Thus, the combination of dopaminergic stimulation in these MTL structures following L-

Dopa on memory function, together with heightened memory responses in the presence 

of reward, might also contribute to the observation of an “induced” reward effect with L-

Dopa, manifest by an improvement in performance on a visual search task. 

 

For RR patients, the addition of L-Dopa appeared to worsen performance on a rewarded 

cancellation task. This would support an inverted U-shape relationship between 

dopaminergic activity and neglect modulation, which might explain some of the 

discrepancies reported following dopaminergic treatment of neglect (Fleet et al., 1987, 

Grujic et al., 1998, Hurford et al., 1998, Barrett et al., 1999). Furthermore, it has been 

determined that dopamine and WM function is governed by such an inverted U-shape 

(Cools and Robbins, 2004, Cools and D'Esposito, 2011), and that observed between 

dopamine and neglect may simply be a reflection of dopamine’s effects on WM resulting 

in modulation of neglect. 
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6.3.5 Apathy and Reward Sensitivity 

A number of studies have suggested that reward insensitivity may be a key component 

of apathy (Czernecki et al., 2002, Adam et al., 2013, Rochat et al., 2013), based upon 

the observation of a relationship between apathy scores and impaired responses to 

reward on behavioural tasks. This was examined in Chapter 5, the results of which fail 

to support this assertion, where mean apathy scores on the AES for right hemisphere 

stroke patients with neglect, whose performance on a cancellation task improved with 

reward, did not differ from those who did not. This is in keeping with the findings of Chong 

et al. (2015), where PD patients exhibited deficits in incentivised decision-making even 

in the absence of clinical apathy. Furthermore, both RRs and RNRs felt subjectively more 

motivated when performing the R over the NR task, akin to that described by Schmidt 

and colleagues (Schmidt et al., 2008) where despite apathetic patients overtly failing to 

distinguish between monetary incentives using a grip force task, their affective evaluation 

of monetary incentives indexed by skin conductance responses was retained.  

 

Adam et al. (2013) reported improvements in apathy scores together with a reversal of 

reward insensitivity in a brain-injured patient following dopaminergic therapy, thereby 

favouring the suggestion that the two are inextricably linked. It is possible, however, that 

each component is independently amenable to dopaminergic influences to explain these 

findings. Evidence for this is provided by Czernecki and colleagues (2002) who found a 

positive influence of L-Dopa treatment on apathy only, but not on reward sensitivity. 

Furthermore, in Chapter 5, where apathy scores were no different between RRs and 

RNRs, L-Dopa appeared to induce a reward-attention interaction in the latter group who 

previously did not exhibit one, whilst conferring no additional benefit to the former group. 
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Taken together, all of the above suggest that apathy and reward sensitivity are 

dissociable in at least a proportion of patients. Moreover, these results show that failure 

to manifest a behavioural response to reward is not a reflection of reward insensitivity 

per se, but rather an impairment in integrating the influence of reward representations 

with action whilst retaining an appreciation for reward value.  

 

6.3.6 Dopaminergic Modulation of Neglect 

Although the effects of dopaminergic modulation of the neglect syndrome have been 

inconsistent, these relate predominantly to bromocriptine therapy (Fleet et al., 1987, 

Grujic et al., 1998, Hurford et al., 1998, Barrett et al., 1999), and may be due to 

differences in methodology, including bromocriptine dosing and scheduling. Studies 

utilising the dopamine agonists apomorphine (Geminiani et al., 1998) and rotigotine 

(Gorgoraptis et al., 2012) have reported improvements on performance on cancellation 

tasks, and Mukand et al. (2001) published a case series where BIT scores improved in 

three of four patients with neglect following treatment with L-Dopa. To my knowledge, 

however, the use of L-Dopa as an agent for improving neglect has not been formally 

assessed. 

 

The study of Chapter 5 enabled the effect of a single dose of L-Dopa (Co-careldopa 

25/100) on neglect modulation to be examined systematically, comparing patients’ 

performance on a non-rewarded adapted BIT star cancellation task before and after each 

of placebo and L-Dopa. Patients found significantly more targets following L-Dopa 

compared to placebo, providing the first experimental evidence that L-Dopa can improve 

visual search in neglect. One possible mechanism for this may be through dopaminergic 

enhancement of visual selective attention, and there is recent evidence to suggest that 
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D1/D2 stimulation can boost visual perception by increasing signal-to-noise ratio (Yousif 

et al., 2016). 

 

Another possible mechanism by which L-Dopa may exert its positive effect is by 

enhancing WM. It has been demonstrated that patients with neglect are deficient at 

retaining searched locations in visual search tasks (Husain et al., 2001, Malhotra et al., 

2004, Mannan et al., 2005, Parton et al., 2006), tending to revisit previously inspected 

items and treating them as new discoveries. In the memory experiment of Chapter 5, it 

was observed that patients made fewer errors when recalling both what and where 

objects were following L-Dopa. By selectively strengthening the binding of object features 

with location for every item found, in this way, L-Dopa may potentially reduce such 

recursive behaviour and thus improve visual search. Gorgoraptis et al. (2012) did not 

find that rotigotine reduced the number of revisits of previously identified targets, but their 

touch screen visual search task and that of the one used in this thesis are fundamentally 

different, namely the invisibility of markings for cancelled targets with the former. Not 

only is this more likely to provoke re-exploration (Parton et al., 2006), but intuitively, may 

also impact binding strength. 

