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Brief Summary 
 

The structure of the thesis is broadly based on the hierarchical division of attention into 

two domains – intensity and selectivity components of attention (Sturm, 1996; Van 

Zomeren & Brouwer, 1994).  The intensity components of attention (arousal and 

vigilance) are a requisite for the more complex aspects of attention selectivity (Sturm et 

al., 2004).  Spatial neglect is characterized by impairment in both the intensity (Heilman 

et al., 1978; Husain & Rorden, 2003; Robertson et al., 1996; Samuelsson et al., 1998) and 

the selectivity components of attention (Bartolomeo & Chokron, 2002; Posner & 

Peterson, 1990).  In the context of understanding how prism adaptation rehabilitates 

spatial neglect, researchers have attempted to produce (Michel et al., 2003; Redding & 

Wallace, 2005) mild neglect-like patterns of behaviour in healthy individuals following 

prism adaptation.  The aim of this thesis was to induce ‘neglect-like’ patterns of 

performance in both non-spatial and spatial attentional tasks following left prism 

adaptation (Berberovic & Mattingley, 2003; Colent et al., 2000; Michel et al., 2003). 

 

Chapter 2 examined the adaptation process and aftereffects in sensory motor function. A 

prismatic aftereffect in both visual and proprioceptive spatial maps was observed post 

adaptation to either left or right shifting prisms.  Adaptation caused re-alignment in the 

visual (eye) and proprioceptive (hand) systems.  Aftereffects were direction specific.  

Left shifting prisms produced a leftward shift in a visual indication of subjective straight-

ahead (SSA) and an opposite rightward shift in a proprioceptive indication of subjective 

straight-ahead.  Right shifting prisms produced a rightward shift in visual SSA and a 

leftward shift in proprioceptive SSA.    The mechanisms underpinning these prismatic 

effects are unclear.  The thesis investigated chapter by chapter, the effects of adapting to 

either prism shift on non-spatial and spatial function.   

 

Chapters 3 and 4 explored the effects of left prism adaptation (LPA) on the intensity 

aspects of attention – arousal and vigilance respectively.  Adapting to left shifting prisms 

significantly impaired right hemisphere arousal and vigilance.  Adapting to right shifting 

prisms (RPA) had no effect on the intensity component of attention.  The argument was 



  

advanced that LPA impaired arousal and vigilance by depressing right parietal function, 

and hence ‘simulating’ neglect-like impairment in non-spatial attention.   

 

Chapter 5 examined the effects of adaptation on non-spatial selective attention within 

hierarchical stimuli.  Adaptation to right shifting prisms (RPA) facilitated processing on 

the global level, indicative of left parietal suppression.  LPA did not have any effect on 

local global processing.  Chapters 6 and 7 examined the spatial effects of adaptation – 

attentional orienting and reorienting across space.  Both prism shifts produced a 

rightward shift in lateral bias as measured by the greyscales task.  This finding was 

interpreted in terms of right parietal suppression and prismatic effects in the allocentric 

spatial frame of reference.  However, both prism shifts differentially influenced spatial 

orienting. LPA made it easier to reorient from right space, and RPA made it easier to 

reorient from left space.  The spatial effects of adaptation to either prism shift was 

interpreted as depression of function in the right and left parietal area following left and 

right adaptation respectively.   

 

The effects of LPA on non-spatial and spatial functions provide insight into the possible 

mechanisms that underpin visuo-motor adaptation and neglect rehabilitation. These 

findings were discussed in terms of influencing the fronto-parietal-cerebellar system. 
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Chapter 1   Spatial Neglect: A General Introduction 

 

“…My experience is what I agree to attend to … without selective interest, experience is 

an utter chaos” (James, 1890, p. 402). 

  

1.1 Spatial Neglect 

 

Edoardo Bisiach and Claudio Luzzati (1978) “studied two patients with damage to their 

right parietal lobes that left them with a visual neglect syndrome. [Their]…eyes register 

the whole visual field, but they attend only to the right half” (Pinker, 1997, p. 286).  

Patients with spatial neglect are typically unaware of the extent of their disorder, which 

manifests in a number of profound spatial difficulties in everyday encounters.  “They 

ignore the cutlery to the left of the plate, draw a face with no left eye or nostril, and when 

describing a room, ignore large details [such as] a piano on their left” (p. 289).   As noted 

by Driver and Vuilleumier (2006) unilateral spatial neglect is the failure to represent and 

respond to events occuring in the side of space opposite a unilateral brain lesion 

(Heilman, 1979; 1993).  Low level primary sensory or motor loss deficits are not at issue, 

but deficits in higher-order spatial representation and attention (Halligan & Marshall, 

1994).   

 

Bisiach and Luzzati (1978) asked the spatial neglect patients to imagine standing in 

Piazza del Duomo and then to name the buildings in the piazza while facing a landmark.  

The patients were unable to recall specific locations on the left side of the piazza when 

they imagined facing the cathedral.  When they had to describe the square from a 180° 

rotated perspective with their backs to the cathedral, they were able to name buildings 

that they had previously ignored.  Each viewpoint dependent mental image revealed the 

“…patients’ lopsided window of attention…” (Bisiach & Luzzati, 1978, p. 289).  As 

noted by Kerkkoff (2001, p. 7), the authors concluded that their right parietal patients had 

a representational deficit for one hemispace.   It is noteworthy that similar deficits are 

revealed when spatial neglect patients are required to recall familiar cities from their 
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home country (Bartolomeo et al., 1994; Rode & Perenin, 1994) or familiar details from 

the left side of their room (Denny-Brown & Banker, 1954).   

 
Fig.1.1 Adapted illustration of left hemispatial neglect based on Bisiach & Luzzati 

(1978).  A patient was asked to imagine and then name as many buildings as possible 
when facing (green arrow) the cathedral (cross figure on map) in the Piazza del 
Duomo in Milan. Buildings located to the right (in green) were recalled, but 
buildings on the left were ignored.  When the patient was asked to turn around and 
imagine facing the opposite end of the piazza (red arrow), buildings previously 
ignored were then named (in red).   

 

A pathological spatial bias in attentional orienting following brain damage unveils the 

vulnerability in our ability and capacity to allocate attention to both sides of space.  An 

astonishing 82% of patients with damage to the right hemisphere ignore information from 

the left side of space within a few days of stroke. A more modest 65% of patients with 

damage to the left hemisphere ignore information from the right side following a stroke 

event (Stone et al., 1993).  As summarised by George et al. (2005), this pathological bias 

is common following widespread damage to parietal, temporal and frontal lobes and 

extending to subcortical structures (Karnath et al., 2001; Mort et al., 2003), but is most 

frequently associated with the parietal cortex (supramarginal gyrus in the inferior parietal 

lobule) and the temporal-parietal junction (TPJ) (Friedrich et al., 1998; Vallar, 1998).  
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There is debate in the literature regarding the neural bases of spatial neglect.  This 

controversy has served to highlight the heterogeneity of the behavioural deficit.  

 

Behrmann et al. (2004) credits Karnath et al., (2001) with identifying the superior 

temporal gyrus (STG) and not the inferior parietal lobule (IPL) as the candidate site for 

cortical damage associated with spatial neglect. In a related study, Karnath et al. (2002) 

identified subcortical sites associated with spatial neglect.  These sites included the 

putamen, the caudate nucleus within the basal ganglia, and the pulvinar within the 

thalamus.  The identified regions have reciprocal connections with the STG.  This result 

was interpreted by the authors to be consistent with their prior argument that the STG is a 

critical region in spatial neglect.   

 

In contrast to the STG hypothesis, others have argued that the inferior parietal lobule 

(IPL) is the crucial anatomical analogue of spatial neglect (Mort et al., 2003).  Using  

structural imaging, the authors found that all of their neglect patients had damage to the 

angular gyrus, and 62% of their sample (9 out of 14 neglect patients) had damage to the 

TPJ and the intraparietal sulcus (IPS divides the parietal lobe into the superior and 

inferior regions).  A further 57% (8 patients) had damage to the supramarginal gyrus and 

the inferior frontal gyrus, whereas just 50% (7 patients) sustained damage to the STG.  

Damage to the superior parietal lobe (SPL) and middle frontal gyrus (MFG) was present 

in 29% (4 patients) of their neglect sample.  Crucially, none of the control patients had 

damage in either the TPJ or the STG, whereas two or more had damage in other areas 

common to the neglect patients.   

 

Hillis et al. (2005) investigated the neural correlates of different types of spatial neglect.  

The authors correlated areas of hypoperfusion (low rate of blood flow) beyond the infarct 

site with egocentric and allocentric neglect.  Egocentric neglect refers to the neglect of 

objects to the left of the patient’s midline, but accurate detection of objects to the right of 

the patient’s midline.  Allocentric neglect refers to the neglect of left targets within 

stimuli on either side of the patient’s midline.  Performance on the gold-standard line 

bisection task (manual or verbal indication of line centre) may not differentiate between 
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these types of neglect, and previous studies have failed to correlate neglect type as 

measured on line bisection with lesion location (Hillis et al., 2005).  Patients with 

allocentric neglect may process the page containing the line as one stimulus and neglect 

the left side of the line, whereas patients with egocentric neglect may neglect the end of 

the line located in left space (left of patient’s midline).  The authors determined that 

hypoperfusion rather than the cortical infarct per se predicted neglect type.  “Reperfusion 

of the cortex resulted in recovery of spatial neglect despite the continued presence of 

subcortical infarcts” (Hillis et al., 2005, p. 3161).  The authors reported a correlation 

between frontal and dorsal hypoperfusion in the right posterior inferior frontal gyrus, 

angular gyrus and the supramarginal gyrus with neglect in egocentric space.  Allocentric 

neglect was predicted by ventral hypoperfusion in the right superior temporal gyrus and 

the posterior inferior temporal gyrus.  Thus, egocentric neglect was predicted by 

hypoperfusion in right parietal areas, and allocentric neglect was predicted by 

hypoperfusion in right superior temporal areas. 

 

As will be discussed shortly, spatial neglect is generally argued to be an attentional 

disorder (Driver & Mattingley, 1997; Husain & Rorden, 2003).  As noted by many 

including George et al. (2005, p. 265), it is a disorder associated with “slowed recovery, 

difficulties in many activities in everyday life and a high degree of dependence on others” 

(see Paolucci et al., 2001). 

   

1.1.1 Varieties of Attention 

 

Attention control refers to a set of processes that  maintain coherent and regulated 

behaviour in the face of irrelevant distractions (Pinker, 1997).  Attention is not a unitary 

function since selection of stimuli and actions consistent with behavioural goals occur at 

multiple levels of processing, including sensory, cognitive and motor stages.  Spatial 

neglect is the prototypical human model of attentional failure (Corbetta et al., 2002).  It is 

considered a heterogeneous disorder comprising a number of attentional deficits. 
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As noted by Bartolomeo et al. (2001), Parasuraman (1998) identified at least three 

independent but interconnected components of attention: (1) selective components that 

bias processing; (2) vigilance, or temporal attentional maintenance; and (3) control, 

regulation and coordination.  Other authors have proposed broadly similar frameworks 

when investigating attention.  Attention may be subdivided into two subsystems with a 

hierarchical organization (Sturm et al., 1999), one representing the selective or spatial 

aspects of focused and divided attention; and the other representing the non-spatial 

intensity aspects of arousal and vigilance (Sturm, 1996; Van Zomeren & Brouwer, 1994).  

Taken together, the mechanisms defining and underpinning attention are discussed in 

terms of spatial and non-spatial functions.  Impairment in the systems subserving either 

spatial or non-spatial mechanisms, and in the interaction between these systems 

underpins the aetiology of spatial neglect (Husain & Rorden, 2003). 

1.1.2 Spatial lateralized mechanisms in spatial neglect 

 

The visual system is bombarded with information from the environment, so the 

advantage of efficient selection of goal-relevant stimuli is clear (Johnston & Dark, 1986).  

Chronic forms of unilateral neglect are usually seen following right hemisphere damage, 

which results in impaired attentional selectivity and lack of awareness of left space 

(Stone et al, 1992).  Neglect may be the result of a spatially lateralized gradient of 

attention that has become biased toward the right side (Kinsbourne, 1970; 1993; Smania 

et al., 1998).  It is also characterized by another particular attentional deficit, and that is 

the inability to disengage attention and shift it in a leftward direction (Posner et al., 

1984). 

 

However, attention theorists have argued that spatially lateralized deficits may not be 

enough in explaining neglect.  Neglect is reduced but persists after “attention-grabbing” 

or “salient” right-sided stimuli have been removed from the environment (Mark et al., 

1988).  A number of studies will be reviewed in chapters 3 and 4, which present the 

argument that explaining spatial neglect exclusively in terms of spatial deficits does not 

encapsulate the full range of neglect behaviours. 
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1.1.3 Non-spatial lateralized mechanisms in spatial neglect 

 

The most commonly argued viewpoint accounting for higher incidents of spatial neglect 

following right hemisphere stroke relative to left hemisphere stroke has been the 

suggestion that the right hemisphere is dominant for a number of spatial functions 

(Heilman et al., 2002).  However, spatial neglect can occur following stroke on the left 

side of the brain, so a number of authors have advanced the view that the right 

hemisphere is dominant for a number of non-spatial functions which impede recovery 

following right hemisphere damage (Heilman et al., 1979; see Husain & Rorden, 2003; 

Manly et al., 2005; Posner, 1993; Robertson & Manly, 1999; Samuelsson et al., 1998).  

The candidate functions are known collectively as the “intensity” aspect of attention 

(Posner & Boies, 1971; Posner & Rafal, 1987; Van Zomeren & Brouwer, 1994), 

including arousal and vigilance. 

 

As already introduced, clinical and experimental evidence has been garnered suggesting 

that spatial neglect is a direction-specific disorder in attention.  These deficits include a 

pathological rightward bias in attentional orienting (Kinsbourne, 1970), a reduced ability 

to disengage the focus of attention from “sticky” right space when attention is to be 

shifted in a leftward direction (Posner et al., 1984), and finally a non-spatial deficit.  

Patients with spatial neglect show low arousal levels (Heilman et al., 1978) and impaired 

ability to endogenously maintain an alert and vigilant state (Robertson et al., 1997).  

Robertson & Frasca (1992) and Robertson (1993) argued that a general right hemisphere 

attentional deficit is partially responsible for the persistence of spatial neglect.  

Disruption to the arousal and vigilance systems combine with impaired spatial lateralized 

mechanisms to exacerbate the neglect syndrome (Husain & Rorden, 2003; Robertson et 

al., 1997; Samuelsson et al., 1998).   

 

The right hemisphere has a special role in mediating the arousal response (Heilman et al., 

1978) and is robustly activated by vigilance tasks (Manly et al., 2003; Mottaghy et al., 
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2005;  Robertson, 2001; Sturm & Willmes, 2001).  In fact, an extensive right hemisphere 

attentional network including the right anterior cingulate, the right frontal dorsolateral 

cortex, the right inferior parietal lobule as well as thalamic and brainstem structures 

underpin the voluntary control of arousal.  Vigilance tasks robustly activate the right 

fronto-parietal network (Lewin et al., 1996; Manly et al., 2003; Mottaghy et al., 2005; 

Pardo et al., 1991; Paus et al., 1996; Sturm et al., 1999; 2004), while thalamic and 

brainstem structures regulate arousal (Berridge et al., 1993; Foote et al., 1980; Kinomura 

et al., 1996; Mottaghy et al., 2005; Paus et al., 1997; Sturm et al., 1999; 2004).  The 

frontal cortex modulates arousal via the thalamus, and co-activates parietal regions 

known to be involved in both spatial and non-spatial attention (Sturm & Willmes, 2001).  

Structures such as the parietal cortex within the right hemisphere lateralized attentional 

network mediating spatial and non-spatial attentional processes may be implicated in the 

aetiology of spatial neglect (Husain & Rorden, 2003; Mort et al., 2003; Vallar & Perani, 

1986).  

 

1.2 Rehabilitation of Spatial Neglect – Prism Adaptation 

The effects of neglect treatment have been evanescent (Pierce et al., 2002).  Most 

interventions have yielded relatively short-lived benefits (e.g. vestibular stimulation; 

Rubens, 1985) and are appropriate for certain patient types (e.g. limb activation therapy; 

Robertson et al., 1992), or require prolonged training (e.g. attention training; Làdavas et 

al., 1994).  Unfortunately, it is beyond the scope of this chapter to introduce the many 

cognitive and sensory treatments of neglect (e.g. but see Pierce et al., 2002; Rossetti & 

Rode, 2002 for review).  The discovery of long lasting (e.g. anecdotal evidence suggests 

up to 17 weeks; Frassinetti et al., 2002), efficient and non-invasive treatment of neglect 

following adaptation to right-shifting prisms (see Rossetti et al., 1998) offers an exciting 

and hopeful new avenue of research into spatial neglect, visuo-motor adaptation and 

rehabilitation.   

1.2.1 Brief Introduction to Prism Adaptation 

The effects of prism adaptation have been studied for well over a century.  Stratton 

(1896) demonstrated adaptation to an inverted visual field (e.g. prism lens makes the 
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world appear upside down).  Stratton gradually adapted to this new visual world, and was 

able to complete tasks as accurately as before he donned the prisms (e.g. writing etc.).  

He even noted that subjectively the world as seen through the prisms was the right side 

up when he didn’t concentrate on the image.   

 

Adaptation to prism lenses induces a plastic change in the brain (Fernàndez-Ruiz & Díaz, 

1999).  “Plasticity is a neural property, which allows sensorimotor systems to adapt to 

novel situations and maintain that adaptive change” (Roller et al., 2001, p. 341).  

Visuomotor Adaptation leads to measurable changes at the level of the synaptic 

connections in the central nervous system (Rosenzweig & Bennett, 1996).  This 

phenomenon has been studied since Stratton’s time.  During the mid 1960s, Held (1965) 

demonstrated that visuo-motor adaptation induces experience-dependent change in the 

brain.  Most prism research aims to identify the neural locus of such plasticity, whether it 

occurs in the low level motor and sensory systems or both (Harris, 1965;Kornheiser, 

1976; Sugita, 1996; Welch, 1974).   

 

A more recent study by Sekiyama et al., (2000) required participants to adapt to right-left 

reversing prisms for 35-39 days.  Although visually guided behaviour was disrupted at 

the beginning of prism wearing, all the participants could ride a bicycle after one month 

of adaptation with prisms on!  It took the participants close to a month to be able to 

accurately report if a target was located to the right or the left of the midline.  At around 

this time, participants reported that they could visualize their hands in the old way 

(veridical left and right hand) and in the new reversed way (veridical left hand is new 

right hand and vica versa).  Activation in the inferior part of the posterior frontal cortex, 

intraparietal sulcus (IPS) and prefrontal cortex was unique to the ‘new’ representation of 

both hands. Activity in the frontal region was limited to the left hemisphere regardless of 

the hand imagined (left or right).  The neural locus of adaptivity was located within a 

fronto-parietal system. 

 

More recently, adaptation to right shifting prisms has produced beneficial effects for 

patients with a pathological rightward bias in spatial attention.  The neural locus of this 
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adaptive change has not yet been identified and attempts to unveil the mechanisms 

underpinning this adaptive change have been frustrating (Rossetti & Rode, 2002).  

However, it is becoming clear that the answers may lie within the fronto-parietal-

cerebellar system involved in the adaptation process (Rossetti et al., 2005).   

1.2.2 The prism adaptation paradigm & the rehabilitation of spatial neglect 

Prism glasses were initially used to shift images from neglected left space into attended 

right space.  This method of bringing objects into attended right space improved 

performance on some neuropsychological tests such as line bisection or cancellation and 

on some measures of attention, but activities of daily living did not seem to improve 

dramatically (Rossi et al., 1990).   However, Rossetti et al. (1998) provided the first 

evidence that adaptation (as opposed to mere exposure) to right shifting prisms 

ameliorated spatial neglect for six patients as measured by classic manual line bisection, 

target cancellation, copying drawings, drawing from memory and text reading.  The 

reduction of the pathological rightward bias that characterizes spatial neglect lasted for 2 

hours following a brief adaptation period of 5 minutes.  The critical feature of the 

Rossetti et al. (1998) study was the demonstration of a leftward shift in manual pointing 

toward subjective straight-ahead (proprioceptive straight-ahead or PSSA).  Patients 

indicated SSA to be located about 9º to the right of veridical straight-ahead prior to 

adaptation.  Following a short burst of right prism adaptation (RPA), patients had 

significantly reduced their pathological rightward bias.  Left prism adaptation (LPA) did 

not significantly influence any of the measures. 

 

Following this pioneering study by Rossetti and colleagues, a number of studies extended 

these findings by demonstrating ameliorative effects following RPA in postural control 

(Tilikette et al. 2001), and wheelchair navigation (Rossetti et al., 1999).  These studies 

suggested that the effects of prism adaptation were by no means limited to visual and 

motor components of pointing involved in the adaptation process.  The aftereffects 

extended to balance, and other non-motor tasks such as mental imagery (Rode et al., 

1998).   
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The effectiveness of prism adaptation as a possible rehabilitation method was 

undoubtedly confirmed in a study by Frassinetti et al. (2002).   A battery of clinical 

measures of spatial neglect was administered pre and post adaptation.  Clinical measures 

included cancellation, line bisection and drawing; behavioural measures included 

interacting with everyday items such as using the phone, reading a menu and a clock. 

Tests of near and far space (object reaching and room description respectively) as well as 

tests of personal space (removing fluff from the body) were also administered.    A 

measure of PSSA was taken pre and post adaptation.  Patients showed little or no bias in 

pointing straight-ahead (PSSA) pre adaptation.  Following RPA, a leftward shift was 

noted in pointing (about 2.7º), which persisted for 6-12 hours post adaptation (1.4º and 

1.3º respectively).   

 

This study also revealed increasing amelioration following prism adaptation as time 

lengthened from the prism-training period.  Take for example the average correct 

response in the clinical and behavioural measures of spatial neglect; this average correct 

response actually increased from pre adaptation measures of 64%, to 88% one-week post 

adaptation and reaching a plateau of 92% five weeks post adaptation.  Anecdotal 

evidence suggests that some patients showed ameliorative effects up to 17 weeks post 

adaptation.  Neglect was also ameliorated for measures in far and near space, but not 

statistically for personal neglect.  As with average correct responses, omission errors on 

the left side significantly decreased post adaptation.   

 

While some researchers were focusing on the benefits of RPA to spatial neglect patients, 

others decided to investigate the effects of adaptation to lateral prisms in healthy 

participants.  It has been noted that several methods can transiently reduce the symptoms 

of spatial neglect, such as vestibular and optokinetic stimulation, as well as neck muscle 

vibration (see Rossetti & Rode, 2002).  However, these methods cannot produce a 

“neglect-like” perceptual bias in the healthy individual (Rorden et al., 2001 for a 

discussion on neck-proprioceptive and caloric-vestibular stimulation in the healthy adult).   

 



 11  

Colent et al. (2000) reported a cognitive effect following adaptation to left shifting prisms 

for the first time in healthy adults.  The authors had healthy participants perform the line 

bisection and landmark task.  The line bisection task requires the participant to manually 

indicate the centre of a line and the landmark task requires the participant to make a 

judgment about a pre-bisected line.  Before adaptation, participants made leftward errors 

indicative of pseudoneglect.  That is, they bisected lines to the left of veridical centre.  

Following adaptation to left prisms; mean error in the landmark task was shifted 

rightward, so that the subjective centre of the line was shifted to the right of veridical 

centre.   

 

This finding was later replicated and extended to the manual line bisection task (Michel 

et al., 2003).  Left prism adaptation (LPA) significantly shifted bisection error rightward 

in a sample of healthy participants.  In fact, the authors showed that the mild ‘neglect-

like’ rightward shift was observed in different amounts for lines located in left and central 

space, and for long lines.  The rightward bias was not observed for lines located in right 

space, or for short lines.  These effects cannot be explained by the aftereffects of prism 

adaptation, which generalize homogenously across space (Bedford, 1989).  Adaptation to 

right shifting prisms had no effect.   

 

Berberovic & Mattingley (2003) replicated earlier reports that LPA induces a ‘neglect-

like’ rightward shift in perceptual judgments. LPA produced a rightward shift for lines 

presented in near reaching space (50cm from participant) and far space (116cm from 

participant).  Thus, the authors concluded that LPA produces a rightward shift in both 

spatial reference frames.  

 

These studies provide evidence that LPA reliably produces a “neglect-like” cognitive 

impairment in the healthy brain (Girardi et al., 2004).  The argument has been advanced 

that LPA operates by depressing right parietal function (Berberovic & Mattingley, 2003), 

and thus offers another research avenue for understanding spatial neglect (Clower & 

Boussaoud, 2000; Mattingley, 2002; Redding & Wallace, 1996).   
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1.3 Spatial and non-spatial mechanisms underpinning prismatic 
aftereffects in the healthy brain 

 

The thesis presents evidence that a mainly right lateralized fronto-parietal system is 

disrupted following a short period of adaptation to left shifting prisms in the healthy 

brain.  It is argued throughout the thesis that non-spatial and spatial functions lateralized 

to the right fronto-parietal system underpin adaptation to left shifting prisms in the 

healthy brain.  One method of understanding how prism adaptation works is to study its 

effect in the healthy adult (Clower & Boussaoud, 2000; Mattingley, 2002; Redding & 

Wallace, 1996).  Left prism adaptation (LPA) produces a mild ‘neglect-like’ rightward 

shift in perceptual asymmetry, weight-bearing and tactile exploration of right space 

(Berberovic & Mattingley, 2003; Colent et al., 2000; Michel et al., 2003) in the healthy 

adult.  In the context of understanding how prism adaptation rehabilitates spatial neglect, 

this approach attempts to ‘induce’ (Redding & Wallace, 2005) or ‘simulate’ (Michel et 

al., 2003) neglect-like patterns of behaviour in healthy individuals following prism 

adaptation (Girardi et al., 2004). 

 

1.4 Thesis Outline 

 

The structure of the thesis is broadly based on the hierarchical division of attention into 

two domains – intensity and selectivity components of attention (Sturm, 1996; Van 

Zomeren & Brouwer, 1994).  The intensity components of attention (arousal and 

vigilance) are a requisite for attentional selectivity (Sturm et al., 2004).  Spatial neglect is 

characterized by impairment in both the intensity (Heilman et al., 1978; Husain & 

Rorden, 2003; Robertson et al., 1996; Samuelsson et al., 1998) and the selectivity 

components of attention (Bartolomeo & Chokron, 2002; Husain & Rorden, 2003; Posner 

& Peterson, 1990).  In the context of understanding how prism adaptation rehabilitates 

spatial neglect, researchers have attempted to produce (Michel et al., 2003; Redding & 

Wallace, 2005) mild neglect-like patterns of behaviour in healthy individuals following 

prism adaptation.  The aim of this thesis is to induce ‘neglect-like’ patterns of 
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performance in both non-spatial and spatial attentional tasks following left prism 

adaptation (Berberovic & Mattingley, 2003; Colent et al., 2000; Michel et al., 2003). 

 

Chapter 2 examines the adaptation process and aftereffects in sensory motor function.  

Chapters 3 and 4 explore the effects of left prism adaptation (LPA) on the intensity 

aspects of attention – arousal and vigilance respectively.  Chapter 5 examines the effects 

of LPA on non-spatial selective attention within hierarchical stimuli.  Then chapters 6 

and 7 examine the spatial effects of LPA – attentional orienting and reorienting across 

space.  Chapter 8 looks back on the main findings in this thesis and critically examines 

the extent to which the results support the original argument that LPA depresses right 

parietal function.  The discussion will also focus on whether we are any closer to 

understanding the mechanisms that underpin prism adaptation in the rehabilitation of 

spatial neglect.    

 

1.5 Thesis Extended Summary 

Chapter 2: The Adaptation Process 

 

The recent exurberance about prism adaptation methodology is likely to increase our 

understanding of normal visuo-motor control (e.g. Fernandez-Ruiz et al., 2001) and 

neuropathology (e.g. rehabilitation of spatial neglect; Berberovic et al., 2004; Frassinetti 

et al., 2002; Pisella et al., 2002; Rode et al., 1999; Rossetti et al., 1998; Tilikette et al., 

2001).   Clinical studies within the last decade have advanced the argument that 

adaptation to right-shifting prisms rehabilitates neglect behaviour.  Adaptation to right-

shifting prisms produces a leftward shift in subjective straight-ahead (Rossetti et al., 

1998), posture (Tilikette et al., 2001), perceptual judgments (Rode et al., 1999) and 

exploration (Ferber et al., 2003; McIntosh et al., 2002).  A mild “neglect-like” rightward 

bias can be “induced” or “simulated” in perceptual judgments (e.g. line bisection), tactile 

exploration (Girardi et al., 2004) and posture (e.g. weight-bearing) following adaptation 

to left-shifting prisms in the healthy brain (e.g. Berberovic & Mattingley, 2003; Colent et 

al., 2000; Gizzi et al., 1997; Michel et al., 2003).  These lines of research promise to 
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increase our understanding of spatial neglect, and the mechanisms, which underpin the 

rehabilitation process.  However, recent translational applications have typically taken 

into account the long history (e.g. Held & Hein, 1958; Kohler, 1951; Stratton, 1896) or 

even the complexity of the adaptation process (see Redding & Wallace, 2005).   

 

Prism adaptation evokes two kinds of adaptive processes: strategic control (recalibration) 

and spatial realignment of sensory-motor reference frames.  Calibration is the reduction 

of prism-induced pointing error.  Alignment refers to the repositioning of spatial maps.  

Both processes are involved in reducing pointing error caused by the prism shift, and 

both produce adaptive aftereffects in behaviour following prism removal.  Aftereffects 

occur in the eye (visual) and the hand (proprioceptive) systems.  Recent application of 

prism adaptation in both neglect rehabilitation and production of ‘neglect-like’ biases 

have neglected to measure both aftereffects (but see Girardi et al., 2004).   

 

The present study measured the (a) direct effect of calibration and (b) the indirect effects 

of alignment on the visual and proprioceptive systems.  Left prism adaptation (LPA) 

produced a leftward shift in initial pointing error with visual guidance (direct effect) and 

a leftward shift in the visual system following adaptation (indirect visual aftereffect).  An 

opposite rightward shift was observed in the proprioceptive system following adaptation 

(indirect proprioceptive aftereffect).  Right prism adaptation (RPA) produced a rightward 

shift in the direct effect and the visual aftereffect, and an opposite leftward shift in the 

proprioceptive aftereffect.  The implications for direct and indirect effects upon the eye-

head system are discussed. 

 

Chapter 3: Prism Adaptation affects non-spatial lateralized alertness 
(arousal) 

 

To date, no studies have looked at the effects of prism adaptation on right hemisphere 

lateralized non-spatial functions.  These functions include arousal and vigilance, both 

components of a mainly right fronto-parietal attentional network (Sturm & Willmes, 
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2000).  This right hemisphere fronto-parietal attentional network subserves both spatial 

and non-spatial functions, and includes regions anatomically linked to the aetiology of 

spatial neglect (Husain & Rorden, 2003). 

 

Spatial neglect patients with damage to the right hemisphere are generally hypo-aroused 

and display reduced arousal or emotional responses to significant and novel stimuli 

(Heilman et al., 1978).  The right inferior parietal region is specialized for mediating the 

arousal response (Tranel, 2000; Tranel & Damasio, 1994) and damage to frontal and 

parietal areas can attenuate the sympathetic arousal response as measured by 

electrodermal activity (EDA) (Critchley et al., 2002).  Frontal and parietal areas exert 

top-down control on the noradrenergic brainstem via the thalamus, which regulates the 

arousal response (Sturm et al., 1999).   

 

Impaired arousal has been associated with a pathological rightward bias in spatial 

attention.  It has also been shown that altering arousal levels in the healthy brain can 

affect spatial attention (Manly et al., 2005).  Sleep deprived participants display a mild 

‘neglect-like’ rightward shift in perceptual judgment (Dobler et al., 2003; Manly et al., 

2005), while exogenous alerting has been shown to attenuate spatial neglect (Robertson 

et al., 1995).  Thus, altering arousal levels in the brain can influence spatial attention.   

 

The mechanisms that underpin adaptation in both spatial neglect and the healthy brain 

remain a subject of academic debate.  Uncovering these mechanisms has important 

implications for the rehabilitation of spatial neglect and for understanding attentional 

processes in the normal brain. 

 

The first candidate mechanism investigated was arousal.  Arousal was measured by 

Electrodermal Activity (EDA).  EDA is controlled by sympathetic arm of the autonomic 

nervous system and has been widely used as a proxy of stimulus saliance detection 

(Damasio, 1994).  Human lesion studies have implicated the frontal and parietal cortices 

(see Critchley et al., 2002) in the central control of EDA.  Patients with spatial neglect 

typically display a reduced EDA response to significant stimuli (Heilman et al., 2002).  
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Given that EDA provides an index of the socio-emotional response to significance, it was 

hypothesized that the mean EDA response following a pointing movement to target 

stimuli while wearing left shifting prisms would be significantly reduced throughout 

adaptation.  Visual feedback of pointing error following each pointing response made 

each target psychologically significant.  

 

During the early phase of adaptation, participants misreach and make more pointing 

errors as they adapt to the prism goggles.  This phase of adaptation is typically 

characterized by a rapid learning curve as participants strategically adapt to the prisms 

(Fernandez-Ruiz et al., 2001; Redding & Wallace, 1996). With time, participants finesse 

their pointing movements so that they point accurately to targets while still wearing the 

prisms. Previous studies have demonstrated that this period of adaptation is critical in 

establishing a lasting aftereffect in the healthy participant as measured in spatial attention 

tasks (Boran & Robertson, 2004 unpublished manuscript; Berberovic et al., 2004; Ferber 

& Murray, 2005). 

 

EDA recordings were made after each pointing movement.  Results confirmed the 

predictions that left prism adaptation significantly reduces the mean arousal response to 

pointing error compared to the control condition due to possible depressed right parietal 

function.  

  

Chapter 4: Prism Adaptation affects non-spatial lateralized vigilance 
network 

 

The previous chapter 3 demonstrated that left prism adaptation (LPA) significantly 

reduced the mean arousal response to pointing error during the later phase of adaptation 

as predicted.  Chapter 4 examined the effects of adaptation to left shifting prisms on 

sustained attention and arousal.  Each participant performed two sustained attention tasks.  

Arousal as measured by EDA was recorded while each participant performed the 

attention tasks.  EDA was recorded following the presentation of the no-go target.  It was 
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predicted that left prism adaptation (LPA) would significantly impair sustained attention, 

and significantly reduce the arousal response to psychologically significant no-go targets. 

It is argued that LPA operates by depressing right parietal function as measured by 

arousal and vigilance.  

 

Sustained attention (vigilance) refers to the endogenous maintenance of an alert state in 

the absence of exogenous input (Robertson et al., 1997).  Vigilance is achieved by a 

predominantly right hemisphere fronto-parietal attentional network (Sturm & Willmes, 

2001). Impaired vigilance has been shown to be a better predictor of the severity of 

spatial neglect compared to spatial tests such as line bisection (Robertson et al., 1995).  

Vigilance ability is also associated with spatial bias in healthy normals (Bellgrove et al., 

2004).  Participants who were good at sustaining attention over a short period displayed a 

normal leftward spatial bias (pseudoneglect), compared to participants who were 

impaired at the vigilance task.  Those who were impaired at maintaining vigilance 

displayed a mild “neglect-like” rightward shift in asymmetry scores in a chimera task.   

 

In the present study, vigilance performance was measured using two separate tasks – the 

SART and the Dual task SART (DART).  The simplicity of both tasks tend to encourage 

a routine response set, taxing the individual’s ability to maintain an alert state and to keep 

in mind the overall goal of withholding a routine response to a no-go target.  The SART 

is a sensitive measure of everyday attentional failures (Robertson et al., 1997) and 

robustly activates the right hemisphere alertness network (Manly et al., 2003).   

 

Left prism adaptation (LPA) significantly impaired vigilance on the SART, a sensitive 

measure of attentional lapses that robustly activates the right fronto-parietal alertness 

network.  LPA did not significantly affect vigilance on the DART, a more recent measure 

of vigilance. LPA did not significantly affect mean arousal responses to the no-go targets 

in either the SART or the dual SART.  The findings are discussed in terms of disruption 

to right parietal activity following LPA. 



 18  

Chapter 5: Prism Adaptation affects non-spatial selective attention 

 

The right TPJ is a possible candidate site of LPA modulation (Berberovic & Mattingley, 

2003; Colent et al., 2000; Connolly & Robertson, 2004 unpublished thesis; Girardi et al., 

2004).  It is also involved in processing global features in a visual scene.  Patients with 

right temporal parietal damage presenting with spatial neglect (Lux et al., 2005) and 

without neglect (Robertson et al., 1988) ignore global levels of a hierarchical stimulus.  

These patients bias attentional processing toward local levels (Lux et al., 2005).  The 

present chapter extends previous results by attempting to induce a mild “local” 

processing bias in the healthy brain following left prism adaptation.  Processing the local 

level in a hierarchical stimulus and “ignoring” the global level is a behavioural 

impairment common to right parietal damage presenting with spatial neglect (Lux et al., 

2005).   

 

The present study failed to demonstrate a significant modulation of local global 

processing following left prism adaptation.  However, evidence was garnered suggesting 

RPA (right prism adaptation) facilitated global processing.   

 

Chapter 6: Prism Adaptation affects lateral asymmetry 

 

Patients with spatial neglect typically over-attend to features on the right side of a target 

stimulus.  In contrast, healthy adults choose the left half of a stimulus as more salient in 

forced choice lateral asymmetry tasks.  The greyscales task was developed to quantify the 

early and automatic rightward orienting of visual attention in spatial-neglect patients and 

the early leftward orienting in healthy adults (Mattingley et al., 1994; 2003).  

Explanations for this attentional imbalance have been couched in terms of differential 

hemispheric contralateral control of spatial attention.   

 

Prism adaptation to a lateral shift of the visual field induces significant perceptual 

aftereffects in right hemisphere hemi-neglect patients and in normal participants.  
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Adaptation to right shifting prisms reduces the pathological rightward attentional bias in 

spatial neglect patients.  In contrast, adaptation to left shifting prisms produces a mild 

“neglect-like” rightward shift in perceptual asymmetry in healthy participants.  The 

present chapter investigates whether adaptive after-effects extend to free-viewing 

perceptual asymmetries.  Before and after adaptation, participants performed a visual 

greyscales task that examined attentional biases by forcing participants to judge the 

darker of two left-right mirror-reversed brightness gradients under free viewing 

conditions.  It was predicted that left prism adaptation (LPA) would shift attentional bias 

rightward due to depressed right parietal function.  This prediction was confirmed.  

However contrary to prediction, right prism adaptation (RPA) also significantly shifted 

spatial attention rightward.  These results are discussed in terms of depressed right 

parietal function and prismatic effects in the allocentric spatial frame of reference. 

 

Chapter 7: Prism Adaptation affects spatial attentional reorienting 

 

The clinical syndrome of spatial neglect may be modelled on a series of attentional events 

beginning with an early orienting and lateral preference to the right side of space 

(ipsilesional).  This early and automatic orienting of attention rightward is then followed 

by a deficit in disengaging attention from “sticky” right side of space in order to reorient 

it toward left space (contralesional).  The Posner task was developed to quantify the 

pathological rightward orienting and the subsequent deficit in disengaging attention from 

right space in order to reorient it leftward in spatial-neglect patients (Morrow & Ratcliffe, 

1988; Posner et al., 1984).   

 

Explanations for this disengagement deficit have been framed in terms of disruption to a 

right lateralized attentional network involving the right TPJ (Corbetta et al., 2002; Losier 

& Klein, 2001).  The right hemisphere represents both hemispaces, whereas the left 

hemisphere represents right space (Corbetta et al., 2002; Mesulam, 1981).  A 

predominantly right lateralized Intra Parietal Sulcus – Frontal Eye Field (IPS-FEF) 

network during reflexive orienting may explain the disengage deficit in spatial neglect 



 20  

(Losier & Klein, 2001).  Patients with spatial neglect show impairment in reflexively 

orienting to invalidly cued targets in left space.  The disruption of reflexive alerting 

mechanisms in spatial neglect (within the right hemisphere attentional system) may lead 

to decreased alerting input to the right hemisphere dorsal IPS-FEF system.  This may in 

turn, lead to decreased spatial orienting and ineffective selection of left-sided 

contralesional stimuli.   

 

 As already introduced, prism adaptation to a lateral shift of the visual field produces 

significant perceptual aftereffects in right hemisphere hemi-neglect patients and in 

normal participants.  The mechanisms underpinning these effects are unclear.  It is 

possible that prism adaptation alters the way attention is deployed across space.  Chapter 

7 investigates whether adaptive after-effects extend to spatial orienting.   

 

Before and after adaptation, participants performed two Posner-type tasks.  One task 

presented exogenous cues (peripheral flashes) equally divided between valid, invalid and 

neutral predictors of target location.  Patients with spatial neglect typically respond more 

quickly to validly cued targets in right space (orienting bias) and more slowly to invalidly 

cued targets in left space (disengage deficit as reviewed by Losier & Klein, 2001).  

Disordered orienting and attentional disengagement is less pronounced in a Posner task 

with endogenous and informative cues (majority of cues validly predict target location). 

 

It was predicted that left prism adaptation (LPA) would simulate mild neglect-like spatial 

orienting behaviour by (1) reducing response time (RT) to validly cued targets in right 

space and (2) increasing RT to invalidly cued targets in left space.  This pattern of 

responding was predicted in the exogenous version of the task.  Orienting and disengage 

deficits are not robustly observed in the endogenous version (Losier & Klein, 2001).   

 

Prism adaptation seemed to facilitate the covert orienting of attention instead of 

producing a disengage deficit as observed in spatial neglect.  LPA made it easier to orient 

attention to left space and to reorient from “less sticky” right space.  RPA made it easier 

to orient attention to right space and to reorient from “less sticky” left space.  Attention is 
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less sticky in right space for LPA participants and less sticky in left space for RPA 

participants.  This pattern of results is opposite to the predictions for LPA but suggest that 

prism adaptation influences spatial attentional orienting mechanisms. 
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Chapter 2 Model of Prism Adaptation: Visual & Proprioceptive Aftereffect 

2.1 Summary 

 

The mechanisms underpinning visuo-motor adaptation to prism shifts are not well 

known.  Investigating the methodology employed in adaptation is likely to increase our 

understanding of normal visuo-motor control (e.g. Fernandez-Ruiz et al., 2001) and 

neuropathology (e.g. rehabilitation of spatial neglect; Berberovic et al., 2004; Frassinetti 

et al., 2002; Pisella et al., 2002; Rode et al., 1999; Rossetti et al., 1998; Tilikette et al., 

2001).   Clinical studies within the last decade have advanced the argument that 

adaptation to right-shifting prisms rehabilitates neglect behaviour.  Adaptation to right-

shifting prisms (RPA) affects low and high levels of spatial representation (Rossetti & 

Rode, 2002).  RPA produces a leftward shift in subjective straight-ahead (Rossetti et al., 

1998), posture (Tilikette et al., 2001), perceptual judgments (Rode et al., 1999) and 

exploration (Ferber et al., 2002; McIntosh et al., 2002).  A mild neglect-like rightward 

bias can be produced in perceptual judgments (e.g. line bisection), tactile exploration 

(Girardi et al., 2004) and posture (e.g. weight-bearing) following adaptation to the 

opposite left-shifting prisms in the healthy brain (e.g. Berberovic & Mattingley, 2003; 

Colent et al., 2000; Michel et al., 2003).  These lines of research promise to increase our 

understanding of spatial neglect, and the mechanisms, which underpin the rehabilitation 

process.   

 

Prism adaptation involves pointing to visual targets with prisms on and evokes two kinds 

of adaptive processes: “strategic control (recalibration) and spatial realignment of 

sensory-motor reference frames” (Redding et al., 2005, p. 434).  Calibration is the 

reduction of prism-induced pointing error.  Alignment refers to the repositioning of 

spatial maps.  Both processes are involved in reducing pointing error caused by the prism 

shift, and both produce adaptive aftereffects in behaviour following prism removal.  

Aftereffects occur in the eye (visual) and the hand (proprioceptive) systems.  Recent 

application of prism adaptation in neglect rehabilitation and the production of “neglect-

like” biases have failed to measure aftereffects in both the visual and motor systems (but 
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see Girardi et al., 2004).  The present study measured the (a) direct effect of calibration 

and (b) the indirect effects of alignment on the visual and proprioceptive systems.  Left 

prism adaptation (LPA) produced a leftward shift in initial pointing error with visual 

guidance (direct effect) and a leftward shift in the visual system following adaptation 

(indirect visual aftereffect).  An opposite rightward shift was observed in the 

proprioceptive system following adaptation (indirect proprioceptive aftereffect).  Right 

prism adaptation (RPA) produced a rightward shift in a measure of the direct effect and 

in the visual aftereffect, and an opposite leftward shift in the proprioceptive aftereffect.  

The implications for direct and indirect effects upon the eye-head system are discussed. 

2.2  Aims 

 

The present study aimed to measure the (a) direct effect of a prism shift on pointing 

accuracy, and the (b) indirect effects of adaptation to the prism shift within the visual and 

proprioceptive systems.  A direct effect of prism exposure is the initial shift in pointing 

accuracy with visual guidance in the direction of the prism shift (e.g. leftward pointing 

error while wearing left-shifting prisms).  Indirect effects of prism exposure are measured 

in two ways.  A participant is required to point straight-ahead without any visual 

guidance (proprioceptive straight-ahead or PSSA).  A participant is also required to judge 

heading estimation with moving visual stimuli (optic flow) and this measure is called the 

visual subjective straight-ahead (VSSA).  Measures of PSSA and VSSA were taken 

before and after prism adaptation.  A change in SSA following adaptation is a measure of 

prism aftereffects in the proprioceptive (PSSA) and the visual (VSSA) systems. 

2.3 Introduction to Prism Adaptation 

 

A participant may not notice anything out of the ordinary when asked to look through 

prism goggles for the first time (e.g. prism glasses which shift the visual field to the left 

by 15º).   However, she may initially experience some surprising difficulty interacting 

with the visual world while wearing the prisms e.g. pointing to a target that is visually 

shifted due to the prism lens.  Eye and hand movements are inextricably linked (Negger 

& Bekkering, 2000) with eye gaze following the pointing movement.  Hand movements 



 24  

are also linked to eye movements (Buxbaum & Coslett, 1998), with a “slavish 

dependence of the pointing movement on eye position signals” (Angeli et al., 2004, p. 

1233).  Difficulty in perceptual-motor tasks following initial exposure to a visual prism 

shift is called the ‘direct effect’ of prism exposure.  For example, pointing towards a 

target while wearing left shifting prisms produces error in pointing accuracy to the left of 

the target’s true position. This unexpected error initiates the process of adaptation.  

Performance error is gradually reduced as the participant finesses her pointing accuracy. 

Adaptation to the prism shift occurs throughout the error reduction phase.    When the 

prism goggles are removed, and the participant is required to simply point to a target, a 

surprising result occurs.  The participant misreaches in the direction opposite to the prism 

shift.  In this example, the participant misreaches to the right of the target’s true position.  

This “negative aftereffect” (Redding & Wallace, 1988) of prism adaptation demonstrates 

a “persistence of adaptation acquired during exposure” (Redding et al., 2005, p. 432).  

Another component of the direct effect of prism exposure is called ‘visual capture’.  The 

felt position of the pointing hand (proprioceptive location) is close to its position as seen 

through the prism lens.  An immediate effect of prism exposure is quite complex 

resulting in pointing error and an altered sense of the position of the pointing hand. 
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Fig 2.1: Illustration of first pointing performance with left shifting prisms.  Note that the 

participant points to the left (black cross) of the ‘real’ target location (red cross).  

Prism induced pointing error modulates both visual and proprioceptive systems.  This 

calibration error initiates the adaptation process.   

 

The time taken to reduce pointing error following the initial direct effect of prism 

exposure depends on a number of factors: visibility of the pointing hand (Redding & 

Wallace, 2001), speed of the pointing movement (Redding et al., 2005) and age of the 

participant (Bock & Schneider, 2002; Fernàndez-Ruiz et al., 2000).  In general, pointing 

error decreases and approaches pre-prism values within 15 trials (Redding et al., 2005).  

The rate of error reduction occurs more rapidly if the pointing hand becomes visible over 

the distal part of the pointing movement (e.g. terminal error is observed).  In contrast, the 

rate of error reduction is slowed in the aged participant (Fernàndez-Ruiz et al., 2000).   
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Possibly the most complex component of prism adaptation is the aftereffect.  Aftereffects 

may be specific to tasks, which are similar to the adaptation process.  For example, a 

common measure of prism adaptation is the ‘negative aftereffect’ in pointing error after 

the prism goggles are removed.  The pointing task is similar in terms of motor and visual 

requirements to the prism exposure process.  Aftereffect magnitude may show 

generalization if pointing movement speed is similar to the adaptation process (Kitazawa 

et al., 1997).  Aftereffects may also show complete generalization for all points in the 

spatial frame of reference implicated in the prism adaptation process (Bedford, 1993; 

Guigon & Baraduc, 2002; Redding & Wallace, 1997).   

 

Local aftereffects also occur in different sensory-motor systems and their associated 

reference frames.  Take for example the visual eye-head reference frame.  Following 

adaptation to left shifting prisms, an aftereffect in the direction of the prism shift (e.g. 

left) is observed.  In contrast, the aftereffect in the proprioceptive hand-head reference 

frame is in the direction opposite to the prism shift following prism adaptation (e.g. right 

shift in pointing accuracy following left prism adaptation).    The ‘total’ aftereffect is the 

summation of the visual and proprioceptive aftereffects and is generally in the opposite 

direction to the prism shift (e.g. right shift in visually guided pointing accuracy following 

LPA).   
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Fig.2.2. Adapted from Redding & Wallace (2005). The process of adaptation to left 

shifting prisms in the healthy brain.  The dot represents egocentric straight-ahead, the 

small disc represents the task-work space or focus of spatial attention, the large disc 

represents common noetic reference frame (or CNF, fictional reference frame) and 

the arrows represent mapping CNF onto task work space.  Closed loop refers to 

pointing with visual feedback; open loop refers to pointing without visual feedback.  

In (A), the visual and proprioceptive systems are mapped accurately onto objective 

straight-ahead.  A prism shift to the left (B) produces a leftward shift in spatial 

attention (visual system), and a later leftward shift in proprioception (C).  In order to 

reduce performance error (direct effect) due to the prism shift to the left (D), an 

aftereffect in the visual and proprioceptive systems are observed.  That is, a  leftward 

position of the eyes comes to signal straight-ahead, and a rightward shift in 

proprioception (in order to reduce error) comes to signal straight-ahead.  The total 
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aftereffect of a leftward prism shift is a negative rightward shift in the eye-hand 

system.   

 

 

2.3.1 Models of Prism Adaptation 

 

2.3.1.1 Motor Control Theory of Prism Adaptation 

 

Redding & Wallace (1976-2005) have developed a comprehensive model of prism 

adaptation in the healthy brain over the past two decades.  It is only very recently that 

their prism adaptation model has been mentioned in the spatial neglect literature 

(Redding et al., 2005).  The authors propose that the adaptation process to a lateral shift 

“evokes all the mechanisms of adaptive perceptual-motor performance in all their 

complexity” (Redding & Wallace, 1997, as cited by Redding & Wallace, 2005, p. 433).  

For the purposes of this thesis, three adaptive processes are introduced and later 

discussed; (1) postural control, (2) strategic control and (3) spatial realignment.   

 

Postural Control 

 

According to Redding and Wallace (2005), adaptive prism exposure biases the straight-

ahead position of the eye in the direction of the prismatic shift (e.g. visual subjective 

straight-ahead (SSA) is shifted leftward following left prism adaptation (LPA)).  If the 

visual target is positioned so that eye posture is not asymmetric, the pointing limb is 

asymmetrically exercised during the adaptation process.  This results in a bias of the 

straight-ahead limb position in the direction opposite to the prism shift (e.g. 

proprioceptive SSA as determined by pointing straight-ahead without visual guidance is 

shifted to the right following LPA).  The degree of visual and proprioceptive shift in SSA 

depends on which system controls or guides the adaptation process.    
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Postural control requires information from visual, vestibular1, and proprioceptive 

systems.  Information regarding the centre of gravity from all three systems is integrated 

centrally.  This information elicits a coordinated motor response to maintain the body’s 

centre of gravity over the support surface of the feet.  Prism adaptation produces a shift in 

the medial-lateral axis (weight bearing) in the direction opposite to the visual shift.  LPA 

shifts weight bearing to the right in the healthy normal (Gizzi et al., 1997; Michel et al., 

2003).  Adaptation to right shifting prisms (RPA) shifts weight bearing to the left in the 

spatial neglect patient (Tilikette et al., 2001).  The effects of prism adaptation on postural 

control are asymmetric e.g. RPA does not affect weight bearing in the healthy normal and 

LPA has no effect on balance for the spatial neglect patient.  Michel et al. (2003) have 

argued that the prismatic effects on balance are not due to low-level sensorimotor 

aftereffects in the visual and proprioceptive systems, but due to a modification in the 

representation of the body. 

 

Strategic Control 

 

Error correction  during prism adaptation is conscious (Welch, 1978).  “Strategic control 

includes the selection, alteration  and learning of movement plans appropriate to the task” 

(Redding et al., 2005, p. 434).  A movement plan consists of both feedforward and 

feedbackward control.  Feedforward control refers to the anticipation of errors either 

before they occur or before they become too large (Redding & Wallace, 1997).  Error 

feedback permits the participant to compare current performance to a pre-specified goal 

state.  When a movement plan fails to achieve its goal performance (e.g. direct effect of 

prism exposure), concurrent feedback control may help the participant to correct 

performance error if sufficient time is available.  Knowledge of results (KOR) from early 

pointing trials can be used by the participant to reduce error on subsequent trials.  KOR 

permits the recalibration of target position for the next movement plan.  Recalibration is a 

form of associative learning (Bedford, 1993; Welch, 1978) specific to regions within the 

                                                
1 The vestibular system controls balance mediated by the vestibulospinal tracts, stabilisation of gaze 
mediated by the vestibulo-ocular reflex, and the perception of self-motion, which may be mediated by the 
vestibular cortex.  The vestibular system is made up of the vestibule – semicircular canals and otolith 
organs.   
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adapted reference frame, but it may generalize to post prism adaptation performance as 

long as conditions are similar (Redding & Wallace, 2001; 2002; 2003).   

 

The greatest carryover of prism effects is observed in conditions where the participant 

makes a pointing response to a target with her own hand and observes the pointing error 

(direct KOR).  If a participant adapts to prism goggles but receives feedback by virtual 

means (real-time video broadcast of hand and target positions, or abstract symbols 

representing the location of the hand and target position), then the magnitude of the 

aftereffect is reduced (Norris et al., 2001).  KOR must be on-line and direct in order to 

ensure successful adaptation.  Previous studies suggest that performance feedback 

(regardless of mode) activates the right inferior parietal and anterior cingulate, part of a 

cortical network involved in multi-modal performance feedback during motor learning 

(Kawashima et al., 2000).  Recalibration is one of three processes involved in prism 

adaptation. The third is called spatial realignment. 

 

Spatial Realignment 

 

A number of authors within the prism adaptation literature (Redding & Wallace, 1993; 

1997, 2002, 2003, 2005a,b) and within the clinical literature (Rossetti et al., 1998; 

Rossetti & Rode, 2002; Pisella et al., 2004; 2005) have argued that spatial alignment is 

the source of prism aftereffects.  The initial difference registered between expected goal 

performance (hit the target) and the performance achieved (overshoot due to prism shift) 

under feedforward control signals a spatial discordance between spatial maps.  This 

registered discordance produces incremental realignment among the spatial maps that 

improves adaptation performance.  If pointing movements are made so slowly as to 

permit limb movement to be entirely under feedback control, then no error signal is 

generated and no aftereffect is observed (Redding & Wallace, 1996; 1997).   

 

Spatial realignment depends upon detection of discordance between spatial maps. The 

“discrepancy between the initial and corrected pointing positions is an error signal that 

slowly drives long-term realignment between visual and proprioceptive maps” (Guigon & 
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Baraduc, 2002, p 545).  Adopting a strategy (recalibration) in order to adapt to the prism 

shift can reduce the detected spatial discordance (e.g. deciding to point to the right of the 

target while wearing left shifting prisms will achieve accuracy but will eliminate the 

spatial discordance necessary to initiate realignment of the spatial maps).  In contrast to 

strategic control, spatial alignment is a form of non-associative learning (Bedford, 1993; 

Redding & Wallace, 1997).  The effects of spatial alignment generalize to actual 

reference frames (not just regions in space involved in adaptation), when task 

performance following adaptation involves the realigned spatial maps, thereby producing 

aftereffects.   

 

Strategic control and spatial alignment 

 

Strategic control (calibration) is “high level” while spatial alignment (alignment) is “low 

level”.  Calibration is high level in the sense that attentional2 mechanisms are involved in 

the calibration process.  Redding et al. (1992) tested this assumption by varying the 

cognitive load and measuring its effects on both calibration (direct effect) and alignment 

(aftereffects).  Cognitive load was manipulated by requiring participants to complete 

mental arithmetic (Redding et al., 1992) or mental imagery tasks (Redding et al., 1985) 

while adapting to a prism shift compared to a control condition. Aftereffects were not 

affected by increasing cognitive load, but pointing error during exposure (direct effects) 

was higher when performing concurrent mental arithmetic.  These findings provide 

evidence that calibration is “high level” and requires central processing capacity, but 

alignment is “low level” and does not require central processing capacity (it is an 

automatic unconscious process).   

 

Calibration is an adaptive process and occurs countless times.  Take the example of 

reaching for an object.  The participant sees the object, represents its location in the 

visual-motor reference frame that can inform hand reaching commands.  This reaching 

command specifies the object’s location and the region of extrapersonal space relevant to 

                                                
2 Attention is conceptualised as the regulation of a domain general limited-capacity, central processing 
mechanism that comes into play when non-habitual behaviour is required ( Redding et al., 1985, p. 6). 
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the task.  Using Redding & Wallace’s terminology, one would say that the focus of the 

proprioceptive-motor reference frame (hand) is shifted to the region of space, which 

contains the salient object – it is calibrated for the reaching task.  A number of strategies 

may be used to reach for the object, such as feedforward and feedbackward strategies.  

Feedforward control refers to the anticipation of errors before they can occur or before 

they become too large (Redding & Wallace, 1997).  For example, reaching for the alarm 

clock with eyes closed may be an automatic and highly practiced behaviour because of 

feedforward signals.  In contrast, error feedback permits the participant to compare 

current performance to a pre-specified goal state.  The participant may choose to visually 

guide the reaching behaviour, and use on-line feedback to finesse the movement or for 

future reaches.   

 

Alignment is an independent and different process to calibration (Redding & Wallace, 

2001).  It involves the transformation of visual-motor coordinates into proprioceptive-

motor coordinates (Redding et al., 2005).  The visual-motor reference frame is centered 

on the head, while the proprioceptive-motor reference frame is centered on the shoulder 

(of reaching hand).  There is a constant difference between the centre of the head and the 

centre of the shoulder, which must be taken into account when reaching for an object.  If 

reaching toward the clock must be accurate, head-centered location commands must be 

transformed into shoulder-centered locations for the reaching hand.  The spatial 

relationship between the visual and proprioceptive spatial frames is determined by the 

constant difference between them.  However, prism goggles displace the visual-motor 

reference frame (visual shift), and the difference between the spatial frames is changed 

(e.g. that is the reason why participants mispoint the first time they wear prism goggles).  

The process of ‘re-alignment’ is necessary to realign the two reference frames so that the 

world makes sense again (e.g. point accurately with visual guidance while wearing prism 

lenses).   

 

The process of re-alignment is complex.  Alignment is the product of transformations that 

map spatial coordinates between sensory motor systems (e.g. visual and proprioceptive).  

“Each sensory-motor system seems to have a unique transform that links it to all other 
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sensory-motor systems…” (Redding & Wallace, 2005, unpublished manuscript).  In 

Redding’s words, the noetic reference frame is a “fiction describing the connections that 

enable alignment among multiple [spatial] frames.  It is not a reference frame per se but a 

switching point for coordinative linkage among sensory-motor systems (e.g. eye-head, 

hand-head)”.  For example, coordinates (e.g. for alarm clock) from the eye-head sensory-

motor system are transformed into corresponding proprioceptive for the reaching hand.   

 

Calibration cannot ‘know’ the state of alignment.  In fact, misalignment between the 

visual and proprioceptive spatial maps (prism shift) appears as a calibration error (direct 

effect) and initiates a fast phase of error reduction (re-calibration) and a slower phase of 

alignment between the visual and proprioceptive maps (re-alignment).     

 

The effects of calibration and alignment are separable (Redding & Wallace, 2001).  Re-

calibration produces a shift in pointing accuracy in the direction opposite the prism shift, 

which is in the same direction as for the transfer of training. Take adaptation to left 

shifting prisms as an example (LPA).  Left prisms shift the visual field to the left. 

Misalignment between the visual and proprioceptive maps is interpreted as a calibration 

error (e.g. the participant overshoots to the left for the first pointing response).  The 

participant observes this error, and uses a number of strategies to reduce the error for the 

next pointing response.  Reducing pointing error involves pointing to the right of the 

visual target.  After prism adaptation, this training generalizes to pointing without prisms 

to a target with visual feedback.  Participants are generally surprised to observe that they 

overshoot this time to the right of the visual target after taking off the prism goggles!     

 

Realignment produces a similar rightward shift in pointing straight-ahead without visual 

guidance (proprioceptive shift) following LPA and a shift in the same direction as the 

prism shift in visual straight-ahead (visual shift).  That is, LPA produces a rightward shift 

in proprioceptive straight-ahead, and a leftward shift in visual straight-ahead.   
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2.3.1.2 Berberovic & Mattingley (2003) 

 

The Berberovic & Mattingley (2003) model advances the argument that the right 

hemisphere processes spatial errors (during adaptation) in both left and right space, 

whereas the left hemisphere processes errors in right space only.  A corollary of this 

argument is that damage to the right hemisphere should interfere with adaptation to left-

shifting prisms (as intact left hemisphere only engages in error processing in right space).  

This prediction has been confirmed a number of times: Lauté et al., 2002; Rossetti et al. 

(1998); Tilikette et al. (2001).   

 

This model proposes that pointing errors arising from prism shifts are processed 

asymmetrically.  The right hemisphere is sensitive to pointing errors induced by both 

prism shifts (left and right of fixation), whereas the left hemisphere is sensitive to 

pointing errors induced by right shifting prisms only (right of fixation).  The error signal 

is critical for calibration (Redding & Wallace, 2005).  The effect of calibration (and not 

alignment) is the “suppression of visuomotor processes in the hemisphere responsible for 

signaling the error” (Berberovic & Mattingley, 2003, p. 500).  This model predicts that 

adaptation to either prism shift should suppress the right hemisphere more than the left.  

Suppression of the right hemisphere results in a rightward shift in perceptual bias (left 

hemisphere swings spatial attention rightward; Kinsbourne, 1970).  This rightward shift 

is observed in the allocentric reference frame for both prism shifts.   

 

The case is different if the task requires the use of the egocentric reference frame.  If the 

task activates the egocentric reference frame then a rightward shift following LPA is still 

observed, as there is a similar rightward shift in the proprioceptive subjective straight-

ahead (egocentric reference frame).  However, the rightward bias following RPA is not 

observed in the egocentric reference frame as there is an opposing leftward shift in 

proprioceptive subjective straight-ahead (and this washes out the rightward bias).  The 

authors of this model propose right and left parietal areas as the candidate sites for error 

detection and consequent suppression (Girardi et al., 2004 for a similar argument).  The 

model remains silent on cerebellar processes (alignment).   
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The predicted suppression of function within parietal sites has been supported by 

transcranial magnetic stimulation (TMS) of the cerebral cortex.  TMS produces focal and 

transient disruption of cortical function in healthy participants during the performance of 

cognitive tasks.  A TMS induced inhibition of the right parietal cortex, and adaptation to 

left shifting prisms produce a similar rightward bias in line bisection performed by 

normal participants (Colent et al., 2000; Fierro et al., 2000; see Rossetti & Rode., 2002, 

p.391).   

 

Two Process Model – Summary 

 

Two separate adaptation processes are initiated following prism induced pointing errors.  

Calibration is the ‘high-level’ process, which involves focusing spatial attention.  

Alignment is the ‘low-level’ process, which involves transforming motor commands 

formulated in one spatial map into another spatial map.  When a prism shift produces a 

misalignment between the visual and proprioceptive spatial systems, calibration interprets 

this misalignment as an error (direct effect) and sets about rapidly recalibrating the 

workspace.  A number of strategies are employed to reduce the performance error.  This 

initiates a slower phase of re-alignment between the spatial maps, which produces an 

aftereffect in the direction opposite to the prism shift in the proprioceptive system, and in 

the direction of the prism shift in the visual system.   

 

The calibration-alignment processing distinction may also correspond to localization of 

function in the posterior parietal cortex and cerebellum, respectively (Berberovic & 

Mattingley, 2003; Jeannerod & Rossetti, 1993; Mattingley, 2002, Redding & Wallace, 

2005).  Patients with optic ataxia (biparietal posterior damage) but intact cerebellum can 

adapt to prism goggles (Pisella et al., 2004), while prism adaptation is abolished with 

damage to the cerebellum (Baizer et al., 1999; Martin et al., 1996; Pisella et al., 2005; 

Weiner et al., 1983).   
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2.4 Measuring prismatic effects – Experiment 1 

 

Direct Effect 

A target appears in one of four possible locations (centre up, centre down, left and right) 

on the touchscreen.  A tone signals trial onset and the participant is required to touch the 

target as quickly and as accurately as possible with the reaching hand.  Reaching 

movements are made with visual guidance.  The absolute error of the pointing movement 

on the first trial is computed as the distance between the tip of the finger on the 

touchscreen and the respective target at the end of the movement.   

 

After Effect 

A target appears in one of four possible locations.  A tone signals trial onset.  The 

participant is required to look at the target, close her eyes and point to the remembered 

target position without visual guidance (Clower et al., 1996; Himmelbach & Karnath, 

2005; Westwood & Goodale, 2003).  Proprioceptive SSA is measured by requiring the 

participant to point straight-ahead without visual guidance at centre targets, which are 

aligned with the participant’s midline. 

2.5 Predictions 

2.5.1 Left Prism Predictions 

Direct Effect 

It was predicted that left-shifting prisms would produce a leftward shift in visually guided 

pointing accuracy. 

 

Aftereffect  

 

Proprioceptive subjective straight ahead (PSSA) 

 

It was predicted that adaptation to left-shifting prisms would produce a rightward shift in 

pointing accuracy toward straight-ahead without visual guidance (PSSA). 
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2.5.2 Right Prism Predictions 

Direct Effect 

It was predicted that right-shifting prisms would produce a rightward shift in visually 

guided pointing accuracy 

 

Aftereffect – PSSA 

It was predicted that right-shifting prisms would produce a leftward shift in PSSA. 

 

2.6 Method – Experiment I 

 

2.6.1 Participants 

Twenty-two young (8 males, 14 females; age range 19-33 years) and twenty-four old (9 

males, 15 females; age range 51-69 years) participated.  All participants were right-

handed by self-report and had normal or corrected to normal vision.   

 

One young adult and two senior adults were not considered for analyses of the direct 

effect of prism adaptation as they failed to follow task instructions and were not replaced 

(i.e. point as quickly and as accurately as possible to the visible target on screen). That is, 

twenty-one young and twenty-two senior adults were considered for analyses.  Two 

young adults and three senior adults were removed from the analyses of variance, as their 

pointing accuracy was beyond ± 2 standard deviations of the group mean. Two senior 

adults were removed from the left prism condition, one senior and two young adults were 

removed from the right prism condition and one young adult was removed from the sham 

prism condition. 

 

Twenty-four young and twenty-four senior adults completed the proprioceptive SSA task.  

A number of participants were removed from the indirect proprioceptive SSA analyses as 

they failed to follow task instructions.  These participants failed to close their eyes while 

making a pointing movement.  That is, twenty-one young and twenty-two senior adults 

were considered for analyses of variance.  One senior adult was removed from the pre 
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adaptation left prism condition, two young and one senior adult were removed from the 

post adaptation sham prism condition and one young adult was removed from the post 

adaptation right prism condition.   

2.6.2 Apparatus and Stimuli 

Prismatic adaptation 

Standard prism adaptation protocol was employed. Participants wore a pair of Optique 

Peter binocular prisms to induce a left- or right- or no-lateral displacement of the visual 

field. Each circular eyepiece contained a clear wedge prism that displaced the visual field 

horizontally by 15º to the left or the right.  Black leather covers attached to the temporal 

and nasal portions of the frames ensured that participants could not see any undistorted 

portions of the visual field peripherally.   

 

An Elo™ touchscreen was used in the adaptation procedure, based on the design of 

Kitazawa et al. (1997).  The participant was seated facing a 19” touchscreen, ~500mm 

from the eyes, with the head restrained by a chin rest and the hand starting position out of 

sight at the base of the chin rest.  The sensitive surface of the screen to the finger pad was 

calibrated prior to testing.  The level of the chinrest and occluding board was adjusted for 

each participant.   
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Fig. 2.3 Illustration of the adaptation procedure.  The chin and head rest ensured that the 

starting position of the pointing hand was visually occluded. 

 

2.6.3 Procedure 

All data were collected in a well-lit room free from noise.  Each participant individually 

completed the following sequence of tests (this included a battery of tasks, data not 

presented here): (1) pre-adaptation proprioceptive SSA; (2) pre-adaptation battery; (3) 

visuo-motor adaptation; (4) post-adaptation proprioceptive SSA; (5) post-battery task for 

all adaptation conditions.  Within each age group, half of the participants used their left 

hand for adaptation and proprioceptive SSA, and half used their right hand.  All 

participants were seated at a chin rest, restraining head movements.   

Pre-adaptation proprioceptive SSA 

Participants were seated in front of the touchscreen and were asked to point without 

vision to a target on the screen.  The target appeared randomly in each hemispace.  

Following each response, the participants were instructed to return their hand to a starting 

pad located immediately beneath their chin.  There were 10 trials in total, and participants 

were not given feedback on the accuracy of their responses.   
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Visuomotor adaptation 

Participants were required to adapt to each prism type on separate occasions.  Participants 

were randomly assigned to each prism condition.  The advantage of a within-participant 

design is that it reduces the background variation against which the impact of the 

experimental procedure (i.e. prism adaptation) is assessed by eliminating individual 

differences.  However, this design introduces order or practice effects.  Order effects 

were controlled or minimised by counterbalancing the order of the prism condition, to 

which participants were pseudo-randomly assigned.   

 

The adaptation task was modelled on a simple RT paradigm, which emphasised both 

accuracy and speed in responding to targets on a touch screen.  A tone signalled the onset 

of a visual target on screen.  Targets were presented both centrally and peripherally 

(spatial component).  Participants opened their eyes and pointed as quickly and as 

accurately as possible to the visual target while wearing prism glasses.  Initial accuracy 

levels were low as participants attempted to adapt to the prism distortion.  Participants 

pointed with greater accuracy with successive pointing movements.  Adapting to prism 

glasses within this simple RT paradigm emphasised both accuracy and reaction time.  

Each adaptation condition was similar except for the visual shift.  Control lenses were 

made of plain glass.  Motor and attentional requirements were similar in all adaptation 

conditions.   

 

Participants were seated at a table.  In front of them on the table was a LCD Desktop 

Touch monitor.  This monitor had a 19” diagonal screen size, 1024 x 768 resolution, a 

30kHz~62 horizontal scan and 60 Hz refresh rate.  The screen was within reaching space 

of each participant and the screen was mounted such that the Cartesian intersection point 

was in line with the participant’s naso-occipital plane.  A visual target (cross-hair with a 

grey square centre, 21x19 pixels) was presented randomly in one of four positions (up 

[512, 131], down [512, 637], right [692, 384] and left [332, 384].  The up and down 

targets were presented in a central position, straight ahead in front of the participant, and 

the left target was presented to the left of the participants body midline (3.53 visual 

degrees) and the right was presented to the right of the participants body midline.  A 
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chin-rest and a sheet of board kept the participant’s head fixed and occluded the hand’s 

starting position respectively. 

 

Participants were asked to keep their right hand (or left hand) by their chest, at the level 

of the sternum, which was also called the hand starting position.  They were asked to 

point to the visual target with the index finger of the right hand (or left) at a fast but 

comfortable pace.  The participant was required to make contact using the right or left 

index finger with the touch screen so that pointing accuracy could be automatically 

measured.  Slowing the reaching movement just before contact with the screen was not 

permissible.  The reaching movement was executed below the board so that the 

participant could not see the arm’s trajectory and only the terminal pointing error was 

visible.  Once the participant had made contact with the touch screen an automatic 

recording of the discrepancy in x, y coordinates between the target position and the touch 

position were made for later analysis.    The participant then retrieved the arm and 

prepared for the next trial. 

 

Each adaptation session lasted ~40 minutes (4 blocks of 8.33 mins).  The pointing task 

was performed in three experimental conditions.  The exposure condition lasted about 40 

minutes or 250 pointing movements.  The inter-trial interval was 10 seconds.  A long 

adaptation period was adopted (relative to the five minutes used with spatial neglect 

patients) as 150-200 pointing trials have been shown to produce robust aftereffects in 

healthy participants (Berberovic & Mattingley, 2003; Colent et al., 2000; Michel et al., 

2003).  The persistence of the aftereffect is dependent upon the number of trials 

performed after adaptation has occurred (Fernàndez-Ruiz & Díaz, 1999; Yin & Kitazawa, 

2001). 

 

 

Post-adaptation proprioceptive SSA 

Immediately following adaptation the prisms were removed and participants were 

requested to close their eyes to reduce any spontaneous de-adaptation.  They were then 
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required to point to ten randomly presented targets on screen as outlined in the pre-

adaptation procedure. 

 

2.7 Results – Experiment I 

 

Prismatic Direct-Effects on pointing (left vs. right prism shift) 

 

A repeated measures ANOVA with prism condition (sham, left, right) as a within factor, 

age (young, old) and hand-used-to-adapt (right, left) as between factors was conducted on 

the mean accuracy (in pixel deviation; Clower et al. 1996) of the first pointing response 

while wearing prisms.  A leftward error in pointing accuracy is a negative figure; a 

rightward error in accuracy is a positive figure.  There was a significant main effect of 

prism condition (F (2,68) = 91.644, p<. 001).  Mean accuracy was slightly leftward in the 

sham prism condition (mean –4.156, SE 3.393), and was significantly leftward in the left 

prism shift condition (mean –115.373, SE 13.320).  In contrast, mean pointing error was 

significantly rightward in the right prism shift condition (mean 160.702, SE 18.681).  

There were no significant main effects of either between participant factors.  Planned 

post-hoc paired t-tests with bonferroni corrections revealed a number of significant 

differences.  There was a significant difference between mean accuracy to the first trial in 

the control and left prism conditions (t (39) = 8.133, p<. 001).  There was also a 

significant difference between the control and right prism condition in mean accuracy to 

the first pointing response (t (39) = 8.615, p<. 001).  The first pointing response to the left 

shift target was significantly different to the accuracy while wearing right shifting prisms 

(t (37) = -10.894, p<. 001).   
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Fig.2.4 Performance accuracy measured following the first pointing response while 

wearing prisms.  Data collapsed across age and hand-used-to-adapt groups.   
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Fig.2.5: Group data (collapsed across age and hand-used-to-adapt) illustrating the 

reduction of pointing error as participants continued to adapt to either prism shift.   

Positive values represent rightward pointing errors, while negative values represent 

leftward errors.  Time is measured in number of pointing movements.  Error is 

reduced to pre-exposure levels (yellow box) by trial 10-15 (Redding et al., 2005, 

p.433). The adaptation curves for each age group as fitted to rational function y = 

a+bx/1+cx+dx2 are not reported here.   
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Prismatic After-Effects – Proprioceptive SSA 

 

A repeated measures ANOVA with prism condition (sham, left, right) and phase of 

adaptation (pre, post) as within factors, and age of participant (young, old) and hand-

used-to-adapt (left, right) as between factors were conducted on mean pointing accuracy 

without visual guidance.  There was no significant main effect of phase of adaptation.  

There was a significant main effect of prism condition (F (2, 78) = 161.114, p<. 001).  

There was a significant interaction between prism condition x phase of adaptation (F (2, 

78) = 253.901, p<. 001).     Adaptation to sham prisms did not significantly alter pointing 

accuracy.  There was a significant difference (t (46) = 12.335, p < .001) between pre 

adaptation accuracy (mean 1.702, SE 7.8) and post adaptation accuracy (mean 166.63, SE 

13.67) following LPA.  Mean pointing accuracy erred rightward following LPA.  There 

was also a significant difference (t (46) = -15.63, p<. 001) between pre adaptation 

accuracy (mean 18.45, SE 11.12) and post adaptation accuracy (mean –158.28, SE 79.32) 

following RPA.  Mean pointing accuracy erred leftward following RPA.  There was no 

significant main effect of age of the participant in mean accuracy.  However, there was a 

significant main effect of hand-used-to-adapt (F (1, 39) = 30.285, p<. 001).  Participants 

who adapted with the right hand erred to the left (mean –26.45, SE 9.09), while 

participants who adapted with the left hand erred to the right (mean 44.89, SE 9.24).   
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Fig.2.6: Group data (collapsed across age and hand-used-to-adapt) illustrating the 

reduction of pointing error as participants continued to adapt to either prism shift 

Phase of adaptation is represented by ‘1’ for pre, and ‘2’ for post. Prism conditions 

are represented by ‘c’ for control; ‘l’ for left shift, and ‘r’ for right shift.  Finally, 

hand use to adapt is represented by ‘l’ for left hand, and ‘r’ for right hand.  Please 

note that the leftward after-effect in pointing accuracy was present following right 

prism exposure for both adapting hand conditions (C & F).  The rightward after-

effect in pointing accuracy was also observed following left prism exposure in both 

hand adapt conditions (B & E).  
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2.8 Discussion – Experiment I 

 

The findings of experiment I confirm that (a) LPA produces a significant leftward shift in 

initial pointing error with visual guidance (direct effect) and that (b) RPA produces a 

significant rightward direct effect.  Analyses of the aftereffect of prism adaptation on 

SSA confirmed that LPA produces a significant rightward shift in proprioceptive SSA.  

RPA produces a significant leftward shift in proprioceptive SSA.   

 

There was also a significant main effect of the hand-used-to-adapt on proprioceptive 

SSA.  Mean SSA indicated by the left hand produced rightward errors (overshoot to the 

right with the left hand), whereas mean SSA indicated by the right hand produced 

leftward errors.  Both hand conditions produced proprioceptive aftereffects in the 

direction opposite to the prism shift.   

 

2.9 Optic flow – Experiment II 

 

It is beyond the scope of this chapter to give full justice to the contributors within the 

optic flow research (but see Vaina et al., 2004 for an excellent review of the area).  When 

a participant moves forward or backward through her environment, a particular pattern of 

optic flow is predouced on the retina i.e. the moving images strike the retina in 

characteristic ways, either away from or towards a focus of expansion (FOE) or 

contraction respectively (Gibson, 1950).  In the simplest case of observer translation 

without confounding eye or head movements, heading estimation corresponds to the FOE 

of the optic field (Peuskens et al., 2001).  Imagine a starfield screen saver (e.g. Windows 

XP).  The stars are positioned randomly on the screen, and travel outward from a focus of 

expansion toward the edge of the screen.  If you look closely, it is clear that the stars 

grow from one region in space (generally the centre of the screen).  This is called the 

‘focus of expansion’.  If the lights are turned off in the office as you look at the screen 

saver, you may get the impression that you are moving forward in space.  The position of 

the focus of expansion is an important clue about the direction of observer translation.  If 
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one is translating forward, the optic flow is radial and symmetric as the focus of 

expansion is positioned on veridical straight-ahead.  The stars grow from that point and 

travel outward toward the edge of the monitor.  Optic flow is an “essential component of 

navigation in [3D] space, since it is critical for encoding self-motion, perception of object 

movement and for controlling posture and locomotion” (Vaina & Rushton, 1999, p. 109).   

 

2.9.1 Visual Straight-ahead – optic flow 

 

Psychophysical judgment tasks demonstrate that the direction of heading can be 

estimated from the instantaneous velocity flow field (Warren et al., 1991).   The optic 

flow task presented to participants is a simple test of heading estimation in a stationary 

visual environment.  It is a sensitive measure of heading estimation (Peuskens et al., 

2001) and can therefore be used to estimate where participants judge straight-ahead to be 

located.  The focus of expansion (FOE) is used to make heading judgments without 

confounding head or eye movements (Warren et al., 1988).  In Peuskens et al. the FOE 

was randomly presented left and right of straight-ahead.  Participants were required to 

make a forced choice judgment about heading estimation.  Participants judged heading to 

be either left or right of straight-ahead.  The point at which participants judged heading to 

be either left or right of straight-ahead was determined to be the subjective indication of 

straight-ahead (SSA).  The “…inference that these [forced choice] responses reflect a 

judgment of heading” is the best approximation available until “quantitative studies of 

heading estimation in subjects navigating in the real everyday environment will emerge 

with some consistency” (Vaina & Soloviev, 2004, p. 110).    

 

A number of animal and human studies have pointed to the role of the posterior parietal 

cortex and the dorsal portion of the medial superior temporal area (MSTd) in the monkey 

PPC in judging heading estimation.  Electrophysiological studies in monkeys have 

identified MSTd as responsive to optic flow information (e.g. Andersen, 1997; Andersen 

et al., 2000).  Electrical stimulation of the MST neurons in monkeys trained to indicate 

the side of the display containing the FOE reported that heading judgments was biased by 
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stimulation (Britten & Van Wezel, 1998; 2002).  Other animal studies have revealed that 

another parietal area (area 7a) is also involved in the analysis of optic flow (Siegel & 

Read, 1997). 

 

Both PET and fMRI studies in humans have investigated the neural regions involved in 

computing heading estimation.  Most of these studies focus on the ascending arm of the 

inferior temporal sulcus referred to as hMT+ because it functionally represents the human 

homologue of the macaque areas MT and MST ( Vaina & Soloviev, 2004).  The posterior 

region of the hMT+ is bounded by area V3, which is sensitive to motion (also know as 

kinetic occipital area).  

 

A human PET study of forward moving optic flow over a flat horizontal surface found 

bilateral activation in the fusiform and temporal gyri, the right area V3 and the superior 

parietal lobe (de Jong et al., 1994).  Rutschmann et al. (2000) investigated BOLD 

responses to expanding optic flow patterns and found activity within the parietal area V3.  

A later study using the same stimuli (as the de Jong study) found significant activation 

within hMT+ and the superior temporal gyrus (Howard et al., 1996).    

 

Peuskens et al. (2001) used both PET and fMRI imaging to determine the neural sites 

involved in actively computing heading estimation using an optic flow task similar to the 

present study.  In the PET study, heading activated parietal V3 and hMT+.  Bilateral 

activation in the superior parietal lobule (dorsal intraparietal sulcus) was also observed.  

In a subsequent fMRI study, the authors confirmed the involvement of hMT+ in heading 

estimation.   Another recent fMRI study investigated whether homologous areas of each 

hemisphere encode heading direction towards the opposite side of space (D’Avossa et al., 

1998).   The authors showed that lateralization of parietal activation (area V3) covaried 

with the direction of heading.  Heading estimation was determined by optic flow in an 

eccentric direction (e.g. 3º above, below, right or left of the fixation point).  Right 

occipital-parietal activation was observed for leftward heading (and v.v.).  Anterior 

regions showed a right hemisphere lateralization irrespective of heading direction.  Left 

hemispheric activation in the cuneus and the superior parietal lobule, and bilateral 
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activation in the cuneus and medial occipital gyrus were also involved in heading 

estimation.  

 

There is still ongoing controversy regarding the mechanisms involved in self-motion 

(Vaina & Soloviev, 2004).  However, it has been argued that the medial temporal and 

dorsal intraparietal sulcus (IPS) region within the right hemisphere are involved in the 

computation of heading estimation in the human (Peuskens et al., 2001).   

 

2.10 Predictions 

 

2.10.1 Left Prism Predictions 

Aftereffect - Visual subjective straight ahead (VSSA) 

 

It was predicted that adaptation to left-shifting prisms would produce a leftward shift in a 

judgment of subjective straight-ahead with visual stimuli (VSSA). 

 

2.10.2 Right Prism Predictions 

Aftereffect - Visual subjective straight ahead (VSSA) 

 

It was predicted that adaptation to right-shifting prisms would produce a rightward shift 

in a judgment of subjective straight-ahead with visual stimuli (VSSA).  

 

 

 

 

 



 51  

2.11 Method- Experiment IIa Optic flow with free movement of eyes 

2.11.1 Participants 

 

Twelve participants (8 female; mean age 23.27 years) completed the optic flow study 

with leftward shifting prisms during one session, and with rightward shifting prisms 

during another session.  Each group completed the optic flow program once prior to and 

following prism adaptation.  Participants were undergraduate students recruited from the 

department of psychology Credit Scheme with informed consent.  The department of 

psychology, TCD ethics committee, approved the experimental protocol.  They were 

right-handed by self-report.  Two participants were removed from the analyses as they 

failed to fully complete the optic flow task.  

2.11.2 Stimuli and Procedure 

Basic Stimulus layout & Tasks 

Stimuli were generated with a PC using the ‘starmaker’ software program. The optic flow 

task was written using the ‘Game Maker’ development environment version 5.3A 

(http://www.gamemaker.nl/).  Participants were presented with a high-resolution screen 

(Elo ™ Touchscreen) in complete darkness.  The outer frame of the screen was covered 

by a black oval sheet, which prevented the participant from using the screen as a 

landmark when making a heading estimate.  The stimulus configuration included a star 

field or array (white) against a black background.  The entire array underwent continuous 

flow from designated foci of expansion along the midsaggital plane (-100 pixel to + 100 

pixel range through straight-ahead, in 5-10 pixel jumps), randomly selected.  Stars had a 

constant velocity (starspeed + (starspeed x .15)) where starspeed was measured in pixels 

per time step (30 steps in 1 second).  Stars had a limited lifetime on screen accelerating 

from the focus of expansion toward the edge of the screen.  Flow stars had a variable size 

(initial star size was 3 x 3 pixels and increased by 4% per time step) and were regenerated 

at random locations maintaining constant dot density over the entire array (At time of 

response there was on average 80 stars visible on screen).  These conditions have been 

reported to permit high accuracy of heading estimation (Warren et al., 1988). 



 52  

Participants attended to the shift in the focus of expansion in the heading estimation task.  

This task was completed pre and post adaptation.  Each participant was required to make 

a forced choice button press indicating heading estimation (left or right of straight ahead).   

Head movement was constrained by requiring the participant to use a chin-rest.  

However, eye movements were free to foveate the FOE.  Accuracy was logged.   

 

For every trial the focus of expansion was shifted laterally at randomized onset times and 

participants were disallowed from making premature key presses or using the distance 

from the screen as a means to estimate heading direction.  Participants were instructed to 

make the key press as quickly and as accurately as possible.  The total number of key 

presses was equal for each participant and the right hand was used to make each 

response.   

 

The stimulus was explicitly designed to induce participants to use the global motion 

pattern rather than local motion cues in their heading judgments: stars were sparsely 

sprinkled over the entire array, had limited and random lifetimes and were regenerated at 

random locations.   

 
 

Fig. 2.7: Heading estimation with Focus of Expansion.  Fig. A represents Focus of 

Expansion (FOE) from the left or translating forward left of straight-ahead, B 

represents straight-ahead and C represents FOE from the right or translating forward 
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right of straight-ahead.  Stimuli were presented randomly along the continuum from 

A to C.   

 

 

 

 

 
     

Fig 2.8: Example of continuous flow with FOE and global motion. Arrows represent stars 

in array with variable lifetimes and constant velocity, traveling from FOE toward the 

outer screen, which was covered by a black oval disc.   

 

2.11.3 Data Analysis  

Data obtained from the optic flow task were analysed separately for the left- and right- 

prism groups.  Heading estimation was determined as the transection offset at which the 

frequency of ‘left’ responses was equal to 50% as determined by a sigmoid function fitted 
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individually to each participant’s data.  Each participant completed the task pre and post 

adaptation.  Each participant’s data was fitted to a sigmoid function   (y=100/(1+exp (-

((x-(a))/b))) with two parameters in SigmaPlot 9 and in CurveExpert Version 1.38 (David 

Hyams, 1993).  The transection point was determined using Graphmatica Version 2.0e 

by establishing x at (f (x) = 50).     

 

2.12 Results – Experiment IIa 

 

2.12.1 Heading Estimation: Visual SSA with free movement of eyes 

 

A within participant was employed with phase of adaptation (pre adaptation, post 

adaptation) and prism type (left, right) as within factors.  There was a significant main 

effect of condition (F (1, 9) = 5.101, p <. 05) but phase of adaptation failed to produce a 

significant effect.  There was a significant interaction between prism condition and phase 

of adaptation (F (1,9) = 6.358, p < .033).  Mean SSA (in pixels) was slightly to the left 

before adaptation to left shifting prisms (mean –3.227, SE 4.6), and following adaptation 

was shifted leftward (mean –9.447, SE 7.842).  Mean SSA was slightly to the left of 

veridical centre before adaptation to right shifting prisms (mean –4.137, SE 3.98) but this 

was reversed post adaptation.  Mean SSA was shifted to the right following RPA (mean 

6.116, SE 4.64).  

 

 

Post-hoc paired t-tests revealed a significant difference in subjective straight-ahead 

between pre and post adaptation to right shifting prisms (mean difference 10.253, SE 

5.57, p<. 05, one-tailed Bonferroni corrections3).  There was a significant shift of 

subjective straight-ahead (SSA) to the right following adaptation to right prisms.  There 

was a trend for SSA to shift leftward following adaptation to left shifting prisms, 

however this did not reach significance.   

                                                
3 If this paired t-test is run at α = .03 using data from left and right prism conditions, then this comparison is 
just beyond significance.  
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Fig 2.9: Mean SSA level in the free eye movement condition of the optic flow task pre 

and post adaptation for left and right prism groups.  
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Fig. 2.10: Sample data from participant 29. LPA induced a leftward shift in SSA (y=50).   
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Fig 2.11: Sample data from participant 29.  RPA induced a rightward shift in SSA (y = 

50). 
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2.13 Discussion – Experiment IIa 

 

The stimulus array simulated an optic flow field like that caused by simple self forward 

motion.  It was designed to induce participants to use a global motion pattern to make 

heading judgments.    In the present study, participants fixated head movements in order 

to control for neck proprioceptive and vestibular input (Crowell et al., 1998).  

Information about heading was received from eye movements (Regan et al., 1982; 

Royden et al., 1992).   

 

LPA produced a leftward shift in visual SSA as measured by optic flow heading 

estimation, which failed to reach significance.  RPA produced a significant rightward 

shift in visual SSA.   

 

The second part of the optic flow study involved presenting the same basic task (heading 

estimation judgements using global motion).  In order to conclude that eye movements, 

and hence a shift in the visual system produced the prismatic visual aftereffects, mean 

visual SSA were taken pre and post adaptation with controlled eye movements.  Stimulus 

configuration and data analysis was the same except for one requirement.  Participants 

were required to focus on a central red fixation dot above FOE level, which remained 

present for the duration of the study whilst making a forced choice response to the optic 

array.  Eye movements were not recorded during data logging as it was carried out in a 

completely darkened room. However, each participant was trained on the task before data 

logging and the experimenter recorded any saccade made.  The experimenter sat opposite 

and to the left of the participant and visually monitored any saccade made by the 

participant.  The experimenter noted any saccades.  Training data demonstrated that 

participants fixated as instructed. 
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2.14 Method – Experiment IIb Optic flow with fixation 

2.14.1 Participants 

 

Sixteen participants (12 female; mean age 21.74 years) completed the optic flow study 

with leftward shifting prisms, and fifteen participants (13 female; mean age 25.8 years) 

adapted to rightward shifting prisms.  Each group completed the optic flow program once 

prior to and following prism adaptation.  Participants were undergraduate students 

recruited from the department of psychology Credit Scheme with informed consent.  The 

department of psychology, TCD ethics committee, approved the experimental protocol. 

Participants were right handed by self-report.  Four participants were removed from the 

left prism condition and two participants were removed from the right prism condition as 

they failed to follow task instructions as noted following participant debriefing and did 

not fully complete the post adaptation optic flow task.  That is, twelve participants in the 

left prism condition and thirteen participants in the right prism condition were considered 

for analyses. 
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2.14.2 Stimuli and Procedure 

Basic Stimulus layout & Tasks 

 
     
Fig 2.12: Example of continuous flow with FOE and global motion. White arrows represent stars in array 

with variable lifetimes and constant speed, accelerating from FOE toward the outer screen, which was 

covered by a black oval disc.  Same optic flow task was presented as in the previous optic flow study, 

except participants were required to fixate on a red dot in the centre of the screen whilst maintaining 

head position in a chin rest.  Participants were required to fixate on the red dot.  This particular 

configuration was not presented as the focus of fixation is within the FOE in this example, for ease of 

exposition. However, participants fixated the red dot whilst making judgments of heading direction 

left or right of straight-ahead.  Participants were monitored closely and reminded of maintaining 

fixation during the practice block. 

   

Procedure was outlined in experiment IIa.  The between participant design was adopted 

in the present study (and also in chapters 4, 5 and 7).  This particular design is not subject 

to order-effects, as is common to within participant designs.  However, there is the 

disadvantage of systematic bias introduced by individual difference.  Individual 

difference is minimised by equally distributing it across conditions by randomly 

allocating participants to an experimental condition.      
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2.15 Results- Experiment IIb 

 

A repeated measures ANOVA with phase of adaptation (pre adaptation, post adaptation) 

as a within factor, and prism condition (left prisms, right prisms) as a between factor.  

The ANOVA failed to reveal any significant main effects (Phase (F (1, 23) = 1.304, p = 

NS; Prism Condition (F (1, 23) < 1, p = NS) or interaction between the factors (F (1, 23) = 

1.462, p = NS).  Post-hoc t-tests failed to reveal any significant differences between pre 

and post measures of SSA with fixation to either prism condition (appendix 2.1).  

            

      

2.16 Discussion – Experiment II 

 

In the present study, mean SSA was measured using a simple heading estimation task.  

Head and eye movements were fixed in order to control for vestibular and ocular input.  

LPA and RPA did not significantly produce a reliable aftereffect in visual SSA when eye 

movements were controlled (central fixation at all times).  Therefore, as predicted by 

Redding & Wallace (2005), the visual aftereffect of prism adaptation is observed as a 

shift in the eye-head system (with free movement of the eyes).  LPA produces a leftward 

visual shift as the ocular position left of a visual target comes to signal target position (or 

straight-ahead if the target is located at veridical straight-ahead).  RPA produces a 

rightward visual shift.  When eye movements are controlled, no discernible effect of a 

visual aftereffect is observed.   

2.17 General Discussion 

 

Calibration provides a description of a “task-work space” including the position of targets 

and distractors, within the general perceptual-motor space (Redding & Wallace, 2005).  

A regional workspace is defined by the focus of spatial attention, and calibration provides 

a description of salient stimuli within this attended region.  Calibration of a workspace 

assumes that there is a constant difference between the spatial reference frames.  The 

constant difference between spatial frames is used in the transformation of commands 
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formulated in one spatial reference frame into another reference frame.  (E.g. there is a 

constant difference between the origin of the head and the shoulder, which has to be 

computed in order to reach for a visually detected object).  Prism exposure alters the 

constant difference between the visual and proprioceptive spatial systems.  In the present 

study, left-shifting prisms produced a significant leftward error in visually guided 

pointing responses to the first visual target.  The direct effect of right-shifting prisms was 

a significant rightward shift in pointing accuracy. 

 

Re-alignment between the spatial frames of reference is necessary to re-establish 

veridical spatial mapping among sensory-motor systems (Redding & Wallace, 2005).  

Calibration cannot ‘know’ the state of alignment.  Misalignment between the visual and 

proprioceptive spatial maps (prism shift) appears as a calibration error (direct effect) and 

initiates a fast phase of error reduction (re-calibration) and a slower phase of alignment 

between the visual and proprioceptive maps (re-alignment).     

 

During prism exposure, a straight-ahead hand position is required to reach a straight-

ahead target.  In the case of left shifting prisms, the target is visually coded to the left by 

15º.  Spatial discordance produced by the prism shift is “resolved by changing the 

visually coded position of the target to agree with the proprioceptively coded position of 

the reaching hand” (Redding & Wallace, 2005, p. 434).  A leftward visual position comes 

to signal straight-ahead.  Therefore, in the optic flow task, a starburst must be located to 

the left of veridical straight-ahead in order for the participant to judge that she is heading 

straight-ahead.  In contrast, a rightward proprioceptive position comes to signal straight-

ahead.  In order to reduce the direct effects of left shifting prisms, the participant points to 

the right of the visual target.  Therefore, if the hand is positioned objectively straight-

ahead, it feels as if it is located to the left of veridical straight-ahead.  In order to 

compensate for this feeling, the hand is positioned to the right of the target.  Similar 

reasoning is applied to RPA, but the direction of the shifts is reversed. 

 

Target pointing during prism exposure involves the coordination of eyes and the 

pointing-hand.  If these component systems are involved in tasks after prism adaptation, 



 63  

both recalibration and realignment predict the same type of aftereffect.  However, if tasks 

after prism adaptation involve separate component systems such as the head-hand 

(proprioceptive) or eye-head (visual) setting of straight-ahead, then alignment predicts 

the direction of the aftereffects (Redding & Wallace, 2005).  In the present study, the 

aftereffects of prism adaptation were measured in the head-hand (proprioceptive) and the 

eye-head (visual) systems.  LPA shifted the proprioceptive SSA significantly to the right, 

and shifted the visual SSA non-significantly to the left.  RPA shifted the proprioceptive 

SSA significantly to the left, and shifted the visual SSA significantly to the right.  In 

summary, prism adaptation produced a reliable proprioceptive shift, but a non-reliable 

visual shift (LPA shifted visual SSA to the left, but this shift was non-significant).   

 

Redding & Wallace (2001) investigated the effects of visual feedback on prismatic 

aftereffects.  Aftereffects were predominately proprioceptive in nature when visual 

feedback was available early in pointing movements, and were predominately visual in 

nature when visual feedback was delayed until the movement was made.  In the present 

study, visual feedback was delayed until the participant made a reaching response.  

However, it was possible for the participant to see the pointing hand as it approached the 

touchscreen in the final phase of the movement path.  Therefore, it is possible that both 

proprioceptive and visual aftereffects were produced.  The greater reliability of 

aftereffects in the proprioceptive SSA suggests that the procedure permitted enough 

visibility of the hand early on in the reaching movement to encourage alignment in the 

proprioceptive system.   

 

Redding & Wallace (2005) commented upon the adaptation procedure adopted by 

Rossetti et al. (1998) in their original study showing that RPA in neglect patients 

ameliorates spatial neglect.  The authors suggested that the adaptation procedure used by 

Rossetti et al. produced predominately proprioceptive realignment.  The procedure 

adopted is similar in design to the one employed in the present study: visual starting point 

of the reaching hand was occluded, and visual feedback of pointing error was restricted to 

the end phase of the pointing movement.  A group study by Frassinetti et al (2002) 

investigated the effects of RPA on a number of measures of spatial neglect.  The 
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adaptation procedure adopted in that study was slightly different to the Rossetti design.  

Patients only viewed the fingertip at the terminus of the pointing movement, which is 

known to reliably produce a visual aftereffect (Redding & Wallace, 2005).  

Unfortunately, both the Rossetti et al. (1998) and Frassinetti et al. (2002) studies do not 

measure separately the proprioceptive and visual aftereffects, so it is unclear what spatial 

map is aligned during the adaptation process.  More importantly, it remains unclear 

whether recalibration or realignment reliably predicts the amelioration of spatial neglect 

following RPA (Làdavas, 2005).  However, for the purposes of the present study, 

prismatic aftereffects were produced in the visual and proprioceptive systems.  This 

adaptation procedure will be used throughout the thesis to produce aftereffects in both 

non-spatial and spatial functions. 

 

In the present study, LPA produced a significant shift in proprioceptive SSA to the right.  

LPA also shifted visual SSA to the left (non-significantly).  RPA significantly shifted 

proprioceptive SSA to the left, and visual SSA to the right.  These shifts in proprioceptive 

and visual SSA are due to re-alignment during prism exposure.  The only other study 

investigating proprioceptive and visual SSA shifts post adaptation in the healthy brain 

found a similar result (Girardi et al., 2004).  LPA produced a significant leftward shift of 

visual SSA and a rightward shift of proprioceptive SSA (though non-significant) in the 

healthy brain.  The authors used similar goggles to the pair employed in the present study 

(e.g. goggles fitted with wide-field point-to-point lenses creating a leftward optical shift 

of 15º).  Prism adaptation was achieved by asking participants to point with fast but 

comfortable movements of the right hand towards each of 20 dots, distributed across an 

A3 sheet.  It is unclear if participants saw their pointing hand, and whether they received 

terminal feedback.  The fact that their adaptation procedure reliably produced a visual 

shift suggests that either (a) the participants had full view of the hand’s starting position 

or (b) did not receive visual feedback until the pointing movement was made (Redding & 

Wallace, 2001).  However, when the authors adapted participants in a second study using 

the same procedure, they found a significant proprioceptive aftereffect.  The authors did 

not comment upon this result or explain why they observed a significant aftereffect in the 

proprioceptive system in a second study.  
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It is possible that the aftereffects depend on the strategies employed by the participants in 

reducing prism error. The present adaptation procedure was designed to promote 

aftereffects in both the visual and proprioceptive systems.  Prism adaptation reliably 

produced a significant shift in the proprioceptive system, but did not produce a reliable 

significant shift in the visual system (although a shift in the predicted direction was 

observed).  

2.18 Future Research 

 

Calibration involves central processing (Redding & Wallace, 1997).  It will be argued 

throughout the thesis that LPA engages the right fronto-parietal network and disrupts 

right parietal function.  If the right fronto-parietal system is taxed, then calibration may 

be impaired but alignment aftereffects may be spared.  Pardo et al. (1991) required 

participants to detect brief pauses in a volley of suprathreshold touches to either their left 

or right great toe (somatosensory vigilance task).  Accurate detection in this vigilance 

task increased blood flow in the right prefrontal and posterior parietal cortex (relative to a 

rest condition).   A future study could examine the effects of auditorially maintaining 

vigilance throughout the adaptation period. A study by Ortuňo et al (2002) found 

increased blood flow in the posterior parietal cortex, dorsolateral prefrontal and anterior 

cingulate when participants were required to count the number of clicks/tones presented.  

It would be predicted that aftereffects would be greater than normally observed in healthy 

participants, as calibration would be impaired but automatic alignment and aftereffects 

spared.  This may yield another route to understanding why patients with spatial neglect 

produce larger aftereffects relative to controls.  It may be that these patients rely more on 

alignment than calibration, which is predominantly mediated by the cerebellum (Redding 

& Wallace, 2005).   
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2.19 Conclusion 

 

Previous studies in clinical and healthy populations with prism glasses have demonstrated 

that the aftereffects of adaptation are not just limited to low level sensory-motor 

processes.  The main findings of the above studies demonstrate (a) a direct effect of prism 

shift on manual pointing, (b) an aftereffect in the direction opposite to the prism shift in 

manual pointing and (c) an aftereffect in the direction of the prism shift in optic flow.  

Adaptation to either prism shift affected sensory and motor references (visual and manual 

indications of straight ahead).  Aftereffects of adaptation to (a) right shifting prisms in 

spatial neglect patients, and (b) left shifting prisms in healthy participants suggest that 

prism adaptation affects higher levels of internal spatial representation.  Changes in 

postural balance and visual imagery suggest that these effects go beyond the documented 

visual and proprioceptive aftereffect.   

 

The thesis introduces the argument that left prism adaptation (LPA) depresses right 

parietal function in the normal brain.  The effects of depressed right parietal function may 

be non-spatial and spatial. The thesis first explores the effects of LPA in the normal brain 

on non-spatial alertness (arousal and vigilance).  The right parietal region is heavily 

involved in arousal (Heilman et al., 1978) and vigilance (Fassbender et al., 2004; Manly 

et al., 2003; O’Connor et al., 2004; Pardo et al., 1991).  It is also implicated in the 

aetiology of spatial neglect (Mort et al., 2003).  The next chapter presents evidence that 

adaptation to left shifting prisms reduces the arousal response to pointing error in later 

phases of adaptation.  This reduction in arousal due to possible right parietal disruption 

was significant compared to the control adaptation condition.   
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Chapter 3 Effects of prismatic adaptation on arousal. 

3.1 Summary 

Right shifting prisms displace the visual field to the right.  Adapting to this visual 

distortion produces a leftward shift in spatial orienting and thus rebalances the persistent 

rightward spatial bias in neglect (Berberovic et al., 2004; Rossetti et al., 1998).  

Producing a mild ‘neglect-like’ rightward shift in perceptual judgments in the healthy 

brain following adaptation to left-shifting prisms is another research avenue for 

understanding the neglect disorder (Mattingley, 2002).  Left prism adaptation (LPA) is 

thought to depress right parietal function and thus provide insight into neglect behaviour 

(Berberovic & Mattingley, 2003, Girardi et al., 2004).  The mechanisms that underpin 

adaptation in both spatial neglect and the healthy brain remain a subject of academic 

debate.  Uncovering these mechanisms has important implications for the rehabilitation 

of spatial neglect and for understanding attentional processes in the normal brain.   

 

To date, no studies have looked at the effects of prism adaptation on right hemisphere 

non-spatial functions.  These functions include vigilance and arousal, both components of 

a mainly right fronto-parietal attentional network (Sturm & Willmes, 2000).  This right 

hemisphere fronto-parietal attentional network subserves both spatial and non-spatial 

functions, and includes regions anatomically linked to the aetiology of spatial neglect 

(Husain & Rorden, 2003).   

 

The first candidate mechanism underpinning the effects of left prism adaptation to be 

investigated was arousal.  As already stated, previous research has determined that 

adaptation to left-shifting prisms produces a rightward ‘neglect-like’ shift in the 

proprioceptive system, and in perceptual judgments (Berberovic & Mattingley, 2003; 

Colent et al., 2000; Michel et al., 2003).    The right parietal lobe is crucially involved in 

both types of spatial functions (Behrmann, 2004).  It is also crucially involved in non-

spatial functions.  Tasks that measure arousal activate the right inferior parietal cortex in 

addition to right frontal and subcortical regions, without the specific requirement of 

spatial attention (Sturm & Willmes, 2000).  Right parietal regions are involved in both 
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alertness and spatial orienting (see Husain & Rorden, 2003), and in mediating the 

sympathetic arousal response (Tranel, 2000; Tranel & Damasio, 1994; Zahn et al., 1999).   

 

The argument has been advanced that the effects of LPA represent a simulation of neglect 

behaviour and the underlying cognitive impairments induced by the brain lesions of these 

patients by depressing right parietal function (Girardi et al., 2004).  Neglect patients 

display reduced levels of arousal (Heilman & Van den Abell, 1979) and deficits in 

sustaining attention (Robertson, 2001) following damage to the right parietal region.  The 

main aim of the present chapter was to produce impairment in arousal following left 

prism adaptation in the healthy adult.  Arousal measures (electrodermal activity or EDA) 

were taken for each participant following a pointing response during the adaptation 

process to left, right-shifting and sham prisms.    

 

If previously reported rightward shifts of perceptual judgments following adaptation to 

left prisms in the normal brain represent a veridical model of ‘neglect-like’ cognitive 

impairments, then arousal should also be influenced.   If adapting to left-shifting prisms 

depresses right parietal function, then the arousal response to pointing error during the 

adaptation process should be significantly reduced relative to the control condition.  This 

prediction was confirmed.  A subjective measure of mood was given to participants 

before and after adaptation to determine whether fatigue, or mood change was 

responsible for any alteration in arousal.  Prism adaptation did not alter mood or affect.  

LPA reduction of arousal is discussed in terms of right parietal suppression following left 

prism adaptation.   

 

3.2 Aim 

The aim of this study was to produce a mild ‘neglect-like’ cognitive impairment in the 

healthy adult following LPA (Girardi et al., 2004).  It remains unclear what mechanisms 

underpin the ‘neglect-like’ rightward shift in perceptual judgments following LPA in the 

healthy brain (Berberovic & Mattingley, 2003; Colent et al., 2000; Michel et al., 2003).  

This chapter tested the hypothesis that arousal may underpin the adaptation effect.  It was 
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predicted that LPA would significantly depress right parietal function and impair the 

arousal response to error processing during adaptation.  This is operationally defined as 

an attenuated electrodermal sympathetic arousal response (EDA) to pointing error in later 

phases of adaptation to left shifting prisms compared to sham prisms.  No prediction was 

made for RPA.   

 

3.3 General Introduction 

3.3.1 Attention 

 

“[The]… human brain has a limited capacity to process stimuli. Under many 

circumstances the brain receives more stimuli than it can possibly process.  In addition to 

external stimuli, humans can activate internal representations.  The processing of these 

internal representations may further tax a limited capacity system and reduce a person’s 

ability to process afferent stimuli.  Attention is the process that permits humans to triage 

afferent input” (Heilman et al., 2003, p. 6).  Attention can be subdivided into two broad 

domains (Fernandez-Duque & Posner, 2000; Posner & Boies, 1971; Posner & Rafal, 

1987; Van Zomeren & Brouwer, 1994).  One domain represents the spatial or selectivity 

aspects of attention i.e. focused or divided attention across space, and the other represents 

the intensity aspects, i.e. alertness (arousal and sustained attention (vigilance)). A healthy 

participant may divide her attention equally between both sides of space or focus 

attention to either side of space (Heilman, 1978; Mesulam, 1981).  However, in the event 

of damage to the right hemisphere, it may become difficult to orient attention toward or 

even be aware of stimuli in the left side of space (Heilman & Watson, 1979).  Non-spatial 

attention includes both intensity components such as arousal and vigilance aspects.  The 

intensity aspects underpin complex and capacity demanding focused attention (Sturm et 

al., 1997).   
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3.3.2  Arousal 

 

There are a number of definitions employed within the literature for alertness or arousal.  

Arousal may refer to the general wakefulness of the organism (tonic arousal) and may 

display characteristic circadian variation.  It also refers to the ability to increase “response 

readiness” in the organism for a short period of time subsequent to external cues or 

stimuli (phasic or exogenous arousal, Sturm et al., 1999).  Top-down modulation of 

arousal can be achieved by self-initiated preparation for a subsequent response to an 

expected stimulus (endogenous arousal).  Modulation and control of arousal may occur in 

the absence of any external stimulus or exogenous alerting, and if sustained over a period 

of time refers to vigilance (Robertson et al., 1997).  Brain regions within the alertness 

network are also implicated in the aetiology of spatial neglect (Husain & Rorden, 2003).  

Candidate brain regions include the frontal and parietal cortices within the right 

hemisphere, as well as subcortical thalamic and brainstem structures. 

 

3.3.3  Neglect as an attentional deficit  

 

As noted by Bellgrove (2004), convergent lines of evidence from animal models, human 

lesion and functional imaging studies support a consensus that attention is comprised of 

at least two major components: lateralized spatial selectivity, and non-lateralized (non 

spatial) alertness and selectivity.  Spatial selectivity refers to the selective enhancement 

of perception at particular spatial locations (Desimone & Duncan, 1995).  Non-spatial 

selective attention refers to the time it takes the visual system to process a stimulus before 

it is again free to detect a subsequent target, regardless of its location in space (Husain & 

Rorden, 2003).  Non-spatial alertness includes both arousal and vigilance.  Maintaining 

an alert, aroused or vigilant state refers to the voluntary internal control of alertness in the 

absence of external (exogenous) support (Sturm et al., 1999).   
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Spatial neglect is a disorder presenting with multiple behaviours.  It is most commonly 

defined as the inability to orient toward or detect stimuli on the contralesional (left) side 

of space.  As already mentioned in the first chapter, many neglect patients are unaware of 

their deficits, and may even neglect their own body parts.   

 

Understandably much of the research on spatial neglect has focused on the lateralized 

aspects of the disorder.  Lateralized deficits are apparent in ‘low-level’ visual and motor 

tasks such as walking (bumping into objects on the left hand side of the body), sitting 

(slumping to the right) and target detection (failing to notice events on the left hand side).  

Neglecting left space also permeates much ‘higher-levels’ of attention, such as selectively 

attending to stimuli on the right when simultaneously presented with stimuli on the left 

(extinction) etc.   

 

More recent research on neglect has focused on the co-occurrence of non-spatial 

lateralized deficits, which are thought to combine with the spatial lateralized mechanisms 

to exacerbate the neglect syndrome (Husain & Rorden, 2003; Robertson et al., 1997; 

Samuelsson et al., 1998).   

 

3.3.4  Spatial Lateralized Attentional Deficits 

 

Lateralized Selective Attention 

 

 Chronic forms of unilateral neglect are usually seen following right hemisphere damage 

and predominantly affect awareness of left space (Stone et al, 1991; 1992).  Crucial sites 

of damage leading to neglect are the temporo-parietal junction (TPJ), inferior parietal 

lobe (IPL) that includes the angular and supramarginal gyrus, the intraparietal sulcus 

(IPS) and the more recently implicated site – the superior temporal gyrus (Karnath et al., 

2001).  The middle and frontal gyri of the frontal lobe are also within the damage zones.   
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Some attentional models posit that neglect is the result of a spatial lateralized gradient of 

attention that has become biased toward the right side (Kinsbourne, 1993; Smania et al., 

1998).  Other models focus on a particular attentional deficit attributed to the neglect 

patient, and that is the inability to disengage attention and shift it in a leftward direction 

(Posner et al., 1984).   

 

Some attention theorists have argued that spatial lateralized deficits may not be enough to 

explain neglect.  Neglect is reduced but persists after ‘attention-grabbing’ or ‘salient’ 

right-sided stimuli have been removed from the environment (Mark et al., 1988).  The 

authors compared performance by neglect patients on a traditional cancellation task, 

(where patients were required to mark each detected target with a pen) with performance 

on a cancellation task, where patients were required to erase (not mark) detected targets.  