 

6.4 Limitations 

6.4.1 Sample Size and Multiple Comparisons 

It is widely acknowledged that the size of a sample studied is a major determinant of the 

likelihood that a nominally statistically significant finding is reflective of a real effect. 

Although with small samples the probability of unearthing a true effect is lower, they are 

also inherently associated with an increased chance that reported significant differences 

are falsely positive (Button et al., 2013). This is an important limitation to consider within 

the present thesis. However, the number of patients who participated in each of the 
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reported experiments is comparable, and often greater, to previous key studies that have 

been published on the AB (Husain et al., 1997, Shapiro et al., 2002), SA (Rueckert and 

Grafman, 1996, 1998), and reward (Malhotra et al., 2013) and pharmacological 

(Geminiani et al., 1998, Grujic et al., 1998, Buxbaum et al., 2007, Gorgoraptis et al., 

2012) modulation of neglect in brain injured individuals.  

 

Similarly, the statistical principle behind adjusting for multiple comparisons is to protect 

against mistakenly interpreting a finding as significant when in fact it is not (type I error). 

Such corrections typically involve reducing the p-value, and are particularly important in 

research using very large datasets, such as functional neuroimaging (Lindquist and 

Mejia, 2015). The consequent risk, however, is an overcorrection that results in 

significant differences being overlooked, with the assertion that no relation exists when 

in fact there is (type II error). Indeed, some statisticians acknowledge that this is not 

always the correct approach and advocate making no such corrections (Rothman, 1990, 

Saville, 1990, Feise, 2002, Althouse, 2016). As with studies similar to those of the 

experimental chapters, (Buxbaum et al., 2007, Bijleveld et al., 2011, Smith et al., 2011), 

corrections for multiple comparisons were not made in this thesis on the basis that there 

were clear study questions that could specifically be answered in addition to the 

presence of some planned and independent comparisons (Ahlbom and Bottai, 2016), 

but also due to concerns with increasing type II errors. However, I accept that by taking 

this approach, results and conclusions should be interpreted with caution, and that 

further studies are required to determine if such findings may be replicated. 

 

6.4.2 Lesion Anatomy 

Whereas in the seminal paper by Mort et al. (2003) neglect patients were prospectively 

scanned using MRI with high spatial resolution, the studies of the present thesis utilised 
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brain imaging that was acquired purely for clinical purposes. As such, not only were the 

lesion maps created for each patient derived from a combination of both MR and CT 

modalities, the latter being less sensitive than the former, but their resolution in all planes 

was far lower, an issue further compounded with CT. Although the intrinsic inaccuracies 

that this strategy may bear are clearly evident, it is not an uncommon method (Karnath 

et al., 2004, Verdon et al., 2010, Karnath et al., 2011), and this pragmatic approach 

allows for the analysis of larger numbers of patient scans in neuropsychological studies.  

 

Despite the limitations just described, and those of the lesion mapping methods 

employed as discussed in Chapter 2, the derivation of the anatomical underpinnings of 

the reward-attention interactions described in Chapters 3 to 5 were behaviour-driven. 

That is, the lesion sites between two groups of patients were compared dependent on 

their behavioural differences on the same rewarded task. Whilst establishing the 

relationship between brain regions and a particular behaviour in this way lends support 

to the inference that they are critical for a particular cognitive process (Rorden and 

Karnath, 2004), it does not take into consideration that brain functions may work in a 

distributed manner, which is an important deficiency given that damage to white matter 

tracts is increasingly recognised to play a key role in spatial neglect (Thiebaut de 

Schotten et al., 2005, Shinoura et al., 2009, Thiebaut de Schotten et al., 2014). 

Furthermore, this behavioural approach has its own caveats, which is typically related to 

the making of a binary decision as to whether or not an impairment is present on the 

basis of a set of behavioural scores, as was the case in this thesis. Clearly, one such 

consequence is that different outcomes would be yielded dependent on the cut-off points 

utilised.  
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6.4.3 The Effect of Post-Stroke Depression 

Depression is a common neuropsychiatric sequela amongst stroke patients, with 

reported prevalences of up to 50% in acute (Robinson et al., 1983), subacute (Hama et 

al., 2007) and chronic (Angelelli et al., 2004) phases of recovery. In studies that have 

assessed its relation with lesion location, by six months, a significant association has 

been observed with right hemisphere stroke (Bhogal et al., 2004). The substantial 

literature that has examined reward dysfunction in depression indicates that it is 

characterised by an impaired ability to modulate behaviour as a function of 

reinforcement, with depressed individuals failing to demonstrate reward-related 

speeding in RT (Henriques and Davidson, 2000, Pizzagalli et al., 2005), and exhibiting 

behavioural insensitivity to reward contingencies (Henriques and Davidson, 2000, 

Pizzagalli et al., 2009b, Treadway et al., 2012). Furthermore, fMRI studies have linked 

depression with blunted reward-related neural activity particularly in the striatum 

(Pizzagalli et al., 2009a, Stoy et al., 2012). Patients who participated in the experiments 

of the current thesis were not specifically screened for the presence of depressive 

symptoms, the existence of which could clearly confound the findings as presented here. 