Patients often began canceling targets on the traditional version of the task in right space, 

but often revisited those targets again.  In contrast, patient’s performance improved when 

they were required to cancel targets in right space.  However, they continued to neglect 

targets in left space.  An account of spatial neglect focusing on the biasing of attention to 

right space does not explain why patients still failed to cancel targets in left space in the 

erase condition. 

  

Chatterjee et al. (1992) required a patient with spatial neglect to complete a standard 

cancellation task by adopting a particular strategy.  The patient was requested to 

alternately cancel targets on the right and left side of the array.  She was able to overcome 

her pathological bias toward right-sided targets using this strategy, but did not cancel 

more targets compared to performance on the standard version of the cancellation task.  

In fact, she neglected targets in the centre of the display.  Inattentiveness to central targets 

was interpreted as evidence of rapid loss of vigilance or rapid habituation of arousal (see. 

Heilman et al., 2002).  “A person’s vigilance is a function of the brain’s arousal” 

(Heilman et al., 2002, p. 10), and patients with spatial neglect have reduced arousal 

(Heilman et al., 1978; Storrie-Baker, 1997). 
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Damage to the right hemisphere can also lead to a reduced attentional capacity.  Many 

patients with spatial neglect demonstrate ‘extinction’.  Neglect patients are perfectly able 

to detect stimuli presented unilaterally on either the right or left side, but fail to report 

left-sided stimuli when presented with bilateral simultaneous stimuli.  Although 

extinction is most profound when stimuli are presented simultaneously with a target in 

each hemispace, it may also occur when both stimuli are presented on the same side of 

space.  Riestra et al., (2001) gave patients a form of the landmark test (Harvey et al., 

1995) where a small gap (instead of a bisection mark) divided a line into unequal 

segments.  Patients were asked to report which side of the line was either longer or 

shorter, and consistently underestimated the left part of the line.  When the same line 

segments were presented sequentially (instead of simultaneously as in the previous 

measure), patients actually performed like healthy adults.  The authors suggested that 

damage leading to neglect also resulted in reduced attentional capacity.  It may be this 

non-spatial deficit that induces the pathological bias displayed by neglect patients 

measured in the landmark task. 

 

These findings strongly suggest that objects in left space can be represented; so 

explaining spatial neglect behaviour exclusively in terms of spatial deficits does not 

encapsulate the full range of neglect behaviours. 

3.3.5 Non Spatial Lateralized Attentional Deficits 

 

Non Spatial Lateralized Selective Attention 

 

The time course of attentional processing may be impaired in spatial neglect.  This deficit 

is not observed exclusively in left space, as one would expect if it were spatial in nature.   

Attentional blink is an attentional phenomenon experienced by both normal participants 

and spatial neglect patients.  However, neglect patients take three times longer than a 

healthy adult to visually process a stimulus before being free to detect a subsequent target 

(Husain et al., 1997).   
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Non-Spatial Lateralized Arousal & Sustained Attention   

 

Asymmetry in lesion sites leading to spatial neglect (typically right parietal) have lead a 

number of authors to propose that disruption to other right hemisphere functions, in 

particular arousal and vigilance systems, may interfere with recovery from left 

hemispatial neglect (Manly et al., 2005; Rorden et al., 2001; Samuelsson et al., 1998).    

Associations have been found between chronic neglect and low arousal (Heilman et al., 

1978; Robertson et al., 1997; Robertson, 2001; Samuelsson et al.,  1998;Yokoyama et al., 

1987).  Endogenous alertness is the internal regulation of arousal in the absence of 

external stimuli (Sturm et al., 1999), while exogenous (phasic) aspects of alertness 

represents the ability to transiently increase “response readiness” post warning stimulus 

(Posner, 1978).   Patients with right hemisphere damage have a deficit in maintaining 

internal control of arousal, which is significantly improved by phasically alerting the 

patient (Posner & Peterson, 1990; Robertson et al., 1997; Tartaglione et al., 1986).   

Posner & Petersen (1990) have suggested that impairment in the arousal system is 

common in neglect patients, which may exacerbate many of the clinical manifestations of 

neglect (Husain & Rorden, 2003; Manly et al., 2005; Robertson & Garavan, 2004).  

    

Non-spatial components of the attentional deficit in spatial neglect may be due to a low 

level arousal dysfunction (Robertson, 2001).  A number of lesion studies in rats provide 

evidence for a right hemisphere lateralization in the noradrenergic (NA) arousal system 

(Robinson, 1979; 1985).  This arousal system originates in the locus coeruleus (LC) and 

projects strongly to frontal areas.   Aston-Jones et al., (1994) (cited by Robertson, 2001) 

recorded from noradrenergic neurons in the locus coeruleus of the monkey brain as they 

completed an oddball visual discrimination task.  Detection of rare targets among non-

targets was rewarded.  Targets selectively and phasically activated LC neurons.  LC 

responses became reduced in magnitude over prolonged task duration (greater than 90 

mins), which paralleled decrement in performance.  This finding suggests that the LC is 

involved in arousal and vigilance.  In addition, a positive correlation was found between 

the latency of the LC response and the latency of the behavioural responses to same 
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targets cues, suggesting that LC responses may play a role in selective attention by 

facilitating responding to target stimuli.  

 

The capacity to maintain attention over time (vigilance) is often vitiated as a result of 

damage within the right hemisphere alertness system.  Vigilance is generated and 

maintained by a circuit with reciprocal interaction of cortical and sub-cortical structures.  

Cortical structures predominantly in the right hemisphere (dorsolateral prefrontal cortex, 

anterior cingulate and inferior parietal lobe) assert ‘top-down’ control via thalamic nuclei, 

on activating structures such as the locus coeruleus of the brain stem (Bellgrove, 2004; 

Manly et al., 2003; Pardo et al., 1991; Sturm et al., 1999; Sturm et al., 2004).  

Noradrenergic control is thought to mediate this ‘top-down’ control from evidence of 

right prefrontal damage and consequent impairment in NA within both hemispheres and 

the locus coeruleus (Robinson & Coyle, 1980).  Smit & Nutt (1996) have reported 

vigilance deficits following administration of clonidine (adrenoreceptor agonist) acting 

presynaptically to decrease noradrenergic cell firing and release.   

 

Impaired vigilance may occur with neglect.  Robertson et al. (1997) demonstrated a 

significant difference between neglect patients and controls in performance on a tone-

counting task (auditory vigilance task).  Patients with neglect were significantly more 

impaired at sustaining attention compared to patients without neglect.  Improvement in 

sustained attention mirrored improvement in neglect symptoms.  For example, patients 

with persistent neglect were impaired on vigilance tasks (Hjaltason et al., 1996; Maguire 

& Ogden, 2002; Samuelsson et al., 1998) but recovered neglect patients displayed 

marked improvement in maintaining a vigilant state (Samuelsson et al., 1998).  
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3.3.6 Neuropsychological Models of Attention 

 

Attention-arousal Hypothesis  

 

The attention-arousal hypothesis has been proposed by a number of authors (Heilman & 

Valenstein, 1979; Kinsbourne, 1970; Mesalum, 1981; Watson et al., 1978) as a candidate 

model to account for the multimodal nature of neglect, which cannot be explained by a 

defect in any one sensory modality.   A number of models of attention are presented 

below in historical order.  Arousal plays an important role in past and present models of 

attention, as it is heavily involved in maintaining an alert state and information 

processing. 

 

Opponent-processor model – Kinsbourne (1970) 

 

The opponent-processor model is a well-articulated and published account of spatial 

neglect based on attentional orienting (Kinsbourne, 1970).  A central assumption is that 

each hemisphere shifts attention toward the contralateral hemispace (e.g. left hemisphere 

directs attention rightward) by inhibiting the other hemisphere.  A second but related 

assumption is that the left hemisphere has a stronger orienting tendency than the right 

hemisphere.  This rightward orienting by the left hemisphere is kept in check by the right 

hemisphere.  In the case of spatial neglect, the right hemisphere can no longer inhibit the 

left hemisphere.  Spatial neglect is therefore interpreted as pathological rightward 

orienting, thus enhancing attentional processing in right hemispace.  

 

For attention to be directed centrally hemispheric activation must be in balance 

(Kinsbourne, 1970).  Thus, if one hemisphere becomes more activated or aroused than 

another, attention becomes biased in the direction opposite the most activated hemisphere 

(Kinsbourne, 1970).  This model predicts that attention is oriented in a particular 
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direction and not to a particular region of space. There is thus a gradient of attention 

along the lateral plane, with rightward focus under left-brain influence and vice versa. 

 

Lateralized brain damage decreases the arousal of the affected hemisphere.  

Consequently, the activation imbalance favours the intact left hemisphere's orienting bias 

in spatial neglect (Kinsbourne, 1970).  The 'rightward directed opponent processor' is 

stronger (left hemisphere activation) and when disinhibited generates more extreme 

lateral orientation and action.   

 

Right hemispheric dominance for attention  

 

Heilman et al (1979; 1985) and Mesulam (1981) argue that the right hemisphere is 

dominant for attention.  This hypothesis conceptualizes neglect as a unilateral defect in 

attention-arousal induced by disruption of a cortico-limbic-reticular loop. The cortico-

reticular loop (Sokolov, 1963) includes the inferior parietal lobule and the reticular 

formation (mesencephalic and intralaminar nuclei).  The inferior parietal lobule is 

responsible for stimulus analysis (novel vs. non-novel stimuli, significant vs. non-

significant) and the reticular formation mediates arousal.  Lesions inducing the neglect 

syndrome produce a state of hypoarousal (lowered levels of arousal) in the brain, with an 

ensuing rightward orienting bias, and an impaired ability to shift attention leftward.   

 

Heilman (1978) 

Heilman and Van Dan Abell (1979) proposed that each hemisphere has attentional 

systems that direct attention in and toward contralateral space.  An important facet of this 

attentional model is the unique role of the right temporoparietal region in directing 

attention toward novel stimuli in both left and right hemispaces.  The equivalent region in 

the left hemisphere directs attention to right space only.  Heilman & Van den Abell 

(1979) reported alpha desynchronisation (increase in arousal) in the right parietal region 

following the presentation of a warning signal to either hemisphere.  Alpha 

desynchronisation in the left parietal region only occurred after a warning signal was 

presented to that hemisphere.   
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Heilman & Watson (1977) agree with Kinsbourne (1970) that there is an ipsilesional 

(right sided) bias in neglect, but they disagree with the notion that it is caused by absolute 

hyperactivity of the left hemisphere.  Kinsbourne’s model predicts that neglect patients 

should be impaired in shifting attention horizontally in a leftward manner, but should be 

able to shift attention efficiently in a rightward manner.  Làdavas et al., (1994) showed 

that neglect patients also have a deficit in shifting attention between stimuli vertically 

aligned in left space, but were able to shift attention vertically in right space. 

Hyperactivity of the left hemisphere in spatial neglect cannot account for this result. 

 

Rather, Heilman et al. (2002) contend that spatial bias is due to hypoactivity of the right 

hemisphere.  Physiological studies have shown that neglect patients have reduced 

activation of both hemispheres, with the injured hemisphere being less activated than the 

uninjured one (Fiorelli et al. 1991).   

 

Arousal is both a behavioural and physiological construct.  An aroused organism is alert 

and prepared to process incoming stimuli.  Changes in the level of peripheral arousal  

(arousal in the autonomic nervous system) mirror changes in cortical arousal (arousal in 

the central nervous system).  Using electrodermal activity (EDA) as a measure of 

peripheral arousal and electroencephalogram (EEG) activity as a measure of central 

arousal, neglect researchers have demonstrated a relationship between spatial neglect and 

hypo-arousal (lowered arousal levels).   

 

Heilman et al (1978) explored the effects of presenting a stimulating pulse on the right 

hand of patients with spatial neglect.   He compared measures of peripheral arousal to the 

stimulating pulse in right hemisphere damaged patients with spatial neglect, left 

hemisphere damaged patients with aphasia and controls.  The neglect group had a lower 

baseline arousal level than either the aphasic or normal groups.  The neglect group 

demonstrated less of an arousal response compared to the aphasic or normal groups.  The 

aphasic patients displayed a higher arousal response than the non-lesioned controls 
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(Morrow et al., 1981).  Yokoyama et al (1987) using heart rate as a measure of arousal, 

obtained similar results.   

 

Heilman et al. (1985) also compared EEG from the non-lesioned hemisphere of “awake” 

patients with right or left temporoparietal infarctions.  Patients with right-sided lesions 

showed more theta and delta activity over their non-lesioned left hemisphere than those 

with left sided lesions showed over their right hemispheres.  These studies of peripheral 

and central arousal suggest that the right hemisphere may have a special role in mediating 

the arousal response.  Several other physiological studies have provided similar evidence 

that with left sided neglect the injured right hemisphere is less aroused than the intact left 

hemisphere (Fiorelli et al., 1991; Kim et al., 1999; Watson et al., 1978).  Based on these 

studies, stimuli projected solely to the lesioned hemisphere have met with a reduced 

arousal response (Kim et al., 1999).  Taken together these studies suggest that the right 

hemisphere has a special role in mediating both central and peripheral arousal.  

 

 

Heilman et al. (2002) proposed the existence of three main arousal pathways 

(theoretical): first, arousal is the increase in signal-to-noise ratio.  Acetylcholine increases 

neuronal responsivity and its signal-to-noise ratio (McCormick, 1989).  Shute & Lewis 

(1967) argued for an ascending cholinergic reticular formation.  Second, the 

mesencephalic reticular formation (MRF) may influence the cortex through its 

projections to the thalamus.  The mesencephalic reticular formation (MRF) is thought to 

be involved in modulating arousal levels. Third, the nuclear reticularis, which envelops 

the thalamus, projects to sensory thalamic relay nuclei, and may inhibit thalamic relay of 

sensory information to the cortex (Scheibel & Scheibel, 1966).  If a stimulus or event is 

salient, corticofugal projections may inhibit the nucleus reticularis and permit the 

thalamus to relay sensory input to the cortex.   

 

Many regions including eocortical and limbic areas are involved in stimulus detection. 

Subcortical areas, such as the thalamus and the mesencephalic reticular formation (MRF) 

are important in supporting detection and salience via the arousal system.  This may be 



 80  

achieved by down regulating the inhibitory nucleus reticularis in the thalamus or by 

directly influencing the MRF (e.g. Watson et al, 1977). Support for this cortico-reticular 

arousal hypothesis comes from stimulation studies (Segundo et al, 1955) and ablation 

studies (Watson et al., 1978).  “Each hemisphere may have, at least in part, an 

independent control of the reticular system” (Kim et al., 1998, p. 753).   

 

Discrete lesions in cortical and subcortical areas can induce neglect.  These include 

neocortical areas such as the temporoparietal-occipital junction and dorsolateral frontal 

lobe (Heilman & Valenstein, 1979; Vallar & Perani, 1986), limbic areas such as the 

cingulate gyrus (Heilman & Valenstein, 1979), and subcortical areas such as the thalamus 

(Watson & Heilman, 1979), the basal ganglia (Vallar & Perani, 1986) and the 

mesencephalic reticular formation (Watson et al., 1978).  Spatial neglect is caused by a 

dysfunction in the cortico-limbic reticular formation network (Watson et al., 1978). 

Hypoarousal is common following right hemisphere damage and may be related to the 

right hemisphere's privileged communications with the reticular activating system.  The 

bilateral arousal defect associated with right hemisphere lesions may be related to “…a 

loss of the right hemisphere’s corticofugal influence on the reticular formation” 

(Heilman, 1985 p. 228).   

 

Mesulam (1982) 

 

Mesulam’s attentional theory follows Heilman’s thesis that the right hemisphere is 

dominant for attention.  The right hemisphere shifts attention in a leftward and rightward 

direction in both hemispaces, but the left hemisphere can only orient or shift attention in a 

rightward direction.  Each hemisphere has a greater tendency to shift attention in a 

“contraversive” manner within contralateral hemispace, but this asymmetry is more 

pronounced for the left hemisphere.   

 

This model proposes that posterior parietal (PPC) regions are engaged in sensory (visual) 

representation of space, frontal areas in motor responding to spatial stimuli and the 

anterior cingulate in determining the salience of events and in the maintenance of 
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motivational representations (important for learning and goal-directed behaviour).  The 

frontal cortex has heavy reciprocal connections with the parietal cortex, superior 

colliculus, and the sensorimotor cortex.  This network is thought to be responsible for 

storing representations that guide exploratory behaviours such as reaching, and scanning.  

The overall efficiency of this frontoparietal attentional network depends on arousal.  The 

underlying reticular system (Ascending Reticular Activating System or ARAS) can alter 

the level of arousal.  This influence has knock-on effects on other higher-level attentional 

systems.   

 

Mesulam’s model is very similar to Posner’s model of attention, which is outlined below.  

Mesulam decomposes neglect according to lesion site in parietal, temporo-parietal, 

frontal, limbic, thalamic and cerebellar areas.  Damage within the right attentional 

network consistently produces neglect behaviour.   

 

Posner & Peterson (1990) 

 

Posner’s model suggests that three systems control attention; the posterior and anterior 

attention systems, and the vigilance network.  The posterior system is involved in 

orienting attention within the workspace.  The posterior parietal cortex (Mountcastle, 

1975), superior colliculus and the thalamic pulvinar are known to display a greater 

discharge rate when attention is directed to the location of a salient stimulus vs. 

attentional orienting to some other location.  The anterior system is involved in target 

detection (or determining the salience of events as in Mesulam’s model).  Blood flow to 

midline frontal areas, including the anterior cingulate increases as the number of items to 

be detected increases (Posner & Peterson, 1990).   The anterior system operates as a 

bottleneck regulating the access of targets to working memory and awareness (Corbetta et 

al., 2002).   

 

Finally, an underlying reticular arousal system is involved in maintaining an alert state.  

The norepinephrine (NE) system arising in the locus coeruleus may play a crucial role in 
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alertnes maintenance (Aston-Jones et al., 1984).  NE innervation is found in the posterior 

parietal lobe, pulvinar and superior colliculus.  NE influences the alert state and acts 

strongly on the posterior attention system in the right hemisphere.   

 

Deficient processing of stimuli in spatial neglect may be due to insufficient activation of 

the right hemisphere noradrenergic arousal system, originating in the locus coeruleus 

(LC) by parietal neurons responsible for selective attention.  It may also be due to 

impairment in the upward and downward projections between the LC and the right 

parietal cortex (Oke et al., 1978).  Robertson et al., (1998) examined the effect of 

auditorially alerting right hemisphere patients during a visual temporal order judgement 

task.    All of the patients who had neglect and/or extinction were asked to judge the order 

of onset (left or right) of bilateral stimuli that appeared either simultaneously or with a 

variable stimulus onset asynchrony between them.  In trials without an alerting cue, the 

patients exhibited a prior entry bias such that right events were perceived as appearing on 

average ~500ms prior to concurrent left events.  This bias was effectively eliminated 

when preceded by a random salient spatially uninformative alerting cue.  These findings 

provide direct evidence for the interdependency of arousal on the one hand, and spatial 

selectivity on the other such that modulating the arousal level has an effect on the spatial 

orienting system.  

Corbetta & Shulman (2002) 

Spatial attention is thought to be under the control of two systems: top-down4 and 

bottom-up5 networks.   The first is a bilateral Intra Parietal – Frontal Eye Field (IPL-FEF) 

system underpinning the generation of goal-oriented target selection. This endogenous 

orienting system permits the organism to focus voluntarily on specific events.   It 

corresponds to the parietal and frontal components of Mesulam’s model and the orienting 

                                                
4 “Knowledge driven mechanisms designed to enhance the neuronal processing of relevant sensory input to 
facilitate the discrimination between target and distractor, and to bias the participant toward particular 
locations in which target may appear” (Kastner & Ungerleider, 2000; Sarter et al., 2001, p.148). 
5 Attentional performance is driven mainly by target stimulus and its sensory context (Treisman & Gelade, 
1980). 



 83  

posterior attentional system in Posner’s model.  This model is argued to link relevant 

sensory representations to motor representations and forms part of the top-down network. 

 

Reorienting attention in the environment in response to an alarm, or an unexpected 

alerting event disrupts ongoing cognitive activity.  This ‘circuit-breaker’ includes the 

temporoparietal junction (TPJ) and the ventral frontal cortex within the right hemisphere 

and is known as the bottom-up network.  Activity of the TPJ relates to an alerting signal.  

As we shall read in the next chapter, brain-imaging studies of maintaining vigilance 

robustly activate the right TPJ (Pardo et al., 1991).  Detection of oddball targets, which 

reliably induces fluctuations in vigilance/alerting, recruits the right TPJ.  Norepinephrine 

(NE) terminals from the locus coeruleus, thought to be involved in arousal and vigilance, 

are more densely concentrated in the right inferior parietal lobule (part of the TPJ region) 

(Aston-Jones et al., 1984) and in the right thalamic pulvinar projecting to the inferior 

parietal lobule (Oke et al., 1978).   

 

Corbetta’s novel attentional model of spatial neglect builds upon previous work by 

Mesulam and Posner.  Neglect is argued to reflect dysfunction in the alerting system 

localized in the right TPJ.   Corbetta et al. (2002) cite examples of arousal and vigilance 

problems in the acute stage of neglect as a result of damage to the right fronto-parietal 

system.  Increasing alertness levels either through sensory cues or self-instruction can 

improve left sided attention as a result of activation of the residual alerting mechanisms 

in the right TPJ.  Increasing the drive of the right inferior parietal – frontal network may 

possibly rebalance the spatial bias (Corbetta et al., 2002).   

 

3.3.7 Sympathetic Arousal 

Electrodermal Activity (EDA) 

The Autonomic Nervous System (ANS) has two main branches – the sympathetic and the 

parasympathetic system that innervates visceral organs, blood vessels, and glands 

(Venables & Christie, 1980).   Sympathetic Arousal is the system of interest in the 
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present thesis and to which we now turn our attention.  Sympathetic activity is closely 

linked to psychological concepts of emotion, arousal and attention (Dawson et al., 1990).  

EDA is a widely used and sensitive index of emotion-related sympathetic activity 

(Boucsein, 1992; Dawson et al., 2001; Fowles et al., 1974;Venables & Christie, 1980).   

 

Electrodermal Activity (EDA henceforth) was first introduced by Johnson & Lubin 

(1966) as a common term for all electrical phenomena in skin.  The regulation of 

sweating is under autonomic control and consequently, autonomic activation is reflected 

in measurable changes in skin electrical conductance at the surface (EDA).  There are 

broadly two systems within the autonomic nervous system (ANS): (1) vegetative 

autoregulatory processes such as body temperature, heart rate, blood pressure and gut 

motility, and (2) homeostatic function modulation in response to behavioural demands 

such as the preparation and execution of energetic movements. 

 

Autonomic arousal is the increase in sympathetic drive commonly experienced as 

increases in heart rate, blood pressure and sweating, or diversion of blood from gut 

towards limb musculature.  EDA is also used as a sensitive index of emotion-related 

sympathetic activity (Bouscein, 1992; Dawson et al, 2000; Fowles et al, 1974; Venables 

& Christie, 1980), which is linked to many aspects of emotion, arousal and attention 

(Dawson, Schell & Filion, 2000; Hughdahl, 1995).   
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Fig 3.1: Sympathetic Arousal (Please consult Box below) 
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Although there are two types of sweat glands - apocrine and eccrine glands, it is the 

latter, which is of interest in EDA recording as it produces a hypotonic sweat onto the 

skin's surface.  They are densely distributed across the body; and it is generally conceded 

that human sweat glands receive predominantly sympathetic cholinergic innervation, but 

adrenergic fibers exist in close proximity (Dawson et al., 1990).  The norepinephrine 

(NE) system arising in the locus coeruleus may play a crucial role in the arousal state 

(Aston-Jones et al., 1984).  NE innervation is found in the posterior parietal lobe, 

pulvinar and superior colliculus.  NE influences arousal and acts strongly on the posterior 

attention system in the right hemisphere.   

   

Collins (1989) proposed that efferent thermoregulatory pathways, associated with 

sudomotor control, originate in the posterior hypothalamus.  These pathways have many 

fibers relaying in pontine tegmentum and medullary (reticular) nuclei, and descend to 

preganglionic sympathetic neurons.  EDA phasic responses may be elicited by electrical 

stimulation of sites from the posterior hypothalamus, ventrolateral pons, medulla and 

intermediolateral spinal cord (Davidson & Koss, 1975).  The preoptic region and the 

hypothalamus form an anatomic functional unit essential for integration of autonomic, 

endocrine, and behavioural responses critical for homeostasis. 
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Fig. 3.2. Brain Areas involved in EDA (Arousal) 

 

Cortical Control of EDA 

As noted by Critchley (2002, p. 140) “control of sympathetic arousal is subserved by a 

neural matrix involving prefrontal and parietal cortices, limbic structures including [the 

cingulate] and medial temporal lobe [amygdala and hippocampus] with a degree of 

[lateralization] to the right hemisphere”. In humans lesions in lateral prefrontal cortex, 

include ventral and medial prefrontal cortices, the monitoring region of the anterior 

cingulate, and the right parietal lobe significantly diminish the magnitude of the EDA 

response (Tranel, 2000; Tranel & Damasio, 1994; Zahn et al., 1999).  In fact, damage to 

the right hemisphere appears to have the greatest effect on EDA (Oscar-Berman & Gade, 

1979; Zahn et al., 1999; Zoccolotti et al., 1982).   
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 Right parietal lobe 

 

(a) Lesion Studies 

 

Tranel & Damasio (1994) studied EDA responding in patients with various lesions in an 

attempt to characterize brain activity involved in EDA.  EDA was measured from both 

hands.  Two types of stimuli were presented to the patients: physical and psychological.  

The physical stimuli included taking a deep breath (inhale deeply and exhale fully) and 

presentation of a loud noise (hand clap delivered to the ear).  Psychological stimuli 

included emotionally laden pictures (e.g. nudes or mutilated bodies).  Previous research 

showed that these types of pictures reliably elicit an arousal response in normal 

participants (Fowles & Schneider, 1978).  Patients with lesions to the inferior parietal 

area showed defective EDA for both psychological and physical stimuli.  Patients with 

IPL lesions encompassing the supramarginal and angular gyri showed more pronounced 

defective EDA.  Defective EDA responding was more consistent with damage to the right 

inferior parietal region.  The authors concluded that extensive damage to the right IPL 

tended to completely abolish EDA, regardless of stimulus type.  More limited damage 

was associated with defective (reduced) EDA for psychological but not physical stimuli. 

The ventromedial frontal region and the anterior cingulate were also important for EDA 

responding.   

 

As already discussed, it has been demonstrated that patients with right temporoparietal 

lesions presenting with spatial neglect have a reduced EDA arousal response (lower EDA 

level and phasic response) to painful stimulation when compared with controls and 

patients with left temporoparietal lesions (Heilman et al, 1978).  Patients with left 

hemisphere lesions had a greater response than controls without brain damage.   

 

In a more direct study of affective responding, Morrow et al., (1981) found that left-brain 

patients, similar to controls, showed larger EDA responses to strongly emotional images 

compared to neutral images.  Right brain patients did not show this differential EDA 
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responses (between stimulus type).  This result has been replicated with emotional slides 

(Zoccolotti et al., 1982) and with film clips (Caltagirone et al., 1989).  These results show 

that left hemisphere patients frequently show heightened emotional reactions under 

certain conditions (e.g. emotional response to failure), whereas right hemisphere 

patientsare indifferent under the same conditions (Zahn et al., 1999).   

 

(b) Imaging Studies 

 

A number of lesion studies have examined cerebral activity during sympathetic arousal, 

relating brain responses to EDA.  Parietal involvement in the control of EDA is a 

common finding, regardless of the stimulus-type used to elicit an arousal response.  A 

PET study by Fredrikson et al. (1998) identified changes in brain activity relating to EDA 

arousal.  Participants were imaged while presented with affective content, including skin 

shocks and videos of snakes.  Activity in the motor cortex, anterior and posterior 

cingulate, right insula and the right inferior parietal lobe (IPL), as well as in the 

extrastriate visual cortex were observed.   

 

Critchley et al. (2000) used fMRI to image the brain as participants performed a cognitive 

gambling task.  EDA was used as an index of autonomic arousal.  On each trial of the 

task, the participant saw a pair of cards and had to make a forced-choice decision to win 

(or lose) money.  Feedback of overall gain was given, and participants were told whether 

they were making good or bad choices.  Task performance elicited specific EDA 

responses.  EDA change as a function of time throughout the gambling game was 

associated with increased activity in the bilateral ventromedial prefrontal cortex, right 

insula and orbitofrontal cortex, the right inferior parietal lobe (IPL) and the extrastriate 

visual cortex.  Decreased activity (over the course of the game) was observed in premotor 

regions and in the posterior parietal cortex.  The left ventromedial prefrontal cortex, 

extrastriate and cerebellum was activated before an EDA response was made.  Right 

hemisphere activation of the medial prefrontal cortex was associated with representing 

the EDA response.  The authors argued that activity within the right IPL may point to a 

common neural substrate mediating arousal and attention (Critchley et al., 2002).   



 90  

 

Critchley (2002) concluded that the commonality in the neuroanatomy (i.e. right parietal 

involvement) supporting attention (Behrmann et al., 2004) and EDA responding 

(Critchley et al., 2000; Tranel, 2000; Tranel & Damasio, 1994; Zahn et al., 1999) are 

consistent with (a) the use of EDA as an attentional index and (b) the observation that 

arousal is a marker of attentional orienting towards salience (e.g. Lane et al., 1999).   

 

Cerebellum 

 

(a) Lesion Studies  

 

Annoni et al (2003, p. 654) reported on a patient with extensive left posterior inferior and 

anterior inferior cerebellar infarcts demonstrating emotional blunting and hypo-arousal.  

Although emotional disturbances are typically found following damage to emotion 

processing regions such as limbic or ventral frontal damage (Eslinger & Damasio, 1985), 

there is growing evidence for the involvement of the cerebellum in affective reactions 

(Reiman et al., 1997). In fact, emotional flattening has been found to correlate with the 

extent of cerebellar degeneration (Gutzman & Kuhl, 1987).  Left anterior cerebellar 

damage resulted in hypo-arousal as measured by EDA to emotional stimuli. 

 

Although alterations of EDA responding in cerebellar patients are not well documented, 

several studies have suggested the involvement of the cerebellum in autonomic function.  

A high correlation between autonomic dysfunction and increased cerebellar atrophy has 

been observed (Smith & Mathias, 1996).   

 

 

(b) Imaging Studies 

 

Critchley et al (2000, p. 140) proposed the involvement of the left cerebellum in 

autonomic arousal and in EDA generation, which is in accordance with findings showing 

“dense connections between the fastigial nucleus and the hypothalamus”.  Similarly, 
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Williams et al. (2000) imaged the brain using fMRI as participants attended to salient 

stimuli (i.e. stimuli which evoked an EDA response).  Specific activity within the 

cerebellum was linked to orienting to visual stimuli.  The authors interpreted this 

activation as evidence of central control of autonomic responding by the cerebellum.   

Summary: Generation & Representation of an EDA event 

The left medial prefrontal pole and the left cerebellum are crucial in generating an arousal 

response.  The right orbito-frontal cortex, right insula, bilateral medial frontal pole, 

cerebellum and right inferior parietal lobe are important neural structures following an 

arousal response.  These structures may play an important role in representing an arousal 

response (Critchley et al., 2000).    

 

The left cerebellum has distinct connections with the right parietal cortex as part of a 

cerebrocerebellar lateralized network for the computation and integration of directional 

visual error in prism adaptation (Clower et al., 2001; Pisella et al., 2004).  The left 

cerebellum may be responsible for indirectly inhibiting the right parietal cortex (Michel 

et al., 2003). 

 

3.3.7.1 Advantages of using EDA over other psychophysiological methods 

 

It provides a direct and undiluted representation of sympathetic control.  For example, if 

tonic EDA or phasic EDA is observed to increase, then this particular modulation of 

EDA can only be due to increased tonic or phasic activation. However, if a measure of 

heart rate is taken as the alternative psychophysiological measure of autonomic arousal, a 

concomitant slowing of heart rate could be interpreted as either a decrease in sympathetic 

activation of the heart via the cardiac nerves, or increased parasympathetic input via the 

vagus nerve, or a combination of both (Dawson et al., 2000).  As the weighting of either 

input for cardiac activity cannot be computed unless another measure of peripheral 

arousal is used, use of EDA alone is a robust and validated measure of sympathetic 
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arousal.  In the present study changes in autonomic arousal due to sympathetic activation 

allows interpretations of possible prismatic influence on central cortical control.   

 

3.3.7.2 Disadvantages of EDA 

 

A potential disadvantage of EDA is that a response may be elicited by many types of 

stimuli e.g. enhancement of phasic response could be elicited by sudden presentation of a 

visual stimulus, as well as knowledge of an error after pointing to a visual stimulus.  It 

may be impossible to claim that a particular EDA response is 'attentional' or 'anxiety-

related' and may thus not be a clearly interpretable measure of any particular 

psychological process (Dawson et al., 2000).  For this reason, mean pointing error is 

automatically recorded for each EDA, so that comparison of control and experimental 

EDA should yield differences due to prism influence and not due to other experimental 

design features such as visual presentation of stimuli etc.  

 

3.4 Measures 

 

In the present study, sympathetic arousal was measured by electrodermal arousal (EDA).  

EDA responding level (computed as mean of tonic (underlying EDA level in the absence 

of a phasic response) and phasic EDA) was measured continuously throughout the 

adaptation procedure (blocks 1, 2 and 3).  Phasic EDA (stimulus-related EDA) was taken 

following every pointing response with visual feedback in every prism condition (sham, 

left-shift, right-shift) for every participant (within-participant design).   
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Fig. 3.3: Illustration of EDA response(s) following a pointing error (Trial N, Trial N+1).  

An ISI of 10 seconds was employed as (a) pilot data suggested that 10 seconds was 

enough time to permit an EDA phasic response following a pointing movement to occur 

and return to baseline and (b) it is within the accepted window of time to permit recovery 

of a phasic EDA response (see Dawson et al., 2000; Roche B., 21.06.04 personal 

communication). EDA was continuously recorded throughout the adaptation procedure.  

Mean EDA responding level (Lambert & Chantrier, 2001) was computed as the mean 

EDA for each adaptation block (Trial 1-50; Trial 51-100; Trial 101-150).  Mean Phasic 

EDA (Boucsein, 1992; Stern et al., 2001) was computed for the first 20 trials of each 

adaptation block (Trial 1-20; Trial 51-70; Trial 101-120).  Phasic responses were based 
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on all available stimulus presentations.  Non-responses were scored 0.  This method is 

called the mean phasic magnitude and is more representative of mean phasic EDA than 

the amplitude (mean of responses only)(Boucsein, 1992).   

 

3.5 Predictions 

Mechanisms underpinning the adaptation process to lateral shifting prisms remain a focus 

of interest for all prism theorists.  Very few models have been proposed to account for the 

beneficial effects of adapting to right shifting prisms in the neglect patient, nor for the 

simulation of a neglect-like rightward bias in the normal brain following adaptation to 

left shifting prisms.  Spatial neglect is broadly accepted as an attentional disorder and as 

we have briefly reviewed, the most influential models of attention from 

Heilman/Mesulam to Posner to Corbetta include arousal.  An aroused organism is alert 

and prepared to process incoming stimuli.  Changes in the level of peripheral arousal 

mirror changes in cortical arousal (Heilman & Watson, 1989).  Using electrodermal 

activity (or other psychophysiological measures) as a measure of peripheral arousal, 

neglect researchers have demonstrated a relationship between spatial neglect and hypo-

arousal (Heilman et al., 1979; Fiorelli et al., 1991;Watson et al., 1978; Yokoyama et al., 

1987).    

 

The main aim of this chapter was to explore the effects of prism adaptation to left shifting 

prisms on peripheral arousal in the healthy brain.  Previous research has demonstrated 

effects of prism adaptation on the selective aspects of attention; this chapter explores the 

effects on the intensity aspects of attention.  Intensity and selective aspects of attention 

share common neural circuitry and interact with each other.   

 

 

3.5.1 Arousal Responding Level (tonic and phasic components) 

 

1. In the early phase of adaptation (block 1), LPA will not significantly influence 

general arousal level in comparison to the control condition. 
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2. In the later phase of adaptation (blocks 2 & 3), LPA is predicted to significantly 

reduce general arousal level in comparison to the control condition.  LPA is 

predicted to depress right parietal function (Berberovic & Mattingley, 2003), 

which has been shown to impair an arousal response to emotional or significant 

stimuli (Heilman & Van den Abell, 1979; Tranel, 2000; Tranel & Damasio, 1994; 

Zahn et al., 1999).   

3. No predictions were made for RPA 

 

3.5.2 Phasic Arousal (phasic component only) 

 

4. In the early phase of adaptation, LPA is predicted to significantly increase mean 

phasic arousal response in comparison to the control condition.  Adaptation to a 

prism shift evokes strategic control (chapter 2) and requires attention and central 

processing (Redding & Wallace, 1997).  Detection of error in the early phase of 

adapting to prisms evokes a significantly higher arousal response compared to the 

control condition.  This arousal response is measured in the phasic analysis, but is 

washed out in the responding level analysis.  

5. In the later phase of adaptation, LPA is predicted to significantly reduce mean 

phasic arousal.  This prediction is similar to the responding level prediction.  LPA 

is predicted to depress right parietal function and impair EDA. 

6. No predictions were made for RPA. 

 

 

 

3.6 Method 

3.6.1 Participants 

 

Twenty-three young (8 males, 15 females; age range 19-33 years) and twenty-five old (9 

males, 16 females; age range 51-69 years) participated.  All participants were right-
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handed and had normal or corrected to normal vision.  A number of participants were 

removed from the mean EDA responding level analyses if (a) they did not complete the 

task or (b) the mean EDA was beyond ± 2 standard deviations of the group mean.  That 

is, nineteen young and seventeen senior adults were considered for analyses of variance.  

For block one analyses, three young and four senior adults were removed from the sham 

condition (three of whom did not complete the task); two young adults and one senior 

adult were removed from the left prism condition; one young and four senior adults were 

removed from the right prism condition (two of whom did not complete the task).  For 

block two analyses, one young and three senior adults were removed from the sham 

condition (three of whom did not complete the task); one young adult was removed from 

the left prism condition and three senior adults were removed from the right prism 

condition (two of whom did not complete the task).  One young and one senior adult 

failed to complete the final block in the sham prism condition; one senior was removed in 

the final block of the left prism condition and two senior adults failed to complete the 

final block in the right prism condition.  

  

The mean phasic response was recorded from sixteen young and 17 senior adults.  

Participants were removed if their mean phasic response was beyond ± 2 standard 

deviations of the group mean.  That is, twelve young and fourteen senior adults were 

considered for analyses of variance. For block one analyses, one young adult was 

removed in the sham prism condition; no participant was removed in the left prism 

condition and two young participants were removed in the right prism condition.  For 

block two analyses, one young adult was removed in the sham prism condition; two 

senior participants were removed in the left prism condition; one young and three senior 

adults were removed in the right prism condition.  For block three analyses, one young 

and one senior adult were removed in the sham prism condition; no participant was 

removed in the left prism condition; one young and one senior adult were removed in the 

right prism condition.  
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3.6.2 Apparatus and Stimuli 

Participants were required to adapt to each prism type on separate occasions.  Participants 

were randomly assigned to each prism condition.  The adaptation task was modelled on a 

simple RT paradigm, which emphasised both accuracy and speed in responding to targets 

on a touch screen.  A tone signalled the onset of a visual target on screen.  Targets were 

presented both centrally and peripherally.  Participants opened their eyes and pointed as 

quickly and as accurately as possible to the visual target while wearing prism glasses.  

Initial accuracy levels were low as participants attempted to adapt to the prism distortion.  

Participants pointed with greater accuracy with successive pointing movements.  Each 

adaptation condition was similar except for the visual shift.  Control lenses were made of 

plain glass.  Motor and attentional requirements were similar in all adaptation conditions.   

 

Participants were seated at a table.  In front of them on the table was a LCD Desktop 

Touch monitor.  This monitor had a 19” diagonal screen size, 1024 x 768 resolution, a 

b30kHz~62 horizontal scan and 56~75Hz refresh rate.  The screen was within reaching 

space of each participant and the screen was mounted such that the Cartesian intersection 

point was in line with the participant’s naso-occipital plane.  A visual target (cross-hair 

with a grey square centre, 21x19 pixels) was presented randomly in one of four positions 

with location on screen in x, y pixels (up [512, 131], down [512, 637], right [692, 384] 

and left [332, 384].  The up and down targets were presented in a central position, 

straight ahead in front of the participant, and the left target was presented to the left of the 

participants body midline (~3.53 deg) and the right was presented to the right of the 

participants body midline (~3.53 deg).  A chin-rest and a sheet of board kept the 

participant’s head fixed and occluded the hand’s starting position respectively. 

 

Participants were asked to keep their right hand (or left hand) on their chest, at the level 

of the sternum, which was also called the hand starting position.  They were asked to 

point to the visual target with the index finger of the right or left hand at a fast but 

comfortable pace.  The participant was required to make contact using the right or left 

index finger with the touch screen so that pointing accuracy could be automatically 

measured.  Slowing the reaching movement just before contact with the screen was not 
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permissible.  The reaching movement was executed below the board so that the 

participant could not see the arm’s trajectory and only the terminal pointing error was 

visible.  Once the participant had made contact with the touch screen an automatic 

recording of the discrepancy in x, y coordinates between the target position and the touch 

position were made for later analysis.  The participant then retrieved the arm and 

prepared for the succeeding trial. 

 

Each adaptation session lasted ~40 minutes (4 blocks of 8.33 mins).  The pointing task 

was performed in three experimental conditions.  The exposure condition lasted about 40 

minutes or 250 pointing movements.  The inter-trial interval was 10 seconds in order to 

permit the EDA phasic response (arousal) to return to baseline. 

 

EDA was measured using the Biopac Student Lab system (v. 3.6.6.1; Biopac Systems).  

EDA was continually recorded from the distal phalanges of the index and middle fingers 

of the stationary hand.  Two Ag/AgCl electrodes were mounted in individual housings 

and shielded to minimise noise or electronic interference.  They were attached to the 

distal phalanges by a Velcro strap, each electrode measuring 16 x 17 x 8 mm.  The 

electrodes had a 6mm contact area with a 1.6mm cavity in which the electrode gel was 

placed about ~5 - 10 minutes prior to testing.  Multipurpose gel (‘Sigma Gel’) was used 

as the electrolyte.  The incoming phasic responses were converted into a digital signal via 

an MP30 data acquisition unit and BIOPAC STUDENT LAB PRO was used for off-line 

analysis.   

 

EDA analysis and protocol was conducted in the same manner as described in previous 

studies (Tranel & Damasio, 1994; Zahn et al, 1999; O’Keeffe et al., 2004).   The rate of 

spontaneous, nonspecific skin responses per minute (NS-EDA-Min) of at least .02 µS in 

amplitude was recorded.  For each pointing response, a latency window of 1-4 seconds 

post stimulus onset was specified for elicited skin conductance response (EDA) 

measurement.  Measurement of the amplitude of the EDA was taken as the conductance 

at the peak minus the conductance prior to the response (Stern, Ray & Quigley, 2001).  

The largest EDA that had an onset within this latency window was recorded.   
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3.6.3  Procedure 

Adaptation procedure has been outlined in chapter 2. 

3.7 Results Experiment  

3.7.1 Summary of Mean EDA responding level 

 

Before donning the prisms mean EDA was reported for each participant whilst pointing 

to visual targets on screen without prism distortion.  This ‘vanilla baseline’ (Jennings et 

al., 1992) was predicted to be similar in all pre-adaptation conditions.  A vanilla baseline 

is different to a baseline measure when participants sit quietly with their eyes closed.  

This baseline requires the participant to point to a visual target as quickly and as 

accurately as possible without any prism lens.  It controls for cognitive, and physical 

effort during the baseline recording of arousal.  Otherwise, some participants may engage 

in cognitive activity e.g. daydreaming, which cannot be controlled and may affect arousal 

during baseline recording while the participant relaxes.   Vanilla Baselines were equal for 

pre adaptation pointing to sham (mean -.1721 µmho, 45, SD .019), left (mean -.1747 

µmho, 48, SD .023) and right shifting prisms (mean -.1785 µmho, 47, SD .022). 

 

Within participant factors included adaptation condition (sham, left shifting, right 

shifting) and adaptation block (block 1, 2 and 3).  Between factors included age of 

participant (young, old) and hand-used-to-adapt (right hand6, left hand).  There was a 

significant main effect of adaptation condition (F (2, 64) = 6.534, p < .003) and of block (F 

(2, 64) = 17.812, p < .0001).  There was a significant trend for the mean EDA to be 

reduced in the experimental conditions in comparison to the control condition (F (1, 32) = 

11.63, p < .002).  There was also a significant trend for a linear reduction (F (1, 32) = 

38.81, p <. 0001)) in arousal from the beginning to the end of the entire adaptation phase.  

There was a significant interaction between adaptation condition x block involving age  

                                                
6 Please note that if the right hand is used to adapt, EDA recording is made from the left hand.  
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(F (4, 128) = 3.723, p < .007).  However, there was no significant main effect for age of 

participant (F (1, 32) = 1.674, p > .05) or of hand-used-to-adapt (F (1, 32) = 1.139, p > .05).   

 

Post-hoc planned comparisons (Bonferroni correction for apriori comparisons) revealed a 

significant difference in mean EDA responding level between the control and left prism 

condition (regardless of age or hand-used-to-adapt) in block 2 of the adaptation study, 

which is 10-20 minutes into the adaptation process (t  (43) = 3.328, p < .001, one-tailed).  

Mean EDA was significantly reduced in comparison to the control condition 10-20 

minutes into adaptation, which is the time required to (a) simulate the ‘neglect-like’ 

rightward bias in the healthy brain, and (b) recruit both strategic and non-strategic 

processes in successful adaptation.  Another finding pointed to the prolonged reduction in 

arousal in the final block of adaptation in comparison to the control condition for left 

shifting prisms only (t (44) = 3.212, p < .001, one-tailed).  Peripheral arousal is reduced 

20-30 minutes into the adaptation process for the left-shifting prisms only, indicative of 

possible right hemisphere suppression.  No significant comparisons were reported 

between the control and right prism conditions.   
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Fig 3.4. Mean Arousal Responding for young and old participants.  Please note that 

highlighted areas represent differences in paired comparisons.  The x-axis graphs B1, 

B2, and B3 for each prism condition – Block 1, Block 2 and Block 3 respectively.  A 

significant reduction in mean arousal is operationally defined as a significant 

reduction in mean arousal level in the left prism exposure condition compared to the 

control condition. 

 

 

Examining the condition x block x age interaction (appendix 3.1) more closely revealed 

that the significant reduction in mean EDA in block 2 of adaptation to left shifting prisms 

were experienced by the older aged participants. Both age groups demonstrated a 

significant suppression of arousal in comparison to the control condition for the left 
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shifting prism condition.  This effect was observed earlier for the older participants (t (21) 

= 3.768, p < .005, one-tailed) than for the younger participants.  Mean arousal level was 

significantly reduced in the final block for young adults following LPA (t (21) = 3.141, p 

< .003, one-tailed) and RPA (t (21) = 3.951, p <. 001, one-tailed).   

 

3.7.2 Summary of Phasic EDA responses 

 

A repeated measures ANOVA with adaptation condition and block were conducted on 

mean phasic responses.  There was no significant main effect of prism condition, but a 

significant main effect of adaptation block (F (2, 44) = 38.977, p < .0001).  The mean 

phasic response was reduced as adaptation time increased according to a general linear 

trend (F (1, 22) = 51.49, p<. 0001).  A significant interaction was observed between 

condition x block (F (4, 88) = 3.8, p < .015).  
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Fig 3.5. Mean phasic arousal responses for both young and old participants.  Please note 

that highlighted areas reflect significant differences in paired comparisons.  NS 

represents non-significant differences in paired t comparisons. The x-axis graphs B1, 

B2, and B3 for each prism condition – Block 1, Block 2 and Block 3 respectively.  

Please note that phasic responses are orienting responses (sharp rise in EDA 

responding) and an attenuation of phasic arousal is operationally defined as a 

significant reduction in the rise in EDA or phasic response in the left prism condition 

compared to the control condition.  This effect is non-significantly observed in block 

2, but significantly observed in block 3.  The initial increase in phasic responding in 

block 1 in both experimental conditions relative to the control is evidence that 

participants were actively engaged in adapting to the prism-induced distortion.  Sharp 

rises in EDA responding are indicative of orienting responses to novel, significant or 

emotional stimuli.  Error monitoring (learning) also produces increased phasic or 
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orienting responses as the participants engages both emotionally and cognitively in 

the learning process. 

 

Planned post-hoc paired t-tests revealed a significant difference in the mean phasic 

response for both the experimental conditions in comparison to the control condition in 

the first 10 minutes of adaptation for left and right prisms respectively (t (31) = -1.891, p = 

.0347, one-tailed; t (29) = -2.519, p < .01, one-tailed8).  Phasic arousal was significantly 

increased while adapting to either prism condition.  As presented in chapter 2, there is an 

intense period of error reduction in pointing while wearing prisms (adaptation) within the 

first 15 pointing trials.  This period of intensive learning may be responsible for the 

increase in phasic arousal during this time. 

 

No significant differences in mean phasic EDA were observed in block 2, but the 

predicted suppression of phasic EDA in the final block 3 between the control and left 

adaptation condition (t (30) = 2.104, p < .02, one-tailed)9 was observed.   This finding is in 

line with the significant suppression of mean EDA in block 3 in the mean arousal 

analysis.  However, the observed suppression of mean EDA responding level in block 2 

was not confirmed by a similar significant suppression in mean phasic EDA for block 2.   

 

Mean Phasic responding for both age groups is presented in Appendix 3.2, as there was a 

significant main effect of age on mean phasic arousal (F (1, 22) = 20.874, p < .0001).  

Mean phasic arousal was higher in young adults (mean .816 µmho, SE .059) compared to 

older adults (mean .453 µmho, SE .054).   

 

Please consult Appendix 3.3 for extra analyses on mean phasic response according to 

hand used to adapt.  A difference in mean EDA as a function of the hand used to adapt 

was not predicted.  Previous research has failed to demonstrate any effects of hemisphere 

specific stimulation on asymmetry in EDA (see Dawson et al., 2000).  Phasic responses 

                                                
7 Family wise comparison for apriori adjusted p-level (.05/2 = .03).  This difference is nearly significant. 
8 Bonferroni adjustment for all possible familywise comparisons (t = (-.16), s.e. (.06), p < .02).   
9 Mean difference -.08;SE .043; p = .06, two-tailed 
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were generally higher when recorded from the right hand relative to recording from the 

left hand across all prism conditions (F (1, 22) = 6.543, p < .02).   

 

3.8 Discussion of Arousal Findings 

 

Group Results (collapsed across age) 

 

LPA significantly reduced mean arousal responding level during two distinct periods of 

the adaptation process: block 2 (10-20 minutes into the adaptation process) and block 3 

(20-30 minutes into the adaptation procedure).  Previous research has demonstrated a 

disruption of right parietal activity as measured by performance on a perceptual judgment 

task following left prism adaptation (Berberovic & Mattingley, 2003; Colent et al., 2000; 

Connolly & Robertson, 2004 unpublished thesis; Girardi et al., 2004; Michel et al., 

2003a; 2003b).  LPA produces a mild ‘neglect-like’ rightward shift in perceptual 

judgment following 20 minutes adaptation in normal participants.  Adaptation effects are 

attenuated or non-existent following adaptation to left shifting prisms lasting 5-10 

minutes (Boran & Robertson, 2004 unpublished manuscript; Berberovic et al., 2004; 

Ferber & Murray, 2005). This suggests that the right parietal area is disrupted during the 

critical 10-20 minute period of adaptation, which is exactly what was observed in the 

present study.  Mean arousal responding level was significantly reduced in comparison to 

the control condition during blocks 2 and 3.  Right parietal disruption was evidenced as 

attenuated or reduced levels of arousal responding (hypo-arousal).    

 

Adaptation to right shifting prisms did not significantly affect mean arousal levels.  This 

result supports previous research, which failed to find any change in perceptual judgment, 

posture or spatial exploration following right prism exposure in normal participants.  

Berberovic & Mattingley (2003) suggested that right prism adaptation (RPA) might 

involve bi-parietal suppression, with relatively greater right hemisphere suppression than 

left.  This could lead to potential arousal effects being washed-out due to a cancellation 

effect in both hemispheres.  Mean arousal level was not significantly different from the 
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control, so it is not possible to speculate on any adaptation effect, which does not also 

operate in the control condition.  The general reduction in arousal observed in the control 

condition is possibly due to a general fatigue effect.    

 

Prismatic influence on the mean level of phasic responding was also measured, as phasic 

EDA is related to sympathetic activity (Dawson et al., 2000).  Sympathetic activity is 

thought to reflect cortical activity (Heilman & Watson, 1989), so a disruption or 

suppression of right parietal activity was predicted to reduce or attenuate peripheral 

arousal as measured by phasic EDA.  Adaptation to both the left and right shifting prisms 

significantly increased mean phasic responding in the first block of adaptation.  A phasic 

response is a measure of the attentional orienting response.  In this case it refers to the 

emotional reaction to pointing accuracy while wearing prisms.  In the control condition 

the participant is making the same motor movements as in the other two prism 

conditions, but is not subjected to a visual distortion.  In the prism conditions participants 

must learn to point accurately as targets are displaced to the left (left shifting prism) or to 

the right.  Increased arousal during this learning process provides evidence that 

participants were actively engaged in adapting to the prisms as they finessed their 

pointing accuracy.   

 

This increase in arousal early in adaptation is indicative of strategic control (see chapter 

2), which is attentionally demanding (Redding & Wallace, 1997).  Participants who are 

required to perform mental arithmetic or imagine a scene (Redding & Wallace, 1997) fail 

to reduce pointing error during the early phase of adaptation, as strategic control 

(calibration) is disrupted due to other attentional demands (e.g. mental arithmetic).  

Phasic arousal was slightly higher in the right prism condition compared to the left prism 

condition.  This may be due to the fact that both hemispheres were involved in the early 

phase of adaptation. A similar result using pupillography found increased arousal 

response (pupil dilation) to targets projecting to both hemispheres compared to targets 

projecting to the right hemisphere alone in the healthy participant (Kim et al., 1999).   
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There was a trend for phasic arousal to be reduced in both prism conditions relative to the 

control in block 2.  The expected significant reduction in phasic arousal did not mirror the 

reduction in general arousal responding level observed in the mean arousal analysis in 

block 2.  The most tenable reason for this disparity is the difference between mean 

arousal level and mean phasic responding. The mean arousal level is comprised of both 

phasic and tonic components.  The mean is computed over a 10-minute period and is 

influenced by both the intensity of phasic responses and the underlying trend of arousal 

increase or decrease in tonic arousal as a function of time.  On the other hand phasic EDA 

is the momentary increase in arousal in response to a novel or significant stimulus 

computed over first 4 minutes10 of every block and may be differentially affected by 

prism adaptation (Lim et al., 1996).  Although this reasoning is sound, it cannot alone 

explain the failure to find a significant reduction in phasic arousal in the left prism 

condition.  Phasic responses may be slowly reducing throughout block 2 from earlier high 

levels of initial prism exposure in block 1.    

 

However, the predicted attenuation of phasic EDA was observed in block 3 (final block) 

following left prism adaptation only.  This supports the similar finding of a significant 

reduction of mean arousal responding level following left prism adaptation in the final 

block.  Disruption or lesions to the right inferior parietal lobe impair the generation of an 

EDA phasic response (Tranel & Damasio, 1994).  This is observed as a significantly 

reduced phasic EDA response i.e. significant reduction in the magnitude of the EDA 

response.  In some cases with extensive damage to the right inferior parietal lobe, the 

mean phasic EDA response may be abolished completely.  It is possible that adaptation to 

left prisms disrupts or depresses right parietal function, which is evidenced by significant 

attenuation of arousal as measured by mean EDA responding level and mean phasic EDA 

response. 

 

                                                
10 Phasic response to pointing error is computed over the first four minutes of every block.  The participant 
engages in early strategic control in order to reduce pointing error within 15-20 trials or so (Berberovic & 
Mattingley, 2003; Redding, 2005) in the first block.  The mean phasic response during this period is 
computed (there is little habituation or phasic responding during this time) and compared to a similar time 
period in later blocks (2 and 3).   
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Effects of Age 

LPA significantly reduced mean arousal level in the second block of adaptation in older 

adults.  LPA nearly significantly reduced mean arousal level in the second block of 

adaptation in younger adults, and significantly suppressed mean arousal level in the final 

block of adaptation.  RPA had no significant effect on mean arousal level in the older 

adult sample, but significantly reduced the mean arousal responding level in the younger 

adult sample.  It remains unclear why RPA asserted a significant effect toward the end of 

the adaptation process for the younger adults only, but it may represent disruption to both 

right and left parietal regions (Berberovic & Mattingley, 2003).   

 

 

The attentional models outlined in the beginning of the present chapter include arousal as 

an important component of the attentional system.  An aroused organism is alert and 

prepared to attend and process incoming stimuli.  Exposure to left shifting prisms may 

disrupt right parietal activity by suppressing activation in the right parietal region 

(Berberovic & Mattingley, 2003; Clower et al., 1996; Girardi et al., 2004).  Neuronal 

activity changes to suppress prediction error in a learning task such as prism adaptation 

(learning to point accurately even though targets are visually displaced).  Prediction error 

is reduced as the participant learns to point accurately while wearing the prisms (it is no 

longer required to direct behaviour).  A consequence of this is a possible reduction in 

response activity within the right parietal region involved in strategic calibrating and 

generating prediction error to left shifting prisms (Redding & Wallace, 2005).  In the 

present case, a time-related reduction in the arousal response is observed during 

adaptation to left shifting prisms.  Parietal regions in the right hemisphere are also crucial 

in generating an arousal response and play an important role in attention.  These regions 

are heavily involved in representing the organism’s environment (Mesulam, 1981), in 

orienting attention within the environment (Posner & Peterson, 1990) and reorienting 

attention to novel events (Corbetta & Shulman, 2003).  Damage within this right fronto-

parietal network impairs arousal, vigilance and orienting.  Adaptation to left prisms may 

alter the functioning of this particular network.   
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3.9 Introduction to Mood and Arousal 

 

Most theories of emotion imply that arousal is a key element.  During emotions, arousal 

may be critical for activating the central nervous system (CNS), which enhances stimulus 

analysis (attentional), cognitive activity and motor preparation for action.  CNS arousal 

may lead to changes in peripheral arousal (EDA) and endocrine system, with consequent 

impact on emotion and mood.  A subjective measure of mood state was taken for each 

participant before and after prism adaptation.   

 

Some of the most influential theories of spatial neglect postulate differences in activation 

or arousal levels of the two hemispheres of the brain (Heilman & Valenstein, 1979; 

Kinsbourne, 1970).  Differential activation may be due to asymmetries in subcortical 

arousal structures such as the reticular formation or the thalamus.  The functions 

subserved by these functions include arousal, motivation, mood and other energetic 

constructs (Robbins, 1997).   

3.9.1 Theories of Emotional responding & Mood states 

 

A number of models have been proposed to account for the cortical lateralization of 

emotional processing.  The Right Hemisphere Model suggests that the right hemisphere 

largely subserves emotional perception and expression.  The valence model, on the other 

hand, proposes that frontal brain asymmetry explains emotional processing.  Left frontal 

activation underlies positive emotional processing, whereas right frontal activation 

underlies negative emotional processing.  Data supporting the Approach-withdrawal 

model will be presented.  This model posits that emotional or “mood states driving 

approach- and withdrawal-related behaviour are processed by left and right anterior 

regions respectively” (Demaree et al, 2005, p. 3). 
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Right Hemisphere Model 

This model proposes that the right hemisphere has a privileged position in emotional 

perception, expression and the experience of emotion, regardless of valence (Borod et al., 

1983; Heilman & Bowers, 1985; Ross, 1985; Tucker & Friedrick, 1989).  Supporting 

evidence for this model is found in the normal and patient literature on emotional 

processing in response to facial affect.  Right hemisphere superiority has been 

demonstrated in discriminating emotional faces in the normal brain (McKeever & Dixon, 

1981; Suberi & McKeever, 1977).  As noted by Demaree et al., (2005), patients with 

right hemisphere lesions perform worse on tasks requiring the recognition or 

discrimination of facial affect (see Adolphs et al., 1996; Borod et al., 1998; Cicone et al., 

1980; Etcoff, 1986).   Consistent findings have also been reported in patients undergoing 

intracarotid sodium amytal procedures.  The anaesthetized right hemisphere produced a 

less emotionally intense rating for faces in comparison to disruption of left hemispheric 

activity (Ahern et al., 1991).  Supporting evidence for this model may be gleaned from 

other areas of emotion research such as right hemispheric superiority in affective prosody 

(Ross et al., 1997).  An extensive review is beyond the scope of this thesis.   

 

The Right Hemisphere is dominant in regulating the experience of emotion (mood and 

affect).  Depressed participants tend to make increased errors in verbal and spatial tasks 

when presented in the right visual field (Tucker et al., 1981), which has been interpreted 

as a consequence of increased right hemisphere activity during depression (Everhart & 

Harrison, 2000; Silberman & Weingartner, 1986).  Similarly Liotti & Tucker (1992) 

demonstrated a link between depression and deficits on the Posner task (cued spatial 

orienting task), which is sensitive to right parietal lobe damage.  Emotional behaviour 

associated with right hemisphere injury ranges from indifference, anosognosia and a 

tendency to joke, to exaggerated expressions of hatred toward the paralysed left limb 

(strong tendency to deny illness and disability).  In fact, these behaviours are significantly 

related to the presence of hemispatial neglect (Gainotti, 2001).    
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Past research supports the conclusion that right hemisphere patients are often indifferent 

or emotionally flat (Hecaen et al., 1951; Denny-Brown et al., 1952).  Left hemisphere 

patients demonstrate hyper-arousal (Heilman et al., 1978; Lee et al., 2002; Yokoyama et 

al., 1989) and catastrophic reactions (increased emotionality) to emotional stimuli. As 

noted by Lee et al. (2002) emotion expression is supported by visceral and autonomic 

nervous system responses. Lesions to amygdalar regions can abolish or significantly 

attenuate the arousal orienting response (Tranel, 2000) and orbitofrontal lesions can 

produce increased autonomic reactivity (e.g. Wall & Davis, 1951).   Reduced affect and 

depression can result from lesions of the frontal cortex, anterior temporal region; apathy 

is associated with mesial frontal and anterior cingulate lesions; and disinhibition with 

lesions of the orbitofrontal subcortical circuits (e.g. Cummings & Bogousslavsky, 2000).  

 

The left and right hemisphere differentially regulates feelings of positivity and negativity 

respectively (Gainotti, 2001).  Differential hemispheric involvement in emotional 

expression is not adequately provided for in the right hemisphere dominant model.  This 

finding is considered in the next model. 

Valence Model 

The valence model of emotional expression proposes that the left hemisphere mediates 

positive, approach-related behaviours, while the right hemisphere regulates negative, 

withdrawal-related emotions (Davidson & Irwin, 1999; Ehrlichman, 1987; Silberman & 

Weingartner, 1986)).  “Left hemisphere lesions can result in low affect, as the negative 

tendencies of the right hemisphere are no longer held in check” (Lee et al., 2002, p. 743; 

Tucker, 1981).  Positive affect is also suppressed in this condition due to the lesioned left 

hemisphere, and combined with inhibition of the negative right hemisphere tendencies 

leads to catastrophic emotions (Lee et al., 2002).  Strongest evidence for this model is 

derived from EEG studies, which associate increased left hemisphere activity (relative to 

right hemisphere activity) with positive emotional states and increased right hemisphere 

with negative emotional states (Davidson & Henriques, 2000).   
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Approach-withdrawal Model (Davidson, 1998) 

This model is very similar to the valence model.  Emotions associated with approach 

behaviour and withdrawal behaviours are processed by the left and right anterior regions 

respectively.  An extensive review of this model is beyond the scope of this chapter (but 

see Coan & Allen, 2003).  There is an emerging consensus that relatively greater trait left 

frontal activity is associated with a tendency toward general appetitive and approach 

behaviours.  Greater right frontal activity leads to more avoidance and withdrawal 

behaviours (Coan & Allen, 2003).   

 

Numerous studies seeking to establish the neural concomitants of emotion have identified 

multiple cortical areas such as the frontal, temporal and parietal regions.  Sub-cortical 

areas such as the basal ganglia, thalamus, amygdala and hippocampus are also recruited 

in emotional processing (Borod, 2000).   

 

3.10 Measures 

 

The MACCL-R questionnaire requires approximately three minutes to complete.  The 

brevity of the state MACCL-R has made it popular for conducting validity checks (i.e. to 

verify that an experimental induction of mood has been effective: Bischoff, 1991; Brown 

et al., 1993; Cohen et al., 1988; Lewis et al., 1995).  Participants were required to mark as 

many words as possible, which described their mood at the time of completing the 

questionnaire (See appendix 3.4). 

 

The individual MACCL-R scale scores were obtained by summing the number of 

adjectives checked on each of the five respective scales. Only participants who didn’t 

score highly on the random response scale or the intentional response manipulation scale 

were included in the analyses.  Scores were not converted to standard T scores as the test 

was administered six times in total to each participant, and all comparisons conducted 

were within participants as the primary interest was in changes in affect levels.    A check 

on the number of items chosen pre and post adaptation was conducted.  If the post 
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adaptation number of items differed significantly from pre measure between the young 

and the old samples, then scores were converted to T scores for each group. 

3.11 Predictions 

LPA significantly influenced arousal as measured by EDA during the adaptation process.  

RPA had no significant effect.  Measures of mood (positive and negative affect) were 

administered to the participants before and after prism adaptation.  If LPA disrupts right 

parietal function, it may also influence mood state.  The valence model was primarily 

used to make predictions.  Depression of the right hemisphere can lead to positive affect.  

No prediction was made for RPA. 

 

 3.12 Method 

3.12.1 Participants 

Sixteen young and fourteen senior adults consented to fill out the mood questionnaire.  

Ten young adults and eleven senior adults fully completed the MACCL-R pre and post 

adaptation for all three prism conditions.   

3.12.2 Stimuli/Procedure 

The individual MAACL-R scale scores were obtained by summing the number of 

adjectives checked on each of the five scales: Dysphoria or Negative Score is a composite 

of Anxiety, Depression and Hostility.  The Positive Affect or Positive Score is a 

composite of Positive Affect and Sensation Seeking Scales.  As all comparisons were 

within participant raw scores were not converted into T scores.   

 

The adaptation procedure has been described above.  The MACCL-R (appendix 3.4) was 

administered to each participant before and after prism adaptation.  Each participant 

adapted to either the sham, left or right-shifting prisms on separate days.  
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3.13 Results 

Summary of Emotion State 

Raw MAACL-R 

A repeated measure ANOVA was conducted on the mean raw mood trait score for each 

participant as a function of adaptation to each prism type.  The within factors included 

adaptation condition (sham, left, right prisms), phase of adaptation (pre, post) and Mood/ 

Affect Type (Positive, Negative).    Between factors included age of participant (young, 

old).  There was no significant effect of prism condition, or of phase of adaptation (F (1, 

19) = 3.023, p = .09).  Affect Type had a significant main effect (F (1, 19) = 35.926, p < 

.001.  Mean positive scores were higher (mean 9.207, SE 1.36) than negative scores 

(mean .638, SE .15).  The age of the participant had a significant main effect (F (1, 19) = 

8.319, p < .01) and there was a significant interaction between affect type and the age of 

the participant (F (1, 19) = 6.174, p < .05).  Younger adults felt less negative (mean .533, 

SE .2) and less positive (mean 5.55, SE 1.9) compared to older adults (mean negative 

.742, SE .2; mean positive 12.86, SE 1.8).   

 

The results indicated that prism adaptation did not affect mood state.  It should be noted 

that it could be interpreted that positive and negative mood states are not in fact repeated 

measures.  However, for the sake of this study mood score was considered to be the 

dependent variable with negative mood being measured in the first instance and positive 

mood being measured in the second.  Since different aspects of mood are measured then 

it is expected that a main effect of mood would be detected, which was observed.  

 

Further repeated measures ANOVAs were run separately on the negative and positive 

scales, and therefore did not treat mood state as two levels of a repeated measure 

(Appendix 3.4).  These results also indicated that prism adaptation did not affect mood 

state. Therefore, the effects on arousal cannot be attributed to an alteration in general 

mood state.  Alteration in arousal is due to the prism adaptation process. 
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3.14 Criticisms & Study Limitations 

 

The present study did not use bilateral recording of EDA for each participant.  However, 

each participant was randomly assigned to either left or right hand recording in each 

adaptation condition, as bilateral recording for each participant was not possible because 

the other non-recording hand was used to point throughout the adaptation process.  

Although the hand used to measure arousal had a significant effect on mean phasic 

arousal level (right hand measurements were consistently higher than left hand 

measurements), the overall effect of prism adaptation was the same as that observed for 

the young and old participants (see Appendix 3.3).   

 

3.15 Conclusion 

 

As mentioned in the introduction, neglect may be thought of as a disorder combining 

lateralized and non-spatial lateralized deficits.  The present study observed hypoarousal 

adaptation to left-shifting prisms in the healthy brain.  Hypoarousal is a non-spatial 

lateralized deficit associated with right hemisphere lesions resulting in neglect and may 

contribute to the neglect syndrome.   

 

The next chapter examines the effects of prism adaptation on non-spatial lateralized 

sustained attention using two measures of vigilance – the sustained attention to response 

task (SART) and the dual SART (DART). “One of the reasons that the right hemisphere 

may play a critical role in vigilance is because it is the hemisphere that also plays a 

dominant role in controlling arousal” (Heilman et al., 1995, p. 128; 2002).  Vigilance is 

another non-spatial lateralized attentional component of neglect, thought to combine with 

lateralized attentional deficits to exacerbate the disorder (Husain & Rorden, 2003).  

Vigilance tasks are typically monotonous and monotony is associated with reduced 

arousal.  Many attentional accounts of neglect have included vigilance in explaining 

normal and abnormal attentional processes.  The following chapter provides evidence that 

adaptation to left-shifting prisms also significantly impairs vigilance.  
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Chapter 4 Prism Adaptation and Vigilance  

 

4.1 Summary 

 

Hemispatial neglect is often accompanied by non-spatial lateralized deficits in alertness 

(arousal and sustained attention, Heilman et al., 1987; Husain & Rorden, 2003; Robertson 

et al., 1997).  A mainly right hemisphere fronto-parietal-thalamic network underpins 

arousal and vigilance (Sturm & Willmes, 2001).  Brain regions within the right 

hemisphere alertness system are anatomically implicated in the aetiology of spatial 

neglect (Mort et al., 2003).  The aim of chapters 3 and 4 was to impair non-spatial 

lateralized arousal and vigilance by depressing right parietal function following left prism 

adaptation.  The previous chapter showed that left prism adaptation (LPA) significantly 

reduced arousal compared to sham prism exposure.  The present chapter shows that LPA 

also disrupts sustained attention (vigilance).  As vigilance is subserved by the right 

fronto-parietal attentional network, these results are discussed in terms of right parietal 

suppression by LPA. 

 

4.2 General Introduction 

 

The preceding chapter introduced the concept of arousal.  Arousal is both a behavioural 

and physiological construct.  An aroused organism is alert and prepared to process 

incoming stimuli.  Various attention-arousal models were presented in historical order.  

The main thesis of each model is that disruption in the arousal system leads to an 

impairment in other facets of attentional processing (Cohen & O’Donnell, 1993).  For 

example, low levels of arousal (hypoarousal) may exacerbate the pathological rightward 

bias in spatial orienting in the case of spatial neglect (Husain & Rorden, 2003).  Reduced 

levels of arousal have been shown to significantly shift spatial attention rightward in the 

normal brain (Manly et al., 2005).    
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As already introduced, adaptation to left-shifting prisms in the normal brain biases 

perceptual judgments rightward (Berberovic & Mattingley, 2003; Colent et al., 2000; 

Connolly & Robertson, 2004 unpublished thesis; Girardi et al., 2004; Michel et al., 

2003).  A rightward bias in perceptual judgment (e.g. rightward error in bisecting a line) 

is a behavioural signature of spatial neglect.  This rightward shift in perceptual judgment 

is thought to occur because LPA depresses right parietal function.   

 

The mechanisms that underpin adaptation in both spatial neglect and the healthy brain 

remain a subject of academic debate.  To date, no published studies have looked at the 

effects of left prism adaptation on right hemisphere lateralized alertness.  The right 

inferior parietal lobule (IPL) is involved in spatial attention and in alertness (Achten et 

al., 1999) and has been implicated in the aetiology of spatial neglect (Mort et al., 2003).    

 

The present chapter builds upon the previously reported finding that LPA significantly 

reduced mean arousal response to pointing error compared to control adaptation.  If left 

prism adaptation depresses right parietal function, involved in both spatial lateralized 

(spatial attention) and non-spatial lateralized (alertness) processes, then it may disrupt 

another component of alertness known as sustained attention (vigilance).  Furthermore, it 

is predicted that the mean arousal response (EDA) to the no-go digit in the vigilance tasks 

will be reduced due to LPA depression of right parietal function.  The right inferior 

parietal lobule (Critchley et al., 2000; Tranel & Damasio, 1994) and the temporal parietal 

junction are both involved in the central control of EDA (Heilman et al., 1978).   

4.2.1 Vigilance and Spatial Attention 

 

Both Heilman et al. (1978) and Robertson & Frasca (1992) argue that defective neural 

systems for generating and controlling arousal in order to maintain a vigilant state may 

represent the anatomical component behind impaired attentional capacity in neglect 

patients.  Robertson et al. (1995) showed that a simple verbal self-alerting program 

improved the symptoms of chronic neglect.  Vigilance is generated and maintained by a 

circuit with reciprocal interaction of cortical and sub-cortical structures.  Cortical 
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structures predominantly in the right hemisphere (dorsolateral prefrontal cortex, anterior 

cingulate and inferior parietal lobe) exert “top-down” control via thalamic nuclei, on the 

locus coeruleus (Manly et al., 2003; Pardo et al., 1991; Sturm et al., 1999; Sturm et al., 

2004).   

 

Impaired vigilance may occur with neglect.  Robertson et al. (1997) demonstrated a 

significant difference between neglect patients and controls in performance on a tone-

counting task (auditory vigilance task).  Patients with neglect were significantly more 

impaired at sustaining attention compared to patients without neglect.  Improvement in 

sustained attention mirrors improvement in neglect symptoms.  For example patients with 

persistent neglect were impaired on vigilance tasks (Hjaltason et al., 1996; Maguire & 

Ogden, 2002; Samuelsson et al., 1998) but recovered neglect patients displayed marked 

improvement in maintaining a vigilant state (Samuelsson et al., 1998).   

 

Hjaltason et al. (1996) showed a strong relationship between deficits in sustaining 

attention and neglect severity.  The authors used a 7-minute continuous performance task 

to measure sustained attention (vigilance).  Patients were required to detect an 

auditorially presented letter among non-target distractors.  Patients were divided into 

good and poor performers on the vigilance task.  The groups differed in the degree of 

spatial neglect displayed in clinical tasks.  The authors concluded that the severity of 

spatial neglect is related to the ability to sustain attention. 

 

 

Vallar (1998) argued that the right temporal parietal junction (TPJ) is implicated in 

spatial neglect.  This brain region is involved in target detection at unexpected locations 

(Corbetta et al., 2000).  Target detection at uncued locations is much more central to the 

disorder of spatial neglect than voluntarily orienting rightward (Posner & Peterson, 

1990).  Samuelsson et al., (1998) reported that impairments in a reaction time task were 

strongly predictive of spatial neglect.  Lesions leading to spatial neglect were also 

correlated with vigilance impairment.  The implicated region was the paraventricular 

white matter in the temporal lobe, underlying the TPJ. 
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Yamaguchi et al., (1998) conducted an ERP study of the brain while covertly shifting 

attention and compared it to periods where the participant had to sustain attention.  The 

authors found that the right TPJ was involved in sustaining attention during long periods 

following a spatial cue.  Pardo et al. (1991) also argued that the right parietal cortex was 

active during both visual and somatosensory vigilance conditions.  The right TPJ is 

densely innervated by NA projections from the LC, and is implicated in both arousal 

(Heilman et al., 1987), and vigilance (Yamaguchi et al., 1998).    

 

4.2.2 The relationship between Arousal and Vigilance 

The concept of arousal as a general state of central nervous system activity has appeared 

in several guises in experimental psychology and behavioural neuroscience. It was 

originally defined in terms of a unitary system mediated by the reticular formation 

(Moruzzi & Magoun, 1949), which influences attentional processes such as vigilance, 

and selective attention.  The “Frontal-Diencephalic-Brainstem” System (FDB) model 

(Stuss & Benton, 1986) proposes that the reticular formation is responsible for 

maintaining vigilance levels.  Greater emphasis is placed on the frontal-thalamic gating 

system and the projections associated with the thalamus (reticular system – frontal system 

pathway).  The frontal-thalamic “gating” system mediates selective attention, and if 

damaged impairs focused attention and the ability to self-monitor arousal and vigilance 

over time (Stuss & Benton, 1984).  Thalamic projections to the reticular system mediate 

arousal and alertness such that damage to that system leads to increased distractibility and 

impaired vigilance. 

 

Posner & Petersen (1990) posited an anterior-posterior and vigilance model of attention.  

This vigilance model implicates the norepinephrine system, involving the locus coeruleus 

(LC), medial and lateral frontal cortices and the posterior parietal cortex.   Sustained 

attention requires an endogenous maintenance of the alert state in the absence of 

exogenous inputs (Posner & DiGirolamo, 2000; Sturm et al., 1999).   Momentary loss of 

endogenous control may lead to a lapse in attention.  More recently, Corbetta & Shulman 
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(2002) proposed the notion of two attentional networks; the bilateral orienting network 

and the right lateralized alertness network.  This alerting network depends on the 

interaction between the right temporo-parietal junction (TPJ) and the inferior parietal 

sulcus (IPS).  The IPS informs the TPJ about the relevance, novelty or importance of a 

stimulus through top-down modulation of the visual cortex.  The frontal region of the 

ventral network (VFC) is thought to be involved in evaluating the novel stimulus or 

event.  The authors have also argued for the possibility that part of the signal in the 

ventral right lateralized network depends on noradrenergic (NA) modulation from the 

LC.  There is more right than left lateralization of NA in the thalamus (Oke et al., 1978), 

which may explain the lateralization of this TPJ-VFC alerting network, which is activated 

during vigilance (Pardo et al., 1991).  

 

Arousal and vigilance are related.  Any factor that increases or reduces the participant’s 

arousal level correspondingly increases or decreases the overall level of vigilance 

(Parasuraman, 1984).  Sleep deprived participants exhibit lower levels of target detection 

in a vigilance task (Stickgold et al., 1995).  Paus et al. (1997) reported a decline in right 

hemisphere metabolic activity in cortical and subcortical regions during the course of a 

vigilance task.  Several signs of hyperarousal (shortened RT and high EEG activity in 

high frequency range) were observed early in the vigilance task, but arousal declined with 

time as revealed by a drowsiness-like state (reduction of blood flow in the medial 

thalamus, substantia innominata and putamen midbrain).   

 

On the other hand, mild stressors known to increase arousal, such as limited exposure to 

mild heat, can improve vigilance levels (Wilkinson, 1969).  However, while the two 

concepts are related, they are not identical and can be differentiated in particular cases 

(Parasuraman, 1998).  For instance, a reduction in arousal can occur without any obvious 

decrement in vigilance performance, and even over prolonged periods without 

performing any task (Parasuraman, 1984).   

 

More recent findings suggest that the relationship between arousal and vigilance may not 

be a simple one of mutual facilitation.  A close connection between vigilance and activity 
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of the noradrenergic system is thought to exist (Berridge & Waterhouse, 2003), possibly 

as a result of stronger noradrenergic innervation of the right hemisphere relative to the 

left (Oke et al., 1978; Robinson, 1979).  LC neurons increase firing rate in anticipation of 

waking-associated forebrain activation (Berridge & Waterhouse, 2003).   

 

Aston-Jones et al (1997) reported a high correlation between phasic changes in LC 

activation and performance on a vigilance task in monkeys.  Phasic LC activation 

preceded a correct response in the vigilance task, and was reported absent in the case of 

errors (slips of attention).  The relationship between phasic activity and target detection in 

the vigilance task is dependent on the tonic discharge activity (underlying level of 

activation or arousal).  At very low levels of tonic arousal (tonic LC activity), the animal 

appeared drowsy and target stimuli failed to elicit phasic discharge.  Equally at very high 

levels of tonic arousal an increase in false positives (responding to non-targets) was 

reported with associated increase in phasic discharge to non-targets.  These findings 

suggest an interaction between arousal levels and vigilance such that poor performance is 

predicted at low and high arousal levels.  

 

4.2.3 Vigilance 

4.2.3.1  Sustained Attention 

The sustained attention to response task (SART) has become an established task in 

assessing vigilance or attentive responding (Manly et al., 2003; 1999; Robertson, 2001; 

Robertson & Garavan, 2004).  Robertson et al (1997) developed a task designed to be 

more sensitive to transient lapses of attention.  The original random SART (henceforth 

SARTrandom) is comprised of a stream of random digits appearing sequentially at a rate of 

approximately one per second.  The participant is required to make a motor response to 

every digit except a nominated no-go digit. 

 

Manly et al., (2003) demonstrated in a positron emission tomography (PET) study that 

the SARTrandom activated the right dorsolateral prefrontal cortex and the right 

superior/posterior parietal cortex in the healthy brain.  Fassbender et al. (2004) conducted 
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an fMRI study of participants as they successfully withheld responding in the 

SARTrandom.  Successful withholding of a response was associated with activation in the 

right ventral prefrontal cortex (PFC), the right inferior parietal lobule (IPL), left putamen 

and the left dorsolateral prefrontal cortex (DLPFC).  The authors interpreted this 

activation pattern as indicative of successful response inhibition.  Successfully inhibiting 

a response activates prefrontal and parietal areas in other tasks (Garavan et al., 1999).  A 

role in inhibitory processes has been attributed to the right IPL in other no-go tasks 

(Garavan et al., 1999; Menon et al., 2001; Rubia et al., 2001).  Another fMRI study 

conducted on the SARTrandom revealed increased activation in the right superior frontal 

gyrus, right IPL, and the thalamus (O’Connor et al., 2004).  These results dovetail with 

previous findings that vigilance is subserved by a right hemisphere lateralized fronto-

parietal-thalamic system.  The right inferior parietal cortex, which has been implicated in 

the aetiology of spatial neglect (Mort et al., 2003) may be a site of interaction between 

the attentional systems. 

4.2.3.2 Dual Task Attention to Response Task (DART)  

 

Attention during a vigilance task can become “decoupled from the current environment 

and instead become directed to the processing of internally generated information” 

(Smallwood et al., 2004, p. 253).  Dockree et al. (2005) argued that processing resources 

during the SARTfixed might be deployed to distractible thoughts (task unrelated thoughts 

or TUTs) or ‘zone-out’11.  The DART controls for this situation by including a built-in 

distractor - the random presentation of a ‘grey’ digit.  Participants are required to make a 

response to the grey digit (secondary task) as well as maintain responding to the 

predictable sequence of black digits and withhold responding to the target digit 

‘3’(primary task).  Dockree et al. (2005) demonstrated that the DART is a more sensitive 

measure of vigilance than the SARTfixed (fixed sequence of digits) in both normal 

participants and patients with frontal injury (TBI).  The DART is a relatively new 

measure of vigilance, and performance on the DART has not been imaged.  Behavioural 

results indicate that the DART is a sensitive measure of attentional deficits in patients e.g. 
                                                
11 Permit behaviour to become more automated and less attentive.  Zone outs are documented task 
unrelated thoughts also known as shifts in awareness.  
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TBI (Dockree et al., 2005) and children with attention deficit hyperactivity disorder 

(ADHD, O’Connell et al., 2004). 

 

4.2.3.3 Advantage of SART and DART over other vigilance measures 

Continuous performance tests (CPTs) are frequently used to assess vigilance.  Rosvold et 

al. (1956) developed one of the first CPTs to study vigilance, by presenting letters at a 

fixed rate.  Participants were required to make a press response whenever an infrequent 

‘X’ appeared on the screen.  A review of CPTs revealed associated activation in frontal, 

frontotemporal, and temporal areas suggesting increased alertness and attentiveness 

(Riccio et al., 2002).  A number of PET studies on CPT revealed that the right posterior 

parietal and frontal areas are involved in vigilance (Riccio et al., 2002). 

 

Traditional CPTs require a participant to respond to an infrequent target. One potential 

problem with this method of measuring vigilance is the fact that making the response 

itself may facilitate performance.  CPTs can extend over an hour and reveal slight 

decrements in performance (Mackworth, 1968).  They fail to distinguish between patients 

with attentional deficits and controls (Brouwer & Wolffelaar, 1985; Spikman et al., 

1996). 

 

A more sensitive and ecologically valid measure of vigilance and everyday 

absentmindedness is the sustained attention to response task (SART) developed by 

Robertson and colleagues (1997).  The SART requires participants to inhibit a response 

to an infrequent digit.  The SART significantly discriminates between patients with 

attentional deficits e.g. TBI, and controls (Robertson et al., 1997).  Employing a CPT did 

not discriminate between the two groups.  
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4.2.3.4 Neural network involved in vigilance tasks 

 

There is reason to believe that a major role of the right frontoparietal system is to 

modulate arousal and alertness.  Evidence has been garnered suggesting that the right 

prefrontal cortex may play a role in mediating arousal in the absence of external 

stimulation (endogenous), whereas the right parietal cortex mediates both endogenous 

and exogenous (responding to external stimulation) arousal (O’Connor et al., 2004).   

Posner & Peterson (1990) proposed that an alerting or vigilance system involving fronto-

parietal regions of the right hemisphere is responsible for modulating and maintaining the 

‘intensity’ (Mottaghy et al., 2005) aspect of alert responding to incoming stimuli.   

 

Sturm et al., (1999; 2004) suggest that an extended right hemisphere network composed 

of the right anterior cingulate, the right dorsolateral prefrontal cortex (DLPFC), and the 

right inferior parietal lobe with projections to the thalamus and noradrenergic brainstem 

targets subserve sustained attention.  Jodo et al (1998) provided evidence that the 

prefrontal cortex is a major source of afferent drive to the locus coeruleus.  If the right 

frontal region within this system is subject to focal damage, then maintaining vigilance 

across long interstimulus intervals (no exogenous input for extended periods) is 

significantly impaired relative to the performance by left frontal and posterior patients 

(Wilkins et al., 1987).  Pardo et al. (1991) demonstrated more extensive involvement of 

the right fronto-parietal network in maintaining attention to a somatosensory vigilance 

task.   

 

Parietal contribution to maintaining vigilance has been established in an auditory 

sustained attention task (Paus et al., 1997).  A predominantly right lateralized attention 

network (distinct from the arousal network) was engaged in sustaining attention including 

the right ventrolateral frontal cortex (right inferior parietal cortex, orbitofrontal and 

dorsolateral frontal cortex and related frontal eye-field (FEF) region).  During the 

vigilance task activity in the right ventrolateral frontal cortex decreased, but this activity 

did not co-vary with activity in the arousal network.  Nevertheless this decrease in right 

frontal activity was accompanied by a similar decrease in activity in the right inferior 
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parietal and dorsolateral prefrontal cortices (supporting earlier work by Cohen et al., 1992 

using a similar measure).    

 

Patients with parietal lesions are significantly worse than patients with frontal lesions at 

maintaining a vigilant state, especially when stimuli were presented at a fast rate of one 

per second.   This may be due to the fact that patients with more posterior lesions 

experience slower processing speeds and are thus unable to identify targets with a fast 

presentation rate (Rueckert & Grafman, 1998).  Another interpretation points to faster 

habituation rates for patients with posterior lesions to stimuli in a sustained attention task 

(Mennemeier et al., 1994).   Likewise, Coull et al. (1996) demonstrated a compatible PET 

result using a visual vigilance task, requiring the participant to detect sequences of 

visually (not auditorially as in Paus et al., 1997) presented digits embedded within an 

ongoing rapidly presented series.  Significant activation was reported in the right superior 

parietal cortex. 
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Fig 4.1: Adapted illustration of the vigilance neuronal network.  Neuroimaging studies 

consistently identify activation in the right medial frontal and dorsolateral prefrontal 

cortex, as well as parietal regions in participants performing vigilance tasks.  

Activation of the anterior system exerts top-down control on posterior sensory 

processing.  Activation of basal forebrain cholinergic projections (Ach) is necessary 

to maintain an alert state by activating fronto-parietal regions.  Cholinergic inputs to 

the cortex mediate bottom-up facilitation of sensory processing.  Novel stimuli 

trigger attentional processing (bottom-up) via Noradrenergic (Ne) projections 

originating in the Locus Coeruleus and terminating in the thalamus and basal 

forebrain. (Adapted from Sarter et al., 2001; p. 149). 
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4.3 Predictions  

 

As outlined before, adaptation to left-shifting prisms in the normal brain shifts spatial 

attention rightward (Berberovic & Mattingley, 2003; Colent et al., 2000; Michel et al., 

2003).  This rightward shift in perceptual judgments as measured by the line bisection 

task is thought to occur because LPA depresses right parietal function.  The right inferior 

parietal lobule (IPL) is involved in spatial attention and vigilance (Achten et al., 1999). 

 

(a) It was predicted that LPA would depress right parietal function and significantly 

impair vigilance.   This was operationally defined as increased errors on the 

SART and DART measures of vigilance.  Evidence has been presented showing 

the role of the right parietal cortex in maintaining vigilance. 

(b) It was also predicted that mean arousal (EDA) recorded following no-go digits in 

the vigilance task would be significantly reduced after LPA.  Evidence has been 

presented showing that the right parietal cortex is involved in the generation of an 

arousal response. 

 

4.4 Method 

4.4.1 Participants 

Forty-two young healthy adults  (mean age: 22.91 years (7.24)) participated in this study 

as paid volunteers.  All were right handed and had normal or corrected-to-normal vision.  

All participants were right-handed, without neurological disorders and gave informed 

consent according to the requirements of the Trinity College Dublin Ethics Committee.  

Each participant was randomly assigned to sham, left-shifting or right-shifting adaptation 

(control N = 12, left N = 15, right N = 15). 

 

Two participants failed to complete the SART in the right prism group and were not 

replaced.  A number of participants were removed if their mean score was ± 2 standard 

deviations from the group mean.  One participant was removed within each prism group 

and excluded from further analysis of the mean error of commission.  A number of 
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participants were removed in the error of omission analyses; one participant in the sham 

condition, four participants in the left prism condition and two participants in the right 

prism condition.  One participant was removed in the total error analyses from the left 

prism condition.  A number of participants were removed from the mean RT analyses; 

one participant in the sham condition, four and three participants from the left and right 

prism groups respectively.  Finally, Thirty-five participants were considered for analyses 

of EDA to correct withholds, and fifteen participants were considered for analyses of 

EDA to errors of commission where a phasic response over .02 µS in amplitude was 

made in response to an error.  A number of participants were removed if (a) a recording 

was not taken or (b) the mean phasic EDA was beyond ± 2 standard deviations from the 

group mean.  Two participants were removed from the control and left prism conditions, 

as phasic EDA was not recorded to correct withholds, and one participant was removed 

from the right prism condition analyses of correct withholds.   

 

One participant in the left prism group and one participant in the right prism group failed 

to complete the DART and were not replaced.  One participant was removed from pre 

adaptation and post adaptation to sham prisms; one participant was removed from pre 

adaptation and two participants were removed from post adaptation to right prisms in the 

analyses of mean error of commission and total error scores as their scores were beyond 

±2 standard deviations from the group mean.  One participant in the right prism group 

failed to click on go-digits and was removed.  Two participants were removed from the 

right prism condition in the analyses of mean RT as their mean score was beyond ± 2 

standard deviations from the group mean. Three participants were removed from the right 

prism condition and one participant was removed from the left prism condition, as their 

mean ICV was beyond ± 2 standard deviations from the group mean. 

4.4.2 Apparatus/ Stimuli 

4.4.2.1 Self-Report Measure 

Cognitive Failures Questionnaire (CFQ) 

The CFQ is a self-report measure of level of absentmindedness or slips of action 

in memory, perception and motor function (Broadbent et al, 1982).  This paper and pencil 
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version comprises 25 questions requiring responses on a five-point Likert Scale 

(appendix 4.1). 

 4.4.2.2 Vigilance Measures 

The Sustained Attention to Response Task (SART random) 

Previous studies have established the reliability and validity of the SART as a 

measure of executive control of behaviour and its sensitivity to frontal damage (Dockree 

et al, 2004; Manly et al, 2003; McAvinue et al, 2005; Robertson et al, 1997).  The SART 

random was written in e-prime code and run on a Gateway Desktop (15”monitor).  It 

involved centrally repeated visual presentation of 225 single digits between the digits 1 

and 9 over a 4.3-minute period.  Each digit appeared 25 times with the no-go target (digit 

3) being distributed throughout the 225 trials in a pre-fixed quasi-random order.  A series 

of no-go targets (3) were not presented in succession.   

 

 In a modified version of the SART random, each trial began with the presentation of 

a digit for 313 ms followed by a 125 ms mask consisting of a ring with a diagonal cross 

in the centre.  A response cue was then presented for 63 ms composed of a ring with an 

emboldened diagonal cross followed by a second mask (identical in form to the first) for 

375 ms. Finally a cue requiring no response was presented for 563 ms until the next digit 

appeared.  Fig. 16 depicts the trial sequence.  The participant was instructed to respond 

with a left mouse press as close in times as possible to the presentation of the response 

cue following each digit (go-trial) with the exception of the 25 no-go digits (3’s).  The 

inclusion of the response cue was to prevent a speed-accuracy trade-off by attempting to 

pace the participant’s responses by regular intervals.   In the instructions, equal emphasis 

was laid on speed and accuracy of responding; “Please press the mouse key as quickly as 

possible for each number you see with the exception of [no-go target]. If you see a [no-go 

target], don’t press the key, simply wait for the next number to appear. Try and press as 

quickly as possible while making as few errors (pressing for the [no-go target]) as 

possible”. 
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 In order to discourage peripheral perceptual processing of the digits and 

encourage evaluation of the digit for its value as a go or no-go target, they were presented 

in one of five random digit sizes.  These sizes included 8, 11, 14, 17 and 20mm.  The 

diameter of the mask, response cue and mask-2 were 23 mm each.  All stimuli were 

presented centrally in white against a black background.   A practice block including 36 

trials and 4 critical no-go targets was presented before the SART. 

 

Errors of commission (making a mouse press after the presentation of the nominated no-

go digit), errors of omission (not making a mouse press after the presentation of a go 

digit), and reaction times, relative to the onset of each trial, were recorded.   

 

Accurate Timing was achieved using E-Prime by specifying (a) a Pre Release preparation 

time for the next stimulus of 100 ms and (b) and adopting an appropriate timing mode, 

which anticipates the needs of the operating system including delays required to prepare 

stimuli and the refresh cycle.  A cumulative timing mode was chosen as this mode 

minimises timing error due to delays in the onset of an event.  These methods have been 

adopted in a number of papers using the SART or the dual SART (Dockree et al, 2004; 

Manly et al, 2003; McAvinue et al, 2005; Robertson et al, 1997). 

 

Dual SART – DART 

 

In the dual task variant of the SART fixed a secondary CPT was inserted within the basic 

design of the SART procedure.  In the SART fixed task 225 digits are presented 

sequentially from 1 through 9 in a fixed order.  Each trial in the DART begins with a 

presentation of a digit for 250 ms followed by a mask.  Digit onset to subsequent digit 

onset was 1150 ms. As in the basic SART fixed design; each digit was presented 25 times 

totalling 225 digits.  Digit sizes were varied.  Participants were required to make a left 

mouse press following every black digit (go-target) except the digit 3 (no-go target).   In 

addition to this response requirement, participants had to make a right mouse press 

following detection of grey-coloured digits. The grey digits were created in Microsoft 

Paint with luminance of 120 and hue of 160. They were centrally presented, and 
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remained on screen for 250 ms. The presentation of grey digits occurred between the 

digits 5-9 inclusive.  This had the effect of challenging available processing resources 

during the task but not in the critical periods before and immediately following the 

presentation of a target (digit 3 no-go target).   

 

 

4.4.2.3 Electrodermal Activity (EDA) – Phasic Responding to Error 

 

EDA was measured using the Biopac Student Lab system (v. 3.6.6.1; Biopac 

Systems) as reported in the previous chapter.  EDA analysis was conducted in the same 

manner as described in previous studies (O’Keeffe et al, 2004; Tranel & Damasio, 1994; 

Zahn et al, 1999).   The rate of spontaneous, nonspecific skin responses per minute (NS-

EDA-Min) of at least .02 µS in amplitude was recorded.  For each no-go 3 target, a 

latency window of 1-4 seconds post stimulus onset was specified for elicited skin 

conductance response (EDA) measurement.  Measurement of the amplitude of the EDA 

was taken as the conductance at the peak minus the conductance prior to the response 

(Stern, Ray & Quigley, 2001).  The largest EDA that had an onset within this latency 

window was recorded.  The threshold for EDA recording was set at .02 µS.  Amplitude 

measurements were recorded following the presentation of a no-go digit in both vigilance 

tasks. 

  

4.4.3 Procedure 

Participants completed the SART random and the DART before and following prism 

adaptation.  Participants were randomly assigned to one of three possible prism groups 

(control, left- or right-shifting prisms).   Stimuli were presented on a Gateway desktop 

monitor positioned approximately ~50 cm away from the participant.  The participant’s 

preferred hand (right for all participants) rested on the mouse and the right index finger 

was used to make a left mouse button press.   
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The prism adaptation procedure was similar to the design outlined in chapter 2 with one 

exception.  No arousal (EDA) measure was taken during the adaptation procedure.     

 

 

Fig. 4.2: Sustained Attention to Response Task (SART) sequence.  Adapted from 

Bellgrove et al (under review).  Participants were required to press on the 

emboldened x after every digit except the no-go target digit 3.  The DART is similar 

in structure.  Participants must withhold a response to the digit ‘3’.  However, the go-

digits are presented in a fixed (not random) order in the DART, and participants must 

also make a button press for randomly presented grey digits (CPT).  
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4.5 Results 

4.5.1 Behavioural Results 

 

Table 4.1 details the mean scores for the self-report measures and the SART 

random for each adaptation group. 

4.5.2 CFQ 

No significant differences were found for CFQ scores between adaptation groups 

(F (2, 40) = .05, p=1).  There was a significant correlation between CFQ scores and SART 

random Errors Of Commission (EoC) (r = .323; n = 35; p<. 05, one-tailed).  No significant 

correlation was found between CFQ and DART EoC (p = NS).  

 

Table 4.1 CFQ  

 

Self-report measures 

CFQ     Control Left  Right 

Mean     40.67  41.53  40.36    

S.D.     (8.81)  (10.32)  (11.06) 

 

 

4.5.3 MACCLR 

Forty-eight participants consented to fill out the mood questionnaire pre and post 

adaptation (control N = 19, left N = 19, right N = 10).  Fourteen control, fifteen left and 

nine right participants were considered for analyses.  Participants were removed if their 

mean score was ± 2 standard deviations from the mean.  A repeated measures ANOVA 

was conducted on the mean mood scores (negative and positive affect) pre and post 

adaptation across prism exposure conditions.  Within factors included phase of adaptation 

and affect type (negative and positive).  The independent or between factor was prism 

type (sham, left- or right-shifting prisms).   There was a significant main effect of phase 

(F (1, 35) = 9.997, p < .003) and of mood type (F (1, 35) = 53.829, p <. 0001).  A significant 
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interaction between phase and mood type was also observed (F (1, 35) = 17.799, p < 

.0001).  Overall, there was an increase in feelings of negativity post adaptation 

(regardless of prism condition) and a decrease in feelings of positivity (Appendix 4.2).   

A post-hoc Bonferroni test was run on the between participant factor of adaptation 

condition, but it failed to reach significance.  There was a significant difference in mean 

negativity scores post adaptation to sham prisms (t (14) = -2.323, p<. 018, one-tailed) such 

that negativity scores were increased post adaptation. Positivity scores were relatively 

similar post adaptation for all prism conditions indicative of significant decreases post 

adaptation.  A significant decrease in feelings of positivity was observed post adaptation 

to sham prisms (t (17) = 1.913, p < .03, one-tailed), to right prisms (t (9) = 1.895, p < .046, 

one-tailed) and to left prisms (t (17) = 3.472, p <. 003).  In short, adaptation to either 

prism shift or the control glass decreased positive affect. 

 

4.5.4 SART 

Errors of Commission (EoC) 

 

A repeated measures ANOVA with phase of adaptation (pre, post) as a within factor and 

prism condition (control, left and right) as a between factor was conducted.  There was no 

significant main effect of phase of adaptation (F (1, 34) = 2.38, p = .132).  There was also 

no significant main effect of condition (F (2, 34) = 1.91, p = .16.  However, as predicted, 

there was a significant interaction between condition and phase (F (2, 34) = 7.62, p = .002).   

 

Planned comparison revealed no significant difference in the means of pre and post errors 

of commission in the control (t = 1.49, df = 10, p = .167, two-tailed) and in the right 

adaptation condition (t =0, df = 11, p = NS).  However, the predicted significant 

difference in the mean errors of commission in the left adaptation condition was verified 

(t = -4.163, df = 13, p = .0005, one-tailed)12.   SART random scores in the table below 

                                                
12 Removing outliers in order to reduce variability in the left post adaptation does not significantly change 

the results for the repeated measures or the paired t-tests.  Because it involves removing 3 participants, it 
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demonstrate a significant increase in errors of commission for the left adaptation 

condition alone.  

 

 
Fig 4.3: Mean Errors of Commission pre and post adaptation in the SARTrandom.  Please 

note that mean error reduces post adaptation in the control condition and remains 

stable post adaptation to right shifting prisms.  The significant increase in mean error 

post adaptation to left shifting prisms is indicative of a disruption in the right fronto-

parietal attentional network post adaptation.  The variability in error post adaptation 

is an obvious concern in drawing a conclusion from these results.  Three participants 

were removed from the post adaptation data in subsequent analyses, which reduced 

                                                                                                                                            
was better to include all N. Outliers were defined as observations which are beyond ± 2 standard deviations 

from the upper or lower edge of the interquartile range.  In the present example participants making 11-12 

errors of commission were flagged as potential outliers. 
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the variability.  There was still a significant increase in error post exposure to left 

prisms, albeit with a smaller N.  Please consult Appendix 4.3 for a more detailed 

description of the results.    

 

 

 

 

Table 4.2: Mean No.of Error in SART random (paired ts) 

     Pre Adapt Post Adapt  P  

     __________________________________________ 

SART random 

Control  (N=11) 

Mean E.o.C.    2.73  ↓2.18   NS 

S.D.     (2.33)  (1.94) 

 

Left (N=14) 

Mean E.o.C.    2.5  ↑4.21   ♠ .0001 

S.D.     (2.88)  (4.09) 

 

Right (N=12) 

Mean E.o.C.    1.41  ↕1.42   .NS 

S.D.     (1.67)  (1.50) 

P Value  ♠ .001 

Errors of Omission (EO) 

There was a significant main effect of phase of adaptation (pre, post) (F (1, 30) = 4.55, p<. 

05).  However, there was no significant main effect of condition (control, left, right) (F (2, 

30) = 2.14, p>.05).  There was a significant interaction between phase and condition (F (2, 

30) = 3.61, p = .039).    
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The overall trend indicated that mean errors of omission remained the same post 

adaptation for the experimental conditions, but interestingly there was a near significant 

reduction of errors of omission post adaptation in the control condition (t= 2.41, df = 10, 

p > .05, Bonferroni adjusted).      

Total Error 

 There was no significant main effect of phase of adaptation ((F (1, 36) = 2.40, p>.05).  

There was also no significant main effect of condition (F (2, 36) = 2.25, p >.05).  As 

predicted however, there was a significant interaction between phase x condition (F (2, 36) 

= 6.58, p = .004).  There was a significant reduction in total errors post adaptation in the 

control condition (t = 2.91, df = 11, p<. 007, one-tailed Bonferroni adjusted) and no 

change in overall error post adaptation in the experimental conditions.   

 

Table 4.3 Paired comparison of SART random total error 

 

   Pre      Post 

  ____________________________________________________________ 

   No     Left      Right   No    Left       Right 

  M/SD      M/SD       M/SD    M/SD     M/SD          M/SD 

  __________________________________________________________________________________________ 

EoC  2.73 (2.3) 2.50 (2.8) 1.41 (1.67)    2.18 (1.94)  4.21 (4.09)   1.42 (1.50)      

 N    11       14              12   11                14                     12 

 

EO  6.0 (6.9) 1.0 (1.4) 2.8 (2.60)               1.63 (1.80)  1.09 (2.02)   2.36 (3.47) 

 N    11       11              11                       11                           11                    11 

 

Total              9.1 (7.13)  2.85 (3.4) 4.08 (3.5)  ↓3.50 (2.43) ↑ 4.79 (4.59) 3.76 (3.29)  

N             12           14         13       12                       14                 13 
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Mean Reaction Times to go-targets 

There was no significant main effect of Phase (F (1, 29 = 3.1, p>. 05) or of condition (F (2, 

29) = 2.25, P= NS).  There was no significant interaction between phase of adaptation and 

prism condition (F (2, 29) <1, p >. 05).   However, planned comparisons revealed a 

significant reduction in mean RT post adaptation to left shifting prisms (t (10) = 4.607, p < 

.0005, one-tailed Bonferroni adjusted).  

 

 

Variability in Reaction Times (ICV) or Go RT S.D./Go RT mean  

There was no significant main effect of phase of adaptation on ICV (F (1, 29) = 1.72, p > 

.05 or of prism condition (F (2, 29) <1, p=NS) on ICV.  There was no interaction between 

phase x condition (F (2, 29) <1, p=NS).    

 

Table 4.4: SART random reaction times to go-trials (paired comparisons) 

     Control  Left adapt Right adapt  

     __________________________________________ 

Reaction Time to go-trials 

Pre Adapt 

Mean     482.78  516.67  547.74 

S.D.     (77.07)  (42.69)  (42.61) 

N       11  11  10 

 

Post Adapt 

Mean     474.26  486.25  532.19 

S.D.     (121.43) (55.27)  (62.86) 

N      11  11  10 
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ICV (Go RT S.D./Go RT mean) 

Pre Adapt 

Mean     .236  .197  .194                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

S.D.     (.09)  (.09)  (.07) 

N      11  11  10 

Post Adapt 

Mean     .217  .189  .169 

S.D.     (.13)  (.09)  (.07) 

N      11  11  10 

 

4.5.5 DART - Behavioural Results 

Errors of Commission (EoC) 

A repeated measure ANOVA was run with phase of adaptation (pre adaptation, post 

adaptation) as within-participant measures and prism condition (control, left, right) as 

between-participant measures.  There was no main effect of phase of adaptation on EoC 

(F (1, 32) = .28, p = NS).  No main effect of prism condition was observed on EoC (F (2, 32) 

= 2.41, p>.05).  However there was a crucial significant interaction between phase of 

adaptation and prism condition (F (2, 32) = 3.98, p<. 029).   

 

Table 4.5: Mean No. Errors in DART (paired comparisons) 

     Pre Adapt Post Adapt P  

 

Control (N=12) 

Mean EoC    2.1  ↓.9  .009* 

S.D.     (1.44)  (.99)    
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Left (N=14) 

Mean EoC    2.57  ↑2.71  NS   

S.D.     (2.38)  (1.54)     

   

 

Right (N=14) 

Mean EoC    1.55  ↑2.18  NS 

S.D.     (.93)  (.87) 

*One-tailed, Bonferroni adjusted 

 

 Planned comparisons (paired t-tests) were run in order to explain the significant 

interaction between phase of adaptation and prism condition.  There was a significant 

difference in the mean EoC in the control condition, where EoC was significantly 

reduced post adaptation as a result of practice (t (9) = 2.882, p<. 009, one-tailed 

Bonferroni adjusted).  EoC remained at the same level post adaptation in the left prism 

and right prism groups.   

 

Error of Omission (EO) 

 A repeated measures ANOVA with phase of adaptation (pre, post) as a within 

factor and prism condition (control, left, right) as a between factor was conducted.  There 

was no significant main effect of phase of adaptation (F (1, 37) <1, no significant main 

effect of prism condition (F (2,37) = 1.06, p>.05) and no significant interaction between 

phase and prism condition (F (2, 37) <1, p = NS).   

  

Total Error (EoC + EO) 

 Total Error scores were computed for each participant as a function of the 

summation of Error of Commission (EoC) and Error of Omission (EO).  A repeated 

measures ANOVA was run with phase of adaptation as a within participant factor and 
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prism condition as a between participant factor.  Phase of adaptation was not a significant 

main factor in explaining total error (F (1, 31) <1, p = NS).  Prism condition was not a 

significant explanatory factor (F (2, 31) <1, p = NS, nor was the interaction between phase 

and prism condition significant (F (2, 31) <1, p = NS).   

 

 Post hoc paired t tests revealed a significant difference in post adaptation total 

error for the control condition (t = 2.882, df = 9, p<. 01, two-tailed), but not for the left 

adaptation condition (t = -1.264, df = 13, p = NS) and the right adaptation condition (t =-

1.045, df = 9, p = NS).  This revealed that prism adaptation did not increase total error 

scores. 

 

Table 4.6: Total Error score in DART (Paired comparisons with Bonferroni adjustments) 

     Pre Adapt Post Adapt P  

 

Control (N=10) 

Mean Total    2.7  ↓1.5  .001 

S.D.     (2.11)  (1.7)    

 

Left (N=14) 

Mean Total    3.07  3.9     

S.D.     (3.09)  (3.02)     

   

 

Right (N=10) 

Mean Total    2.3  3.0   

S.D.     (1.4)  (1.3) 

Grey Digits – EO 

There were no significant effects of phase of adaptation or prism condition on mean EO 

following presentation of grey digits.  Overall, participants made a button press following 
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every grey digit, which is an important finding as it provides evidence that the fronto-

parietal network was constantly employed in a dual CPT task.   

 

Grey Digits – EoC 

There were no significant effects of phase of adaptation (F (1, 29) <1, P>.05) or prism 

condition (F (2, 29) = 1.3, p>.05) on mean EoC i.e. making an incorrect mouse press 

following a grey digit.  Participants performed more accurately post adaptation in the 

control condition i.e. they made less errors in making a right mouse press following a 

grey digit.   

 

 

Mean Reaction Time to go-trials 

 A repeated measure ANOVA was conducted on the mean RT to go-trials in the 

DART task.  These go-trials were operationally defined as all black digits except the 

number 3.  There was no significant main effect of phase of adaptation (F (1, 35) = 3.17, 

p>.05) or of prism condition (F (2, 35) = .82, p = NS).  Nor was there a significant 

interaction between phase of adaptation and prism condition (F (2, 35) = .19, p = NS).   

  The general trend was for RT to increase for all post adaptation conditions, 

however the mean RT increase was not significantly different between the prism 

conditions (appendix 4.4)   

Individual Coefficient of Reaction Time (ICV) 

 Repeated measures ANOVA revealed a near significant main effect of phase of 

adaptation (F (1, 33) = 3,58, p = .067) but no significant main effect of prism condition (F (2, 

33) = .08, p = NS) and there was no significant interaction between phase of adaptation 

and prism condition (F (2, 33) = .63, p = NS)(appendix 4.4)   
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4.5.6 EDA analysis – SART random 

A repeated measures ANOVA with phase of adaptation and Response Type (correct 

withhold, error of commission) as within factors, and prism shift as a between factor was 

conducted on mean EDA.  There was no significant main effect of phase (F (1, 12) = 

1.245, p = NS).  There was a significant main effect of response type (F (1, 12) = 13.942, p 

< .003).  Mean EDA was significantly higher following an error relative to a correct 

withhold.  There was no significant interaction between phase x response type x prism 

condition (F (1, 12) < 1).  However, there was a significant interaction between phase x 

response type (F (1, 12) = 4.903, p < .047).  Mean EDA was reduced post adaptation to 

errors. 

 
Fig. 4.4 Mean Phasic EDA pre and post adaptation to correct withholds and errors.  LPA 

did not significantly affect mean EDA.   

4.5.7 EDA analysis – DART 

 

A repeated measures ANOVA with phase of adaptation and response type as within 

factors, and prism shift as a between factor was conducted on mean EDA. There was no 
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significant main effect of either within factor, nor was there a significant interaction 

between prism condition and either within factor.  In short, prism adaptation did not 

affect mean EDA in the DART (appendix 4.5). 

4.6 Discussion 

Aims of Study 

Simulating facets of the disorder of spatial neglect in the healthy brain provides a model 

for understanding the disorder.  Left prism adaptation successfully induces a rightward 

shift in perceptual judgment in the line bisection task in the healthy brain (for a transient 

period), which is a behavioural signature of spatial neglect (Berberovic & Mattingley, 

2003; Colent et al., 2000; Michel et al., 2003).  The present study extends this finding by 

impairing a non-spatial lateralized ‘intensity’ aspect of attention following left prism 

adaptation, called vigilance.   

 

The SARTrandom is a vigilance task tailored to encourage participants to lapse into an 

inattentive state (Manly et al., 2003).  Participants are required to maintain a watch over a 

series of digits presented randomly and sequentially.  Due to the repetitive response mode 

adopted by participants, the rhythmic presentation and the relative rarity of the no-go 

digit, vigilance must be maintained and controlled endogenously.  The ability to self-

sustain vigilance relies on the fronto-parietal-thalamic alertness network in the right 

hemisphere (Sturm & Willmes, 2001).  Previous imaging studies conducted on healthy 

individuals performing the SARTrandom have identified the role of the right inferior 

parietal cortex within a fronto-parietal sustained attention network (Fassbender et al., 

2004; Manly et al., 2003; O’Connor et al., 2004).  The SARTrandom is a sensitive measure 

of attentional failures in everyday life (Robertson et al., 1997).   

 

Errors of Commission  

Participants in the present study failed to maintain attention in the SART before and after 

prism adaptation.  Making a response to a no-go digit (error of commission) was 



 145  

relatively infrequent but did occur for all three groups of participants before adaptation.  

Participants in the control group improved on the SART task, which was evidenced by a 

reduction in the mean error of commission, albeit a non-significant reduction.  There was 

no change in the mean error of commission post adaptation to right shifting prisms.  