 

6.4.4 Chronicity of Neglect Recovery 

Finally, anatomical differences underlying acute and chronic stages of neglect have been 

described (Karnath et al., 2011, Saj et al., 2012). It is possible that cognitive deficits in 

neglect may also vary as a function of its chronicity, perhaps with those observed during 

the chronic stage being a pure reflection of those associated with neglect, similar to that 

hypothesised for its neural correlates (Doricchi and Tomaiuolo, 2003). Consequently, by 

not segregating patients with acute from chronic neglect for each of the studies in this 

thesis, the presented findings may be obscured or indeed, important ones may even 
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have been missed. Although here, the influence of recovery from neglect was examined 

taking a post-hoc approach, future studies should prospectively take this into account. 

 

6.5 Future Directions 

The present set of experiments has provided evidence that reward can modulate the 

neglect syndrome possibly via effects on non-spatially lateralised components. Whilst I 

have postulated that these might also extend to WM, including those of SWM, due to 

time constraints, this was not formally addressed in this thesis. To help to further 

elucidate the mechanisms by which reward exerts its influences, determining its effects 

on SWM functions in neglect patients would be a logical step forward. By offering varying 

amounts of monetary reward, similar to that for the SA task of Chapter 4, SWM 

performance as a function of motivation may also be evaluated. 

 

It has been widely established that dopamine plays a key role in reward processing, and 

it has been demonstrated that the strength of the dopamine signal and level of dopamine 

availability are under polygenetic control. For example, polymorphisms in the gene for 

COMT, a key enzyme that catabolises dopamine, alters its activity and therefore 

dopamine levels in the brain (Chen et al., 2004); different genotypes of the C957T 

polymorphism of the DRD2 gene affects striatal DRD2 BP (Hirvonen et al., 2004); 

polymorphisms on the Taq1A DRD2 gene are associated with DRD2 receptor numbers 

(Jonsson et al., 1999); and polymorphisms of the DAT1 gene that encodes the dopamine 

transporter (DAT) influences the amount of DAT protein (VanNess et al., 2005). 

Furthermore, some of these have also been linked with reward processing (Cohen et al., 

2005, Tunbridge et al., 2012, Pecina et al., 2014). As such differences may predict an 

individual’s amenability to reward and dopaminergic modulation, future studies of neglect 

patients could examine the effects of these genetic variations on the reward-attention 
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interactions, L-Dopa modulations of the syndrome and the effects of different dosing 

regimens, as well as how these interact. This would require the recruitment of large 

patient groups, but might potentially help to inform how targeted motivational and 

pharmacological therapies can be tailored to an individual in the future. 

 

Implicit motor learning has been shown to be more effective in the presence of reward 

(Wachter et al., 2009). Whilst Goodman et al. (2014) have demonstrated this in a group 

of chronic hemiparetic stroke patients, Lam and colleagues (Lam et al., 2016) have 

recently suggested that implicit learning in the presence of reward is impaired in similar 

subjects. The neglect status of the participants in both of these studies, however, were 

not detailed, which may account for their discrepancies. Although this thesis has 

demonstrated that reward can modulate attentional deficits in the neglect syndrome, not 

all patients were amenable. It is possible that reward-attention interactions in neglect 

may predict those in whom motivational rehabilitation strategies may be successful or 

not. To establish this is of particular importance as the presence of neglect has been 

associated with a negative impact on functional outcome, including slower and more 

attenuated motor recovery (Katz et al., 1999, Jehkonen et al., 2006, Di Monaco et al., 

2011, Nijboer et al., 2013). Future work, therefore, could compare outcomes, following 

rehabilitation programs utilising motivational schema, between those neglect patients 

who do and do not exhibit reward-attention interactions as substantiated by tasks similar 

to those described in this thesis. This could thereafter be advanced to determine who 

then might benefit from a combination of reward-based and pharmacological dopamine 

therapy. Such work could potentially establish reward-attention interactions in neglect as 

a tool for customising therapy to an individual. 
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6.6 Conclusion 

With the work presented in this thesis, I have attempted to explore the mechanisms 

underlying reward modulation of the hemispatial neglect syndrome. This was possible 

by examining the effects of reward on two of its component deficits individually, that of 

temporal selective attention and SA, both of which are amenable to motivational 

manipulation and most likely reflect central dopaminergic effects on attentional networks. 

More formal assessment of the latter has shed light on the dynamics between reward-

attention interactions and dopamine, the former which may prove to serve as a tool for 

predicting the efficacy of reward-based rehabilitation strategies and L-Dopa 

pharmacotherapy in individual patients suffering from the disabling syndrome that is 

neglect.
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