However, there was a significant increase in the mean error of commission post 

adaptation to left shifting prisms.   

 

Lapses in attention as measured by such errors are significantly more likely following 

damage to the right parietal cortex as in the case of spatial neglect (Hjaltason et al., 1996; 

Maguire & Ogden, 2002; Paus et al., 1997; Robertson et al., 1997; Rueckert & Grafman, 

1998; Samuelsson et al., 1998).   Robertson et al. (1997) reported that an auditory 

vigilance task (tone counting) significantly predicted neglect severity as measured in 

standard clinical tests such as star cancellation, copying test, comb test and drawing from 

memory.  Patients with persistent neglect were found to be impaired on vigilance tasks 

(Hjaltason et al., 1996; Maguire & Ogden, 2002; Samuelsson et al., 1998) but recovered 

neglect patients displayed marked improvement in maintaining a vigilant state 

(Samuelsson et al., 1998).   

 

Behavioural measures of sustained attention were also measured in the DART, argued to 

be a sensitive measure of impaired vigilance in both healthy participants and patients 

with frontal injury (Dockree et al., 2005).  This task presents go-digits in a fixed order so 

it is relatively easy to predict the occurrence of a no-go digit (also known as the 

SARTfixed).  To increase task difficulty and tax the alertness system, a secondary CPT 

was built into the task design.  Grey go-digits were presented randomly, and participants 

were required to make a button press to these digits, as well as to the go-digits in the 

primary task.  Although this task has not yet been imaged, it has proven to be a sensitive 

measure of attentional deficits in clinical populations e.g. TBI (Dockree et al., 2005) and 

children with ADHD (O’Connell et al., 2004).   

 

A near significant reduction in mean errors of commission was observed in the control 

condition, which was expected as a result of practice effects (repeated exposure).  This 
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reduction in error was not observed in either prism condition.   LPA did not significantly 

increase mean error in the DART, as was observed in the SART.  There are a number of 

possible reasons for this observation.   

 

The DART presents go-digits in a fixed order so that participants may anticipate the 

occurrence of a no-go digit.  The SARTrandom on the other hand, presents go-digits in a 

random sequence so that participants cannot anticipate their occurrence.  The demands of 

the task in terms of response inhibition may be greater in the SARTrandom relative to the 

DART.  Successfully inhibiting a response activates prefrontal and parietal areas in other 

tasks (Garavan et al., 1999).  A role in inhibitory processes has been attributed to the 

right IPL in other no-go tasks (Garavan et al., 1999; Menon et al., 2001; Rubia et al., 

2001).  Another fMRI study conducted on the SARTrandom revealed increased activation 

in the right superior frontal gyrus, right IPL, and the thalamus (O’Connor et al., 2004).  

The role of the right IPL in the SARTrandom may explain why LPA depression of function 

in the right parietal region significantly impaired vigilance. 

 

Imaging of the SARTfixed  (fixed presentation of digits) has revealed left superior frontal 

activation (Fassbender et al., 2004; Manly et al., 2003). Although the DART also presents 

a CPT within the SARTfixed, left hemisphere involvement in task preparation and 

maintaining task set, may have attenuated the effects of LPA depression of right parietal 

function. 

 

The significant increase in error (lapses in attention) in the SARTrandom and the trend 

toward such an increase in error in the DART suggest that left prism adaptation disrupts 

sustained attention.  This is consistent with the findings reported in the previous chapter 

that left prism adaptation significantly reduced arousal.  Both arousal and sustained 

attention are components of the ‘intensity’ aspect of attention, which is subserved by the 

right fronto-parietal attentional system (Mottaghy et al., 2005).  Human functional 

imaging studies using the SART implicate involvement of a right lateralized network in 

arousal and sustained attention, particularly the right inferior parietal lobe (O’Connor et 

al., 2004).   
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Reaction Time 

Left prism adaptation also significantly reduced mean RT to go-trials in the SART (RT 

was significantly faster), which was not evidenced in either the sham or right prism 

condition post adaptation.  Although the mean RT between prism groups post adaptation 

was not significantly different from each other13, there was a significant shortening of 

mean responding time to go-digits following left prism adaptation.  Faster responding to 

go-targets has been correlated with error rates in previous large studies (Manly et al., 

2000; Robertson et al., 1997), and is indicative of inattentive responding (Manly et al., 

2005; O’Connell et al., 2004; Robertson et al., 1997).   

 

EDA to no-go digits 

 

In short, it appears that LPA did not significantly affect mean EDA following no-go 

digits in either the SART or the DART.  It is not clear why LPA did not significantly 

attenuate the mean phasic arousal response to error. There was a trend for mean EDA to 

reduce post adaptation for all prism conditions following an error of commission, while 

mean EDA to correct withholds remained at similar pre adaptation levels (except in the 

control condition, where it reduced post adaptation).   

 

It is possible that compensatory mechanisms influenced the arousal response to no-go 

digits post adaptation to left shifting prisms, and this may have washed out any prism 

related influence on phasic EDA.  Under conditions of low arousal, the LC exerts a 

stronger influence on parietal activity (inferior parietal sulcus, IPS) than is required under 

normal conditions (Coull et al., 1999).  Take for example the administration of clonidine 

(noradrenergic drug), a α2-adrenoreceptor agonist.   Coull et al (1997; 1998) 

demonstrated that administration of clonidine in the human brain significantly reduced 

thalamic activity at rest but not during the performance of a rapid visual information-

                                                
13 Mean difference between post adaptation mean RT control and left conditions (t (21) = .17, p = NS) and 
similarly between control and right conditions (t(20) = -.837, p = NS). 
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processing task (RVIP task is a vigilance task).  Smit et al (2004) reported that 

performing a cognitively demanding task before the SART both reduced (theta power14) 

and increased arousal as measured by EEG (beta 2 power).  The increase in theta power 

coincided with impaired performance on behavioural measures of vigilance and an 

increase in mean RT while performing the SART (automatic responding).  The increase 

in beta2 power was correlated with better performance on the SART.  The authors 

interpreted the reduced levels of theta power as evidence that arousal as well as vigilance 

was disrupted by the mental effort task.   They also argued that the increase in arousal 

was a compensatory mechanism, which kicks in when performing a challenging task such 

as the SART. 

 

Mechanism of Prism Adaptation 

The present chapter demonstrated that LPA significantly impaired vigilance in a task, 

which activates the right fronto-parietal alertness system (Fassbender et al., 2004; 

O’Connor et al., 2005; Manly et al., 2003).  It has been argued the LPA depresses right 

parietal function in the normal brain (Berberovic & Mattingley, 2003; Colent et al., 2000; 

Michel et al., 2003).  The right inferior parietal lobe (IPL) is implicated in vigilance 

(O’Connor et al., 2004; Manly et al., 2003) and response inhibition (Fassbender et al., 

2004) in the aetiology of spatial neglect (Mort et al., 2003).  It is possible that the effects 

on arousal and vigilance in the healthy brain following LPA are due to depressed right 

parietal function.  Considering that the right IPL is also heavily involved in vigilance, it is 

possible the LPA depression of right parietal function explains the significant impairment 

in vigilance compared to control and right prism conditions. 

 

The effects of LPA on arousal (chapter 3) and vigilance (this chapter) may influence 

spatial processing.  Alertness (arousal and vigilance) influences spatial processing 

(Posner & Peterson, 1990).  It is possible that LPA may operate by influencing alertness, 

which may in turn influence attention across space.  The right prefrontal cortex exerts 

top-down control of noradrenergic activation since lesions to this area lead to significant 

decreases in noradrenergic activation in both hemispheres. Vigilance may be mediated by 

                                                
14 Indicative of reduced levels of arousal (Paus et al., 1997; Smit et al., 2004). 
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a bottom-up ventral system composed of right hemisphere frontal regions which work as 

a circuit-breaker for the top-down dorsal frontal, cingulate and parietal system (Corbetta 

& Shulman, 2002).  The circuit breaker includes the temporo-parietal junction (TPJ) and 

the ventral frontal cortex, which may be a target site for adaptation to left shifting prisms 

(Berberovic & Mattingley, 2003; Connolly & Robertson, 2004 unpublished thesis).  

Disruption of activity within the right TPJ following left prism adaptation may impair 

vigilance and arousal as it is robustly activated in sustained attention tasks (Pardo et al., 

1991).  The right parietal region is a possible site of interaction between arousal and 

sustained attention (O’Connor et al., 2004).  Reducing arousal (Manly et al., 2005) or 

vigilance over a prolonged period of time (Dobler et al., 2003) shifts spatial attention 

rightward. 

4.7 Study Limitations 

Subjective measures of sleepiness (Stanford Sleepiness Scale: Hoddes et al., 1973), 

mental effort, perceived workload15 and task unrelated thoughts (Smallwood et al., 2004 
16) would have provided an additional measure of general alertness and attentional lapses.    

A measure of mental effort following each administration of the vigilance tasks could 

have elicited a change in perceived effort and resource depletion due to adaptation.   

 

4.8 Future Research 

Bellgrove et al. (2004) demonstrated a relationship between vigilance scores and spatial 

attention.  The authors observed that healthy participants with poor sustained attention 

scores had a significantly attenuated left spatial bias, relative to those who performed 

well on the same vigilance task.  The argument that the vigilance system might modulate 

spatial attention (as measured by the greyscales task) was advanced by the authors.   The 

                                                
15 Task load index (Hart & Staveland, 1998) includes six dimensions: mental demand, physical demand, 
temporal demand, performance, frustration and effort.   These subjective measurements index perceived 
mental and physical effort.   
16 Smallwood et al (in press) reported that participants who experienced a greater number of task-unrelated 
thoughts made fewer errors on the SARTrandom.  The authors suggest that future research ought to address 
the conditions, which facilitate attentional lapses leading to errors.  They found that forcing participants to 
direct their thoughts towards the SART actually increased errors, but reduced task unrelated thoughts.  
Thus the extra cognitive load in directing thoughts toward the task may have increased attentional lapses 
(as in the DART).   
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results in this chapter demonstrate a modulatory influence on vigilance post adaptation to 

left shifting prisms.  As will be outlined in chapter 6, left deviating prisms also simulate a 

neglect-like shift in lateral asymmetry as measured by the greyscales task.  Adapting low 

and high-sustained attention scorers to both left and right prisms could yield important 

results in determining the relationship between vigilance and spatial attention. 

 

Schell et al (1988) conducted a study where participants were required to listen to a series 

of tones presented in a random order and detect the longer tone (7 sec vs. 5 sec).  This is a 

type of auditory vigilance task, where attention to each tone is required over a period of 

time.  In this study participants were divided into “labiles and stabiles”.  “Labiles” 

demonstrate relatively high resting levels of spontaneous electrodermal fluctuations and 

have been shown to perform better than “stabiles” on vigilance tasks such as a signal 

detection task.  For example, they show less vigilance decrement over time (e.g. Munro et 

al., 1987; Vossel & Rossman, 1984).   Schell et al, (1988) stated that labiles are more 

efficient at biasing processing towards “to be attended” content, and better able to 

maintain attention as well.   Adapting stabiles and labiles to both left and right prisms 

could yield important results in determining the possible effects on vigilance. 

 

4.9 Conclusions 

Chapters 3 and 4 explored the effects of prism adaptation on the intensity components of 

attention (arousal and vigilance respectively).  Left prism adaptation significantly 

reduced arousal during the adaptation process and also significantly impaired 

performance on a vigilance task.  The next chapter focuses on the selective aspect of non-

spatial lateralized attention.  The effects of prism adaptation on the ability to process 

either local (small) or global (large) features of a visual scene were investigated.   
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Chapter 5.  Prism Adaptation and Spatial Attention: Effects on global & 
local deployment of attention 

5.1 Summary 

The previous two chapters presented evidence that LPA in the healthy brain significantly 

disrupted alertness (arousal and vigilance).  LPA disruption of the right hemisphere 

alertness system is argued to be due to depressed right parietal function. The right TPJ is 

a possible candidate site of LPA modulation (Berberovic & Mattingley, 2003; Connolly 

& Robertson, 2004 unpublished thesis).   

 

The right TPJ is involved in processing global features in a visual scene.  Patients with 

right temporal parietal damage presenting with spatial neglect (Lux et al., 2005) and 

without neglect (Robertson et al., 1988) ignore global levels of a hierarchical stimulus.  

Neglect patients bias attentional processing toward local levels (Lux et al., 2005).   

 

The present chapter extends previous results by attempting to induce a ‘local’ processing 

bias in the healthy brain following left prism adaptation.  Processing the local level in a 

hierarchical stimulus and ‘ignoring’ the global level is a behavioural impairment common 

to right parietal damage presenting with spatial neglect (Lux et al., 2005).  Patients with 

right parietal damage orient rapidly toward the local level and are impaired at 

disengaging attention from the local level in order to reorient it globally (Robertson et al., 

1988).   

 

The present study failed to demonstrate a significant modulation of local global 

processing following LPA.  However, evidence was garnered suggesting that RPA (right 

prism adaptation) facilitated orienting to the global level within a stimulus.  These results 

were interpreted in terms of possible suppression within the left parietal region following 

RPA. 
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5.2 Aims 

 

The aim of the present study was to induce a neglect-like bias in local global processing.  

The findings from two prominent papers (Lux et al., 2005; Robertson et al., 1988) guided 

the predictions.  Robertson et al. (1988) showed that patients with right TPJ lesions 

(without spatial neglect) displayed a processing bias toward local levels of a hierarchical 

stimulus.  The most rapid response time recorded for right TPJ patients was to local 

targets in comparison to global targets.  Lux et al. (2005) extended this finding earlier this 

year by investigating the behaviour of patients with spatial neglect on local global 

processing tasks.  They found that spatial neglect patients responded more quickly to 

local targets relative to global targets.  These patients also made more errors in response 

to global targets.  The above papers suggest that patients with damage to the right TPJ 

and presenting with spatial neglect bias attentional resources toward the local level of a 

hierarchical stimulus.     

 

It was predicted that LPA in the healthy brain would depress right TPJ function.  The 

consequence should be a processing bias toward the local level of a hierarchical stimulus 

in two types of tasks; an exogenous (automatic attentional orienting) and an endogenous 

(voluntary attentional orienting) task.  Following LPA, valid cues to the local level 

should significantly facilitate performance in response to local targets, and invalid cues to 

the global level should significantly impair performance in response to global targets.  

That is, it was predicted that an early orienting bias to the local level, and an impairment 

in disengaging attention from the local level in order to reorient it globally would be 

observed post LPA.  No predictions were made for RPA. 

 

 

 

 

 

 



 153  

5.3 General Introduction - Local-Global Processing  

 

Selectivity in attention by definition implies a gain and a loss.  In the case of spatial 

attention, one spatial location may be processed or attended over another.  When two 

masked targets are presented in a rapid visual sequence, processing the first target impairs 

attending to a second target for about 500ms.  This is an example of temporal selective 

attention, also known as the Attentional Blink (AB).  Another example of selective 

attention is attending to the overall gestalt at the expense of finer resolution.  This 

particular case is an example of selective attention in local (fine detail) – global (gross 

detail) processing.  The present chapter examines the effects of prism adaptation on non-

spatial local global processing.   

 

An attentional mechanism that divides attention between spatial frequencies is “spatial in 

a different sense than an attentional window covering a region of space” (Robertson et 

al., 1993, p. 471).  Spatial frequencies (high and low) coexist within the same region in 

space.  In the example of deploying attention within a Navon figure (see fig. 5.1), a 

participant may allocate attention to high-frequency (local scene level) channels at the 

expense of low frequency channels (global scene level) and vice versa (Robertson et al., 

1993).   

 

Navon (1977) probed the question of how a visual scene is viewed by presenting 

hierarchical stimuli.  Whether a picture is perceived in a piece-meal fashion with gradual 

updating of the image until it is built-up (local to global processing), or whether an image 

is decomposed into local features (global to local processing) were the fundamental 

questions of interest. Visual perception of complex scenes requires both global and local 

level scene processing.  By grouping local scene elements into perceptual wholes, a 

global percept can be extracted; whereas individual object analysis underpings local 

analysis (Robertson et al., 1993).   
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Fig.5.1: Illustration of a Navon figure.  A local feature is a small letter “H. The small 

letters are embedded within a global letter ‘E’ (Navon, 1977). 

 

 

Navon (1977) employed the use of hierarchical stimuli as above, presenting the same 

characters on both levels (congruent) or presenting different characters on both levels as 

in fig. 5.1 (incongruent).  Attention within the hierarchical stimulus was manipulated by 

requiring the participant to direct her attention to the local or global level.  Navon (1977) 

demonstrated that reaction times (RTs) taken to identify local targets were relatively 

slower than those to global targets in congruent stimuli (global advantage effect).  A 

‘global-to-local’ interference was also demonstrated by delayed RTs in response to local 

target detection nested within incongruent global shapes.  Navon (1977) proposed that 

global information is analysed first whereas local information is analysed at a later stage 

of visual perception i.e. the global precedence hypothesis.  In contrast, local shapes did 

not affect responses to global targets. 

 

While both hemispheres are capable of processing both local and global levels, there is 

compelling evidence to suggest a bias for global processing in the right hemisphere, and 

for local processing in the left hemisphere.  There is converging evidence from patient 

studies (Lamb et al., 1990; Rafal & Robertson, 1995; Robertson et al., 1988; Lux et al., 

2005), functional brain imaging studies (Fink et al., 1996; 1997) and event related 
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potential studies (Heinze et al., 1998) and behavioural studies with healthy participants 

(Banich & Noll, 1993; Blanca et al., 1994; Robertson et al., 1993; Yovel & Levy, 2001) 

that local global processing is mediated differentially by the hemispheres.  

5.3.1 Lateralization – Perceptual phase of processing 

 

Lateralization in local global processing has been demonstrated in a number of 

behavioural and imaging studies.  Some divided visual field studies point to superior 

performance detecting global targets in the left visual field (right hemisphere) and 

facilitation of local processing when local targets are presented in the right visual field 

(left hemisphere) (Hubner, 1997; Robertson et al., 1993; Sergent, 1982).  Functional 

neuroimaging research has fairly consistently demonstrated a right hemisphere role in 

global processing and a left hemisphere role in local processing. 

 

There appears to be two systems sensitive to the organization of hierarchical stimuli.  

One is more sensitive to global levels, and another that is more sensitive to local levels.  

It has been argued that the each hemisphere differentially responds to spatial frequencies 

that differentiate global and local levels (Sergent, 1982; Robertson & Lamb, 1991).  

Posterior superior temporal-parietal areas are thought to be involved in local global 

analysis as lesions that are more caudal or more frontal do not produce impairments in 

local global processing (Robertson & Lamb, 1991).   

 

Local and global levels are defined by their spatial frequency.  For example, global 

targets are related to low spatial frequencies and local targets are made up of high spatial 

frequencies.  A link has been made between spatial frequencies and hierarchical levels.  

Shulman et al., (1986) adapted participants to sine wave gratings of different spatial 

frequencies.  Low spatial frequencies affected performance on global levels, and high 

spatial frequency affected performance more on local levels.  Then, in a separate study, 

Shulman and colleagues (Shulman & Wilson, 1987) directed participants’ attention to 

either global or local levels, and to probe sine wave gratings of different spatial 

frequencies.  Low frequency gratings were detected more easily when attention was 
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directed globally.  The opposite was true for high frequency gratings.  This study showed 

that attention modulated perception in early stages of spatial frequency analysis.  

Asymmetry in local global processing has been reported in both early stages of 

perception, and later attentional stages. 

 

Fink et al. (1997) in a PET study of healthy participants demonstrated that selective 

attention to local elements resulted in greater activity in the left inferior occipital cortex.  

In contrast, selectively attending to global elements activated the right lingual gyrus.  The 

occipital locus of brain activation during local global processing seems to provide support 

for the role of perceptual mechanisms in the hemispheric specialisation.  Another crucial 

finding was that variation or switch between levels (global and local) significantly 

covaried with temporal-parietal activation, consistent with patient studies reporting 

impaired deficits in global and local processing as a result of lesions to the TPJ region 

(Lux et al., 2005; Robertson et al., 1988; Robertson & Lamb, 1991).  The TPJ region 

(bilateral) controlled attentional processing of hierarchical stimuli, and this attentional 

control modulated the sensory neural responses in the prestriate region.   

 

Heinze et al. (1998) used a divided attention paradigm (divide attention equally between 

the global and local levels of a hierarchical figure) to examine lateralization in a 

combined ERP and PET study.  When attention was divided between both levels the N2 

component17 of the ERPs elicited showed asymmetries in amplitude over the two 

hemispheres (260ms-360ms latency).  The N2 was larger in the left hemisphere in 

response to local targets but was also larger in the right hemisphere in response to global 

targets (Yamaguchi et al., 2000).  The shorter latency P1 was not different for either 

target level in divided attention.     

 

 

  

                                                
17 This component is sensitive to stimulus evaluation and classification processes (Mangun & Hillyard, 
1995). 
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Evans et al. (2000) used ERPs in a selective attention task to determine at what level of 

processing hemispheric asymmetry emerged in local global processing.  This study 

employed a novel design – unattended information was either variable or non-variable.  A 

target was defined as an out-of-sequence digit presented at an attended location, and both 

attended and unattended information were presented in either the left or right visual field.  

Variability of unattended information influenced lateralization of processing.  

Asymmetry in early processing stages was observed in conditions with invariable 

distracters.  When attention was directed to the stimulus in the left visual field (right 

hemisphere), global attention elicited a larger P1 (early component) than local attention 

over the right hemisphere.  The opposite occurred when attention was shifted to the 

stimulus in the right visual field (left hemisphere), in which case local information 

elicited a larger P1 in the left hemisphere. Early processing areas may be primed for 

local-global processing by (a) feedback from temporoparietal areas that are biased for 

global or local processing (Fink et al., 1996; 1997) and (b) selective attention to either 

side of space, which enhances processing at the attended location.  For example, a global 

stimulus in the left visual field will enhance processing at that attended location and 

temporoparietal feedback, primed via selection for a preferred range of spatial 

frequencies, also primes extrastriate areas in the right hemisphere to preferentially 

process the global stimulus in left visual space.  No lateralization in early processing 

areas was observed when the unattended information changed from trial to trial.   

 

5.3.2 Counter Evidence 

 

However, local-global processing asymmetries are less pronounced in neurologically 

intact populations both behaviourally (Van Kleeck, 1989) and in functional neuroimaging 

studies (Fink et al., 1999, 1997; Martinez et al., 1997).  Not all studies with healthy 

participants have reported such asymmetries (Blanca, 1992; Boles & Kastner, 1996; Fink 

et al., 1997; Johannes et al., 1996; Lamb & Robertson, 1988).   For example, Fink et al., 

(1997) used PET imaging to explore directed attention within hierarchical stimuli (non-

letter characters were presented as stimuli).  The opposite asymmetry was observed.  
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Greater right hemisphere activation was observed for local elements, while greater left 

hemisphere activation was observed for global processing.    

 

Johannes et al., (1996) used ERP to explore the neural correlates of local-global 

processing.  The authors reported that the left hemisphere predominantly processed both 

global and local level information.  This finding could not be explained in terms of 

stimulus category (but see Fink et al., 1997) as non-letter stimuli were employed in this 

study. The above findings are inconsistent with the generally accepted role of the left 

hemisphere in local processing, and the right hemisphere in global processing.    

 

 

5.3.3 Local-Global Processing and the Right TPJ 

 

Studies with brain-damaged patients suggest that temporoparietal structures underlie 

hemispheric asymmetries for local and global processing (Robertson & Lamb, 1991; 

Yamauchi et al., 2000).  In a forced choice recognition task using hierarchical stimuli, 

patients with left hemisphere damage committed more errors on the local level (global 

advantage), while patients with right hemisphere damage made more errors on the global 

level (Delis et al., 1986; Sergent, 1982).  It is reasonable to argue that the right and left 

hemisphere “systems do not respond exclusively to one level or the other.  They simply 

weight global and local information differently” (Robertson & Lamb, 1991, p. 304).  For 

example, right hemisphere damage slows repsonding to global elements but does not 

abolish it.  The same is true for left hemisphere damage.   

 

Clinical evidence also points to gross deficits in local processing following left 

hemisphere damage and global impairment following right hemisphere damage.   When 

left hemisphere patients are requested to reproduce a rey-osterreith pattern (detailed 

visual stimulus), they typically draw the global features and miss the local features.  The 

opposite pattern is observed with right hemisphere patients.  When left and right 

hemisphere patients are asked to complete the Palmer’s triangle task (Palmer, 1980), 
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local global processing deficits emerged in a different form. The global alignment 

influenced the left hemisphere patient’s response compared to the response pattern of the 

right hemisphere patient group.  The authors concluded that global levels were 

reproduced better or were more influential for the left hemisphere patients.  The opposite 

results were observed for the right hemisphere patients.  These tasks did not employ 

timing measures, which became a central feature of later clinical studies of local global 

processing. 

 

Employing a global-local task, Robertson et al. (1988) demonstrated impairment in target 

detection with lesions to the inferior parietal lobe vs. lesions in the superior temporal 

gyrus.  Patients were required to divide their attention equally between local and global 

levels in a hierarchical stimulus.  Attention was manipulated in three conditions.  In the 

first condition, targets occurred equally at either the local or global level (no attentional 

bias condition).  In another condition, attention was manipulated by ‘cueing’ or biasing it 

toward the global level.  The majority of targets (75%) appeared on the global level, 

which effectively biased attention toward that level of processing.  On the odd occasion 

when the target actually appeared on the local level, the patient was required to orient 

attention away from the global level and shift it to the local level.  In the final attentional 

condition, the majority of targets were presented on the local level.  Patients completed 

each attentional condition in a random order.  The authors presented evidence that 

patients with damage to the right TPJ were able to allocate attention according to each 

condition.  For example, when cued globally, the patient was able to detect global targets 

more rapidly than local targets.  However, the right TPJ patient’s fastest response was to 

validly cued local targets.  When cued locally but required to reorient attention to the 

global level, patients demonstrated a greater impairment relative to reorienting attention 

from the global level.  In fact, right TPJ patients responded more slowly to invalidly cued 

global targets relative to any other target type.   

 

Patients with lesions to the left superior temporal gyrus (STG) responded more slowly 

compared to the parietal patient groups.  They displayed the ability to orient attention 

according to the attention manipulations.  RTs were more rapid to validly cued targets, 
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and incurred a cost when invalidly cued.  Left STG patients responded more quickly to 

validly cued global targets, while right TPJ patients responded more rapidly to validly 

cued local targets. Left STG patients responded most slowly to invalidly cued local 

targets, while right RPJ patients responded most slowly to invalidly cued global targets.  

This is evidence of a left hemisphere local and right hemisphere global processing deficit, 

respectively.     

 

Patients with damage to the left inferior parietal lobule displayed RTs, which were 

similar to those demonstrated by the left STG patient group.  The group failed to display 

a significant cost/benefit tradeoff, due perhaps to attentional impairment.   

 

 
Fig. 5.2 Typical pattern of performance of right TPJ, Left IPL and Left STG patients on 

Navon figures.  Target levels are represented by ‘g’ for global, and ‘l’ for local.  

‘GB’ represents cueing to the global level; ‘LB’ represents cueing to the local level.  

Note the lack of attentional control in the IPL group.  STG patients are able to direct 

attention according to cues and show processing advantage.  The TPJ group show 

local processing advantage, and no attentional control on the global level. 
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Karnath (2001) recently suggested that the rostral portion of the superior temporal cortex, 

just inferior to the TPJ is the neural locus of spatial awareness in spatial neglect.  This 

region is the interface between the ventral (what) and dorsal (where) processing streams 

(Karnath, 2001).  Robertson et al. (1988) and later Robertson & Lamb (1991) argue that 

patients with lesions to the superior temporal gyrus (ventral) perform differently to 

patients with lesions to the inferior parietal cortex (dorsal) regardless of which 

hemisphere is damaged.  They argue that the temporal cortex (ventral processing stream) 

is involved in object discrimination, and that the parietal cortex (dorsal processing 

stream) is involved in spatial relations and spatial attention (Milner & Goodale, 1993; 

Ungerleider & Mishkin, 1982).   

 

Patients with inferior parietal damage are impaired in allocating attentional resources to 

either stimulus level as a function of attentional biasing (target probability) compared to 

healthy controls and patients with superior temporal (STG) damage (Robertson et al., 

1988).  On the other hand, patients with temporal damage did not display impairment in 

attention.  Without any attentional manipulation, patients with STG lesions demonstrated 

a processing advantage to either stimulus level depending on hemispheric damage.  This 

may be evidence that the hemispheric difference in local global processing is perceptual 

in nature.  This is likely, as regions projecting to the STG have been implicated in higher 

level visual processing (Robertson et al., 1988).  The results are consistent with the two 

visual pathway model of Ungerleider & Mishkin (1982) based on ablation studies in 

monkeys.  The authors proposed that the function of the inferior temporal pathway 

(ventral) is visual discrimination, while the function of the inferior parietal pathway 

(dorsal) is spatial.   
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5.3.4 ‘Global’ neglect: a case of biasing attention toward local detail in 
spatial neglect 

 

Traditionally spatial neglect has been interpreted as the “failure to perceive, orient, and 

act on objects or events towards the side of space opposite a unilateral brain lesion” e.g. 

left space (Heilman, 1979; 1993).  It is now well recognised that the disorder may involve 

several other impairments such as a pathological tendency to focus on local detail 

(Kinsbourne, 1993).   

 

Both directed and divided attention was investigated using Navon figures in a sample of 

right hemisphere damaged patients presenting with left hemispatial neglect and age 

matched controls (Lux et al., in press).  Neglect patients demonstrated a significant local 

interference on global targets in the directed attention task (stimuli were both congruent 

and non-congruent). That is, attention was biased to the local level making it more 

difficult to reorient attention globally in order to detect the global target.  Error rates were 

increased in the divided attention task (attention is divided across both stimulus levels) 

for the neglect patients.  Spatial neglect patients made more errors to global targets 

compared to local targets when forced to divide attention equally between the levels.   

 

The specific deficit for spatial neglect patients may be an inability to disengage attention 

from the local level of the stimulus and shift it to the global level (Lux et al., in press).  

Disengagement failure on other types of spatial tasks is typically observed in parietal 

patients (Losier & Klein, 2001).  The ability to disengage (orient), maintain, and re-

engage (reorient) attention has been studied primarily using the COVAT18 paradigm 

(Posner & Peterson, 1990).  This task permits the researcher to explore both exogenous 

(automatic) and endogenous (voluntary) attentional cueing of target location and its effect 

on target detection in the absence of eye movements.  The inability to disengage attention 

from local features in order to see the bigger picture, which is indicative of spatial 

neglect, is similar to the disengage deficit displayed by right parietal patients in spatial 

attention across both hemi-fields.  Spatial neglect is typically characterized by an 
                                                
18 Covert Orienting of Visuo-spatial Attention Task 
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inability to disengage attention from right space and re-orient it toward ‘neglected’ left 

space (Posner & Peterson, 1990).    

5.3.5  Attentional Mechanism underpinning Local-Global Processing  

The ‘Zoom-Lens’ Mechanism 

A number of attentional theories have been advanced to explain local-global processing.  

Visual attention may be directed toward a number of relevant objects in a visual 

environment.  Thus, the attended region has to be adjusted in size to process information 

from these locations in parallel.  Take the example of driving a car; the driver must 

deploy her attention across the visual field to globally detect any oncoming obstacle at 

the cost of fine resolution.  However, in the event of searching for a particular street on a 

map, the driver must scale down her attention to focus on the relevant region.  Eriksen & 

Yeh (1985) and later Eriksen & St. James (1986) advanced a theory of attentional control 

of local-global processing, postulating the existence of an attentional continuum.  They 

hypothesized that attention is like a camera ‘zoom lens’, expanding its focus across the 

entire visual field at one end, or narrowing its focus on a specific region at the other end.  

When participants attend “to the global level, a hypothetical attentional window is sized 

to accommodate the larger global form where relevant information is located” (Evans et 

al., 2000, p. 225).  Processing of relevant information is thus enhanced if it falls within 

the attentional window or spotlight (Müller et al., 2003; Posner et al., 1980).  As the total 

amount of attention or processing capacity is limited, this model predicts a tradeoff 

between the size of the attended region and processing efficiency (Eriksen & St. James, 

1986; Müller et al., 2003). The authors reported an increase in RT and a reduction in 

overall accuracy as the size of the attended region increased (Eriksen & St. James, 1986).  

In contrast, when participants attend to relevant information on the local level, the spatial 

attentional window is down sized to occupy a smaller portion of the visual field (Evans et 

al., 2000).  Narrowing the zoom lens gates information at the global end (Heinze et al., 

1998) and increases processing efficiency within the small-attended region.   
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Zoom expansion is more difficult than zoom narrowing.  Zoom expansion involves 

shifting attention from local elements to global elements and can result in more 

pronounced RT delays than the shift to the opposite direction (Kotchoubey et al., 1997).  

In the case of zoom extension, a new and broader visual space should be occupied, while 

in the latter case attention is only concentrated on details, which have already been 

contained in the broader field (Eriksen & St. James, 1986).   Resizing the attentional 

zoom lens is thought to be a controlled (voluntary) mechanism, as it fails to function 

within stimulus onset asynchronies (SOAs) as short as an automatic mechanism would 

require (Maringelli & Umiltà, 1998).   

 

Müller et al. (2003) tested the “zoom lens” theory by correlating neural activity in visual 

areas (using fMRI) with the size of the attended visual field region and behavioural 

performance on target detection.  Neural activity was analysed after a visual cue 

(preparatory cue) indicated both the location and size of the to-be-attended visual spatial 

region (small, medium or large).  A target stimulus defined by a conjunction of form and 

colour could either appear or fail to appear strictly within the ‘to-be-attended’ region.  

The authors found that visual areas retinotopically mapped to the attended areas were 

modulated by attention.  Neural activity was enhanced in visual areas retinotopically 

mapped to the ‘to be attended’ areas (Brefczynski & DeYoe, 1999; Kastner et al., 1999; 

Martinez et al., 1999; Somers et al., 1999; Tootell et al., 1998).   

 

Processing efficiency was reduced as the size of the attentional region increased, 

consistent with the predictions of the Zoom-lens theory (Eriksen & St. James, 1986).  

Zoom lens expansion leads to decreases in blood oxygen level dependent (BOLD) 

responses in visual areas retinotopically mapped to attended areas.  These results support 

the view of a ‘zoom lens’ approach to attentional modulation of early visual areas, 

explained within the framework of the biased competition model (Desimone & Duncan, 

1995; Kastner & Ungerleider, 2001).  This model predicts that stimuli compete with each 

other at the level of the receptive field of a neuron for attentional processing.  Attentional 

modulation is thought to exert greatest influence on the visual neurons with the largest 

receptive fields (e.g. V4 region), as attention “cancels out the suppressive effects of a 
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larger number of [competing] stimuli” (Müller et al., 2003, p. 3565).  Resizing the 

attentional zoom lens modulates visual areas (retinotopically mapped to the attended 

area) even before a stimulus appears within that attended region of interest such that 

signals are biased in favour of the attended region (Posner & Gilbert, 1999).   

 

The ‘Spotlight Mechanism’ 

 

Local-global processing has also been conceptualized in terms of Posner & Peterson’s 

(1990) attentional model. The authors proposed three main functions of attention, namely 

shifting or orienting toward sensory events, detecting stimuli for processing and 

maintaining a vigilant or alert state.  Attention is shifted in a number of discrete steps.  

First, attention may be shifted or oriented toward a sensory event.  Detection of stimuli 

for conscious processing may occur at that attended point, or attention may become 

disengaged and reoriented toward another sensory event.  Shifting attention between 

levels (global-to-local or local-to-global) in a hierarchical stimulus may occur serially 

much as in Posner & Peterson’s (1990) attentional model (Filoteo et al., 1994).  Deficits 

in shifting attention could arise from an inability to disengage attention from the 

previously attended stimulus level to efficiently process at an alternative stimulus level.   

 

Filoteo et al. (1994) presented a sample of patients with Parkinson Disease (PD) and 

controls with valid and invalid (directional) cues to target locations within hierarchical 

stimuli.  On this task, typical healthy controls tended to respond faster to the target 

stimulus when it followed a valid cue (attention has been deployed to that location in 

advance of target presentation), whereas an RT cost was incurred following invalid 

cueing (Posner, 1980).  PD patients demonstrated less of an RT benefit compared to 

healthy peers when the target was constant over trials (similar to valid cueing).  In 

contrast, these patients responded more rapidly to the second of two consecutive trials 

when the stimulus level changed (invalid cueing).  This result was indicative of an 

“abnormally rapid disengagement” of covert attention regardless of whether the target 

remained constant or changed across two consecutive trials (for example, global-global or 
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global-local respectively).  The Filoteo et al. (1994) result of abnormal disengagement 

behaviour in PD patients is consistent with the similar finding in Wright et al., (1990) 

using exogenous (brief flashes that capture attention) cueing techniques.  In the Wright 

study, a similar attentional cueing protocol was used to examine the ability of PD patients 

to maintain and shift attention in the visual field.  Flashes of light (preparatory cues) were 

presented at different locations in the visual field.  They found that PD patients 

disengaged their attention following an invalid preparatory cue faster than normal 

controls.  Therefore, the similar pattern of rapid RTs following dissimilar target levels 

(Filoteo et al., 1994) or invalid cueing (Wright et al., 1990) was explained in terms of an 

abnormal ability to rapidly disengage attention.   

 

Spatial neglect may be thought of as a facilitation of zoom narrowing/ a pathological 

orienting bias to the local level, and a deficit in zoom extension/ impairment in the ability 

to disengage attention from the local level and reorient it globally.   

5.4 Measures 

5.4.1 Local-Global Covert Orienting of Attention 

 

Participants were presented with hierarchical stimuli (Navon Figures).  Each stimulus 

configuration contained a different number at the global and local level (incongruent).  A 

cue was presented before each stimulus, either in the form of a flashed box (exogenous) 

or an arrow (endogenous).  Cues were designed to direct attention to either the local, 

global or both stimulus levels. The exogenous cue was presented in the form of a large, 

medium or small box flashed centrally on screen.  The large box was predicted to capture 

attention and direct it to the global level.  Likewise, the medium box was predicted to 

direct attention to either level (neutral cue), and the small box was predicted to direct 

attention to the local level.  The size of the box determined the size of the attentional 

window or spotlight (Robertson et al., 1993). The endogenous cues were simple symbolic 

arrows, directing attention either to the global, local or both stimulus levels.   
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In the exogenous task, participants were required to ignore the cues and detect a target 

within the stimulus configuration.  Cues were equally valid, invalid or neutral.  In the 

endogenous task, participants were required to use the arrows to direct their attention 

before the stimulus was presented.  The majority of cues were valid so that participants 

would benefit from them.  The minority of cues were invalid or neutral. 

 

Attentional control in the form of accuracy and mean reaction time (RT) was logged.  It 

was expected that participants would benefit from valid cues and incur a cost with invalid 

cueing (Robertson et al., 1993).  It was also expected that both types of cueing 

(exogenous and endogenous) would be effective in directing attentional control.   

 

5.5 Predictions 

1. In line with previous prism adaptation studies on normal participants, it was 

predicted that left prism adaptation (LPA) would produce mild neglect-like 

behaviour in local global processing.  If LPA depresses right parietal function 

(right TPJ function), then it was predicted that the cost-benefit trade-off in respect 

of cueing would be abolished (Robertson et al., 1988).  Participants were 

predicted to show an overall local processing advantage, but not show a benefit to 

valid cues or a cost to invalid cues.   

2. Left prism adaptation was also predicted to significantly influence the exogenous 

orienting task, as the ventral PPC (right TPJ) has been implicated in exogenous 

orienting across the visual field (Corbetta et al., 2000).   

3. Endogenous orienting across the visual field is spared in patients with spatial 

neglect.  Patients with dorsal PPC lesions are able to use arrows to direct their 

attention (Bartolomeo & Chokron, 2002; Friedrich et al., 1998; Posner et al., 

1984; Smania et al., 1998).   It was predicted that LPA would not significantly 

influence endogenous attentional control.  

4. No predictions were made for RPA. 
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5.6 Method 

5.6.1 Participants 

Forty-two healthy adults participated (mean age: 22.91 years (7.24)) in this study as paid 

volunteers.  All were right-handed had normal or corrected-to-normal vision.  All 

participants were right-handed, without neurological disorders and gave informed consent 

according to the requirements of the Trinity College Dublin Ethics Committee.  The 

department of psychology, TCD ethics committee, approved the experimental protocol.  

Each participant was randomly assigned to either sham, left-shifting or right-shifting 

prism condition.  

 

Three participants failed to fully complete the exogenous local-global task pre and post 

adaptation in the right prism condition and were not replaced.  That is, fifteen participants 

in the left prism condition, twelve participants in the right prism condition and twelve 

participants in the sham condition were considered for analyses.  Four participants in the 

left prism condition and one participant in the right prism condition were removed from 

the accuracy analyses as their mean accuracy scores (ANOVA was run with eight levels 

of target types) were beyond ± 2 standard deviations from the group means.   Two 

participants were removed from the analyses of the mean CES in the right prism 

condition, as their mean CES was beyond ± 2 standard deviations from the group means.  

 

One participant in the left prism condition and two participants in the right prism 

condition were removed from analyses of variance of the endogenous local global task as 

their mean RT was beyond ± 2 standard deviations of the group mean.   

5.6.2 Stimuli 

Participants were seated at a viewing distance of 50cm in front of an active external 

monitor (19” monitor) to a Dell Latitude laptop, with the screen centered on their 

midline.  Participants rested the index and middle fingers of the right hand on two keys 

positioned on the right-hand side of the body.  Each key was 12mm in diameter and 

elevated 26mm from the table.  Pressing one of the buttons as quickly and as accurately 

as possible constituted a response.    Accuracy and RTs in ms were logged.   
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Stimuli were presented centrally on a large PC monitor (19”).  The stimuli were global 

numbers made up of local numbers as in Fig.5.3.   Target stimuli took the form of either a 

global or a local number 1 or 2.  The numbers 3 and 4 served as distracters.  Each 

stimulus pattern either contained one target at the global level or at the local level. The 

global and local letters in each hierarchical stimulus were always perceptually distinct.  

Global stimuli were 45mm in height, and varied between 13 and 28mm in width19.  Local 

stimuli were 4mm in height and between 2.5 and 3mm in width.  The participant was 

required to indicate using a button press if the target number 1 or 2 was presented on the 

screen regardless of whether it appeared globally (large number) or locally (small 

number).  Stimuli were presented randomly (both target level predictability and 

repetition20 was set at 50%: Lamb et al., 2000) in order to reduce the sequential effects of 

local global processing from one trial to another (Ward, 198221).   

  

 

 

                                                
19 The participant viewed these stimuli at a distance of 50cm.  Visual angle subtended was about 3.2°. 
20 The concept of level repetition will be discussed later in the chapter.  It means that an automatic and 
involuntary mechanism influences local global processing simply as a function of the level of the target 
presented before the present one (Trial N-1).  Huebner et al (2000) found that level repetition effects were 
observed even in the presence of valid cueing, which raises an obvious concern – why is the valid cue 
ineffective? A cogent criticism made by Lamb et al (2000) identify the fact that Huebner failed to use 
symbolic cues, and therefore could not extrapolate their findings to endogenous attention.  They also failed 
to compare valid cueing to invalid cueing, which meant that the effectiveness of valid cueing was not 
assessed.  Lamb et al (2000) showed in fact that level repetition effects did not prevent endogenous 
(arrows) cues from shifting attention in a controlled manner.  
21 This study analysed the sequential effects in global and local RT advantage.  He found that attending to 
local targets on trial (N) produced facilitation for local targets on trial (N+1).   Similar results were reported 
for global targets.   
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Fig 5.3: Illustration of the compound stimuli used in the current study.  In this example 

the global number is one and the local number is 4.  The participant is required to 

indicate whether the target number 1 or 2 was presented (local or global form) 

following an endogenous (arrow) or exogenous cue (flash). 

 

A cue was presented before each stimulus.  The participant was required to either attend 

to the cue (endogenous) or to ignore the cue (exogenous).  The cue could be a valid, 

invalid or neutral predictor of target type (global or local target).  Neutral cues were 

presented as a control (simple target detection) but were not of primary interest.  

Orienting attention to a valid or from an invalid cue was the primary dependent measure.  

For the LG exogenous task each cue type (valid, invalid and neutral) was represented by 

33% of the cues presented.  For the LG endogenous 60% of presented cues were valid, 

and 40% (rest of cues presented) were evenly divided between invalid and neutral cues 

Local-Global exogenous 

A single trial began with a fixation cross-presented centrally on the screen.  After a 

period of time a central square brightened.  The participant was required to detect the 

target as quickly as possible. Two stimulus onset asynchronies were presented (200ms 

and 800 ms).  In addition to the cued trials, there were also invalidly cued trials and 
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neutral cued trials.  This resulted in a total of 384 trials pre adaptation and 192 trials post 

adaptation.  Participants performed 30 practice trials before completing the LGPT.   Cues 

were presented for 100 ms and temporally overlapped with target presentation (SOA = 

200).  Targets remained on screen for 300ms. 

 

 
Fig 5.4 Exogenous cues used in Local-global exogenous. Cues presented could be neutral 

(striped medium central square), local (small white central square) or global (large 

white central square).  
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Fig 5.5 Timing of cues and targets for Local-Global exogenous.  At 100ms ISI there is 

temporal synchrony between cue presentation and target onset, however there is no 

temporal synchrony between cue presentation and target onset at the longer SOA.   

 

Local-Global endogenous 

A single trial began with a fixation cross presented centrally on the screen.  After a period 

of time an arrow array was presented centrally for 300 ms. The arrow directed attention 

to the local, global or both levels of the visual scene.  The participant was required to 

detect the target as quickly as possible. Two stimulus onset asynchronies were presented 

(50022ms and 700 ms).  In addition to the cued trials, there were also invalidly cued trials 

and neutral cued trials.  This resulted in a total of 320 trials pre adaptation and 200 trials 

post adaptation.  Participants performed 30 practice trials before completing the LGPT.   

Cues were presented for 300 ms and did not temporally overlap with target presentation.     

 

 

 

 

 

                                                
22 SOA of 500 ms is compatible with controlled or voluntary attentional processing (Müller & Rabbitt, 
1989).   
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Fig. 5.6: Endogenous cues presented in the Local Global Processing Task endogenous.  

 

 
 Fig. 5.7: Timing of cues and targets for Local-Global endogenous.   

 

For both versions of the LGPT task participants were seated 50cm from the screen with 

free movement of head.  Participants were requested to keep their eyes fixated on the 

central cross before cue presentation, and to make a button press as quickly as possible to 

the detected target.  
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Fig. 5.8. Examples of Target and Distracter stimuli.  Adapted from Filoteo et al., (1994) 

and Bellgrove et al. (2003).   

 

5.6.3 Prism Adaptation Procedure 

 

The adaptation procedure was described in chapter two. 

5.6.4 Data Analysis 

(a) Mean Accuracy Levels 

Mean absolute accuracy was measured as a proportion of correct responses made out of 

the total responses.  A mean of 1.0 indicated 100% accuracy. 
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(b) Mean Reaction Time Data 

 

Mean RT was computed as the mean of median single participant RTs.  Response times 

were discarded if they were ± 2.0 standard deviations from overall group means.  

Response time data were analysed using a within participant ANOVA with phase (pre 

adapt, post adapt), cue type (valid vs. invalid), location of target (local vs. global) and 

SOA (200 mSec, 800 mSec) as within participant factors in the LG exogenous.  Similar 

analyses (repeated measures ANOVA) were run for the LG endogenous, except for one 

small difference.  The repeated levels for the SOA were 500 mSec and 700 mSec.   

 

(c) Cue-effect size 

Cue-effect size (CES) was calculated for each participant by subtracting the average RTs 

for invalidly cued trials from the average RTs from validly cued trials at each SOA.  A 

positive score is indicative of an RT advantage for validly cued trials, whereas a negative 

score is indicative of an RT advantage for invalidly cued trials. 

 

 

  CES  =( Invalid Target RT23  - V Valid Target RT) 

 

The CES was also computed separately for local shifts of attention (invalidly cued local 

RT – validly cued global RT) for each participant at each SOA.  CES for global shifts of 

attention (invalidly cued global RT – validly cued local RT) were also computed.  

 

 

                                                
23 Mean of median single participant RTs. 
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5.7 Results 

A repeated measures ANOVA was conducted on mean RT across all prism conditions.  

Data for each prism condition was then analysed separately for accuracy, mean RT and 

mean CES if there was a significant interaction involving prism condition.  

 

5.7.1 LG exogenous 

 

(a) Mean RT 

For the repeated measures ANOVA thirty-two participants were considered for analysis.  

Participants were removed if their mean RT was beyond ± 2 standard deviations of the 

group mean.  A repeated measures ANOVA was conducted on the mean RT for all prism 

conditions.  Within participant factors included phase of adaptation (pre, post), cue (valid, 

invalid), target level (local, global) and SOA (short, long).  The between participant 

factor was prism condition (control, left, right).  There was a significant main effect of 

phase of adaptation (F (1, 29) = 24.69, p<. 001).  Mean RT was significantly more rapid 

post adaptation (mean 459.11ms, SE 9.53) compared to pre adaptation (mean 505.31ms, 

SE 13.21).  There was also a significant main effect of target level (F (1, 29) = 4.723, p<. 

038).   Mean RT was significantly faster in response to local targets (mean 479.64ms, SE 

10.47) compared to global targets (mean 484.78ms, SE 10.73).  SOA had a significant 

effect on mean RT (F (1, 29) = 35.51, p<. 001).  Participants responded more rapidly 

during long SOAs (mean 470.82ms, SE 10.08) compared to short SOAs (mean 493.60ms, 

SE 11.29).  A significant interaction between phase x target was observed (F (1, 29) = 6.42, 

p < .017), indicating that it took participants longer to respond to global targets pre 

adaptation (mean 510.99ms, SE 13.82) compared to local targets (mean 499.62ms, 

SE12.89), but this difference essentially disappeared post adaptation.  Participants 

responded equally rapidly to global targets (mean 458.57ms, SE 9.22) and to local targets 

(mean 459.66ms, SE 9.98).  There was no significant main effect of prism group.  A 

significant interaction involving prism condition was observed between phase x cue 

validity x target level (regardless of SOA) (F (2, 29) = 3.540, p < .042).  (Appendix 5.1).  
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Separate repeated measure ANOVAs were conduced on each prism shift in order to 

explain the significant interaction (see Berberovic et al., 2004; Berberovic & Mattingley, 

2003; Morris et al., 2004; Striemer & Danckert, 2004). 

 

Left Adaptation 

(a) Mean Accuracy 

A repeated measures ANOVA with phase of adaptation (pre, post), Type of cue (valid, 

invalid), Location of target (global, local) and SOA (200ms, 800ms) as within participant 

factors was conducted on mean accuracy scores.  There was a significant effect of phase 

of adaptation (F (1, 10) = 5.174, p < .05).  Mean accuracy was reduced post adaptation 

(mean .956, SE .009) compared to pre adaptation (mean .968, SE .007).  No other within 

factor had a significant effect on mean accuracy but a significant interaction between 

phase x type x location x SOA was observed (F (1, 10) = 5.324, p < .05).  No significant 

differences were observed post adaptation with Bonferroni corrections (appendix 5.2). 

(b) Mean Reaction Time 

A repeated measures ANOVA was conducted with phase of adaptation (pre, post), type 

of cue (valid, invalid), target location (global, local) and SOA (200, 800) on the mean of 

median single participant RTs.  There was a significant main effect of phase of adaptation 

(F (1, 14) = 9.22, p < .009).  Mean RT was significantly faster post adaptation (mean 

460.28ms, SE 20.39) compared to pre adaptation levels (mean 529.29ms, SE 29.56).  The 

only other significant within factor was SOA (F (1, 14) = 20.01, p < .001). Mean RT was 

significantly faster during the long SOA (mean 480.07ms, SE 20.82) compared to the 

short SOA (mean 509.49ma, SE 24.89).  There was no significant interaction involving 

phase.  Planned post hoc tests failed to reveal any significant effect of prism adaptation.  

In short, prism adaptation did not affect mean RT (appendix 5.3). 
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(c) Cue Effect Size (CES) 

 

In order to further examine the effects of prism adaptation, cue-effect sizes for shifts of 

attention were calculated by subtracting the mean RTs for valid trials from invalid trials 

(method).  This difference (invalid-valid) is a measure of the RT advantage for validly 

cued targets in which a positive score indicates an advantage (e.g. rapid RTs) for valid 

trials, and a negative score indicates an advantage for invalid trials. 

 

A repeated measures ANOVA with phase (pre, post adapt), attentional shift (global, 

local) and SOA (200, 800ms) was conducted on the mean CES for global and local shifts 

of attention.  There was no significant main effect of any within factor.  In short, it 

appeared that adaptation to left prisms had no effect on the orienting of attention 

(appendix 5.4). 

Right Prisms 

(a) Mean Accuracy 

 

A repeated measures ANOVA with phase of adaptation (pre, post), Type of cue (valid, 

invalid), Location of target (global, local) and SOA (200ms, 800ms) was conducted on 

mean accuracy scores.  There was no significant main effect of any within participant 

factor.  There was a significant interaction between phase x cue x target (F (1, 10) = 6.03, p 

< .034). Mean accuracy pre adaptation for validly cued global and local targets were 

similar (mean .98 (.005) and mean .98 (.003), respectively). Mean accuracy was higher 

for invalidly cued local targets (mean .986 (.004)) relative to invalidly cued global targets 

(mean .971 (.004)) pre adaptation.  Mean accuracy post adaptation to validly cued global 

targets was .98 (.008) and was .984 (.005) in response to validly cued local targets.  

Participants scored higher in response to invalidly cued global targets post adaptation 

(mean .981 (.007)) compared to invalidly cued local targets (mean .962 (.012)).  

Participants were equally accurate when presented with validly cued local or global levels 

both pre and post adaptation.  Valid cues attracted attention equally.  The same pattern of 
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accuracy was observed pre and post adaptation. Participants responded more accurately 

to invalidly cued local targets (global to local) compared to invalidly cued global targets 

(local to global). See appendix 5.5. 

 (b) Mean Reaction Time 

 

A repeated measures ANOVA revealed a significant main effect of phase of adaptation 

(F (1, 11) = 10.629, p<. 008).  Mean of median single participant RTs was significantly 

reduced post adaptation (mean 468.67ms, SE 15.92) compared to pre adaptation RT 

(mean 500.05ms, SE 19.11).  A significant main effect of SOA was also detected (F (1, 11) 

= 12.28, p < .005); mean RT was significantly reduced for longer SOAs (mean 474.15ms, 

SE 17.19) compared to shorter SOAs (mean 494.57ms, SE 17.14).  A significant 

interaction was observed between phase x target level (F (1, 11) = 18.51, p < .001).   Mean 

RT was longer for global targets (mean 506.35ms, SE 19.43) relative to local targets pre 

adaptation (mean 493.75ms, SE 18.92).  This pattern was reversed post adaptation where 

mean RT was longer for local targets (mean 646.10ms, SE 16.11 473.24ms, SE 15.89) 

compared to global targets (mean 473.24ms, SE 15.89).   

 

Planned post-hoc tests with Bonferroni corrections revealed only one significant 

difference.  Mean RT was significantly more rapid post adaptation when reorienting from 

a local cue to the global level (t (11) = 3.856, p <. 05).  Mean RT was 504.63ms (SE 

22.08) pre adaptation and reduced to 452.42ms (SE 17.55) post adaptation.  Participants 

were better at reorienting attention from a local cue post adaptation at longer SOAs.  A 

similar pattern was also observed for shorter SOAs, but failed to reach significance (t (11) 

= 3.184, p > .05). See appendix 5.6.  
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Fig. 5.9 Means of significant interaction between phase of adaptation and target level. 

 

(c) Cue Effect Size 

 

A repeated measures ANOVA revealed no significant effects of any of the within factors 

(phase of adaptation, orienting shift (global or local) and SOA).  There was a significant 

interaction between phase x target level (F (1, 9) = 29.221, p < .001).  CES was increased 

for local shifts of attention from –24.9 (4.14) pre adaptation to 6.175 (7.74) post 

adaptation.  CES was reduced for global shifts of attention from 5.1 (5.48) pre adaptation 

to –16.40 (5.99) post adaptation.  Shifting to and from the local level was more efficient 

pre adaptation, while shifting to and from the global level improved post adaptation.   

 

Post hoc tests with planned multiple comparisons revealed one significant difference for 

local attentional shifts at the short SOA (CES L).  CES L significantly increased post 
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adaptation (t (10) = -3.128, p < .05).  Participants reoriented attention more quickly from a 

global cue pre adaptation (mean CES –32.55, SE 6.64), but post adaptation oriented 

attention more quickly globally (mean CES 9.45, SE 9.78).  See appendix 5.7. 

 

 
Fig. 5.10 Mean CES involved in the significant interaction between phase x target level. 

Positive scores represent an advantage to valid cues, negative scores represent an 

advantage to invalid cues.  Attentional shifts to the local level is the difference in mean 

RT between invalid cueing to the local level and valid cueing to the global level.  Shifts 

to the global level are represented by the difference between invalid cueing to the global 

level and valid cueing to the local level. 
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Sham Prisms 

(a) Mean Accuracy 

 

A repeated measures ANOVA failed to reveal any significant main effects. There was a 

significant interaction between phase x target level (F (1, 11) = 5.31, p<. 042).  Mean 

accuracy was higher pre adaptation for global targets (mean .962, SE .01) compared to 

local targets (mean .971, SE .007).  Post adaptation accuracy was higher for global targets 

(mean .968, SE .008) compared to local targets (mean .957, SE .005).  Post hoc 

comparisons failed to reach significance.  Participants displayed global precedence both 

pre and post adaptation, accuracy was higher in response to global targets compared to 

local targets.  Planned post-hoc comparisons failed to reveal any significant differences 

(appendix 5.8). 

 

(b) Mean Reaction Time 

 

A repeated measures ANOVA revealed a significant main effect of phase (F (1, 11) = 

23.75, p <. 0001); mean of median single participant RTs was significantly reduced post 

adaptation (mean 462.75ms, SE 16.12) compared to pre adaptation times (mean 

528.66ms, SE 27.3).  There was also a significant main effect of SOA (F (1, 11) = 10.78, 

p<. 007).  Mean RT was significant shorter for longer SOAs (mean 483.20ms, SE 20.28) 

compared to shorter SOAs (mean 508.21ms, SE 23.05).  There was a significant 

interaction between phase x cue validity x target type (F (1, 11) = 5.810, p < .035).  Mean 

RT improved post adaptation for all target types (Appendix 5.9).  
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(c) Cue Effect Size 

 

A repeated measures ANOVA was conducted on the mean CES pre and post adaptation 

to sham prisms.  There was no significant main effect of any within factor, nor a 

significant interaction between the factors (appendix 5.10).  

 

5.7.2 LG endogenous 

(a) Mean RT 

 

A repeated measures ANOVA was conducted on the mean RT for all prism conditions.  

Within participant factors included phase of adaptation (pre, post), cue (valid, invalid), 

target level (local, global) and SOA (short, long).  The between participant factor was 

prism condition (control, left, right).  There was a significant main effect of phase of 

adaptation (F (1, 36) = 5.64, p< .023).  Mean RT was significantly faster post adaptation 

(mean 483.96ms, SE 14.24) compared to pre adaptation (mean 502.48ms, SE 18.4).  

There was also a significant main effect of cue validity (F (1, 36) = 12.17, p<. 001).  Mean 

RT was significantly faster to valid cues (mean 472.15ms, SE 14.46) compared to invalid 

cues (mean 514.29ms, SE 19.4).  Target level also had a significant main effect (F (1, 36) = 

7.453, p< .01).  Mean RT was significantly shorter for global targets (mean 489.36ms, SE 

16) compared to local targets (mean 497.08ms, SE 16).   

 

There was a significant interaction between phase x cue validity x target level (F (1, 36) = 

5.68, p< .022), but no interaction involving prism condition.  Mean RT was similar to 

validly cued global and local targets pre adaptation (mean 481.18ms, SE 17 for global 

targets, mean 481.19ms, SE 16 for local targets).  This is evidence that participants used 

the arrows to allocate attention equally to local and global targets.  Participants responded 

more rapidly to validly cued local targets (mean 456.01ms, SE 13) compared to global 

targets (mean 470.23ms, SE 14) post adaptation.  Mean RT was faster for invalidly cued 

global targets (mean 516.05ms, SE 21) compared to invalidly cued local targets (mean 
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531.48ms, SE 24) pre adaptation.  A similar pattern of responding remained post 

adaptation, with shorter RTs for invalidly cued global targets (mean 489.99ms, SE 18) 

compared to invalidly cued local targets (mean 456.01ms, SE 13).  In short, prism 

adaptation did not significantly affect endogenous local global processing (appendix 

5.11).   

5.8 Discussion 

Previous studies of the effects of prism adaptation in spatial neglect patients and in 

healthy controls have demonstrated a broad range of after-effects (Berberovic & 

Mattingley, 2003; Colent et al., 2000; Michel et al., 2003; Pisella et al., 2002; Rossetti et 

al., 2003; Rossetti et al., 1998).  The aim of the present study was to induce a neglect-like 

bias in local global processing.  Robertson et al. (1988) showed that patients with right 

TPJ lesions (without spatial neglect) displayed a processing bias toward local levels of a 

hierarchical stimulus.  The most rapid response time recorded for right TPJ patients was 

to local targets in comparison to global targets.  Lux et al. (2005) extended this finding 

earlier this year by investigating the behaviour of patients with spatial neglect on local 

global processing tasks.  They found that spatial neglect patients responded more quickly 

to local targets relative to global targets.  These patients also made more errors in 

response to global targets.  The above studies suggest that patients with damage to the 

right TPJ and presenting with spatial neglect bias attentional resources toward the local 

level of a hierarchical stimulus.    

 

It was predicted that LPA in the healthy brain would depress right TPJ function.  The 

consequence should be a processing bias toward the local level of a hierarchical stimulus 

in two types of tasks; an exogenous (automatic attentional orienting) and an endogenous 

(voluntary attentional orienting) spatial orienting task to either the local or global level 

within a Navon figure.  Following LPA, valid cues to the local level should significantly 

facilitate performance in response to local targets, and invalid cues to the global level 

should significantly impair performance in response to global targets.  That is, it was 

predicted that an early orienting bias to the local level, and an impairment in disengaging 
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attention from the local level in order to reorient it globally would be observed post LPA.  

No predictions were made for RPA. 

 

No effects were observed following LPA.  In contrast, RPA had a significant effect on 

attentional shifting (in the exogenous task only).  RPA significantly facilitated both 

orienting to the global level at the short SOA and disengagement behaviour following 

invalid cueing to the global level at the long SOA (a similar result was observed for the 

shorter SOA but failed to reach significance).   

 

Both attentional and perceptual factors contribute to the effectiveness of local global 

processing.  Perceptual systems in healthy participants respond to global and local levels 

independently “in initial stages of processing, and controlled attentional processes 

distribute resources between level information within these channels to modulate the 

incoming information” (Lamb & Robertson, 1991, p. 317).  Bottom-up processes include 

independent channels asymmetrically associated with posterior temporal-parietal cortices 

that respond to global and local levels.  One channel represents global features more 

strongly than local, and vice versa.  The inferior parietal lobe controls the attentional 

processes within these channels (Lamb & Robertson, 1991).  The role of IPL in 

attentional control within hierarchical stimuli adds to the growing body of literature 

proposing an attentional role for the IPL in spatial attention across the visual fields 

(Losier & Klein, 2001).   

 

It was predicted that LPA would significantly induce a ‘neglect-like’ effect on attentional 

orienting within a Navon figure by depressing right parietal function.  It is unclear why 

LPA did not affect local global processing, while RPA did influence processing.  

Although perceptual systems respond asymmetrically to global and local levels 

independently, not all studies with healthy participants have reported such asymmetries 

(Blanca, 1992; Boles & Kastner, 1996; Fink et al., 1997; Johannes et al., 1996; Lamb & 

Robertson, 1988).   For example, Fink et al., (1997) used PET imaging to explore 

directed attention within hierarchical stimuli.  The authors reported an asymmetry 

opposite to previous findings that the right and left hemispheres mediate processing in 
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global and local levels respectively.  Greater right hemisphere activation was observed 

for local (not global) elements, while greater left hemisphere activation was observed for 

global (not local) processing.   Weissman et al (2002) used fMRI to image the intact brain 

whilst engaging in cued congruent or incongruent Navon figures.  They surprisingly 

found asymmetries in visual areas opposite to that predicted by current models of local 

global processing.  For example, the authors demonstrated left (not right) occipital 

activation in response to global cues, while right (not left) occipital activation in response 

to local cues.  Evidence of varying hemispheric asymmetries in the visual cortex has been 

demonstrated before (Fink et al., 1997, 1999).   

 

Likewise, Johannes et al., (1996) used ERP to explore the neural correlates of local-

global processing.  The authors reported that the left hemisphere predominantly 

processed both global and local level information.  This finding could not be explained in 

terms of stimulus category.   

 

In the present study, it is therefore possible that the ‘free’ left hemisphere was able to 

process both global and local levels within the hierarchical stimulus following LPA, as 

LPA is predicted to disrupt right parietal activity only.   

 

RPA significantly facilitated orienting to the global level and disengagement behaviour 

from the local level to the global level.  In effect, RPA facilitated attentional orienting to 

the global level.  No prediction was made for RPA, but the results dovetails nicely with 

previous findings that patients with damage to the left IPL and left STG (without spatial 

neglect) show a processing bias toward the global level.  This is in line with the 

interpretation that RPA may alter or suppress left (as well as right) parietal function 

(Berberovic & Mattingley, 2003; Girardi et al., 2004; Striemer & Danckert, personal 

communication 2004).   
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5.9 Study Limitations 

Hemispheric asymmetries in local global processing in the healthy brain are subject to a 

number of factors, including the duration of target exposure.  Blanca et al. (1994) found 

that right hemisphere and left hemisphere mediated global and local processing, 

respectively, were observed when targets were presented for 50ms and not at longer 

durations of 100ms or 200ms.   No asymmetries were reliably reported by Evert et al 

(2003) for exposure durations exceeding 150ms.  Stimulus duration was 300 ms in the 

present study (as in Fink et al., 1997) and may explain why LPA did not influence local 

global processing due to right hemisphere depression   

 

The absence of any reliable effect of prisms in both orienting tasks (exogenous and 

endogenous) may be related to the use of attentional cues.  Perhaps some participants 

were not susceptible to attentional capture (did not demonstrate an advantage to valid 

cueing) or attentional capture was dependent on cue type.  If participants are already 

efficient at reorienting from an invalid cue, then it is possible that prism adaptation will 

not modulate this behaviour.  The sample size in the present study did not permit dividing 

participants according to CES size and cue type. 

 

5.10 Further Research 

 

Further Research could extend the present results by comparing the effects of prism 

adaptation on target detection (mean RT to neutral cues, which were presented but not 

logged in the present study).  Both congruent and incongruent stimuli could be used in 

order to compare precedence and facilitation effects (e.g. processing of the global level in 

the absence or presence of a conflicting local level).  A larger N could be employed 

(N=30) for each prism group, so that participants displaying either large CES (advantage 

to valid cueing, and disadvantage to invalid cueing) or small CES could be adapted.  It 

would be predicted that participants with large CES would demonstrate an effect of left 

prism exposure as it is possible that prism exposure affects the ability to reorient or 

disengage attention (Striemer & Danckert, 2004).   
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5.11 Summary 

LPA did not influence local global processing, and RPA significantly facilitated orienting 

to the global level, and disengagement behaviour from the local level to the global level.  

This study shows that prism adaptation modulates certain aspects of selective attention 

between stimulus levels.  RPA induces a processing bias to global targets.     

 

Von Zomeren & Brouwer (1994) proposed that attention could be divided into non-

spatial attention (alertness and non-spatial selectivity) and spatial attention.  LPA 

significantly modulated non-spatial attention as measured by arousal, vigilance as 

reported in previous chapters.  The right parietal region (e.g. right IPL) is heavily 

involved in these non-spatial functions.  It is possible that LPA operates by depressing 

function within the right IPL.  The following two chapters examine the second arm of 

Von Zomeren & Brouwer’s (1994) model of attention – spatial attention. It is known that 

both non-spatial and spatial functions lateralized to the right hemisphere share a common 

neural network converging on the right parietal region, and are also implicated in the 

aetiology of spatial neglect.  The penultimate and final experimental chapters ask one 

simple question: does LPA operate by modulating spatial attention?   
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Chapter 6: Effects of prismatic adaptation on free-viewing perceptual 
asymmetries in the greyscales task. 

 

6.1 Summary 

 

Patients with spatial neglect typically over-attend to features on the right side of a target 

stimulus.  The greyscales task was developed to quantify the early and automatic 

rightward orienting of visual attention in spatial-neglect patients and leftward orienting in 

healthy adults (Mattingley et al., 1994).  Explanations for this attentional imbalance have 

been couched in terms of differential hemispheric contralateral control of spatial 

attention.   

 

Prism adaptation to a lateral shift of the visual field induces significant perceptual 

aftereffects in right hemisphere spatial-neglect patients and in normal participants.  

Adaptation to right shifting prisms reduces the pathological rightward attentional bias in 

spatial neglect patients.  In contrast, adaptation to left shifting prisms induces a mild 

‘neglect-like’ rightward shift in perceptual judgments in healthy participants as measured 

by the line bisection task.  The present chapter investigates whether adaptive after-effects 

extend to speeded free-viewing perceptual asymmetries.   

 

Before and after adaptation, participants performed a visual greyscales task that examined 

attentional biases by forcing participants to judge the darker of two left-right mirror-

reversed brightness gradients under free viewing conditions.  It was predicted that left 

prism adaptation (LPA) would shift attentional bias rightward due to depressed right 

parietal function.  This prediction was confirmed.  However, right prism adaptation 

(RPA) also significantly shifted spatial attention rightward.  These results are discussed 

in terms of depressed right parietal function and spatial frames of reference. 
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6.2  Aims of Study 

 

Adaptation to left-shifting prisms in the normal brain produces a mild ‘neglect-like’ 

rightward shift in perceptual judgments in the line bisection task (Berberovic & 

Mattingley, 2003; Colent et al., 2000; Michel et al., 2003).  A rightward bias in spatial 

attention as measured by the line bisection task is a behavioural signature of spatial 

neglect.  This rightward shift in spatial attention is thought to occur because left prism 

adaptation (LPA) depresses right parietal function.    The present chapter builds upon the 

previously reported finding that LPA significantly shifts spatial attention rightward as 

measured by the line bisection task.  If left prism adaptation depresses right parietal 

function then it may also disrupt the selective component of attention.  It is predicted that 

LPA will significantly shift spatial attention rightward, as measured by a free viewing 

lateral asymmetry task.   

 

6.3 General Introduction 

6.3.1 Pseudoneglect and Perceptual Asymmetry 

 

Neurologically normal participants systematically misbisect space during visual line-

bisection or similar tasks to the left (not right) of veridical centre (Jewell & McCourt, 

2000).  Bowers & Heilman (1980) called this leftward spatial bias  ‘pseudoneglect’, 

which has often been discussed along with spatial neglect, as “twin manifestations of a 

common underlying attentional asymmetry” (Jewell & McCourt, 2000, p. 94).   

 

A number of studies have reported that perceptual asymmetries emerge under free 

viewing conditions in the greyscales task (Mattingley et al., 1994a,b).  The task requires 

participants to judge which of two left-right mirror reversed brightness gradients appears 

overall darker (see Fig.6.1).   Each greyscale changes incrementally from white on one 

side to black on the other.  Choosing the darker bar (top or bottom) requires a response 

unrelated to the direction of the brightness gradient (left or right).  When asked to choose 

which stimulus is overall darker, normal participants tend to choose the greyscale that is 
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darker on the left-hand side (Luh et al., 1991; Luh, 1995).  This pseudo-neglect bias 

occurs despite the fact that the stimuli are equiluminant.  Leftward perceptual asymmetry 

may be the result of an attentional or perceptual bias directed towards left hemispace 

(Luh, 1995; Mattingley et al., 1994b).    

 

Deployment of spatial attention toward left space is thought to occur due to the selective 

activation of the right hemisphere through the act or the anticipation of spatial processing 

(Kinsbourne, 1970; Milner et al., 1992).  Leftward bias of attention is thought to bias 

processing of features contained on the left side of the stimuli relative to those contained 

on the right side.  This leftward bias has been demonstrated in healthy individuals using 

identical paradigms as those used with spatial neglect patients (Luh et al., 1991; 

Mattingley et al., 1994a, b; Nicholls et al., 1999).   Normal participants choose the 

stimulus with a higher density of dots on the left hand side of one array (Luh et al., 1995), 

even though the dots are arranged so that they were denser at the left side of one array 

and at the right side of another array.  This leftward bias extends to judgments of 

numerosity24 and size25 (Nicholls et al., 1999).   In fact, when asked to determine which 

stimulus was overall darker, Nicholls et al. (1999) found that normal healthy participants 

choose the greyscale that was overall darker on the left side 67% of the time.  This strong 

lateral asymmetry occurred despite the fact that the grey scales within each pair were 

always equally dark.   

 

The neural correlates in the healthy brain of lateral asymmetry in the greyscales task has 

not as yet been explored, and the rightward ipsilesional lateral asymmetry in the 

greyscales task demonstrated by spatial neglect patients has not been attributed to any 

particular lesion site (Mattingley et al., 2003).  This is in line with previous studies that 

have advanced the view that each hemisphere contains a distributed neural network for 

spatial attention, including parietal, frontal, thalamic and basal ganglia structures 

(Mesulam, 1999).  As the neural correlates of performance on the greyscales task have as 

                                                
24 Stars were arranged so that they were more dense (more numerous) on the left side in one stimulus and 
on the right side in another stimulus.  
25 Stimuli increased in height from one side to the other.  Thus, the stimuli were arranged so that one 
stimulus was higher on the left side while the other was higher on the right side. 
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yet not been identified, it may well be worthwhile examining the neural loci of other tests 

of perceptual asymmetry.   

 

Brain regions implicated in successful performance on the landmark task (perceptual 

version of the line bisection task) have been identified by two imaging studies (Marshall 

et al., 1997; Fink et al., 2000) and a more recent electrophysiological study (Foxe et al., 

2003).  Increases in blood flow in the right dorsolateral prefrontal cortex, right anterior 

insula and the right anterior superior temporal lobe were observed in a study using 

HMPAO-SPECT imaging as participants made judgments about a series of pre-bisected 

lines (Marshall et al., 1997).  Fink et al., (2000) observed activation in the right superior 

posterior and right inferior parietal lobe while participants performed the landmark tasks. 

Activation was also observed in early visual processing regions bilaterally, the cerebellar 

vermis, and the left cerebellar hemisphere.   

 

A more recent study ERP by Foxe et al. (2003) investigated performance on the landmark 

task by healthy participants.  The authors observed a right parieto-occipital negative 

potential which was significantly earlier in latency and larger in magnitude relative to left 

hemisphere potential.  The authors suggested that the most probable generators of the 

early ERP components in the line bisection task were the right lateral occipital cortex and 

the right temporoparietal junction (TPJ).  A more central parietal region such as the right 

superior parietal cortex was nominated as a possible generator for later ERP components.   

 

Karnath (2001) recently suggested that the rostral portion of the superior temporal cortex, 

just inferior to the TPJ is the neural locus of spatial awareness in spatial neglect.  This 

region is the interface between the ventral (what) and dorsal (where) processing streams 

(Karnath, 2001).  The early ERP component (N1) of processing line bisection stimuli 

may be indicative of ventral stream processing (Murray et al., 2002).  The ‘line bisection 

effect’ is thought to be generated in the right lateral occipital region and the right superior 

occipital gyrus, which are relatively close to the TPJ (Foxe et al., 2003).   This effect is 

then transmitted into the dorsal processing stream including inferior parietal and superior 

parietal areas.  It may be the transmission from ventral to more dorsal processing streams 
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that is impaired or disrupted in spatial neglect (Foxe et al., 2003).  The right TPJ, which 

is damaged in spatial neglect, is an ideal candidate site for transmission between the 

ventral and dorsal streams (Karnath, 2001).  It is possible that the right TPJ is also 

involved in perceptual processing in the greyscales task. 

 

6.3.2 Spatial neglect & Perceptual Asymmetry 

 

In contrast, patients with left neglect tend to choose the bar with the dark gradient on the 

right side relative to the bar with an equivalent dark gradient on the left side (Mattingley 

et al., 1994).  Spatial neglect may be modelled on a series of attentional events beginning 

with an early orienting and lateral preference to the right side of space (ipsilesional).  

This orienting bias has been characterized in terms of right hemisphere dysfunction and is 

thought to be predictive of persistent neglect-like behaviours (Mattingley et al., 1994).  

Left spatial neglect patients tend to identify first and consistently regions within a 

composite diagram to the right of veridical centre.  This early rightward orienting bias 

has been operationally defined as a ‘position reference’ (Gainotti et al., 1991), which 

influences early orienting and scanning behaviour to the right.  The rightward lateral 

orienting bias can be measured as the tendency to choose or prefer the right side of a 

composite image (e.g. consistently choosing the right side of the greyscales composite 

stimulus).   

 

Mattingley et al. (1994) found evidence for a strong and consistent rightward bias under 

conditions of free viewing.  Patients with spatial neglect tended to choose the right side of 

a chimeric stimulus (face) relative to the left side as being more similar to the original 

asymmetrical face.  Similarly, in a task where one half of the face is neutral (devoid of 

expression) and the other half is smiling, patients with spatial neglect selected as 

‘happier’ the chimera with a smiling half-face on the right side.  Normal participants 

exhibited a significant leftward bias on the same task (pseudoneglect), consistent with 

previous findings (Luh et al., 1991; Mattingley et al., 1994; Nicholls et al., 1999).  The 

authors also reported that a subgroup of the patients who scored normally on clinical 
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measures of neglect (e.g. line bisection), actually demonstrated a significant rightward 

lateral bias in the asymmetry tasks.   This persistent rightward lateral bias may be caused 

by a higher-order attentional right hemisphere dysfunction (Mattingley et al., 1994), 

which is captured in the greyscales task.     

6.3.3 Neuropsychological Models of Performance on the Greyscales Task 

Activation Model 

One model proposes unique right hemispheric activation because of the visuo-spatial 

nature of the stimuli (luminosity, numerosity and size for example) used in lateral 

asymmetry tasks (Luh et al., 1991; Luh, 1995; Mattingley et al., 1994; Pizzamiglio et al., 

1992).  An attentional imbalance is created by the selective activation of the right 

hemisphere and consequent shifting of attention toward left space.  The extreme 

rightward spatial bias in spatial neglect is a result of a dysfunctional right hemisphere.  

For example, damage to the right hemisphere results in damage to the right hemisphere’s 

attentional vector, and a release of the left hemisphere from inhibition (Kinsbourne, 

1970).  This produces a swing in attentional orienting toward the right (left hemisphere 

vector). Trevarthen (1972) went further and suggested that one hemisphere could be 

differentially activated by many conditions including unilateral brain damage.  

Mattingley et al. (1994; 2003) reported that patients with damage to the right hemisphere 

and presenting with spatial neglect showed an extreme rightward lateral bias on both 

chimeric face tasks and on the greyscales task (perceptual asymmetry task).  In contrast, 

patients with damage to the left hemisphere (without neglect) demonstrated a more 

extreme leftward bias relative to the normal control leftward bias on the chimeric face 

task.  

 

In support of the unilateral activation of a hemisphere leading to an attentional 

asymmetry, Vingiano (1991) demonstrated that concurrent spatial activity (activating the 

right hemisphere) shifted attention leftward (inattention to right space).  Robertson & 

North (1992) demonstrated that spatial location could interact with unimanual activity in 

spatial neglect.  The authors reported that simple left finger movements in left hemispace 
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reduced neglect compared to a control condition requiring the patient to locate the left 

arm (but not move it) prior to completion of a letter cancellation trial.  Left finger 

movements in left vs. right space ameliorated spatial neglect.  Similarly, Schiff & 

Truchon (1993) explored the effects of hemispheric activity (hand contraction) on lateral 

asymmetry as measured in a chimeric face task.  Left-hand activity produced the 

predicted left lateral asymmetry, which was reduced during right hand activity.   

 

However, Nicholls et al. (1999) failed to demonstrate an effect of unilateral hemispheric 

activity in the greyscales task.  Participants were required to tap or clench either hand 

before making a response to the greyscales task.  Neither motor response affected the 

lateral asymmetry score.  However, the strong leftward bias observed in the greyscales 

task despite unilateral hemispheric activation.  This result suggests that processes other 

than hemispheric activation may be at work (Nicholls et al., 2001).   

 

Directional Scanning Model 

Another alternative account is the possibility that asymmetry is related to the effects of 

directional scanning (Chokron et al., 1998; Mattingley et al., 1994; Nicholls et al., 1999; 

Reuter-Lorenz & Posner, 1990).  Manning et al. (1990) proposed that leftward perceptual 

bias was the result of left-to-right scanning (predominantly in English readers) which 

may lead to an overrepresentation of the left edge of a stimulus relative to the right side.  

Scans may be initiated from the left side and may terminate before the scan path reaches 

the right side.   This scanning bias has been demonstrated through direct control of eye 

scanning in a line bisection task.  Participants were requested to scan from left-to-right 

(right scan path) or right-to-left (left scan path) during a line bisection task (Brodie & 

Pettigrew, 1996).  Right scan paths resulted in a significantly leftward shift in bisection 

marks relative to left scan paths.  In contrast, Chokron et al. (1998) found that controlling 

eye scanning produced symmetric shifts of the bisection mark in the direction of the scan 

origin.  Previous research on the scanning effects of perceptual asymmetries have 

demonstrated that readers of right to left (Urdu readers scan leftward) demonstrate a 

rightward bias, while readers of left to right (Hindi readers scan rightward) demonstrate a 
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leftward bias (Chokron & Imbert, 1993).  This is consistent with Chokron et al., (1998) 

conclusion that spatial attention (perceptual bias) is pulled in the direction of the origin of 

the scan path.   

 

Nicholls & Roberts (2002) explored the effects of scanning direction on a sample of 

English (left-to-right) and Hebrew (right-to-left) readers.  Regardless of reading habits, 

both reader groups demonstrated a leftward bias in the greyscales task.  The authors 

advanced the argument that the attentional model must explain the persistent leftward 

bias in healthy adults on the greyscales task despite unilateral hemispheric activation and 

manipulation of scan paths. 

Attentional Model 

Perceptual-attentional biases reflect an asymmetry in the neural mechanisms that control 

attention and not a hemispheric asymmetry driven by unilateral activation per se 

(Nicholls & Roberts, 2002).  In the Nicholls & Roberts (2002) study, participants were 

exogenously cued using the Posner paradigm (brief flashes were presented at the 

periphery: Posner & Cohen, 1984).  Cues were presented to either the left or the right side 

of the greyscale stimuli, and were predicted to automatically orient attention to the cued 

location.  Participants were required to fixate centrally and stimuli were presented briefly 

(in order to disallow eye movements).  The authors concluded that rightward attentional 

cueing shifted lateral asymmetry rightward (but did not eliminate the leftward bias).  Left 

sided cues had no significant effect on lateral asymmetry as attentional resources were 

already directed to this side of space (Milner et al., 1992).   

 

6.3.4 Prism Adaptation and lateral asymmetry 

 

Spatial neglect and pseudoneglect have been shown to be affected by prism adaptation.  

In a pioneering study, Rossetti et al. (1998) showed a significant leftward shift in 

perceptual judgments on line bisection, line cancellation and drawing following right 

prism adaptation. 
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As already stated, the effects of prism adaptation on neglect patients have lead a number 

of researchers to test for analogous effects in healthy participants.  Colent et al. (2000) 

reported a significant rightward shift in perceptual judgments.  Before adaptation, 

participants made leftward errors indicative of pseudoneglect.  Following adaptation to 

left prisms, mean error in the landmark task was shifted rightward.  This finding was later 

replicated and extended to the line bisection task (Michel et al., 2003).  LPA significantly 

shifted bisection error rightward in a sample of healthy participants.   

 

Although there is mounting evidence that LPA induces a rightward shift in bisection error 

as measured by perceptual judgment tasks (e.g. line bisection, landmark), very few 

studies have investigated the mechanisms underpinning this prism effect.  One possible 

mechanism is a shift in spatial attentional orienting post adaptation.  The greyscales task 

is a sensitive measure of perceptual asymmetry.  Performance on the greyscales task 

reflects hemispheric asymmetry in the neural mechanisms that control attention (Nicholls 

& Roberts, 2002).  The aim of the present chapter was to induce a rightward shift in 

perceptual asymmetry in a sensitive measure of spatial attention – the greyscales task. 

 

6.4 Measures  

6.4.1 Attentional Asymmetry 

 

Lateral asymmetry was measured using the greyscales task (see Fig. 6.1).  The task 

requires participants to judge which of two left-right mirror reversed brightness gradients 

appears overall darker.   Each greyscale changes incrementally from white on one side to 

black on the other.  Choosing the darker bar (top or bottom) requires a response unrelated 

to the direction of the brightness gradient (left or right).  Hence, it is not immediately 

transparent to the participant that the dependent variable is the frequency with which they 

choose bars with the dark gradient on the left side relative to bars with an equivalent dark 

gradient on the right side.  When asked to choose which stimulus is overall darker, 
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normal participants tend to choose the greyscale that is darker on the left-hand side (Luh 

et al., 1991; Luh, 1995).   

 

6.4.2 Arousal 

 

Arousal during the adaptation process was measured using EDA.  Each participant 

adapted according to the procedure outlined in chapter 2.  The EDA findings are fully 

presented in chapter 3.  The mean EDA responding level and mean phasic EDA in the 

late phase of adaptation was entered into a regression analysis to determine whether 

sympathetic arousal level predicted lateral asymmetry scores.  Mean arousal level and 

mean phasic arousal during the late phase of adaptation was entered into the regression 

analysis as (a) LPA significantly influenced arousal in block 3 of the adaptation process 

and (b) previous research (Manly et al., 2005) has reported an effect of arousal following 

sleep deprivation on perceptual judgment.  As mean arousal level was not measured 

following prism adaptation, the last recorded measure of arousal during the final phase of 

adaptation was used to predict lateral asymmetry.  

6.5 Predictions 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

It was predicted that adaptation to left shifting prisms would induce a mild rightward shift 

in perceptual asymmetry as measured in the greyscales task, consistent with previous 

research (Berberovic & Mattingley, 2003; Colent et al., 2000; Michel et al., 2003).  

Previous research has indicated that LPA depresses right parietal function (Girardi et al., 

2004).  The mechanism underpinning the rightward shift in perceptual asymmetry may be 

attentional (Nicholls & Roberts, 2002).  Lesions to the right parietal region result in a 

pathological rightward orienting bias in spatial attention (Karnath, 1988; Mattingley et 

al., 1994; 2003; Posner, 1984).  Transcranial magnetic studies have also shown that 

disruption to right parietal regions impairs target detection in left space and enhances 

target detection in right space (Hilgetag et al., 2001; Walsh et al., 1999).   
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It was also predicted that LPA induced hypo-arousal during the adaptation procedure 

(chapter 3) would be a predictor of rightward bias.  Previous studies have demonstrated 

that modulation of arousal has a direction-specific influence on perceptual asymmetry.  

Increasing arousal in neglect patients shifts perceptual bias leftward (Robertson et al., 

1995).  In contrast, decreasing arousal in the healthy brain significantly shifts bisection 

rightward (Dobler et al., 2003; Manly et al., 2005).  

 

6.6 Method 

6.6.1 Participants 

Twenty-four young (10 males, 14 females; age range 19-33 years) and Twenty-four old 

(9 males, 15 females; age range 51-69 years) participated.  All participants were right-

handed by self-report and had normal or corrected to normal vision.  One senior 

participant failed to fully complete the greyscales task, and was removed from further 

analyses of the lateral asymmetry score in the left prism condition. 

  

6.6.2  Apparatus and Stimuli 

Prismatic adaptation 

Participants wore a pair of Optique Peter binocular prisms to induce a left- or right- or 

no-lateral displacement of the visual field. Each circular eyepiece contained a clear 

wedge prism that displaced the visual field horizontally by 15º to the left or the right.  

Black leather covers attached to the temporal and nasal portions of the frames ensured 

that participants could not see any undistorted portions of the visual field peripherally.   

 

An Elo touchscreen was used in the adaptation procedure, based on the design of 

Kitazawa et al. (1997).  The participant was seated facing a 19” touchscreen, ~500mm 

from the eyes, with the head restrained by a chin rest and the hand starting position out of 

sight at the base of the chin rest.  The sensitive surface of the screen to the finger pad was 

calibrated prior to testing.   
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Greyscales task 

The exact protocol reported by Nicholls et al. (1999) was used. All stimuli were viewed 

at a distance of 500 mm (within reaching space).  The horizontal midline of stimulus 

pairs was aligned with the centre of the display screen.  The upper stimulus within the 

pair was placed with its centre ~29mm above the middle of the screen.  The lower 

stimulus was placed ~29 mm below the centre of the screen.  The length of the stimuli 

was varied between trials to discourage the use of a standard response.  The six lengths 

were: 88, 110, 132, 154, 176, 198mm.  The upper and lower stimuli within the pairs were 

arranged so that they were left-right reversals of one another.  Thus, if the feature to be 

detected was more salient on the left side in the upper stimulus, it was more salient on the 

right side in the lower stimulus.  It should be noted, that each stimulus within a pair had a 

slightly different configuration.  Thus, while the images were identical at a global level, 

they differed at a local level. 

 

An example of the stimuli used in the greyscales task is shown in Fig. 1.  Each of the 

stimuli was defined by a thin black rectangle against a grey background.  The stimuli 

were 50 pixels high.  Each stimulus changed in 50 increments from black on one side to 

white on the other.  The size of the increment changed in proportion to the length of the 

stimulus.  Changes in brightness were achieved by adding pixels to the successive 

increments.  To create the impression of a smooth change in brightness, the vertical 

position of the pixels within each line was randomised.  The randomisation procedure had 

the added benefit of making the stimuli look slightly different despite the fact that they 

contained exactly the same number of white pixels.  The computer for each trial 

generated unique stimulus configurations.   

 

6.6.3  Procedure 

 

All data were collected in a well-lit room free from noise.  Each participant individually 

completed the following sequence of tests (1) pre-adaptation PSSA; (2) pre-adaptation 

greyscales task; (3) visuo-motor adaptation; (4) post-adaptation PSSA; (5) post-
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adaptation greyscales task for all adaptation conditions.  Within each age group, half of 

the participants used their left hand for adaptation and open loop pointing, and half used 

their right hand.  All participants were seated at a chin rest, restraining head movements.   

 

Pre-adaptation greyscales task 

Each participant completed a practice block on the first session containing 24 trials at an 

easy level (difficulty level set at 1000).  Thus, there was an overall difference of 2000 

pixels between the stimuli.  This was done to familiarise the participant with the task and 

determine if the participant could complete the task at a more difficult level (difficulty 

level set so that the participants got approximately 65% correct).   

Then each participant completed a block containing 96 trials both pre and post prismatic 

adaptation.  The greyscales task required participants to make a forced two-choice 

discrimination of the relative brightness of two centrally and simultaneously presented 

horizontal bars. The bars changed incrementally from white on one side to black on the 

other.   A (non-alerting and predictable) tone signalled the stimulus onset, at which point 

the participant opened her eyes and indicated as quickly and as accurately as possible 

using a verbal response which bar was overall darker - top or bottom.  For half of the 

trials, the upper stimulus was darker on the left and the lower stimulus was darker on the 

right.  The reverse was true for the remaining trials.  The six different line lengths were 

represented an equal number of times within each block.  The order in which these 

factors occurred was randomised for each subject.  The counterbalancing of stimuli 

ensured that any consistent response bias would result in a mean bias score of zero.   

In contrast to previous studies of the Greyscale Task in which the stimulus pairs have 

been equiluminant, a luminance difference between the bars was set in the present study 

in order to increase the difficulty of the perceptual difficulty. The luminance difference of 

400 pixels (upper stimulus is darker by 200 pixels and the lower stimulus is lighter by 

200 pixels) was piloted and found to elicit performance accuracy significantly different 

from chance.   No feedback on accuracy was provided during testing.   
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The display was cleared after a response was made and a new trial was begun after an 

interstimulus period of 1500 ms. Trials with a response time longer than 5000ms were 

rejected.  Response time was not a dependent variable as a verbal response was recorded.  

Accuracy rate and asymmetry index were calculated for each participant for each block 

of 96 trials, regardless of stimulus length.    

 
 

Fig.6.1 Greyscales Task.  Participants are requested to judge which bar is overall darker, 

top or bottom.  This task is quite novel, as the participant must choose either the top 

or bottom bar even though the dependent variable is the side of space to which 

attention is deployed – left or right.  This method avoids the possibility of 

participants choosing one side over another in their responses.  A normal healthy 

adult displays a slight leftward attentional bias and will choose on average the top bar 

(in the present example) as the darker one relative to the bottom bar.  A patient with 

spatial neglect would simply ignore the left side of space and consistently choose the 

bottom bar (in the present example) as the darker one. 
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Pre-adaptation PSSA 

 

Participants were seated in front of the touchscreen and were asked to point without 

visual guidance to a target on the screen.  The target appeared randomly in each 

hemispace.  Following each response, the participants were instructed to return their hand 

to a starting pad located immediately beneath their chin.  There were 10 trials in total, and 

participants were not given feedback on the accuracy of their responses.   

Visuomotor adaptation 

Immediately following the pre-adaptation open loop pointing, participants were asked to 

point to central, left and right sided targets with visual feedback without prisms for 

baseline accuracy and for four blocks (each block contained 50 trials or 8.33 minutes) 

with optical prisms.  A tone signalled the onset of a target.  Participants were instructed to 

point as quickly and as accurately as possible to the visual target on screen.  After each 

pointing movement, the terminal position of the index finger and the mean arousal 

response was automatically recorded.  Participants returned their hand to the pad beneath 

their chin.  Participants were also instructed to keep their eyes closed until the next tone 

sounded in order to maintain prismatic effects, and to allow the arousal response to 

recover.  Starting position of the hand was occluded to ensure effective adaptation.   

Post-adaptation PSSA 

Immediately following adaptation the prisms were removed and participants were 

requested to close their eyes to reduce any spontaneous de-adaptation.  They were then 

required to point to ten randomly presented targets on screen as outlined in the pre-

adaptation open loop procedure. 
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Post-adaptation greyscale task 

The greyscale task was repeated, following the same procedure as that described in the 

pre-adaptation procedure.  The order of trial presentation was random.  

6.7 Results 

6.7.1 Prismatic Effects on PSSA 

These results are reported in chapter 2. 

 
Fig 6.2.  Pointing after-effects following sham, left and right shifting prisms as a function 

of hand-used-to-adapt.  Please note that the leftward after-effect in pointing accuracy 

was present following right prism exposure for both adapting hand conditions (C & 

F).  The rightward after-effect in pointing accuracy was also observed following left 

prism exposure in both hand adapt conditions (B & E). (Appendix 6.2) 
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6.7.2 Prismatic Effects on the greyscale task 

Lateral Asymmetry 

Responses were categorised as either right or left according to whether participants 

selected the bar that was dark on the right or left sides, respectively.  A measure of 

response bias was calculated using Equation 1 below. 

 

Bias = ((Nright - Nleft)/Ntotal) 

 

Nright and Nleft equal the total number of responses made to the right and the left respectively.  

Ntotal represents the total number of responses.  Scores can range between -1.0 to +1.0 with 

positive scores reflecting a bias toward the right and negative scores reflecting a bias to the 

left.  

 

To provide more stable data across the three adaptation conditions, the data were 

collapsed across the stimulus length factor. This method has been employed by Nicholls 

& Roberts (2002), as mean lateral bias does not significantly differ as a result of stimulus 

length. 

 

To determine whether level of bias were significantly different from zero, a series of t-

tests were conducted on the data from the pre and post measures for all adaptation 

conditions.  Levels of bias were significantly different from zero for the pre control [t (47) 

= -2.82, p<. 007], for the post control [t (47) = -2.59, p <. 013), for the pre left prism [t (46) 

= -3.097, p<. 003), for the post left prism [t (46) = -2.357, p<. 023) and for the pre right 

prism [t (47) = -3.09, p<. 001).  The level of bias following adaptation in the right prism 

condition did not differ significantly from zero as the leftward bias was significantly 

reduced [t (47) = -1.0, ns].   The present study confirmed earlier findings that healthy 

participants exhibit a leftward spatial bias on lateral asymmetry tasks. 
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Data obtained were analysed using a general linear model repeated measures with 

adaptation condition (control, left and right) and phase (pre and post adaptation) as 

within-factors and “hand used to adapt” (left or right) and age (young or old) as between-

factors.  There was no significant main effect of condition (F (2, 86) <1), but there was a 

significant main effect of phase,  (F (1, 43) = 10.715, p<. 002) and there was a significant 

interaction between condition x phase  (F (2, 86) = 3.355, p<. 04).   There was also a 

significant interaction between condition x phase x hand-used-to-adapt (F (2, 86) = 4.293, 

p = .02.  No significant main effects of age of participants (F (1, 43) <1) or of hand-used-

to-adapt (F (1, 43) <1) were observed.  
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Fig. 6.3 Directional shift in perceptual asymmetry post adaptation.  Please note that a 

rightward shift in perceptual asymmetry post adaptation (rightward attentional bias) 

only occurred for (A) the right prism condition and (B) left prism groups.  No 

significant shift in spatial attention was observed in the control condition (C).  Please 

consult appendix 6.1 for standard deviations.  
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Fig. 6.4 Significant shifts in perceptual asymmetry post adaptation (with Bonferroni 

corrections for apriori comparisons below for B and C).   Although there is a trend 

for pseudoneglect to be increased (more leftward attentional bias) for baseline levels 

in the control, left and right prism conditions, there is no significant difference 

between the control and left baseline attentional bias (t (46) = <1, p = NS) or between 

the control and right prism condition baseline attentional bias (t (47) <1), or even 

between left and right prism condition baseline attentional bias (t (46) <1).                            
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A correlation analysis was performed to examine whether participants with larger biases 

in open loop pointing also showed larger perceptual after-effects on the greyscale task.  

There was no significant correlation between the two measures for the control prisms, r 

=. 018, P = .9; for the left prisms, r =. 045, P = .7; or for the right prisms, r =. 032, P = 

.83).   

 

Accuracy Levels 

A repeated measures ANOVA was conducted on mean accuracy levels pre and post 

adaptation.  Each participant was encouraged to make a judgment based on spontaneous 

and immediate apprehension (Tant et al., 2002) rather than on prolonged inspection.  

Many participants felt that their responses were arbitrary, similar to the Tant study.  For 

this reason, accuracy scores were logged and analysed.  It was important that participants 

did not find the task too easy (100%) or too difficult (<50% accuracy).  There was no 

significant main effect of prism condition (F (2, 86) <1), nor of phase of adaptation (F (1, 43) 

<1), which suggests that participants did not change their strategy of responding because 

of exposure or practice.  No significant interactions were observed.  Planned post-hoc 

paired t-tests failed to reveal any significant differences in mean accuracy for pre and 

post measures in the control (t (47) <1), left prism (t (46) <1) or right prism (t (47) <1) 

conditions.   
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Fig. 6.5. Mean % accuracy pre and post adaptation to control, left and right prisms.  Top 

row below abscissa represents adaptation conditions (control, left or right).  Row 

below that represents hand-used-to-adapt (left or right).  It was important that 

participants were not responding at chance level due to task difficulty.   

 

All accuracy scores were significantly different from chance level (50% accuracy); 

pre control accuracy (t (47) = 8.844, p<. 001), post adapt control (t (47) = 8.484, p <. 

001, pre adapt left prisms (t (46) = 8.132, p <. 001), post adapt left prisms (t (46) = 

7.272, p <. 001), pre adapt right prisms (t (47) = 7.854, p<. 001) and finally post adapt 

right prisms (t (47) = 8.355, p <. 001).  No significant differences in accuracy were 

observed post adaptation across prism conditions.  Participants did not ‘improve’ 

their performance on this task.   
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Lateral Asymmetry & Hand-used-to-adapt 

 

There was no significant main effect of hand-used-to-adapt (F (1, 44) <1).  At this 

preliminary point post hoc tests examined the effects of prism adaptation as a function of 

hand-used-to-adapt, as a significant interaction between condition x phase x hand-used-

to-adapt was observed, F (1, 86) = 4.293, p = .02.  Berberovic & Mattingley (2003) 

explored the effects of right vs. left hand adaptation in a sample of healthy participants on 

the landmark task (test of attentional bias).  They did not further consider the effects of 

prism adaptation on landmark judgments as a function of ‘hand-used-to-adapt’ as 

preliminary analyses failed to reveal any significant effect of hand used during adaptation 

(p 4).  They do not report any interactions involving the adapting hand, so it is assumed 

that it did not reach significance.  The significant interaction reported in the present study 

provided support for considering prismatic effects as a function of the adapting hand.   

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Data for each hand-used-to-adapt (right or left) were analysed separately.   A repeated 

measures ANOVA was conducted on the mean lateral asymmetry for participants who 

adapted with the right hand with prism condition and phase of adaptation as within 

factors, and participant age as a between factor.  There was no significant main effect of 

prism condition (F (2, 44) < 1), nor was there any significant main effect of phase of 

adaptation (F (1, 22) = 2.80, p = .108).  However, there was a significant interaction 

between condition x phase (F (2, 44) = 5.832, p < .006).   Planned paired t-tests failed to 

reveal a significant difference between pre and post lateral asymmetries in the control (t 

(23) <1) or the left prism condition (t (23) = 1.190, p > .05).  There was a significant 

rightward shift in lateral asymmetry post adaptation to right prisms (t (23) = -3.570, p < 

.002, two-tailed).   

 

A repeated measures ANOVA was also conducted on the mean lateral asymmetries pre 

and post adaptation for participants who adapted with the left hand.  There was no 

significant main effect of prism condition (F (2, 42) – 1.504, p = NS).  There was a 

significant main effect of phase of adaptation (F (1, 21) = 7.715, p < .011), but a non-
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significant interaction between condition x phase (F (2, 42) = 2.61, p = .08) was also 

observed.  As predicted, there was no significant difference between pre and post 

adaptation lateral asymmetry for the control condition (t (23) <1).  In contrast, the 

predicted simulation of spatial neglect with left prisms was observed.  There was a 

significant shift in asymmetry to the right following left prism exposure (t (22) = -3.372, 

p<. 003, two-tailed).  Likewise, there was a just significant rightward shift of lateral 

asymmetry in the right prism condition (t (23) = -2.075, p < .05, two-tailed).     
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Fig. 6.6 Mean Perceptual Asymmetry pre and post adaptation as a function of hand-used-

to-adapt.  Please note that the scale on the y-axis reflects perceptual asymmetry.  

Minus figures represent ‘leftward’ attentional bias and positive figures represent 

‘rightward’ attentional bias.  A significant rightward shift in attentional bias (higher 

numbers on the scale) represents a simulation of spatial neglect.   Adapting with the 

left hand (LEFT) replicates previous reports of neglect simulation (rightward shift of 

spatial attention) for both prism conditions (B and C).  Please note a novel finding in 

the group of participants who adapted with the right hand (RIGHT).  Left prism 

exposure actually shifts spatial attention leftward (E), while right prism exposure 

shifts spatial attention rightward (F).  These attentional shifts are similar to the optic 
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flow results.  The anomalous result is the actual leftward shift of spatial attention 

following left prism exposure in the participants who adapted with the right hand.   

 

 

Table 6.1: Within participant means (not group means) for adaptation conditions for right 

hand adapters, left hand adapters, and group AI.  Significant differences are reported 

in the main results section.  Significant differences between pre and post adaptation 

lateral asymmetries are highlighted in yellow.  The only anomalous result is the non-

significant leftward shift in lateral asymmetry post adaptation to left prisms for right 

hand adapters.   All non-significant differences are shaded white.  Note that 

pseudoneglect (leftward lateral asymmetry) was observed for all pre adaptation 

conditions consistent with earlier studies, and confirming a leftward bias in normal 

participants.  

 

Prism 

Condition 

Phase of 

Adaptation 

Right Hand 

Adapt AI  

(N =24)  

Left Hand 

Adapt AI  

(N = 23) 

Group AI 

 

(N = 47) 

Control Pre 
-.1394 (.40) -.2184 (.48) -.1789 (.44) 

Post -.1111 (.39) -.2080 (.46) -.1596 (.43) 

 

Left Pre 
-.1119 (.39) -.2961 (.48) -.2020 (.45) 

Post -.1596 (.33) -.1396 (.53) -.1498 (.44) 

 

Right Pre 
-.1869 (.38) -.2117 (.51) -.1993 (.45) 

Post -.0546 (.38) -.0684 (.48) -.0615 (.43) 
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Lateral Asymmetry & Arousal 

To determine whether mean arousal level at the late phase in adaptation predicted bias 

scores on the greyscales task, a regression analysis was performed on the data from all 

adaptation groups, with the independent variables of mean peripheral arousal level at late 

phase of adaptation in the control, left and right prism groups.  Mean phasic arousal 

during the late phase of adaptation failed to emerge as a significant predictor of lateral 

asymmetry in the sham (p = .387), left-shifting (p=. 25) and right-shifting (p=. 524) 

conditions.  The mean arousal level in the control (p=. 835) and left prism conditions (p= 

.979) did not emerge as significant predictors for lateral asymmetry in the control and left 

conditions respectively.  However, the mean arousal level in the right prism condition 

emerged as a significant predictor of lateral asymmetry post adaptation to right prisms (F 

(1, 45) = 5.862, p <. 02; Beta = .343; Adjusted R2 = .098). As arousal level was increased 

(less negative), lateral asymmetry scores were shifted rightward (less negative).  This 

relationship was not predicted, as Manly et al. (2005) reported an effect of a reduction in 

arousal (more negative) and a rightward shift in lateral asymmetry (less negative). 

6.8 Discussion  

The purpose of this study was to examine whether prism adaptation to a leftward shift of 

the visual field could influence free viewing perceptual asymmetries.  The greyscales was 

adopted as a sensitive measure of pseudoneglect in the present study, as it reliably 

measures pseudoneglect (Nicholls et al., 1999; Nicholls & Roberts, 2002), and is not 

modulated by the performance factors, which account for the inconsistency in line 

bisection studies (Nicholls et al., 2001; Nicholls & Roberts, 2002).  Lateral asymmetry 

scores on the greyscales are poorly correlated with line bisection asymmetry scores for 

spatial neglect patients (Mattingley et al., 1994; 2003) and for normal participants 

(Mattingley et al., 1994).  The greyscales task may be more sensitive than standard line 

bisection tasks to the rightward orienting bias in spatial neglect patients and the leftward 

orienting bias in normal participants as the salience of each side (left and right) are pitted 

against each other (Mattingley et al., 2003).  The fact that rightward cueing shifts lateral 

asymmetry rightward in normal participants suggests that performance on the task 

reflects an attentional asymmetry (Nicholls & Roberts, 2002). 
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Pre-adaptation lateral asymmetry scores for all adaptation groups were consistently 

leftward, in line with previous research showing that normal participants display leftward 

attentional orienting in line bisection (Jewell & McCourt, 2000) and lateral asymmetry 

tasks (Luh et al., 1991; Luh, 1995; Mattingley et al., 1994; Nicholls et al., 1999; 2001; 

Nicholls & Roberts, 2002; Nicholls et al., 2004a, 2004b).  Furthermore, the results 

support the findings of a significant rightward shift in lateral asymmetry following 

adaptation to left shifting prisms (Berberovic & Mattingley, 2003; Colent et al., 2000, 

Michel et al., 2003).  Studies on the normal healthy brain can shed light on possible 

accounts of spatial neglect and treatment of the disorder (Rorden et al., 2001).  LPA 

robustly induces a rightward shift in spatial attention in the normal healthy brain as 

measured by the line bisection task.  The present study extends this finding by 

demonstrating a significant rightward shift following LPA in a free viewing perceptual 

asymmetry task.   

 

LPA significantly shifted lateral asymmetry rightward due to possible disruption (Colent 

et al., 2000) or suppression (Berberovic & Mattingley, 2003) in right parietal function.  

Nicholls & Roberts (2002) manipulated spatial attention by presenting cues to either the 

left or the right side of the greyscale stimuli.  The authors concluded that rightward 

attentional cueing shifted lateral asymmetry rightward (but did not eliminate the leftward 

bias).  Left sided cues had no significant effect on lateral asymmetry as attentional 

resources were already directed to this side of space (Milner et al., 1992).   Given that 

attentional cueing significantly shifts perceptual asymmetry compared to scanning and 

unilateral hemispheric activation, it has been proposed that attentional mechanisms 

underpin greyscales performance.  It is possible that an attentional mechanism underpins 

the rightward shift in lateral asymmetry following LPA. 

 

The neural basis of greyscales performance has not yet been defined.  Patients with 

spatial neglect display a robust pathological orienting of spatial attention rightward on the 

greyscales task (Mattingley et al., 1994; 2003).   Imaging studies performed on the line 

bisection task implicate the superior parietal cortex and the inferior parietal cortex (Fink 
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et al., 2000).  Foxe et al., (2003) nominated the right TPJ as the source of an early ERP 

component in line bisection performance.  Karnath (2001) recently suggested that the 

rostral portion of the superior temporal cortex, just inferior to the TPJ is the neural locus 

of spatial awareness in spatial neglect.  This region is the interface between the ventral 

(what) and dorsal (where) processing streams (Karnath, 2001).  It may be the 

transmission from ventral to more dorsal processing streams that is impaired or disrupted 

in spatial neglect (Foxe et al., 2003).  The right TPJ, which is damaged in spatial neglect, 

is also an ideal candidate site for transmission between the ventral and dorsal streams 

(Karnath, 2001).  It is possible the LPA disrupts right TPJ function, which serves as an 

interface between ventral and dorsal processing streams.  This may possibly lead to the 

rightward orienting bias observed in line bisection tasks by spatial neglect patients.  It 

may also explain why LPA disruption of right parietal function shifts perceptual 

asymmetry rightward in the healthy brain.  LPA may depress function within the IPS-

FEF network during sensory orienting (Corbetta et al., 2002), which swings spatial 

orienting rightward.   

 

Berberovic & Mattingley (2003) replicated earlier reports that LPA induces a ‘neglect-

like’ rightward shift in perceptual judgments. LPA produced a rightward shift in near 

reaching space (50cm from participant) and far space (116cm from participant).  As 

reported before, RPA produced no effect within near space (Colent et al., 2000; Michel et 

al., 2003), but produced a surprising rightward shift in far space.  There is considerable 

evidence that the space within arm’s reach is represented by neural circuits that are 

functionally distinct to the representation of space beyond arm’s reach (Rizzolatti et al., 

1985; 1983).  Near space is ‘action space’ coded in terms of body or limb centered 

coordinates (Previc, 1998).   On the other hand, extrapersonal (far) space is more 

important for object recognition and visual search.  This reference frame is represented in 

allocentric or gravitational coordinates (Previc, 1998).   LPA produces a rightward shift 

in proprioceptive indication of subjective straight-ahead (PSSA in reaching space), and a 

similar (but unrelated) rightward shift in perceptual judgment in near and far space.  

Thus, the authors concluded that LPA produces a rightward shift in both spaces.  

 



 218  

In contrast, RPA produces a leftward shift in PSSA, which may washout the rightward 

shift in perceptual judgment in near space.  Thus, RPA has no effect in near space.  

However, far space is not represented in body centric terms, so the leftward PSSA does 

not operate, and a rightward shift in line bisection judgment is observed.   

 

A rightward shift in lateral asymmetry was also observed following adaptation to right 

deviating prisms in the present study.  It is a well-established finding in the neglect 

literature that a short period of right prism adaptation significantly ameliorates spatial 

neglect (Courtois-Jacquin et al., 2001; Farne et al., 2001; Frassinetti et al., 2002; 

McIntosh et al., 2002; Rode et al., 1998; 2001; Rossetti et al., 1998; 1999; Tilikette et al., 

2001).  Berberovic & Mattingley (2003) argue that the damaged right hemisphere in the 

neglect brain cannot engage in the adaptation process during right prism exposure, and so 

the intact left hemisphere is involved in right prism adaptation. Left hemisphere 

suppression is thought to be responsible for swinging spatial attention leftward and thus 

ameliorating behavioural signs of spatial neglect (Berberovic & Mattingley, 2003; 

Girardi et al., 2004).   The proposed left and right hemispheric suppression in the normal 

brain following RPA is thought to ‘simulate’ spatial neglect, as the right hemisphere is 

‘more suppressed’ than the left (Berberovic & Mattingley, 2003).    

 

 In the present study both left and right prism exposure (group results) significantly 

shifted lateral asymmetry rightward.  The greyscales task was administered within 

reaching space, so the rightward shift following right prism exposure was not predicted.  

Berberovic & Mattingley (2003) argue that a rightward shift in spatial attention following 

RPA is not observed in reaching space because of an opposing leftward shift in reaching 

movements (see chapter 2).   

  

Why then did RPA produce a rightward shift in spatial attention in reaching space?  The 

reason may lie with the mode of responding used in the greyscales task.  In the 

Berberovic study, participants were required to make a bimanual response.  It has been 

established that even making a simple manual response to a landmark task activates 

premotor and cerebellar areas in both hemispheres for left and right hand responses (Fink 
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et al., 2000).  Many authors have emphasized the congruence between representation of 

space (near or far) and plan of action (Graziano et al., 1994; 1995). Neurons with arm 

centered visual receptive fields have been described in the premotor cortex in primates 

(Graziano et al., 1994).  Fink et al. (2000) demonstrated that right manual presses in 

response to landmark stimuli activate left primary premotor cortex and the right 

cerebellar hemisphere.  Left manual presses activated right premotor cortex and the left 

cerebellar hemisphere.  It is possible that bimanual responding to the landmark task 

activated the egocentric reference frame.  The rightward shift in spatial attention 

following RPA in the landmark task may have been washed out by the leftward shift in 

subjective straight-ahead (SSA) in near reaching space.  This was not observed in far 

space, where reaches cannot be made (without tools).  

 

The present study presented the greyscales within reaching space, but required 

participants to make a verbal response.  It is possible that verbal responding as opposed to 

bimanual responding may not activate the egocentric spatial reference frame whilst 

making judgments on the greyscales task.  This may explain why attentional shifts are 

similar to those observed by Berberovic & Mattingley (2003) for both prism conditions in 

extrapersonal space.  It is possible that RPA effects were observed due to the mode of 

responding (verbal), which prevented the leftward shift in near space cancelling out the 

attentional effects.  This reasoning is speculative, but some evidence has been garnered 

using other tasks, which do not require a motor response, that RPA can indeed shift 

spatial attention rightward (Connolly & Robertson, 2004 unpublished thesis).  In the 

Connolly & Robertson (2004) study, healthy participants were required to state the 

midpoint of numbers read aloud in pairs.  Both LPA and RPA significantly shifted the 

subjective midpoint of these number-pairs to the right.  The author interpreted this result 

using Berberovic & Mattingley’s (2003) reasoning that a rightward attentional shift will 

be observed when the leftward shift in near space does not operate.   

                  

A neglect-like rightward shift was simulated for both prism adaptation procedures.  As 

already outlined, left prism adaptation robustly disrupts right parietal function 

(Berberovic & Mattingley, 2003; Colent et al., 2000; Michel et al., 2003).  This rightward 
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shift was observed for both the group means and for participants who adapted with the 

left hand following adaptation to either prism shift.  Participants who adapted with the 

left hand (activate motor regions within the right hemisphere) displayed a similar 

rightward shift in lateral asymmetry biases similar to the group following adaptation to 

left and right prisms.  In contrast, participants who adapted with the right hand (activate 

motor regions within the left hemisphere) failed to demonstrate a rightward shift in 

spatial bias following LPA.  In fact, these participants showed a non-significant leftward 

shift.  In contrast, the rightward shift in spatial bias following RPA was observed with 

right hand adaptation.  The only analogous result was the non-significant effect of left 

prisms while adapting with the right hand.  This dissociation was not predicted as 

previous research has failed to show an effect of the adapting hand on prismatic 

aftereffects (Berberovic & Mattingley, 2003).   

 

Most published prism adaptation studies on healthy adults either fail to report the hand 

used to adapt (40%), use the dominant right hand (50%) or use either hand (10%) 

(Appendix 6.2).   Rightward shifts in spatial attention following left prism adaptation 

have been reported with right hand adaptation (Connolly & Robertson, 2004).  

Significant facilitation in reorienting from right space to left space has been observed 

following LPA for participants who adapted with the right hand (Striemer & Danckert, 

personal communication 2004).   However, an equal number of studies have reported 

non-significant shifts in spatial attention following right hand adaptation to left prisms 

(Berberovic et al., 2004; Morris et al., 2004).   

 

Clower et al., (1996) reported selective activation of posterior parietal cortex (lateral bank 

of the intraparietal sulcus between the superior parietal lobule and inferior parietal lobule) 

contralateral to the reaching hand during adaptation.  That is, left hand adapters activated 

right posterior parietal regions, while right hand adapters activated left posterior parietal 

regions.  In the present study, left hand adapters shifted bias rightward following both 

prism conditions.  Both left and right prisms are thought to engage the right parietal area 

in early adaptation, and with time suppress visuo-motor activity within the right parietal 

region (Berberovic & Mattingley, 2003).  Adapting with the left hand may have activated 
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similar right posterior parietal regions (Clower et al., 1996) in early adaptation, which are 

also thought to be involved in the process of adapting to a prism shift (Berberovic & 

Mattingley, 2003).   

 

In contrast, adapting with the right hand may activate left posterior parietal regions 

(Clower et al., 1996), which is only thought to be involved in adaptation to right (not left 

prisms) (Berberovic & Mattingley, 2003).  Therefore, right hand adaptation may have 

engaged similar left parietal areas thought to be involved in adaptation to right-shifting 

prisms, and hence shifted bias rightward.  On the other hand, the argument has been 

advanced that LPA results in right parietal suppression (Berberovic & Mattingley, 2003).  

The early activation (Clower et al., 1996) and possible suppression of left posterior 

parietal activity (Graydon et al., 2005) by the right hand may interfere with the adaptation 

process to left prisms, and thus attenuate the expected rightward orienting of attention.  

 

The present chapter presented data indicating that both left and right prism adaptation 

induce a neglect-like rightward shift in spatial orienting (group results).  Adaptation to 

either prism shift with the left hand produced similar results.  This rightward shift in 

lateral asymmetry is thought to be attentional, as a similar effect is observed in normal 

participants following rightward attentional cueing in the greyscales task (Mattingley et 

al., 2003; Nicholls & Roberts, 2001).  Other mechanisms such as an alteration in eye 

movements post adaptation are not thought to be responsible for the observation of a 

rightward shift in spatial attention post adaptation.  A recent study by Ferber & Murray 

(2005) in a sample of healthy participants produced a rightward shift in eye movements 

and increased exploration in right space following adaptation to left prisms (short 

exposure period of 5 mins.) but failed to show a concomitant rightward shift in lateral 

asymmetry in a chimeric face task.  This finding was in accord with an earlier study on 

neglect patients, which also demonstrated a leftward shift in eye movements following 

adaptation to right prisms, but failed to shift lateral asymmetry leftward in a chimeric 

face task (Ferber et al., 2003).  Nicholls & Roberts (2002) concluded that scanning 

direction (eye movements) did not significantly affect lateral asymmetry scores for 
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normal participants on the greyscales tasks, but attentional cueing significantly shifted 

lateral asymmetry rightward following rightward cueing.  

 

A specific right hemisphere involvement has been reported for the line bisection task 

(Fink et al., 2000; Foxe et al., 2003; Galati et al., 2000).  It is possible that right parietal 

regions are also implicated in judgments of luminosity.  Damage to right parietal regions 

in the case of spatial neglect or disruption in right parietal visuo-motor processes in the 

case of prism adaptation may explain a rightward spatial bias in judgments of luminosity.   

 

The link between arousal and lateral asymmetry is particularly strong in cases where 

increased arousal through exogenous alerting actually shifts lateral asymmetry (in the 

neglect brain) to the left (Robertson et al., 1995; Robertson & Marshall, 1993; Robertson 

et al., 1998; Sturm & Willmes, 2001).   Pharmacological administrations of 

bromocriptine and methylphenidate, which increase arousal, have been shown to reduce 

neglect severity28 (Hurford et al., 1998).   

 

In contrast, lowering of arousal through sedation has been shown to exacerbate rightward 

bias (Lazar et al., 199629).  Impaired alertness has been used to explain neglect-like 

spatial biases (rightward lateral asymmetry) in children with ‘attention deficit 

hyperactivity disorder’ (ADHD) (Dobler et al., 2003; Manly et al., 1997; Nigg et al., 

1997; Sheppard et al., 1999; Voeller & Heilman, 1988; but see Ben-Artsy et al., 1996; 

Klimkeit et al., 2003; Swanson et al., 1991 for conflicting evidence).  Voeller & Heilman 

(1988) reported that children with ADHD had a heightened tendency to miss visual 

targets presented to the left side of a page, despite intact visual field function.  Later, 

Nigg et al. (1997) reported that children with ADHD displayed slowed reaction times to 

targets on the left hand side of task workspace.  Sheppard et al. (1999) reported an 

association between ADHD and left inattention (developmental spatial neglect), as the 

administration of methylphenidate (Ritalin®) ameliorated developmental neglect.  Dobler 
                                                
28 This may be interpreted as activating the spared right hemisphere attentional network, which is 
predominantly responsible for shifting attention leftward (Kinsbourne, 1970) or bi-directionally (Heilman  
& Van den Abell, 1979; Mesulam, 1981).   
29 Exposing ‘recovered’ spatial neglect patients to sedative medication can cause the spatial bias to re-
emerge. 



 223  

et al. (2003) found that spatial attention was shifted rightward in a sample of healthy 

children and children with ADHD as alertness levels dropped during administration of a 

mundane prior-entry task.  Reduced activity within the arousal network may weaken the 

competitive strength of the right hemisphere and unmask the orienting bias of the left 

hemisphere, thus, shifting the attentional vector rightward (Kinsbourne, 1970).   

 

Similarly, Manly et al. (in press) demonstrated that reduced alertness (sleep deprivation) 

actually shifted spatial attention rightward in the landmark task.  Over the course of an 

‘alert’ (well rested) testing session, participants displayed a significant shift in errors 

consistent with a reduction in leftward bias.   

 

In the present study, mean arousal level at the end of adaptation did not reliably predict 

overall lateral asymmetry scores, although arousal was a significant predictor of 

rightward shifts in spatial attention in the right prism condition.     This is surprising 

given that LPA significantly reduced arousal during adaptation, impaired vigilance and 

significantly shifted lateral asymmetry rightward.  However, the rightward shift in spatial 

attention was stronger following RPA compared to LPA, and was found to be associated 

with arousal levels following RPA.  RPA did not significantly reduce arousal levels 

compared to the control, but were found to predict the rightward shift in spatial attention.  

This may point to the fact that prism adaptation independently influences spatial and non-

spatial functions.   

 

For both hand adapters, a small and insignificant rightward shift was observed in spatial 

attention in the control condition.  This is not a surprising result given that Manly et al. 

(2005) showed that reduced alertness (sleep deprivation) shifted spatial attention 

rightward in the landmark task.  Over the course of an ‘alert’ (well rested) testing session, 

participants displayed a significant shift in errors consistent with a reduction in leftward 

bias.   

 

Sturm et al. (2004; 1999) and Sturm & Wilmes (2001) have reported that general 

alertness or arousal is associated with increased activation in a right lateralized attentional 
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network including frontal, parietal, thalamic and brain stem region.  The authors also 

noted that there is considerable overlap between these ‘arousal’ regions and those 

implicated in the aetiology of spatial neglect (Husain & Rorden, 2003; Mort et al., 2003). 

Despite the fact that mean arousal level did not reliably predict lateral asymmetry, left 

prism adaptation significantly attenuated arousal level during the adaptation process, 

impaired vigilance following adaptation and significantly shifted spatial attention 

rightward. In contrast, right prism adaptation did not significantly attenuate arousal levels 

or indeed impair vigilance (although error levels were maintained post adaptation), but a 

significant rightward shift of spatial attention was observed.   

 

6.9 Study Limitations 

 

Responses in the present study were verbal (participants were required to verbalize which 

bar was darker, ‘top or bottom’).  Mattingley et al. (1994) and Luh (1995) both adopted 

this response method, but it is very far from ideal.  It involves the putative unilateral 

operation of the verbal left hemisphere, which may weaken the leftward bias through 

either pre-motor activation (Brodie & Pettigrew, 1996), or indeed general left hemisphere 

activation (Milner et al., 1992).  Although Nicholls et al. (2001) argued that unilateral 

hemispheric activation did not modulate spatial attention or lateral asymmetry as 

measured by the greyscales task, a further study could incorporate bimanual responding 

into the experimental design.  

 

6.10 Further Research 

 

Participant RTs were not recorded as a verbal response was required, and the 

experimenter noted the response.  Verbal responses were taken to compare lateral 

asymmetries post adaptation with studies of spatial neglect patients employing the 

greyscales task (Mattingley et al., 1994; 2003).  In these studies, a verbal response was 

required.  However, as noted by Tant et al., 2002, a verbal response is not ideal as it may 

lead to left hemisphere activation, and thus weaken any measures of pseudoneglect pre 
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adaptation.  A further study could adopt a bimanual response method and log RT 

responses in order to measure ‘confidence’ in judging left or right ends of a stimulus.  

However, as Nicholls & Roberts (2002) failed to find a modulation of the RT advantage 

to left sided stimuli by attentional cueing to the right, it was decided for the purposes of 

the present study not to log RT responses.  Modulation of RT is usually found in RTs in 

the range of 300-400 msec post stimulus onset (Posner & Cohen, 1984).  RTs to 

greyscales can be in excess of 600 msec for stimuli (especially if the stimulus bar is long 

and requires time to fully scan it) and may mask any potential attentional modulation.  

For this reason, greyscales could be presented for 300-400 ms to disallow prolonged 

inspection of the stimulus and to explore any potential prismatic effects on bimanual 

motor responding.   

 

The relationship between free-viewing perceptual asymmetries for horizontal and vertical 

stimuli could be assessed following prism adaptation.  The present study has 

demonstrated a modulatory effect of prism adaptation to both prism types.  An extension 

of this effect would be the modulation of spatial attention for vertical stimuli.  Prism 

adaptation has successfully shifted postural balance to the right following left prism 

exposure (Michel et al., 2003) and to the left following right prism exposure in neglect 

patients (Tilikette et al., 2001).  A future study could examine whether prism exposure 

influences the shift of spatial attention in the vertical plane.  Normal healthy participants 

show slight inattention to lower space, while patients with spatial neglect display a more 

profound neglect of lower left space (Pitzalis et al., 1997).  It would be interesting to 

explore whether prism adaptation modulates spatial orienting within the vertical plane, 

and correlate this with postural balance on the horizontal (medial-lateral) plane. 

6.11 Conclusions 

 

A rightward bias in attentional orienting has been proposed as a common feature of 

spatial neglect (Kinsbourne, 1991; Smania et al., 1998).  The ‘gold standard’ clinical 

measures of spatial neglect do not always capture this rightward attentional bias, which is 

reliably captured by the greyscales task (Mattingley et al., 2003).  These rightward biases 
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can persist for many months or even years after trauma or injury (Campbel & Oxbury, 

1976; Mattingley et al., 1994; 2003).  Both left and right prism adaptation shifted spatial 

attention rightward as measured by the greyscales task in a sample of healthy 

participants.  Left hand adapters displayed a similar rightward shift following adaptation 

to both prism types, but right hand adapters only demonstrated the rightward shift 

following right prism adaptation.  Right hand adapters did not display a significant shift 

in spatial attention following left prism adaptation.  As most prism adaptation research 

employs right hand adaptation, the final experimental chapter examined the effects of 

prismatic adaptation on right hand adapters using the Posner spatial orienting paradigm.   
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Chapter 7: Spatial Orienting  

7.1 Summary 

The clinical syndrome of spatial neglect may be modelled on a series of attentional events 

beginning with an early orienting and lateral preference to the right side of space.  This 

early and automatic orienting of attention rightward is then followed by a deficit in 

disengaging attention from ‘sticky’ right side of space in order to reorient it toward left 

space.  The Posner task was developed to quantify the pathological rightward orienting 

and the subsequent deficit in disengaging attention from right space in order to reorient it 

leftward in spatial-neglect patients (Morrow & Ratcliffe, 1988; Posner et al., 1984).  

Explanations for this disengagement deficit has been framed in terms of disruption to a 

right lateralized attentional network involving the right TPJ (Corbetta et al., 2002; Losier 

& Klein, 2001).  A predominantly right lateralized Intra Parietal Sulcus – Frontal Eye 

Field (IPS-FEF) network activated during reflexive orienting may explain the disengage 

deficit in spatial neglect (Losier & Klein, 2001).  Patients with spatial neglect show 

impairment in reflexively orienting to invalidly cued targets in left space.  The disruption 

of reflexive alerting mechanisms in spatial neglect (within the right attentional system) 

may lead to a decreased alerting input to the right hemisphere dorsal IPS-FEF system.  

This may in turn, lead to decreased spatial orienting and ineffective selection of left-sided 

contralesional stimuli.   

 

 Prism adaptation to a lateral shift of the visual field induces significant perceptual 

aftereffects in right hemisphere hemi-neglect patients and in normal participants.  

Adaptation to right shifting prisms reduces the pathological rightward attentional bias in 

spatial neglect patients.  In contrast, adaptation to left shifting prisms produces a mild 

‘neglect-like’ rightward shift in perceptual judgments in healthy participants.  The 

mechanisms underpinning these effects are unclear; it is possible that prism adaptation 

alters the way attention is deployed across space. 

 

  The present chapter investigates whether adaptive after-effects extend to spatial 

orienting.  Before and after adaptation, participants performed two Posner-type tasks.  
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One task presented exogenous cues (peripheral flashes) equally divided between valid, 

invalid and neutral predictors of target location.  Patients with spatial neglect typically 

respond more quickly to validly cued targets in right space (orienting bias) and more 

slowly to invalidly cued targets in left space (disengage deficit). Disordered orienting and 

attentional disengagement is less pronounced in a Posner task with informative cues 

(majority of cues validly predict target location).  It was predicted that left prism 

adaptation (LPA) would produce mild neglect-like patterns in spatial orienting behaviour 

by significantly (1) reducing RT to validly cued targets in right space (right targets) and 

(2) increasing RT to invalidly cued targets in left space (left targets).  This pattern of 

responding was predicted in the exogenous version of the task.  Orienting and disengage 

deficits are not robustly observed in the endogenous version (Losier & Klein, 2001).  No 

prediction was made for RPA. 

 

Prism adaptation significantly modulated attentional orienting in the direction opposite to 

the predictions.  Adaptation made it easier for participants to orient to and disengage 

attention from one side of space.  LPA made it easier to orient attention to left space and 

to reorient from ‘less sticky’ right space.  RPA made it easier to orient attention to right 

space and to reorient from ‘less sticky’ left space.  These results are interpreted in terms 

of parietal involvement. 

 

7.2  General Introduction to Spatial Orienting 

 

Most attentional accounts of spatial neglect propose a problem in spatial orienting of 

selective attention.  “Spatial selective attention refers to the advantage in speed and 

accuracy of processing for objects located in attended regions of space as compared to 

objects located in non-attended regions” (see Posner, 1980; Bartolemo & Chokron, 2002,  

p. 217).  To successfully filter incoming information as relevant, a cognitively economic 

system needs to (a) permit the processing of novel, salient and unexpected events 

(exogenous), which could be advantageous or dangerous; and (b) allow for maintenance 

of finalized behaviour in spite of distracting events (goal maintenance) (Allport, 1989; 
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Bartolomeo & Chokron, 2002).  Attention may be directed toward an object in a reflexive 

way (e.g. when a car horn sounds a warning to a pedestrian).  Attention may also be 

directed in a more voluntary manner (e.g. when the pedestrian monitors the traffic light).  

This distinction has been called exogenous/endogenous attentional orienting.  These 

mechanisms are not strictly separate.  It is possible that one’s attention is first attracted by 

an unexpected event (exogenously), but is then replaced by a more voluntary 

(endogenous) control of attention.    This dichotomy has received strong experimental 

support in the Posner Paradigm. 

 

7.2.1 The Posner Paradigm 

Posner et al. (1980) developed a paradigm to study the covert (without eye movements) 

orienting of attention.  Participants are required to centrally fixate, and detect a peripheral 

target in one of two possible landmarks; left or right of central fixation.  The target is 

preceded by a cue indicating one of the two lateral landmarks.  Cues may be central 

(arrow presented centrally) or peripheral (brief brightening of one of the peripheral 

landmarks). Valid cues correctly predict the landmark in which the target will appear, 

whereas invalid cues indicate the wrong landmark.  Participants typically benefit from 

valid cueing (e.g. detect validly cued target faster than an invalidly cued one) and show a 

cost (i.e. increase in RT) following an invalid cue.  This suggests that the cue prompts 

attentional orienting toward the cued location, which speeds up processing of targets at 

that location and slows responses to targets at other locations (Bartolomeo & Chokron, 

2002).   

 

In the exogenous COVAT task, non-informative cues attract attention automatically 

(Müller & Rabbit, 1989).  Targets appear with equal probability at cued or uncued 

locations.  In contrast, predictive cues are presented in the endogenous COVAT.  A large 

majority (e.g. 75%) of cues are valid and are predictive or informative of the future 

location of the target.  Exogenous shifting of attention is usually observed for very short 

intervals following target onset (short stimulus onset asynchrony; SOA).  For SOAs 
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longer than 300ms or so, uncued targets evoke faster responses than cued targets (Posner 

& Cohen, 1984).   

7.2.2 Spatial mechanism of Neglect 

Attentional Control 

 

Attentional control can be divided into reflexive shifts of attention (exogenous) or more 

controlled shifts of attention (endogenous).  Patients with spatial neglect more often 

display an inability to successfully shift attention from a right-sided exogenous cue and 

reorient it leftward at short stimulus onset asynchronies (SOAs) (Losier & Klein, 2001).  

This is typically interpreted as impairment in exogenous control of attention.  Damage to 

the inferior parietal and superior temporal gyrus are implicated in the disengage deficit 

(Friedrich et al., 1998), and in the aetiology of spatial neglect (Karnath, 2001; Mort et al., 

2003).   

Exogenous 

Patients with spatial neglect demonstrate impairments in disengaging attention from 

‘sticky’ right space and re-orienting it leftward in an exogenous COVAT task 

(Bartolomeo & Chokron, 2002; Morrow & Ratcliffe, 1988).  In fact, Morrow & Ratcliffe 

(1988) found that the cost of invalid cueing for targets in left space was related to a 

measure of spatial neglect.  Gainotti et al. (1991) concluded that spatial neglect involved 

an early pathological rightward orienting, followed by a difficulty in disengaging 

attention from these events in order to reorient attention leftward.  The disengage deficit 

is more pronounced with peripheral cueing techniques compared to tasks, which allow 

the patient to make use of informative cues (Losier & Klein, 2001).  Làdavas et al. (1994) 

compared the performance of neglect patients using both cueing protocols (exogenous vs. 

endogenous).  Their findings suggested that patients with neglect display a disengage 

deficit under exogenous cueing conditions, but not under endogenous cueing conditions.    

A later meta-analysis of performance under both cueing conditions suggests that patients 
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with spatial neglect show a less pronounced disengage deficit with informative cues 

(Losier & Klein, 2001, p.9).   

 

The disengage deficit is more pronounced following right compared to left hemisphere 

damage (Losier & Klein, 2001).  Posner et al. (1984) proposed that damage to the 

superior parietal lobe was sufficient to produce a disengage deficit.  Other authors have 

focused on the damage to the inferior parietal lobe (IPL) and surrounding superior 

temporal gyrus (STG) in the aetiology of the disengage deficit (Friedrich et al., 1998).  

Vallar & Perani (1987) and later Corbetta et al. (2002) argued that damage to the 

temporal-parietal junction (TPJ) is critical for the manifestation of neglect-like behaviour 

in line cancellation and the disengage deficit, respectively.   

 

 

 
Fig. 7.1: Illustration of attentional control in healthy normals and spatial neglect patients 

(short (s) SOA is 150 ms, long (l) SOA is 1000ms).  Typical performance in the 

COVAT exogenous is graphed above.  Target level (left or right) is labeled on the x-
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axis.  Controls show slowed RTs to cued locations at longer SOAs.  Neglect patients 

show disproportionate cost for invalidly cued left targets (disengage deficit) at short 

SOA. 

    

Endogenous 

In a study employing simple RTs to lateralized stimuli, Smania et al. (1998) 

demonstrated that patients with spatial neglect were able to endogenously control 

attentional orienting.  In fact, Làdavas et al. (1994) found that patients with spatial 

neglect were able to use central leftward pointing arrows to improve neglect 

performance.  To explain the absence or weak disengage deficit with endogenous 

orienting, it may be argued that the parietal lobes are particularly involved in exogenous 

orienting, and that the frontal lobes play a greater role in endogenous orienting (Làdavas 

et al., 1994; Riddoch & Humphreys, 1983).  Other authors have argued for hemispheric 

laterality in spatial orienting.  The right hemisphere is thought to mediate exogenous 

orienting (Corbetta & Shulman, 2002), while the left hemisphere plays a greater role in 

endogenous orienting (Kingstone et al., 1995).     

 

However, evidence for a disengage deficit in endogenous orienting in a sample of spatial 

neglect patients has been reported (Bartolomeo et al., 2001).  This persisted at both 

SOAs, indicating that both early exogenous and later endogenous orienting to the right 

side rendered it more difficult to reorient toward the left.  
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Fig. 7.2: Illustration of attentional control in healthy normals and spatial neglect patients.  

Typical performance in the COVAT endogenous is graphed above. Neglect patients still 

show a cost for invalid cueing at both SOAs, but this is more robustly observed in the 

exogenous task at short SOAs (for review see Losier & Klein, 2001).    

 

7.2.3 Attentional Models of impaired orienting behaviour in Spatial Neglect 

 

The opponent-processor model was introduced in chapters 3 and 6. It is a well-articulated 

account of spatial neglect based on early orienting of attention (Kinsbourne, 1970).  A 

first assumption is that each hemisphere shifts attention toward the contralateral 

hemispace (e.g. left hemisphere directs attention rightward) by inhibiting the other 

hemisphere.  A second assumption is that there is a tendency to orient rightward (in the 

normal brain) which has a stronger orienting tendency than the right hemisphere.  This 

rightward orienting is kept in check by the right hemisphere.  In the case of spatial 

neglect, the right hemisphere can no longer inhibit the left hemisphere.  Spatial neglect is 
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therefore interpreted as a pathological rightward orienting bias, thus enhancing 

attentional processing in right hemispace.   

 

Posner & Peterson’s (1990) model involves three interconnected networks; the posterior, 

anterior attention systems and the vigilance network.  The anterior network is comprised 

of the cingulate cortex and the supplementary motor area of the frontal cortex.  The 

posterior network is made up of the posterior parietal cortex (PPC), the pulvinar, and the 

superior colliculus.  The posterior system is involved in orienting attention to a new 

location within the workspace.   

 

Orienting can involve foveating the stimulus (overt eye movement) or attending to a 

location covertly without any eye or head movement (Posner, 1988).  The process of 

orienting is composed of three discrete steps: (1) disengaging attention from its current 

focus, (2) moving attention to a new location and (3) re-engaging attention at a new 

location.  The disengage and move operations are thought of as top-down processes, 

whereas engaging attention refers to the modulation of incoming information.  Within 

this framework, supporting lesion studies have identified the right PPC, superior 

colliculus and the thalamus in disengage, move and re-engage processes respectively 

(Posner et al., 1987).   

 

Corbetta & Shulman (2002) 

Corbetta et al. (2000) tested the anatomical involvement in either voluntary orienting to a 

spatial location (top-down endogenous control of the fronto-parietal attentional network), 

and the unexpected orienting to stimuli presented at uncued locations (bottom-up 

exogenous attentional network).  Based on the Posner model, Corbetta et al., 

hypothesized that the dorsal PPC (especially the intraparietal sulcus (IPS) – superior 

parietal lobule (SPL)) was involved in endogenous control of attentional orienting.  On 

the other hand, reorienting to a new and unexpected location was predicted to involve the 

temporal-parietal junction (TPJ).  These predictions were tested using the Posner 

Paradigm (COVAT task).  Consistent with their prediction, activity was observed in 
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ventral and anterior IPS during the cue period (cue was predictive of target location).  IPS 

activity was interpreted to represent the disengagement and top-down maintenance of 

attention.   Brain activation was compared on valid vs. invalid cueing trials.  The right 

TPJ was activated when attention was reoriented to an unexpected location (invalid 

cueing). Their results confirmed the role of the PPC in attentional control (Mesulam, 

1981; Posner & Peterson, 1990).   

 

Whereas Corbetta et al. focused on parietal involvement in attentional control (predictive 

cues) and breaches of cued expectation (invalid vs. valid cues), Hopfinger et al. (2000) 

examined the effects of cueing on sensory processing mechanisms.  Participants were 

again presented with central cues to attend either to the left or right peripheral location, 

and then to make a discrimination of a target (cue validity was not examined).  Cues 

activated superior frontal, bilateral inferior parietal (IPS), superior temporal cortex and 

posterior cingulate areas.  Frontoparietal (top-down) control modulated activity in 

extrastriate visual areas retinotopically mapped to the attended location in response to an 

upcoming event (Kastner et al., 1999).   

 

Parietal (IPS) activity may be lateralized to the right hemisphere when participants orient 

exogenously, but it is bilateral when they orient based on cognitive cues (Kim et al., 

1999), with slightly stronger activation in the hemisphere contralateral to the field of 

attention (Corbetta et al., 1998; Vandenberghe et al., 1997; 2000).   

 

Corbetta & Shulman (2002) proposed a novel anatomical model of spatial attention 

building upon Mesulam’s and Posner’s models. A largely dorsal bilateral frontoparietal 

network (IPS-FEF) is recruited during voluntary (endogenous) orienting and target 

detection.  A ventral right lateralized fronto-parietal (TPJ-inferior frontal gyrus IFG) is 

recruited during target detection, especially when reorienting to unexpected locations.  

This system is known as the ‘alerting’ system.  Norepinephrine (NE) terminals from the 

LC are most densely concentrated in the visual system in the IPL, part of the right TPJ 

region (Aston-Jones et al., 1984).  NE is more concentrated in the right (relative to the 
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left) pulvinar of the human brain, a thalamic nucleus that projects to the IPL (Oke et al., 

1978).  

 

To account for the occurrence of spatial neglect following right hemisphere lesions, the 

authors proposed that the ventral sector of the IPS and the dorsal FEF asymmetrically 

represent space.  The right hemisphere represents both hemispaces, whereas the left 

hemisphere represents right space.  A predominantly right lateralized IPS-FEF network 

during exogenous orienting may explain the disengage deficit in spatial neglect (Losier & 

Klein, 2001).  Patients with spatial neglect show impairment in exogenously orienting to 

invalidly cued targets in left space.  Normal participants also display pseudoneglect in 

lateral asymmetry tasks, which may be due to activation of the IPS-FEF network during 

sensory orienting (Corbetta et al., 2002).   The disruption of exogenous alerting 

mechanisms in spatial neglect (within the right attentional system) may lead to a 

decreased alerting input to the right hemisphere dorsal IPS-FEF system.  This may in 

turn, lead to decreased spatial orienting and ineffective selection of left-sided 

contralesional stimuli.  The pathological rightward orienting in spatial neglect may be 

due to a dysfunction of the dorsal IPS-FEF system.  Lesions at or surrounding the right 

TPJ may inactivate the right hemisphere IPS-FEF system, leading to decreased attention 

in left space. 
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7.3 Measures of Attentional Orienting 

 

Central arrows or peripheral flashes are presented prior to a peripheral target requiring a 

simple manual detection response (protocol as outlined by Losier & Klein, 2001).  

Central cues (arrows) generally inform the participant where the target is likely to appear, 

whereas peripheral cues (brief peripheral flashes) may or may not.  Following the cue, at 

a prespecified variable interval, a target appears in the cued location (i.e. valid trial) or in 

an uncued location (i.e. invalid trial).  The participant is required to make a simple 

manual button press in response to the detection of the target, while always maintaining 

fixation on a centrally located stimulus (hence, covert orienting of attention).   

 

The COVAT paradigm is an ideal task for examining the effects of prism adaptation on 

visual attention to either exogenous or endogenous cues.  First, it allows one to explore 

the effects of prism adaptation on orienting performance in the absence of overt eye 

movements, which could potentially be influenced by the prism adaptation procedure 

(Craske, 1967; Crawshaw & Craske, 1976; Redding & Wallace, 2005).  Morris et al. 

(2004) found that prism adaptation did not significantly influence visual search patterns 

in terms of exploratory eye movements in both normal and patient samples in a visual 

search task.  This overt eye movement may be subject to rapid de-adaptation post 

adaptation, even though it may be the primary system affected by the adaptation process.  

It is know that the normal healthy brain de-adapts rapidly post adaptation (Kornheiser et 

al., 1976) and the initial system to be affected by prism decay may be overt or 

exploratory eye movements. 

 

Second, orienting to the left and right visual fields can be systematically examined which 

will prove crucial when using specific directions of prismatic shift in the medial-lateral 

axis.   
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7.3.1 COVAT exogenous 

 

To measure exogenous attentional shifts, the COVAT exogenous requires participants to 

fixate on a central location and detect targets in one of four possible peripheral landmarks 

(one landmark at each corner of the screen) either to the left or right of fixation.  Before 

target onset, a spatial cue in the form of brightening of either or all peripheral landmarks 

appears.  The target can appear at the location indicated by the peripheral cue (validly 

cued) or at a location contralateral to the cue in the opposite visual field (invalidly cued).   

 

A fundamental question is whether different attentional networks mediate exogenous and 

endogenous orienting.  Patients with progressive supranuclear palsy (PSP) are 

disproportionately slow during exogenous orienting (Posner et al., 1985).  The primary 

region involved in PSP is the superior colliculus (SC), including other structures such as 

the midbrain, cerebellum, and the brainstem.  Cells in the SC respond reflexively to the 

onset of peripheral cues (exogenous orienting) but not to informative cues (Robinson & 

Kertzman, 1995).  The posterior intraparietal fissure projects to the intermediate and 

deeper layers of the SC (Paré & Wurtz, 1997).  A parieto-collicular dysfunction, 

originating from lesions in the inferior parietal lobule (IPL) could explain the deficit in 

exogenous orienting in spatial neglect (Kinsbourne, 1970).   

 

The mechanisms related to exogenous orienting are not confined to the parietal lobes.  

The right TPJ in the ventral alerting system plays a role in target detection in unexpected 

locations (Corbetta et al., 2000).  The angular gyrus of the right IPL mediates exogenous 

disengagement behaviour at two discrete time periods, suggestive of attentional signals 

from a fast retinotectal pathway involving the SC and a slow geniculostriate pathway 

involving the lateral geniculate nucleus (LGN) to the IPL (Chambers et al., 2004).  This 

finding dovetails nicely with evidence that patients with TPJ damage have a deficit in 

disengaging attention from an invalid cue (Friedrich et al., 1998).  Patients with damage 

to the superior temporal lobe presenting with left neglect also display a disengage deficit 

(Karnath et al., 2001).  The common occurrence of spatial neglect following right 

hemisphere damage (relative to left hemisphere damage) provides evidence for a right 
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lateralized specialization of exogenous orienting (Gainotti, 1996).  Arousal is also 

impaired following damage to the right ventral alerting network (Robertson, 2001), 

which again dovetails nicely with more recent conceptualisation of a right lateralized 

alerting network involved in reorienting attention to an unexpected event (Corbetta et al., 

2000).   

 

7.3.2 COVAT endogenous 

 

 To measure endogenous attentional shifts, the COVAT endogenous requires participants 

to fixate as in the previous COVAT task, but central cue (i.e. arrows) are presented 

instead of peripheral flashes.  Again, the participant is required to detect the target as 

quickly as possible without making an eye movement. 

 

The dorsal posterior parietal cortex (dPPC) has been implicated in voluntary control of 

spatial orienting (Rosen et al., 1999).  Single unit recordings of cells in the IPS were 

modulated by informative cues and not by reflexive cues (Robinson et al., 1995).  

Corbetta et al. (1993) had participants undergo PET scanning while using informative 

cues.  The authors reported activation in the superior parietal region and superior frontal 

regions (premotor regions).  In a later study, Corbetta et al. (2000) tested the anatomical 

involvement in voluntary orienting to a spatial location (top-down endogenous control of 

the fronto-parietal attentional network), and the unexpected orienting to stimuli presented 

at uncued locations (bottom-up exogenous attentional network).  Corbetta et al., 

hypothesized that the dorsal PPC (especially the intraparietal sulcus (IPS) – superior 

parietal lobule (SPL)) was involved in endogenous control of attentional orienting.  

Consistent with their prediction, activity was observed in ventral and anterior IPS during 

the cue period and this activity was interpreted to represent the disengagement and top-

down maintenance of attention.    

7.4 Predictions 

1. Consistent with previous research, it was predicted that LPA would suppress 

right parietal (right TPJ) function.  Participants were expected to orient more 
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rapidly to validly cued targets in right space.  This rightward orienting bias is 

observed in spatial neglect patients (Losier & Klein, 2001), and thought to 

explain neglect behaviour (Kinsbourne, 1970). 

2. Participants were also expected to demonstrate a disengage deficit similar to 

that observed in spatial neglect patients following LPA.  That is, participants 

were expected to display impairment in terms of increased RT to invalidly 

cued targets in left space.  The disengage deficit is observed in exogenous 

orienting (Losier & Klein, 2001), while endogenous orienting is preserved in 

spatial neglect (Bartolomeo & Chokron, 2002).  Disengaging from an 

exogenous right-sided cue and reorienting leftward was expected to be 

impaired following LPA. 

3. Previous research has failed to induce a rightward shift in perceptual judgment 

(spatial attention tasks such as line bisection) following RPA in healthy 

normals (but see Berberovic & Mattingley, 2003).  It was therefore not 

predicted that RPA would induce a ‘neglect-like’ impairment in attentional 

shifting within reaching space and requiring a motor response.   

 

  

7.5 Method 

7.5.1 Participants 

 

 Forty-two healthy adults participated (mean age: 22.91 years (7.24)) in this study as paid 

volunteers.  All were right-handed and had normal or corrected-to-normal vision.  All 

participants were right-handed, without neurological disorders and gave informed consent 

according to the requirements of the Trinity College Dublin Ethics Committee.  The 

department of psychology, TCD ethics committee, approved the experimental protocol.  

Each participant was randomly assigned to either sham, left-shifting or right-shifting 

prism adaptation. 
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Fifteen participants in the left prism group, thirteen participants in the right prism group 

and twelve participants in the sham prism group fully completed the exogenous task.  

Twelve participants in the left prism group, eleven participants in the right prism group 

and twelve participants in the sham prism group fully completed the endogenous task.  

Participants who failed to fully complete either COVAT task were not included in the 

analyses and not replaced.  Remaining participants were removed from analyses if their 

mean score was beyond ± 2 standard deviations from the group mean.  One participant 

was removed from the accuracy and CES analyses in the left prism condition of the 

exogenous task, and one participant was removed in the left prism condition from the 

CES analyses of the endogenous task.  Two participants were removed from the right 

prism condition in the mean RT analyses of the exogenous task.  Two participants and 

one participant were removed from the accuracy and CES analyses respectively in the 

control condition of the exogenous task.  One participant and two participants were 

removed from the mean RT and CES analyses respectively of the endogenous task in the 

sham condition.   

7.5.2 Stimuli and Procedure 

 

 The covert orienting of visual attention in the medial-lateral axis (COVAT) was 

used as a measure of attention orienting to both non-informative cues (exogenous and 

involuntary orienting of attention) and informative cues (endogenous and voluntary 

orienting of attention).  The COVAT required participants to fixate a central red cross 

throughout a trial but to attend covertly (i.e. without making an eye movement) to four 

peripheral landmarks (four blue circles; two at the periphery of the left visual field and 

two at the periphery of the right visual field).  Visual stimuli were presented on a 19” Elo 

touch monitor against a grey background (65 Hz refresh rate).  

 

Participants were seated ~50 cm from the screen with their head placed in a chin rest.  

Participants were requested to keep their eyes fixated on the central red cross, and to 

press a button (top or bottom) as quickly as possible when the target appeared.  The 



 242  

researcher sat opposite and to the left of the participant, and monitored each participant’s 

gaze throughout the task.   

 

All stimuli were presented at high contrast and luminance on a grey background.  

Reaction times to detect targets were measured by a button press.  All COVAT tasks 

were presented on a Dell Latitude Pentium IV laptop with a 19” inch monitor and stimuli 

were presented using E-Prime software (www.pstnet.com/e-prime).  For ease of 

exposition, the procedure for the COVAT exogenous will be outlined first, and then the 

procedural requirements for the COVAT endogenous. 

 

Exogenous Task 

On each trial in the exogenous task, two or four peripheral cues flashed for 100 ms 

followed by a cue delay period of either 0 ms or 600 ms and a target composed of 

contrast sine-wave gratings (e.g. two blue circles on the left (cue to the left), two blue 

circles on the right (right cue) or all four blue circles (neutral cue)).  Participants were 

informed that the cue was non-predictive of target location and was irrelevant to the task.  

On each trial, participants reported where the target (grating of higher spatial frequency) 

was located (upper or lower position) by making a button press.  An illustration of the 

target was presented to each participant in the practice phase so that they were familiar 

with the visual target. 

 

There were an equal number of trials with valid, invalid and neutral cues.  Two stimulus 

onset asynchronies were used (i.e. the time between the onset of the cue and the onset of 

the target; SOA of 50 ms and 650 ms. 
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Fig 7.3. Typical display sequence for an invalidly cued Trial in the exogenous task. 

 

On each trial, a participant reported the location of the target in the upper or lower half of 

the screen.  In this example, the cue initially appears on the left of the display (flash to the 

left), and then the target appears 0 or 600 ms later on the right hand side of the screen 

(SOA 50 ms and 650 ms).  Online monitoring of gaze ensured that participants 

maintained central fixation throughout the task. 

 

 

A single trial began with a red fixation cross-presented centrally on the screen.  After a 

variable period of time one set of peripheral landmarks/both sets of peripheral landmarks 

brightened for 50ms.  The participant was required to detect the target as quickly as 

possible. Two stimulus onset asynchronies were presented (50ms and 650 ms).  In 

addition to the cued trials, there were also invalidly cued trials and neutral cued trials.  

This resulted in a total of 384 trials pre adaptation and 192 trials post adaptation.  

Participants performed 30 practice trials before completing the COVAT.   Cues were 

presented for 50 ms and did not temporally overlap with target presentation.  Targets 

remained visible on screen until a response was made. 
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Fig 7.4.  Timing of cues and targets for COVAT exogenous.  At 50ms SOA there is 

temporal synchrony between cue presentation and target onset, however there is no 

temporal synchrony between cue presentation and target onset at the longer SOA.  

Temporal overlap between cue and target at 50 mSec promotes early attentional 

facilitation to validly cued locations.  Target remains until a response is made. 

Endogenous Task 

 
 

Fig 7.5.  Typical display sequence for an invalidly cued trial in the endogenous task. 

 

On each trial, a participant reported the location of the target (target grating of higher 

frequency) in the upper or lower half of the screen.  In this example, the cue is an 
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informative arrow, which may be a valid, invalid or neutral predictor of target location.  It 

appears here on the left of the screen, and then reappear 200ms or 400 ms later on the 

right of the screen as a target (SOA 500ms and 700 ms).  Online monitoring of gaze 

ensured that observers maintained central fixation throughout the task. 

 

There were more validly cued trials (60% of trials) than invalid (20% of trials) and 

neutral (20% trials).  Two SOAs were used: 500 ms and 700 ms. 

 

 

COVAT endogenous 

 

A single trial began with a red fixation cross presented centrally on the screen.  After a 

variable period, arrows were presented centrally on screen.  The participant was required 

to detect the target as quickly as possible. Two stimulus onset asynchronies were 

presented (500ms and 700 ms).  In addition to the cued trials, there were also invalidly 

cued trials and neutral cued trials.  This resulted in a total of 320 trials pre adaptation and 

200 trials post adaptation.  Participants performed 30 practice trials before completing the 

COVAT.   Cues were presented for 300 ms and did not temporally overlap with target 

presentation.    Targets remained visible on screen until a response was made. 

 

 

 
 

Fig 7.6.  Timing of cues and targets for COVAT endogenous.  For both versions of the 

COVAT task participants were seated 50cm from the screen with their head placed in 
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a chin rest.  Participants were requested to keep their eyes fixated on the central 

cross, and to make a button press as quickly as possible to the detected target.   

 

7.5.3 Prism Adaptation Procedure 

 

The adaptation procedure is described in chapter 2. 

 

7.5.4 Data Analysis 

 

(a) Mean Accuracy Levels 

Mean absolute accuracy was measured as the proportion of correct responses made out of 

total responses.  A mean of 1.0 represents 100% accuracy. 

 

 

(b) Mean Reaction Time Data 

Mean RT was computed for each trial type for each participant.  Response times were 

discarded if they were ± 2.0 standard deviations from overall group means (Striemer & 

Danckert, 2004 personal communication).  Response time data were analysed using a 

within participant ANOVA with phase (pre adapt, post adapt), visual field of cue (left vs. 

right), visual field of target (left vs. right) and SOA (50 mSec, 650 mSec) as within 

participant factors in the COVAT exogenous.  Similar analyses (repeated measures 

ANOVA) were run for the COVAT endogenous, except for one small difference.  The 

repeated levels for the SOA were 500 mSec and 700 mSec.   

(c) Cue-effect size 

Cue-effect size (CES) was calculated for each participant by subtracting the average RTs 

for validly cued trials from the average RTs for invalidly cued trials at each SOA.  A 
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positive score is indicative of an RT advantage for validly cued trials, whereas a negative 

score is indicative of an RT advantage for invalidly cued trials. 

 

 

  CES  =( Invalid Target RT  -  Valid Target RT) 

 

The CES was also computed separately for leftward shifts of attention (invalidly cued left 

visual field RT – validly cued right visual field RT) for each participant at each SOA.  

CES for rightward shifts of attention (invalidly cued right visual field RT – validly cued 

left visual field RT) were also computed as same.   

 

COVAT exogenous 

 
 

 

A. Validly cued Left Target       B. Invalidly cued Left Target (cost of having to                                                                  

                                                               reorient leftward) 
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C. Validly cued Right Target     D. Invalidly cued Right 

  Target (cost of having to reorient rightward) 

COVAT endogenous 

 
A. Validly cued Left Target    B. Invalidly cued Left Target 

 

 
C. Validly cued Right Target   D. Invalidly cued Right Target 
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CES leftward shift in attention =(  Invalid Target Left RT  -  Valid Target Right RT).  

This is the cost of having to shift attention in a leftward direction towards a left visual 

field target after attentional capture by right visual field cues. 

 

 

 

CES rightward shift in attention =(  Invalid Target Right RT  -  Valid Target Left 

RT).  This is the cost of having to shift attention in a rightward direction toward a right 

visual field target after attentional capture by left visual field cues.  

 

7.6 Results 

A repeated measures ANOVA was conducted on mean RT across all prism conditions.  

Data for each prism condition was then analysed separately for accuracy, mean RT and 

mean CES as a significant interaction involving prism condition was observed in the 

exogenous and in the endogenous versions of the task (Berberovic & Mattingley, 2003; 

Morris et al., 2004; Striemer & Danckert, 2004). 

7.6.1 Mean RT exogenous 

 

A repeated measures ANOVA with phase of adaptation, cue validity, target level (left or 

right) and SOA (short or long) as within factors, and prism condition as between factors 

were conduced on mean RT.   There was a significant main effect of phase of adaptation 

(F (1, 37) = 57.644, p < .001) such that mean RT was significant faster post adaptation 

(mean 428.99ms, SE 13.93) compared to pre-adaptation times (mean 523.81ms, SE 12.8).  

There was also a significant main effect of validity (F (1, 37) = 8.801, p < .005).  Mean RT 

was significantly faster to validly cued targets (mean 472.375ms, SE 11.5) compared to 

invalidly cued targets (mean 480.43ms, SE 12.3).  This is evidence that the peripheral 

flash (exogenous) captured attention, as benefits in reduced RTs accrued when the 

peripheral flash was followed by a target in the same location (valid cue).  There was also 

a significant main effect of SOA (F (1, 37) = 131.08, p < .001).  Mean RT was significantly 

faster at longer SOAs (mean 446.30ms, SE 11.21) compared to shorter SOAs (mean 
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506.49ms, SE 13).  The interaction involving prism condition x phase x cue validity x 

target location was significant (F (2, 37) = 3.846, p < .03 (appendix 7.1).   

 

 

7.6.2 Mean RT endogenous 

 

A repeated measures ANOVA with phase of adaptation, cue validity, target level (left or 

right) and SOA (short or long) as within factors, and prism condition as between factors 

were conduced on mean RT.   There was a significant main effect of phase of adaptation 

(F (1, 31) = 37.13, p< .01). Mean RT was significantly faster post adaptation (mean 

429.98ms, SE 9.85) compared to pre adaptation (mean 472.20ms, SE 12.92).  There was 

also a significant main effect of cue validity (F (1, 31) = 38.65, p < .001).  Mean RT was 

significantly faster to valid cues (mean 420.86ms, SE 10) compared to invalid cues (mean 

481.33ms, SE 13.58).  This is evidence that participants used the arrows to direct their 

attention before target onset.  The visual field in which the target was presented had a 

significant main effect on RT (F (1, 31) = 15.20, p< .001).  Mean RT was faster in right 

visual space (mean 444.34ms, SE 10.7) compared to left visual space (mean 457.87ms, 

SE 11.37).  The length of the SOA also had a significant main effect on mean RT (F (1, 31) 

= 96.77, p < .001).  Mean RT was shorter for longer SOAs (mean 432.77ms, SE 10.55) 

compared to shorter SOAs (mean 469.41ms, SE 11.63).  There was a significant 

interaction involving prism condition x phase of adaptation x cue validity x target 

location x SOA (F (2, 31) = 4.523, p < .019) (appendix 7.2). 

 

In order to assess the effects of prism adaptation on exogenous and endogenous orienting, 

data for leftward, rightward and sham goggles were analysed separately.   
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7.6.3 Left Prism Goggles 

COVAT exogenous 

(a) Mean Accuracy data were analysed using a within participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), target (left visual field, right 

visual field) and SOA (50, 650 mSec) as within factors.  The ANOVA failed 

to reveal any significant effects of the within factors.  In short, mean accuracy 

did not change from pre to post adaptation.  There was a significant 

interaction between cue validity x visual field (F (1, 13) = 6.615, p < .023).  

Accuracy was higher following valid cues in left space (mean .973, SE .004) 

relative to right space (mean .966, SE .009).  Participants were more accurate 

following an invalid cue in right space (mean .957, SE .009) relative to left 

space (mean .976, SE .007).  This pattern of responding emerged regardless of 

phase of adaptation (appendix 7.3). 

 

(b) Response Time data were analysed using a within-participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), side of target (left visual 

field, right visual field) and SOA (50 mSec, 650 mSec) as within participant 

factors.  There was a significant main effect of phase of adaptation (F (1, 14) = 

14.76, p <. 002), indicating that RTs were significantly faster post prism 

adaptation (402.53ms, SE 31.36) compared to pre adaptation (504.11ms, SE 

21.79).  Mean RT was significantly faster following valid targets (448.12ms, 

SE 23.39) compared to invalid targets (mean 458.52ms, SE 23.89, F (1, 14) = 

5.567, p < .033).  There was a significant main effect of SOA (F (1, 14) = 55.96, 

p < .0001).  Mean RT was faster at the longer SOA (420.57ms, SE 20.87) 

compared to mean RT at shorter SOAs (486.07ms, SE 26.66).  There was a 

significant interaction between phase x SOA (F (1, 14) = 6.5, p < .023).  Mean 

RT reduced from 541.98ms (25.04) to 430.16 (34.18) post adaptation at the 

short SOA.  It also reduced from 466.23ms (19.37) to 374.91ms (28.95) post 

adaptation at the long SOA.  There was no significant interaction between 
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phase x cue x target x SOA (F (1, 14) < 1).  In short, prism adaptation did not 

affect mean RT (appendix 7.4). 

 

 

(c) CES was calculated for shifts of attention by subtracting the RTs to valid trials 

from RTs to invalid trials.  This difference (invalid-valid) is indicative of the 

RT advantage or facilitation for valid trials in which a positive score 

represents an RT advantage (faster RTs) for valid targets 

 

CES for leftward and rightward shifts of attention were subject to a within 

participant ANOVA.  Phase of adaptation (pre, post), attentional shift 

(leftward, rightward) and SOA (50mSec, 650 mSec) were within factors.  The 

analysis failed to reveal an effect of any within factor.  There was a near 

significant interaction between phase x visual field x SOA (F (1, 13) = 4.160, 

p=. 06).  However, planned post hoc test failed to reveal any significant 

differences in mean CES post adaptation with Bonferroni corrections. In short, 

prism adaptation did not significantly affect exogenous covert orienting 

(appendix 7.5). 

 

COVAT endogenous 

  

(d) Mean Accuracy data were analysed using a within participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), target (left visual field, right 

visual field) and SOA (500, 700 mSec) as within factors.  The ANOVA failed 

to reveal any significant effects of the within factors. The interaction between 

phase x field was beyond significance (F (1, 11) = 3.47, p =. 08).  Mean 

accuracy was higher pre adaptation for targets in the left visual field (mean 

.96, SE .008) than in the right visual field (mean .946, SE .01).  This pattern of 

responding changed post adaptation such that mean accuracy was higher in 
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the right visual field (mean .964, SE .007) than in the left visual field (mean 

.947, SE .013). See appendix 7.6. 

(e) Response Time data were analysed using a within-participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), side of target (left visual 

field, right visual field) and SOA (500 mSec, 700 mSec) as within participant 

factors.  There was a significant main effect of phase of adaptation (F (1, 11) = 

18.7, p <. 001), indicating that RTs were significantly faster post prism 

adaptation (mean 404.99ms, SE 10.62) compared to pre adaptation (mean 

439.44ms, SE 15.45).  There was a significant main effect of Cue (F (1. 11) = 

14.65, p <. 003), Target (F (1, 11) = 8.39, p < .015, and SOA (F (1, 11) = 43.25, p 

< .0001).  Mean RT was significantly faster in response to valid cues (mean 

400.35ms, SE 13.90) than in response to invalid cues (mean 444.08ms, SE 

13.85).  Participants also responded more quickly to targets in the right visual 

field (mean 413.85ms, SE 12.30) compared to left visual field targets (mean 

430.58ms, SE 13.60).  Mean RT was significantly faster following long SOAs 

(mean 402.57ms, SE 11.23) compared to RT following shorter SOAs (mean 

441.87ms, SE 14.53).  There was a significant interaction between phase x cue 

x target x SOA (F (1, 11) = 8.67, p<. 013).   

 

Post hoc comparisons with Bonferroni corrections revealed a significant reduction 

in mean RT to validly cued targets at short SOAs in left space (mean difference 

37.01, SE 7.3, p <. 025, one-tailed).  There was also a significant reduction in mean 

RT post adaptation to invalidly cued targets in left space at longer SOAs (mean 

difference 42.89, SE 9.11, p <. 039, one-tailed).  See appendix 7.7. 
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Fig. 7.7 Significant reduction in mean RT to targets in left space post adaptation at short 

SOAs (s) and significant reduction in mean RT reorienting from right space at long 

SOAs (l).  No other differences were significant with Bonferroni corrections. No 

significant differences were observed for validly cued targets in right space (p = .269) 

or invalidly cued targets in right space (p = NS). 

 

(f) CES was calculated for shifts of attention by subtracting the RTs to valid trials 

from RTs to invalid trials.  This difference (invalid-valid) is indicative of the 

RT advantage or facilitation for valid trials in which a positive score 

represents an RT advantage (faster RTs) for valid targets 

 

CES for leftward and rightward shifts of attention were subject to a within 

participant ANOVA.  Phase of adaptation (pre, post), attentional shift 

(leftward, rightward) and SOA (500mSec, 700 mSec) were within factors.  
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There was a significant main effect of SOA (F (1, 10) = 7.386, p<. 02.  There 

was a greater RT advantage to valid cueing following the shorter SOA (mean 

37.85ms, SE 7.89) compared to the longer SOA (mean 10.71ms, SE 10.39).  

There was a significant interaction between phase x attentional shift x SOA (F 

(1, 10) = 10.145, p<. 01).  Post hoc paired differences failed to reveal any 

significant differences with Bonferroni corrections (appendix 7.8).   

 

 

7.6.4 Right Prism Goggles 

COVAT exogenous 

 

(g) Mean Accuracy data were analysed using a within participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), target (left visual field, right 

visual field) and SOA (50, 650 mSec) as within factors.  The ANOVA failed 

to reveal any significant effects of the within factors, so mean accuracy did 

not change either from pre to post adaptation and did not significantly differ 

between valid and invalid cueing in either visual field (appendix 7.9).  

 

(h) Response Time data were analysed using a within-participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), side of target (left visual 

field, right visual field) and SOA (50 mSec, 650 mSec) as within participant 

factors.  There was a significant main effect of phase of adaptation (F (1, 10) = 

41.69, p <. 0001), indicating that RTs were significantly faster post prism 

adaptation (mean 449.06ms, SE 19.95) compared to pre adaptation (mean 

524.29ms, SE 16.83).  There was a significant main effect of SOA (F (1, 10) = 

25.11, p < .001).  Mean RT was significantly faster at longer SOAs (mean 

458.01ms, SE 18.71) compared to shorter SOAs (mean 515.34ms, SE 18.13).  

There was a just significant interaction involving phase x target level x SOA 

(F (1, 10) = 4.62, p = .057).   
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Post-hoc comparisons revealed a significant reduction of mean RT for validly 

cued targets in right space at short SOAs (Pre adaptation mean 549.65ms (20.25), 

Post adaptation mean 466.01ms (22.45), Mean difference 83.64 (10.49), p < 

.001)).  At longer SOAs, there was a significant reduction in mean RT to invalidly 

cued targets in right space (Pre adaptation mean 498.87ms (23.12), Post 

adaptation mean 419.34ms (21.16), Mean difference 79.53 (22.45), p < .01).  

Mean RT was significantly faster to validly cued targets in right space at short 

SOAs but reoriented significantly faster from left cues to right space at longer 

SOAs, post adaptation.  See appendix 7.10. 

 
Fig. 7.8 Significant reduction in mean RT to targets in right space post 

adaptation at short SOAs (s) and significant reduction in mean RT reorienting 

from left space at long SOAs (l).  No other differences were significant with 

Bonferroni corrections. No significant differences were observed for validly 
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cued targets in left space (p=. 18) or invalidly cued targets in left space (p=. 

404). 

 

 

(i) CES was calculated for shifts of attention by subtracting the RTs to valid trials 

from RTs to invalid trials.  This difference (invalid-valid) is indicative of the 

RT advantage or facilitation for valid trials in which a positive score 

represents an RT advantage (faster RTs) for valid targets 

 

CES for leftward and rightward shifts of attention were subject to a within 

participant ANOVA.  Phase of adaptation (pre, post), attentional shift 

(leftward, rightward) and SOA (50mSec, 650 mSec) were within factors.  The 

analysis failed to reveal an effect of any within factor.  There was no 

significant interaction between phase x target x SOA (F (1, 12) = 1.026, p = 

NS).  Prism adaptation did not significantly affect attentional shift (appendix 

7.11). 

 

COVAT endogenous 

   

(j) Mean Accuracy data were analysed using a within participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), target (left visual field, right 

visual field) and SOA (500, 700 mSec) as within factors.  The ANOVA failed 

to reveal any significant effects of the within factors. There was no significant 

interaction between phase x cue x target x SOA (F (1, 10) <1).  See appendix 

7.12. 

(k) Response Time data were analysed using a within-participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), side of target (left visual 

field, right visual field) and SOA (500 mSec, 700 mSec) as within participant 

factors.  There was a significant main effect of phase of adaptation (F (1, 10) = 

5.86, p <. 036), indicating that RTs were significantly faster post prism 
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adaptation (mean 460.53ms, SE 24.91) compared to pre adaptation (mean 

503.33, SE 32.20).  There was a significant main effect of Cue (F (1. 10) = 7.54, 

p <. 021), and SOA (F (1, 10) = 20.49, p< .001).  Mean RT was significantly 

faster following valid cues (mean 452.51ms, SE 22.27) compared to invalid 

cues (mean 511.35ms, SE 35.14).  Participants responded more rapidly during 

longer SOAs (mean 463.74ms, SE 26.68) than at shorter SOAs (mean 

500.12ms, SE 28.38).  There was a near significant interaction between phase 

x cue x target x SOA (F (1, 10) = 4.19, p=. 068).  Post hoc comparisons failed to 

reveal any significant differences with Bonferroni corrections post adaptation 

(appendix 7.13).   

(l) CES was calculated for shifts of attention by subtracting the RTs to valid trials 

from RTs to invalid trials.  This difference (invalid-valid) is indicative of the 

RT advantage or facilitation for valid trials in which a positive score 

represents an RT advantage (faster RTs) for valid targets.  CES for leftward 

and rightward shifts of attention were subject to a within participant ANOVA.  

Phase of adaptation (pre, post), attentional shift (leftward, rightward) and 

SOA (500mSec, 700 mSec) were within factors.  There was only a significant 

main effect of attentional shift (F (1, 10) = 6.7, p < .027).  RT advantage to 

leftward attentional shifts was significantly higher (mean 68.34ms, SE 23.08) 

compared to rightward attentional shifts (mean 38.82ms, SE 16.31).  Prism 

adaptation did not significantly affect attentional shift (appendix 7.14). 

 

 

7.6.5 Sham Prism Goggles 

COVAT exogenous 

 

(m) Mean Accuracy data were analysed using a within participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), target (left visual field, right 

visual field) and SOA (50, 650 mSec) as within factors.  The only significant 
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within factor was cue validity (F (1, 9) = 8.804, p<. 016).  Mean accuracy was 

higher following valid cues (mean .989, SE .003) compared to invalid cues 

(mean .982, SE .003). See appendix 7.15. 

(n) Response Time data were analysed using a within-participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), side of target (left visual 

field, right visual field) and SOA (50 mSec, 650 mSec) as within participant 

factors.  There was a significant main effect of phase of adaptation (F (1, 11) = 

32.49, p <. 0001), indicating that RTs were significantly faster post prism 

adaptation (mean 417.99ms, SE 8.54) compared to pre adaptation (mean 

518.45ms, SE 21.28).  There was also a significant effect of Cue (F (1, 11) = 

10.62, p < .008 and a significant main effect of SOA (F (1, 11) = 61.91, p < 

.001).  Mean RT was significantly more rapid following valid cues (mean 

462.32ms, SE 13.35) compared to those following invalid cues (mean 

474.12ms, SE 14.11).  Participants responded more quickly during longer 

SOAs (mean 439.01ms, SE 12.31) relative to responses recorded during 

shorter SOAs (mean 497.44ms, SE 15.70).  The interaction between phase x 

cue x visual field (regardless of SOA) was beyond significance (F (1, 11) = 

3.895, p = .07).  See appendix 7.16.  Paired comparisons revealed a near 

significant reduction in mean RT during short SOAs for all target types and a 

significant reduction in mean RT post adaptation to all targets at the longer 

SOA.  

 

(o) CES was calculated for shifts of attention by subtracting the RTs to valid trials 

from RTs to invalid trials.  This difference (invalid-valid) is indicative of the 

RT advantage or facilitation for valid trials in which a positive score 

represents an RT advantage (faster RTs) for valid targets.  CES for leftward 

and rightward shifts of attention were subject to a within participant ANOVA.  

Phase of adaptation (pre, post), attentional shift (leftward, rightward) and 

SOA (50mSec, 650 mSec) were within factors.  The analysis failed to reveal 

an effect of any within factor.  There was no significant interaction between 

phase x attentional shift x SOA (F (1, 10) <1).  See appendix 7.17. 
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COVAT endogenous 

   

(p) Mean Accuracy data were analysed using a within participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), target (left visual field, right 

visual field) and SOA (500, 700 mSec) as within factors.  The ANOVA failed 

to reveal any significant effects of the within factors.  There was no significant 

interaction between phase x cue x target x SOA (F (1, 11) <1).  See appendix 

7.18. 

(q) Response Time data were analysed using a within-participant ANOVA with 

phase (pre adapt, post adapt), cue (valid, invalid), side of target (left visual 

field, right visual field) and SOA (500 mSec, 700 mSec) as within participant 

factors.  There was a significant main effect of phase of adaptation (F (1, 10) = 

34.69, p <. 001), indicating that RTs were significantly faster post prism 

adaptation (mean 424.42ms, SE 13.07) compared to pre adaptation (mean 

473.84ms, SE 16.52).  There was a significant main effect of Cue (F (1. 10) = 

21.49, p <. 001), and SOA (F (1, 10) = 46.43, p< .0001).  Mean RT was 

significantly more rapid following valid cues (mean 409.71ms, SE 15.89) 

compared to invalid cues (mean 488.55ms, SE 17.35).  Participants responded 

more rapidly during long SOAs (mean 432.01ms, SE 13.62) than during short 

SOAs (mean 466.25ms, SE 15.36).  There was no significant interaction 

between phase x cue x target x SOA (appendix 7.19). 

(r) CES was calculated for shifts of attention by subtracting the RTs to valid trials 

from RTs to invalid trials.  This difference (invalid-valid) is indicative of the 

RT advantage or facilitation for valid trials in which a positive score 

represents an RT advantage (faster RTs) for valid targets.  There was a 

significant main effect of attentional shift (F (1,9) = 7.668, p<. 022).  Mean 

CES for leftward shifts was significantly higher (mean 90.20, SE 18.54) 

compared to rightward shift (mean 60.533, SE19.963).  There was also a 

significant main effect of SOA (F (1, 9) = 4.804, p = .05).  Mean CES was 

significantly higher at short SOAs (mean 81.537, SE 17.688) compared to 
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long SOAs (mean 69.815, SE 19.594).  No significant interaction involving 

phase of adaptation was observed.  (Appendix 7.20). 

 

7.7 Discussion 

Very few studies have attempted to investigate the mechanisms underpinning prism 

adaptation.  The present chapter investigated whether prism adaptation influences the 

way in which spatial attention is oriented or reoriented across the visual field.  The 

previous chapter presented evidence that LPA significantly shifted lateral asymmetry to 

the right.  This finding is consistent with earlier research demonstrating that LPA 

significantly induces a small ‘neglect-like’ rightward shift in line bisection judgments 

made by healthy participants (Berberovic & Mattingley, 2003; Colent et al., 2000; Michel 

et al., 2003.  It was predicted the LPA would significantly influence spatial orienting.   It 

was predicted that participants would (a) orient faster to validly cued targets in right 

space and (b) experience a disengage deficit, which is observed as response slowing to 

invalidly cued targets in the left space.  This pattern of responding was predicted to occur 

in the exogenous task, as endogenous orienting is preserved in spatial neglect 

(Bartolomeo & Chokron, 2002).   

 

In contrast, previous research has not reported any significant effect of RPA in line 

bisection judgments made by healthy participants.  The only exception is the finding of a 

significant rightward shift in line bisection judgments in extra-personal space (Berberovic 

& Mattingley, 2003).    Therefore, no predictions were made for RPA in the spatial 

orienting task as this was presented in reaching space, and required a motor response.  

 

LPA did not significantly modulate exogenous orienting as predicted, but it did influence 

endogenous orienting as evidenced by the significant interaction involving phase of 

adaptation in mean RT.  Participants oriented more rapidly to validly cued targets in left 

space at short SOAs and reoriented more rapidly to left space following an invalid cue in 

right space at longer SOAs.  The results in RPA mirror the results in LPA.  RPA 

significantly influenced exogenous orienting as evidenced by the significant interaction 
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involving phase of adaptation in mean RT, but did not influence endogenous orienting.  

Participants responded more quickly to validly cued targets in right space during short 

SOAs, and reoriented more rapidly to right space following an invalid cue in left space at 

longer SOAs.  Sham goggles did not significantly modulate exogenous or endogenous 

orienting evidenced by the lack of a significant interaction involving phase of adaptation.  

The results suggest that LPA modulates spatial orienting in left space and RPA modulates 

spatial orienting in right space at two distinct time periods.  Both LPA and RPA 

influenced spatial orienting within short SOAs, and influenced disengagement behaviour 

at longer SOAs.   

 

LPA was predicted to (a) reduce the mean RT to validly cued targets in right space and 

(b) increase the mean RT to invalidly cued targets in left space, similar to the pattern of 

behaviour in spatial neglect.  This prediction was not satisfied.  LPA (a) significantly 

reduced mean RT in left (not right) space and (b) significantly reduced mean RT when 

disengaging from a cue in right space and reorienting it leftward.  This finding was in the 

opposite direction to the predicted results.  An explanation for this result did not seem 

obvious from the prism adaptation literature, which has consistently argued for a 

‘neglect-like’ effect of LPA.  However, one unpublished study did find results 

remarkably similar to those reported here (Striemer & Danckert, personal communication 

2004).  The authors presented a version of the exogenous Posner task employed in the 

present study with three SOAs (they did not investigate prism effects on endogenous 

orienting).  Similar to the present study, participants reoriented more rapidly from an 

invalid cue in right space to a target in left space following LPA.  Participants following 

RPA reoriented more rapidly from an invalid cue in left space to a target in right space.  

These prism induced orienting effects were only observed in the exogenous task, and at 

short SOAs (~50 ms).  The authors did not report an effect of orienting to valid cues. 

 

Prism adaptation made it easier for participants to orient toward and disengage attention 

from one side of space.  LPA made it easier to orient attention to left space and to 

reorient from ‘less sticky’ right space.  RPA made it easier to orient attention to right 

space and to reorient from ‘less sticky’ left space.  Attention is less sticky in right space 
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for LPA participants and less sticky in left space for RPA participants.  This pattern of 

results is opposite to the predictions for LPA (no predictions were made for RPA).  Prism 

adaptation seemed to facilitate the covert orienting of attention instead of producing a 

disengage deficit as observed in spatial neglect.  How does this result explain the robust 

rightward shift in perceptual judgments following LPA in previous studies and in the 

previous chapter? 

 

Studies published within the last twelve months have begun to argue for a separation 

between the rightward shift in perceptual asymmetry tasks following LPA and an 

alteration in the underlying spatial orienting mechanism (Berberovic et al., 2004; Morris 

et al., 2004).  Berberovic et al. (2004) presented both healthy participants and patients 

with spatial neglect with a temporal order judgment task.  In this particular task, the 

participant is required to make a judgement concerning which of two stimuli appear first 

(one visual event is presented in the left visual field and is then followed by a comparable 

visual event in the right visual field or vice versa).  Normal participants are accurate at 

such temporal order judgments when attention has not been manipulated.  In contrast, 

patients with spatial neglect attend to right space and typically ignore left space.  They 

require a lead of 200 ms or more for a left-sided visual event before they judge that it 

precedes a right-sided visual event.  This is due to the simple fact that neglect patients 

judge visual events on the attended right side to precede those on the unattended left side 

unless the latter events appear considerably earlier in time (i.e. have a significant physical 

lead in time).  An unpublished study showed that RPA ameliorated this right spatial bias 

(Pisella & Mattingley, 2001), which was later confirmed by Berberovic et al. (2004). 

However, in the same study the authors failed to observe a similar effect in healthy 

participants following LPA.  They concluded that even though LPA significantly induces 

a significant rightward shift in line bisection judgments by healthy adults, it does not 

affect the distribution of spatial attention in healthy participants such that attentional 

processing is biased toward right space and neglect in left space.   

 

The one limitation to the Berberovic et al. (2004) study is the short adaptation period 

employed.  Short bursts of adaptation lasting 5-10 minutes are not long enough to reliably 
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induce a measurable effect on spatial attention tasks in the healthy brain (Boran & 

Robertson, 2004 unpublished manuscript; Murray & Ferber, 2005).  The fact that this 

short adaptation period was employed in the Berberovic et al. study severely limits its 

aim in determining the mechanism underpinning the adaptation process.  However, 

another study from the same laboratory employing a longer adaptation period failed to 

find a significant main effect of LPA on spatial attention as measured by the visual search 

task.  In fact, the authors also failed to find significant amelioration of spatial neglect as 

measured by the visual search task in a sample of spatial neglect patients.  This study 

provides stronger evidence that prism adaptation does not affect the redistribution of 

spatial attention.   

 

At this point, it would be reasonable to assume that prism adaptation does not affect the 

distribution of spatial attention, but may affect the orienting process (Striemer & 

Danckert, personal communication 2004).  However, an unpublished study employing 

similar visual search paradigms as those used by the Morris et al. study actually found an 

effect of prism adaptation in the healthy brain.  The author concluded, “…Following 

leftward adaptation, participants were significantly quicker to respond to stimuli in the 

right rather than left hemispace.  This was true for both versions of the visual search task 

[simple and complex search tasks]…” (Connolly & Robertson, 2004, unpublished thesis, 

p. 160).   

 

To quote Professor Rossetti, “taken as a whole, investigations of the effects of prism 

adaptation on unilateral neglect have been very frustrating in terms of the difficulty in 

providing plausible theoretical accounts for the strong positive effects produced” 

(Rossetti & Rode, 2002, p. 387).  This statement could be equally applied to the current 

understanding of the spatial attentional mechanisms underpinning the LPA effect in the 

healthy brain.  One set of studies argue against a redistribution of spatial attention in the 

healthy brain following LPA (Berberovic et al., 2004; Morris et al., 2004) and another set 

argue for a redistribution of spatial attention and an alteration in spatial orienting 

(Connolly & Robertson, 2004; Striemer & Dunckert, personal communication 2004).  
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The current study found evidence that both LPA and RPA affected spatial orienting in 

different ways.  LPA facilitated reorienting from right space, while RPA facilitated 

reorienting from left space.  The findings dovetail nicely with the results of Striemer & 

Danckert (2004).   

 

One limitation in the present study is that LPA affected endogenous attentional orienting 

and RPA affected exogenous attentional orienting.  Why did LPA affect endogenous and 

not exogenous orienting?  There is evidence that the same network broadly mediates both 

types of spatial orienting.  Rosen et al. (1999) reported that engaging in either exogenous 

or endogenous orienting activated bilateral parietal and dorsal premotor regions, 

including the FEF.  Peelen et al. (2004) found broadly similar activation within a fronto-

parietal attentional network consisting of the premotor cortex, posterior parietal cortex, 

medial frontal and inferior frontal cortex in both types of orienting.  The authors observed 

greater TPJ activation to exogenous cues compared to endogenous cues, but this 

difference failed to reach significance.  Losier & Klein (2001) also commented that the 

disengage deficit in spatial neglect is observed in endogenous orienting as well as 

exogenous orienting, but is more profound and significant in the exogenous orienting 

task.   

 

Spatial orienting deficits in hemispatial neglect may be observed in both the exogenous 

and endogenous versions of the COVAT paradigm.  If prism adaptation alters the way in 

which spatial attention is oriented, it is plausible that it will do so in both versions of the 

task.  LPA and RPA did not reliably induce similar effects in both versions of the 

COVAT.  This may be due to the participants’ ability to follow cues.  Striemer & 

Danckert (2004) failed to demonstrate an effect of either prism shift in participants who 

were able to orient quickly from invalid cues (show little cost to invalid cues).  It is 

possible that if larger samples were tested, participants with large cueing effects will 

show an effect of prism adaptation in both versions of the task.  Participants who do not 

use the cues or who orient efficiently from invalid cues may not show any effect of prism 

adaptation, as it would be unlikely that prism adaptation would have any influence on an 
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already efficient orienting capacity.  The present study could not explore this hypothesis 

further due to the small sample size.    

 

 

Both LPA and RPA altered (a) early orienting behaviour to valid targets and (b) later 

reorienting behaviour from invalid targets, which are the mechanisms that are impaired in 

spatial neglect (Losier & Klein, 2001).  It is possible that LPA alters right parietal 

function and that RPA alters left parietal function (Girardi et al., 2004).  Early orienting 

and later reorienting mechanisms are independent (Maruff et al., 1999).  At short SOAs, 

RTs to sudden onset targets appearing at the same location as the cue (valid cue) are fast 

as visual attention is already deployed at that location (Posner, 1980; Posner & Cohen, 

1984; Posner et al., 1985; 1987; Posner & Peterson, 1990).  This early facilitation is 

considered an attentional phenomenon and occurs in response to long target duration and 

during short SOAs (Maruff et al., 1999, p732).  At longer SOAs, inhibition arises because 

the attentional spotlight is biased away from the cued location and RTs to sudden onset 

targets appearing at the cued location become slowed compared to targets appearing 

away from the cue (Posner & Rafal, 1985; Posner & Peterson, 1990; Reuter-Lorenz et al., 

1996).  The findings suggest that LPA and RPA modulate early facilitation and later 

inhibition of attention.   

 

 

What attentional network could possibly underpin the prism-induced change in spatial 

orienting?  The right TPJ is involved in the ventral fronto-parietal alerting system.  

Previous chapters have presented evidence that LPA depresses right parietal function 

(possibly in the region of the right TPJ).  This was demonstrated in attenuation of the 

arousal response to adaptation error, impairment in vigilance and a significant rightward 

shift in a lateral asymmetry task, which pits the salience of left and right sides of a 

stimulus.  Each of these behavioural measures taxes the ventral fronto-parietal alerting 

system.  Arousal is mediated by the right temporoparietal junction (Heilman et al., 1978), 

and vigilance robustly activates a mainly right lateralized fronto-parietal attentional 

network (Manly et al., 2003).  Pitting the salience of left and right sides of a stimulus 
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against each other may activate the IPS-FEF network during sensory orienting (Corbetta 

et al., 2002).  Disruption to the spatial orienting network may depress right parietal 

function within the orienting network and swing spatial attention rightward.  LPA 

robustly depresses right parietal function in the above measures.   

 

If LPA robustly depresses right parietal function, how is spatial attention oriented more 

efficiently in left space and not in right space?  Recent neuroimaging studies implicate 

the superior regions of the parietal cortex along the IPS in the redirection of spatial 

attention (Corbetta & Shulman, 2002).  Such a system is bilaterally represented with left 

superior parietal cortex mediating attentional shifts in right space and right superior 

parietal cortex mediating attentional shifts in left space (Corbetta et al., 2000; Corbetta & 

Shulman, 2002; Hopfinger et al., 2000).  The direction specific effects of LPA and RPA 

may in fact modulate the function of this spatial orienting system – bilateral superior 

parietal regions.  LPA may alter right parietal function and make it easier to reorient from 

right space.  RPA may alter left parietal function and make it easier to reorient from left 

space.  Both LPA and RPA affect orienting at two distinct time periods; (a) orienting to 

valid cues was facilitated during short SOAs and (b) reorienting from an invalid cue was 

facilitated during longer SOAs.  It is possible that prism adaptation alters the way in 

which attention is redistributed in space. 

 

The fact that other studies have failed to find an effect of prism adaptation on the spatial 

distribution of attention suggests that the redirection of covert orienting may be one of 

many mechanisms underlying prismatic effects.  Modifying visuomotor networks 

following adaptation in a healthy brain is likely to have distinct consequences to those 

observed following injury to the brain, such as spatial neglect.  The following chapter 

discusses the findings of this thesis in terms of whether the original research questions 

were answered, and what contribution these findings have made to the understanding of 

prism adaptation in healthy and neglect populations.   

 

 

 



 268  

8 General Discussion 

8.1 Research Aims 

 

In the context of understanding how prism adaptation rehabilitates spatial neglect, an 

attempt to ‘induce’ (Redding & Wallace, 2005) or ‘simulate’ (Michel et al., 2003) 

neglect-like patterns of cognitive behaviour (Girardi et al., 2004) in healthy adults 

following LPA was adopted in this thesis.  The structure of the thesis is broadly based on 

the hierarchical division of attention into two domains – intensity and selectivity 

components of attention (Sturm, 1996; Van Zomeren & Brouwer, 1994).  The intensity 

components of attention (arousal and vigilance) are a requisite for the more complex 

aspects of attention selectivity (Sturm et al., 2004).  The neglect disorder is characterized 

by impairment in both the intensity (Heilman et al., 1978; Husain & Rorden, 2003; 

Robertson et al., 1996; Samuelsson et al., 1998) and the selectivity components of 

attention (Bartolomeo & Chokron, 2002; Losier & Klein, 2001; Posner & Peterson, 

1990).  The aim of this thesis was to produce ‘neglect-like’ patterns of performance in 

both non-spatial attention and spatial attention tasks following left prism adaptation 

(Berberovic & Mattingley, 2003; Colent et al., 2000; Michel et al., 2003).  If LPA 

influences performance on these attention tasks, it is possible to advance the argument 

that LPA depresses right parietal function.  Both non-spatial and spatial attentional 

mechanisms lateralized to the right fronto-parietal attentional system share a common 

home in the right parietal region.  The thesis investigated chapter by chapter whether 

indeed LPA produces ‘neglect-like’ cognitive impairments by disrupting the right fronto-

parietal attentional system. 
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8.2 The adaptation process 

 

Chapter 2 examined the adaptation process and aftereffects in the visual and motor 

systems.  Prism adaptation evokes all the mechanisms of adaptive perceptual-motor 

performance in all their complexity (Redding & Wallace, 1997).  Two classes of adaptive 

processes may underlie and explain the amelioration of spatial neglect following RPA, 

and the production of ‘neglect-like’ cognitive impairment in the healthy adult following 

LPA: (a) strategic control (spatial attention) and (b) spatial realignment.  During 

adaptation to a prism shift any or all of these processes might be the source of neglect 

amelioration or production of ‘neglect-like’ cognitive impairment.   

 

Calibration is an adaptive process and occurs countless times.  An earlier example was 

given in chapter two of reaching for an object.  The participant sees the object, “codes” 

its location in the visual-motor reference frame and sends the object’s location to the 

hand as a reaching command.  This reaching command specifies the object’s location and 

the region of extrapersonal space relevant to the task.  A number of strategies may be 

used to reach for the object, such as feedforward anticipation of error and feedbackward 

control of reaching accuracy.   

 

The direct effect of adaptation to a lateral shift was investigated in chapter 2.  When 

asked to point to a visual target with left shifting prisms, participants significantly erred 

to the left of the target for the first pointing movement.  Similarly, initial exposure to the 

right shifting prisms produced a significant rightward error in visual pointing 

performance.  The direct effects of the prism shift were slowly reduced over 15 pointing 

trials, which indicated that participants successfully calibrated their reaching movements 

when confronted with a lateral visual shift.  However, this does not mean that plasticity 

developed at this early stage.  “…Flexibility of motor execution allows subjects to point 

precisely toward the target by making corrective movements…” (Pisella et al., 2004, p. 

399).   
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Further pointing movements are required to reinforce the adaptation and obtain robust 

alignment effects.  Alignment is an independent and different process to calibration.  It 

involves the transformation of visual-motor coordinates into proprioceptive-motor 

coordinates (Redding et al., 2005).  The visual-motor reference frame is centered on the 

head, while the proprioceptive-motor reference frame is centered on the shoulder (of 

reaching hand).  There is a constant difference between the centre of the head and the 

centre of the shoulder, which must be taken into account when reaching for an object.  

The spatial relationship between the visual and proprioceptive spatial frames is altered by 

the prism shift.  That is the reason why participants mispoint the first time they wear 

prism goggles.  The process of ‘re-alignment’ is necessary to realign the two reference 

frames so that the world makes sense again (e.g. point accurately with visual guidance).   

 

The process of re-alignment is complex.  Alignment involves linking different sensory-

motor systems through a common noetic nexus, which is a “switching point that routes 

spatial information from various sensory-motor systems through a common reference 

frame” (Redding & Wallace, 2005).  Misalignment between the visual and proprioceptive 

spatial maps appears as a calibration error (direct effect) and initiates a fast phase of error 

reduction (re-calibration) and a slower phase of alignment between the visual and 

proprioceptive maps (re-alignment).    Chapter 2 measured prismatic alignment 

aftereffects in the visual and motor systems.  This study found that LPA produced a 

significant rightward shift in proprioceptive indication of straight-ahead.  This rightward 

bias is a common measure of the biased egocentric reference frame in spatial neglect (e.g. 

Berberovic et al., 2004; Frassinetti et al., 2002; Rode et al., 1999; Rossetti et al., 1998; 

Rossetti & Rode, 2002).  In contrast, LPA produced a leftward shift in visual SSA.  RPA 

produced a significant leftward shift in proprioceptive SSA, and an opposite rightward 

shift in visual SSA.   

 

These local aftereffects of prism adaptation in the visual and motor systems have not 

been measured for healthy adults (but see Girardi et al., 2004) or spatial neglect patients 

within the prism adaptation literature (Redding & Wallace, 2005 for critical comments).  

In order to understand the adaptation procedure, one must understand the nature of both 
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the adaptation procedure and the alignment aftereffects in the visual and proprioceptive 

systems.  

  

Calibration, rather than alignment, seems to be the more likely process involved in the 

aetiology of hemispatial neglect (Redding & Wallace, 2005, unpublished manuscript).  

Calibration is a high-level process, which involves spatial attention and allocentric 

representation.  These processes are thought to be dysfunctional in spatial neglect (Milner 

& Goodale, 1995; Weintraub et al., 2003).  For example, when a patient with spatial 

neglect is asked to point straight-ahead, she points to the right of veridical straight-ahead.  

This pathological rightward orienting is also observed in clinical measures of perceptual 

asymmetry (Mattingley et al., 1998; 2003).  Stimuli located in right space are regarded as 

more salient relative to stimuli in left space.  If the visual-motor reference frame is 

dysfunctionally calibrated to the right of veridical centre in spatial neglect, then when the 

patient is asked to indicate straight-ahead or engage in attentional processing, imaginal 

straight-ahead and spatial attention will be biased rightward respectively.   

 

On the other hand, alignment rather than calibration seems to be the more likely process 

involved in the rehabilitation of hemispatial neglect following right prism adaptation 

(Redding & Wallace, 2005).  Although the adaptation procedure adopted by Rossetti et 

al. (1998) in rehabilitating spatial neglect promotes an aftereffect in the proprioceptive 

system, it may be the small aftereffect in the visual system, which predicts neglect 

recovery.  Frassinetti et al., (2002) employed an adaptation procedure, which promoted a 

visual aftereffect more than a proprioceptive one (patient received visual feedback after 

the pointing movement was made).  This adaptation procedure administered twice daily 

for two weeks ameliorated spatial neglect for up to five weeks.  Redding & Wallace 

(2005) have advanced the argument that the aftereffect in the visual system may be 

responsible for the adaptation effects (Frassinetti et al., 2002).  Unfortunately, neither 

Rossetti et al. (1998) nor Frassinetti et al. (2002) measured the aftereffect of RPA in the 

visual and proprioceptive systems, so it remains unclear which aftereffect predicts neglect 

recovery.  Other clinical researchers using RPA to ameliorate neglect have also failed to 

measure aftereffects in visual and proprioceptive systems.    
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8.3 Neural Bases of Adaptation 

 

The calibration-alignment processing distinction may also correspond to localization of 

function in the posterior parietal cortex and cerebellum, respectively (Berberovic & 

Mattingley, 2003; Jeannerod & Rossetti, 1993; Mattingley, 2002, Redding & Wallace, 

2005).   

 

 

 
Fig. 8.1 Neural Bases of Adaptation to a Lateral Shift. 
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8.3.1 Parietal involvement in PA 

 

The initial phase of adaptation involves error reduction.  The flexibility or adaptability of 

the motor system allows participants to point precisely toward the visual target by 

making corrective movements.  This strategic component of reducing error when 

confronted with a discrepancy between actual and prism displaced target position, has 

been described by a number of theorists: 'cognitive correction' by Weiner et al., (1983); 

'strategic control' or 'calibration' by Redding & Wallace (1996).  Further pointing 

movements (Ping-Bo Yin et al., 2001) are required to consolidate the short term or direct 

effects of adaptation (early stage).  Robust negative after-effects (observed as pointing in 

the direction opposite to the prism shift) are characteristic of the adaptive component. 

Prism adaptation is a complex global reaction to the visual distortion, which results in 

both error reduction (strategic control) and adaptive realignment (after-effects).   

 

Strategic control is thought to involve PPC activation.  The PPC is thought to be involved 

in the alignment of visual and proprioceptive maps during adaptation (Redding & 

Wallace, 2005).  This structure has been implicated in sensorimotor and multisensory 

integration (Mountcastle et al., 1975; Andersen et al., 1997; Xing & Anderson, 1997) and 

may play a significant role in the management of visuo-motor reorganization and re-

alignment between the adapted spatial frames.     

 

A stronger argument for the role of the PPC in adaptation comes from single-neuron 

recording (McKay, 1992), studies on optic ataxia (Perenin & Vighetto, 1988; Pisella, 

2000) (visual guidance disorder), and imaging studies (Grafton, 1992; Kertzman et al., 

1997).  These studies suggest that the PPC is critically involved in visually guided 

movements and are consistent with human imaging findings during prism adaptation.   

Clower et al. (1996) found that a part of the PPC showed altered blood flow when human 

participants adapted to prisms.  The participants reached to a target under visual guidance 

and adapted to 17º shifts in 5-10 reaches.  During the imaging study, the participants 

underwent constant adaptation due to repeated reversal of the prisms.  In the control task, 

the target shifted before participants could reach the target.  This controlled for errors in 
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reaching during adaptation and the participants’ reactions (emotional or otherwise) to the 

errors.  A region of the PPC contralateral to the reaching arm was activated during 

adaptation, which provides evidence that this cortex is involved in strategic calibration. 

   

A lesion study carried out by Meier (1970) suggested that disruption of the right fronto-

parietal network might affect the ability to successfully adapt to reversal or inversion of 

visual feedback.  Many imaging studies have linked the PPC to monitoring of novel 

visuo-motor correspondences (Bonda et al., 1996; Inoue et al., 1997; Suigo et al., 1999).  

Damage to the PPC can result in the patient taking a longer time compared to a healthy 

adult to reduce the direct effect of prism exposure (Pisella et al., 2004). Additionally, 

PPC damage can manifest in a larger direct effect compared to the healthy participant.  

For example, the magnitude of the direct effect may be 100% of the prism shift, which is 

indicative of a reduced ability to modify pointing accuracy on-line (Gréa et al., 2002; 

Pisella et al., 2004).   

 

8.3.2 Cerebellar Involvement in PA 

 

The cerebellum “…receives limb proprioceptive and corollary discharge information and 

visual input from the mossy fibers that could serve as an error signal [to the prism-

induced direct effect on pointing performance]” (Pisella et al., 2005, p.150).  It is thought 

to be involved in adaptive alignment (Redding & Wallace, 2005).  Alignment involves 

“dimensional” learning (Bedford, 1993).   Effects of prism adaptation are observed in 

tasks that do not involve basic visuo-motor pointing.  This is precisely the reason why 

prism theorists are excited at the prospect of using prism adaptation in hemineglect 

rehabilitation.  The effects of adapting to right-shifting prisms are observed in 'higher-

order' tasks such as mental imagery (Rode et al., 1999).  Bedford (1993) has commented 

on the robust after-effects of realignment and on the fact that awareness of the new 

remapping does not alleviate the difficulty of returning to pre-adaptation alignment 

between maps.   
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Numerous studies have validated the role of the cerebellum in short and long term motor 

learning (Friston et al., 1992; Gilbert & Thach, 1977; Graydon et al., 2005; Imamizu et 

al., 2000; Ito. 1989; Martin et al., 1996); reflex adaptation (Kawato & Gomi, 1992); and 

saccadic adaptation (Desmurget et al., 1998).  A recent study by Imamizu et al., (2000) 

showed that changes in cerebellar activity occurred as people learned how to move a 

video cursor (motor learning). Similar to the role of the PPC, the cerebellum is involved 

in visually directed movement (example of cerebellar ataxia is another form of visual-

motor guidance: Hallet et al., 1991; Stein, 1986) as well as eye-hand coordination (Miall 

et al., 2000).  Jeannerod & Rossetti (1993) nominated the cerebellum as the candidate 

error processor in learning to adapt to prisms.  The cerebellum is a site of plasticity 

(Armano et al., 2000; Ito, 1991, 2000).   Pisella et al., (2004, p. 400) describe it as a 

“sensorimotor correlation storage area that integrates the previous motor outputs 

(efferences) and the visual error resulting from this output (visual reafference)”. 

Weiner et al. (1983) first showed that patients with cerebellar damage had deficits in 

adapting to prisms.  Lesions of the posterior lobe of the cerebellum cause this impairment 

(Baizer et al., 1999).  Martin et al., (1996) confirmed and extended these results by 

examining a large group of patients with damage to the cerebellum and its pathways.  

Patients were required to throw clay balls at a target before, during and following prism 

adaptation (throwing is a ballistic movement which prevents correction after the throw 

has been made).  Many of the patients failed to adapt to the prisms.  Any reduction of 

error (direct effect) was possibly due to strategic control by the intact parietal cortices.  

After the prisms came off, many patients showed no aftereffects.   

The cerebellum plays an important part in realigning spatial maps during adaptation.  

Martin et al., (1996) argued that the climbing-fiber inputs from the contralateral inferior 

olivary nuclei (ION) and mossy-fiber inputs form the contralateral basilar pontine nuclei 

are involved in the adaptation process.  The climbing fibers present an error signal to the 

cell bodies of the purkinje cells, whereas the mossy fibers excite cells that make 

excitatory synapses on purkinje cells.  Damage to ION or basilar pontine region impaired 

adaptation with the hand contralateral to the lesion.  Patients with damage to the output 
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system of the cerebellum (e.g. dentate nucleus) or damage to the thalamus, showed 

normal prism adaptation (Martin et al., 1996).   

 

Pisella et al. (2004) advanced the argument that both strategic and alignment processes 

contribute to error reduction in adaptation.  The strategic components are not thought to 

be involved in the development of adaptive after-effects.  A patient with bilateral parietal 

lesions (optic ataxia) was able to adapt to right shifting prisms.  A patient with damage to 

the left anterior cerebellum (intact right cerebellum) was able to adapt to right-shifting 

prisms, but unable to adapt to left shifting prisms (Pisella et al., 2005).  This finding 

suggests that the right cerebellum is crucial for adaptation to right prism shifts and that 

the left cerebellum is crucial for left prism adaptation. 

 

Anatomical connections from the cerebellum to the parietal cortex underlying the 

recalibration during adaptation have been recently demonstrated (Clower et al., 2000).  

The importance of the right anterior cerebellum in spatial alignment and the production 

of prismatic aftereffects following right prism adaptation is also backed by an imaging 

(PET) study, showing significant enhancement of rCBF in left pre-frontal, left insula, left 

and right parietal cortex, left posterior temporal area, left putamen, left and right 

cerebellum following RPA (Lauté et al., 2002).  

 

How do we know that normal participants use both strategic calibration and spatial 

alignment in adaptation? Biparietal patients (intact cerebellum) demonstrate greater 

percentage transfer to the non-adapted limb and in terms of error reduction, they take 

longer to adapt and show error magnitude nearly equal to the visual angle of distortion 

(Pisella et al., 2004).  Older adults also take longer to adapt to prism shifts (Fernandez-

Ruiz et al., 2001), which may be evidence that the ageing adult ‘normally’ relies more on 

cerebellar processes (alignment) rather than on fronto-parietal processes (calibration) to 

adapt.  In fact, evidence has been demonstrated that the aged adult shows a larger 

aftereffect (magnitude) compared to younger adults, which is similar to the greater 

aftereffects in some spatial neglect patients following adaptation (Redding & Wallace, 

2005).  Young adults adapt more rapidly in comparison to their aged counterparts, which 
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has been interpreted as a reliance on more frontal or parietal processes (higher-level 

strategies) to reduce prism-induced pointing error.   

 

The adaptation process is complex and activates a number of adaptive mechanisms 

(Redding & Wallace, 2005).  Chapter 2 outlined the nature of the visual and motor 

aftereffects.  The rest of the thesis investigated the mechanisms, which are argued to 

underpin the mild ‘neglect-like’ cognitive impairments (Girardi et al., 2004) following 

left prism adaptation in the healthy brain.  The cerebellar substrate of alignment may 

inhibit (indirectly) the right parietal cortex (Michel et al., 2003, p. 37) when strategic 

calibration has ended.  Depression of right parietal function may influence independent 

non-spatial and spatial attentional processes, localized to the right intraparietal sulcus 

(Husain & Rorden, 2003, p. 33). 

 

 

Chapters 3 and 4 investigated the non-spatial intensity mechanisms lateralized to the right 

hemisphere.  Chapters 5, 6 and 7 investigated the selective components of non-spatial and 

spatial attentional mechanisms lateralized to the right hemisphere.  The intensity and 

spatial components are highly interconnected in a hierarchical way (Sturm, 1996; Van 

Zomeren & Brouwer, 1994).  Disrupting activity within the right fronto-parietal 

attentional network following LPA should alter how attention is deployed within and 

across space (Cohen & O’Donnell, 1993).   

 

8.4 Non-spatial Mechanisms underpinning LPA induced ‘neglect-like’ 
cognitive impairment 

 

A number of authors (Achten et al., 1999; review Husain & Rorden, 2003; Robertson, 

2001; Samuelsson et al., 1998; Mottaghy et al., 2005) have noted that the spatial and non-

spatial attentional networks share a common neural circuitry.  Furthermore, damage to 

mainly right lateralized regions leading to spatial neglect causes impairments in both of 

these attentional networks.  The right IPL, right TPJ, right STG and other frontal and 
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subcortical regions within the right hemisphere are implicated in the aetiology of spatial 

neglect (Karnath, 2001; Karnath et al., 2001; Mort et al., 2003; Vallar et al., 1991).  

 

Asymmetry in lesion sites leading to spatial neglect may cause disruption to other right 

hemisphere functions, in particular arousal and alertness systems, and interfere with 

recovery from left hemispatial inattention (Manly et al., 2005; Rorden et al., 2001; 

Samuelsson et al., 1998).    Associations have been found between chronic neglect and 

low arousal/alertness (Heilman et al., 1978; Robertson et al., 1997; Robertson, 2001; 

Samuelsson et al.,  1998; Yokoyama et al., 1987).  Patients with right hemisphere damage 

have a deficit in maintaining internal control of arousal, which is significantly improved 

by phasically alerting the patient (Posner et al., 1978; Robertson et al., 1997; Tartaglione 

et al., 1986).    

    

Patients with spatial neglect most typically have right parietal lesions (Heilman et al., 

1983; Vallar & Perani, 1986) and show a reduced arousal response as measured by EDA 

to salient stimuli (Heilman et al., 1978; Heilman, 1979; Storrie-Baker, 1997; Tranel, 

2000; Tranel & Damasio, 1994).  Spatial neglect is not only associated with an 

impairment in arousal, it may also be caused by a dysfunction in arousal (Robertson, 

2001).  Deficient processing of stimuli in spatial neglect may be due to insufficient 

activation of the right hemisphere noradrenergic arousal system, originating in the locus 

coeruleus (LC) by parietal neurons responsible for selective attention.  It may also be due 

to impairment in the upward and downward projections between the LC and the right 

parietal cortex (Oke et al., 1978).   

 

Chapter 3 measured the sympathetic arousal response or EDA to pointing error during the 

adaptation process.  Pointing error is reduced by two adaptive mechanisms; strategic 

control and spatial alignment (Redding & Wallace, 2005).  Strategic control is a ‘high-

level’ mechanism requiring attention (Redding & Wallace, 1997), and is thought to 

involve posterior parietal activation (Clower et al., 1996; Pisella et al., 2004).  On the 

other hand, spatial alignment is a ‘low-level’ automatic mechanism, which does not 

require attention (Redding & Wallace, 1997) and involves anterior cerebellar activation 
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(Pisella et al., 2005).   Both mechanisms are used by the participant to reduce pointing 

error at different stages of the adaptation process.  Early adaptation is characterised by a 

fast phase of calibration (parietal activity) and followed by a slow phase of alignment 

(cerebellar activity).  EDA was measured throughout these two phases.  LPA 

significantly reduced the EDA response to pointing error during the later phase of 

adaptation.  This dovetails nicely with the argument that LPA significantly depresses 

right parietal function following 20 minutes of adaptation (Berberovic & Mattingley, 

2003), when alignment processes have been activated, and calibration processes have 

ceased (Graydon et al., 2005).  RPA had no effect on EDA.    

 

Chapter 4 extended this finding by investigating whether LPA also disrupted vigilance 

behaviour.  The ability to endogenously maintain attention reliably and robustly activates 

a right fronto-parietal attentional system (Robertson & Garavan, 2004).  LPA 

significantly increased vigilance error on the SART, a sensitive measure of sustained 

attention ability and slips of attention (Manly et al., 2003; Robertson et al., 1997).  It also 

significantly reduced response times to go-digits in the SART.  Faster responding to go-

targets has been correlated with error rates in previous large studies (Manly et al., 2000; 

Robertson et al., 1997), and is indicative of inattentive responding (Manly et al., 2005; 

O’Connell et al., 2004; Robertson et al., 1997).   

 

The capacity to maintain attention over time (vigilance) is often vitiated as a result of 

damage within the right hemisphere alertness system.  Vigilance is generated and 

maintained by a circuit with reciprocal interaction of cortical and sub-cortical structures.  

Cortical structures predominantly in the right hemisphere (dorsolateral prefrontal cortex, 

anterior cingulate and inferior parietal lobe) exert ‘top-down’ control via thalamic nuclei, 

on activating structures such as the locus coeruleus of the brain stem (Pardo et al., 1991; 

Sturm et al., 1999; Sturm et al., 2004; Manly et al., 2003).   

 

Left prism adaptation significantly increased mean errors of commission in the random 

version of the SART.  Fassbender et al. (2004) imaged the healthy brain using fMRI as 

participants successfully refrained from committing an error of commission in the 
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random SART.  Activation was observed in the right ventral prefrontal cortex, right 

inferior parietal lobule, and left dorsolateral prefrontal cortex when participants 

successfully inhibited a motor response to a no-go digit.  Moores & Andrade (2000) 

reported a strong relationship between performance on the random SART and 

performance on the go-gap-stop test of response inhibition.  LPA may have interfered 

with successful inhibition in the SART by depressing right parietal function. 

 

8.5 Spatial Mechanisms underpinning LPA induced ‘neglect-like’ cognitive 
impairment 

 

8.5.1 Prism Adaptation and the Rehabilitation of Spatial Neglect 

 

As already stated in the introduction to this thesis, Rossetti et al. (1998) provided the first 

evidence that adaptation to right shifting prisms ameliorated spatial neglect. The 

reduction of the pathological rightward bias that characterizes spatial neglect lasted for 2 

hours following a brief adaptation period of 5 minutes.  The critical feature of the 

Rossetti et al. (1998) study was the demonstration of a leftward shift in manual pointing 

toward subjective straight-ahead (SSA).  Following this pioneering study by Rossetti and 

colleagues, a number of studies extended these findings by demonstrating ameliorative 

effects following RPA in postural control (Tilikette et al. 2001), and wheelchair 

navigation (Rossetti et al., 1999).  These studies suggested that the effects of prism 

adaptation were by no means limited to visual and motor components of pointing 

involved in the adaptation process.  The aftereffects extended to balance, and other non-

motor tasks such as mental imagery.   

 

Rode et al., (1999) demonstrated amelioration of neglect symptoms as measured by 

manual pointing straight-ahead, drawing a daisy from memory and naming towns from a 

mental map of France.  Improvements were observed up to 24 hours following one brief 

period of adaptation.  The horizontal range of named towns was larger post adaptation.  

The range included towns on the left hand side of the map previously neglected.  
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However, a curious feature was also observed, towns previously named on the rightmost 

side of the mental map were neglected post adaptation.  It was as if the patient’s focus of 

attention was shifted leftward including a greater range of towns to the left, but 

neglecting towns at the rightmost periphery.   

 

Pisella et al. (2002) investigated the long-term effects (e.g. 4 days) of RPA on line 

bisection and manual straight-ahead pointing.  Both measures captured a leftward shift 

immediately post adaptation.  However, dissociation between the aftereffects on line 

bisection and pointing were observed within 3 days following prism exposure.  One 

patient showed an improvement in straight-ahead pointing but no improvement in line 

bisection.  Another patient demonstrated the opposite result.  Farnè et al. (2002) 

presented novel evidence that RPA significantly ameliorated neglect behaviour on non-

manual tasks, such as visual-verbal tests.  These findings could not easily be explained in 

terms of motor aftereffects following the adaptation process.  As in the Rode et al. study, 

benefits following RPA lasted up to 24 hours.   

 

Frassinetti et al. (2002) confirmed the effectiveness of prism adaptation as a possible 

rehabilitation method.  A battery of clinical measures of spatial neglect was administered 

pre and post adaptation.  Clinical measures tested for allocentric and egocentric measures 

of spatial neglect.    This study revealed increasing ameliorating effects of prism 

adaptation as time lengthened from the prism-training period.  Neglect was also 

ameliorated for measures of allocentric space, but not statistically for egocentric (or 

personal) neglect.  Interestingly, Frassinetti et al. reported a patient who failed to develop 

an aftereffect following RPA and who also failed to improve on neglect measures post 

adaptation.   
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8.5.2 Possible Spatial mechanisms underpinning neglect rehabilitation 

 

A number of researchers have begun to investigate the possible spatial mechanisms 

underpinning the rehabilitative aftereffects of RPA.  One possible candidate mechanism 

is the redistribution of spatial attention (spatial mechanism).  Kinsbourne (1970) stated 

that spatial neglect could be thought of as a pathological rightward bias in spatial 

attention due to right hemisphere damage.  In that particular model, there is a proposed 

gradient of attention, which changes linearly from one side to space to another.  Each 

hemisphere has an attentional vector, which is directed toward the contralateral 

hemispace.  The crucial mechanism of left neglect according to Kinsbourne is a rightward 

attentional bias.  Spatial neglect patients are ‘attracted’ to right-sided stimuli.  If patients 

are required to erase right-sided stimuli, so that they can no longer capture attention, then 

neglect is reduced (Mark et al., 1988).   

 

Berberovic & Mattingley (2004) investigated whether RPA redistributed the gradient of 

spatial attention toward left space.  They assessed pointing straight-ahead without vision 

and performance on judgments of the temporal order of stimuli presented simultaneously 

(SOA was between 0 – 1296ms).  There was a significant shift of proprioceptive SSA to 

the left following RPA.  Before prism adaptation, patients showed a rightward bias in 

temporal-order judgments requiring that the left stimulus appear up to 427ms before the 

right stimulus, before it was judged to appear first.  After RPA, the rightward bias was 

reduced to 98ms.  The authors argued that RPA “…helps to rebalance the distribution of 

spatial attention” (p.1199).  

 

Other researchers have investigated whether the control of eye movements are influenced 

by prism adaptation.  The rationale for testing eye movements is simple.  RPA may 

improve neglect by reducing rightward intentional spatial bias and assist with visual 

exploration in left space (Beversdorf & Heilman, 2003).  It is generally accepted that 

RPA affects low-order factors such as visuo-motor performance (visual and 

proprioceptive aftereffects in SSA).  The initial disorganisation of visuo-motor behaviour 

following prismatic exposure is corrected during adaptation and the compensation 
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consequence of adaptation is an aftereffect in visuo-motor bias (Redding & Wallace, 

2005).  Ocular scanning behaviour may be reset following RPA (Angeli et al., 2004).  

Patients with severe spatial neglect show a failure to make eye movements towards 

stimuli presented in left space (Girotti et al., 1983; Walker & Findlay, 1996).  In fact, this 

pattern of results is also present for spatial neglect patients while asleep (Doricchi et al., 

1991).  Neglect may cause impairment in automatic gaze orienting, which is absent when 

patients are required to make voluntary eye movements (Niemeier & Karnath, 2000).  

This ocular disorder (reduced eye movements in left space) may prevent exploration in 

left space (Gainotti, 1993).   

 

A leftward shift in eye movements following RPA has been advanced as an explanation 

of neglect amelioration due to sustained ocular posture during the adaptation process 

(Angeli et al., 2004).  A detailed examination of eye movements made by neglect patients 

was reported pre and post RPA.  Following RPA, the time spent exploring by 

experimental and controls patients in left and right space was examined.  Interestingly, 

the difference lay in the amount of time spent exploring in right space.  Patients spent less 

time visually exploring right space, and spent more time making eye movements towards 

left space.  Before RPA, patients spent considerably more time visually exploring the 

right space compared to the left, but this difference essentially disappeared following 

adaptation.   

 

However, later studies failed to correlate this increased visual exploration of left space 

with improvements in neglect.  Ferber et al. (2003) assessed pointing straight-ahead 

without vision, lateral asymmetry using chimeric faces (judge which face is happier) and 

fixation eye movements during 10seconds of exploration of chimeras.  Lateral bias 

remained unchanged following RPA, yet eye movements were significantly reduced on 

the right side of the chimeric face.  In a following prism adaptation session, the patient 

showed improvement on clinical cancellation tests of spatial neglect.  A number of 

comments should be made at this point about the Ferber study.  The particular patient 

with spatial neglect showed an unusually large and overcompensating aftereffect (about 

143%) in straight-ahead bias but this was not enough to shift SSA into left space.  Also 
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the shift of eye movements was in the region of 5º from right to left space, which may not 

have been enough to permit the patient to explore the chimera fully.  It cannot be ruled 

out that the effect of RPA on cancellation was not due to a ‘top-up’ effect (McIntosh et 

al., 2002) of adaptation, which may have been enough to ameliorate neglect behaviour 

following a second prism session.    The above set of studies point to both low-order and 

high-order changes post RPA in spatial exploration and in the redistribution of visual 

spatial attention.  However, changes within low-order spatial systems do not reliably 

predict changes in higher-order spatial systems e.g. increased eye movement leftwards 

does not predict a similar leftward shift of spatial attention as measured by lateral 

asymmetry.  Attempts to uncover the precise spatial mechanisms underpinning adaptation 

to right shifting prisms in the neglect brain have been frustrating. 

 

 

8.5.3 Prism Adaptation and the production of mild ‘neglect-like’ cognitive 
impairment 

 

Colent et al. (2000) reported a cognitive effect following adaptation to left shifting prisms 

for the first time.    Following adaptation to left prisms; mean error in the landmark task 

was shifted rightward, so that the subjective centre of the line was shifted to the right of 

veridical centre.  This finding was later replicated and extended to the line bisection task 

(Michel et al., 2002).  The authors observed that the mild ‘neglect-like’ rightward shift in 

perceptual judgment was conditional upon the location of the line (left, centre or right 

space) and the length of the line.  No effect of line length was observed before adaptation, 

but following adaptation a greater rightward shift was observed for longer lines.  This is 

an intrinsic characteristic of spatial neglect (Marshall et al., 1998).  The authors also 

argued that the asymmetrical aftereffects observed on line bisection tasks couldn’t be 

explained away as the product of symmetrical sensori-motor aftereffects (Redding & 

Wallace, 2005).  If the bias was due to proprioceptive aftereffects, then the rightward 

shift should be limited to manual line bisection.  This is not the case as many studies have 

reported rightward shifts in purely perceptual line bisection tasks (Berberovic & 
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Mattingley, 2003; Colent et al., 2000).  The amplitude of the perceptual bias should be 

symmetrical mirroring proprioceptive aftereffects, but this is clearly not the case as no 

shifts were reported on line bisection following RPA.   

 

LPA reliably produces mild ‘neglect-like’ rightward shifts in perceptual judgment, 

posture and exploration of visual and haptic space in the healthy adult.  This is thought to 

occur following suppression or inhibition of right parietal function (Rossetti & Rode, 

2002).  The mechanisms underpinning the effects of LPA on spatial tasks have not 

yielded clear results in the normal literature.  LPA failed to modulate visual search 

patterns (Morris et al., 2004) in one study, and was found to modulate search patterns 

such that a ‘neglect-like’ facilitation in right space was observed (Connolly & Robertson, 

unpublished thesis 2004).  Chapters 5, 6 and 7 investigated whether prism adaptation 

operates by influencing selective attention within and across space.   

 

Chapter 5 examined the effects of LPA on non-spatial selective attention within 

hierarchical stimuli.  Previous research suggested that patients with spatial neglect and 

patients with lesions to the right temporo-parietal cortex displayed a ‘neglect’ of global 

figures and a processing bias for ‘local’ figures.  Although LPA did not influence local 

global processing, findings indicated that RPA significantly facilitated orienting to the 

global level within a short period of time.  RPA also significantly facilitated reorienting 

from the local level of a stimulus in order to orient globally.  In effect RPA made it easier 

to orient to the global level and disengage from the local level to the global level.  These 

findings extended previous results by suggesting that RPA may operate by altering 

attentional orienting within a stimulus.  RPA may depress left parietal function (Girardi et 

al., 2004) and bias processing toward the global level.  Depression of left parietal 

function may go some way toward explaining how right prism adaptation rehabilitates 

spatial neglect.  However, it must be borne in mind that neglect patients adapt to right 

prisms with a damaged right parietal cortex.  Extrapolating from normal studies of 

adaptation to right prisms must be qualified by the fact that both parietal regions in the 

healthy brain are presumably engaged (and later suppressed) in RPA (Berberovic & 

Mattingley, 2003). 
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Then chapters 6 and 7 examined the spatial mechanism of LPA – attentional orienting 

and reorienting across left and right space.  Chapter 6 extended previously reported 

results that LPA reliably produces a mild ‘neglect-like’ rightward shift in perceptual 

judgments by replicating this shift in a lateral asymmetry task.  The greyscales task pits 

the salience of the left and right sides of a stimulus.  It is thought to be a more sensitive 

measure of attentional bias than the line bisection task (Mattingley et al., 1998; 2003).  

Research has also shown that attentional cues modulate performance on the greyscales 

(Nicholls & Roberts, 2002).  Right-sided cueing significantly shifted lateral asymmetry to 

the rightward in the greyscales task.  Unilateral hemispheric activation or scanning 

direction failed to modulate lateral asymmetry (Nicholls et al., 1999; Nicholls & Roberts, 

2002).   Performance on the greyscales task is thought to index attentional orienting 

(Mattingley et al., 1998; 2003; Nicholls & Roberts, 2002).  Therefore, the LPA-induced 

rightward shift in lateral asymmetry is argued to be attentional.  RPA also produced an 

unexpected rightward shift in the greyscales task, which has not been reported within the 

literature (but see Berberovic & Mattingley, 2003).  This result was interpreted in term of 

the response mode adopted and the allocentric spatial frame of reference activated for the 

task (Berberovic & Mattingley, 2003; see comments Redding & Wallace, 2005). The 

proprioceptive aftereffects following adapting to either prism shift did not correlate with 

the rightward shift in lateral asymmetry for both prism conditions.  This is evidence that 

shifts in the egocentric spatial frame were different to shifts in lateral asymmetry, which 

provides evidence that the participants may have adopted the allocentric spatial frame of 

reference when completing the greyscales task. 

 

Chapter 7 extended the results reported in chapter 6 by demonstrating that both LPA and 

RPA modulate orienting and disengagement behaviour in the healthy adult.  The clinical 

syndrome of spatial neglect may be modelled on a series of attentional events beginning 

with an early orienting and lateral preference to the right side of space (Posner & 

Peterson, 1990).  This early and automatic orienting of attention rightward is then 

followed by a deficit in disengaging attention from ‘sticky’ right side of space in order to 

reorient it toward left space (contralesional).  The Posner task was developed to quantify 
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the pathological rightward orienting and the subsequent deficit in disengaging attention 

from right space in order to reorient it leftward in spatial-neglect patients (Morrow & 

Ratcliffe, 1988; Posner et al., 1984).  Explanations for this disengagement deficit has 

been couched in terms of disruption to a right lateralized attentional network involving 

the right TPJ (Corbetta et al., 2002; Losier & Klein, 2001.  Patients with spatial neglect 

show impairment in reflexively orienting to invalidly cued targets in left space.   

 

It was predicted that left prism adaptation (LPA) would facilitate spatial orienting to right 

space, and impair the ability to disengage attention from right space to reorient it 

leftward.   

 

Prism adaptation influenced orienting behaviour in the direction opposite to the 

predictions, and hence made it easier for participants to orient to and disengage attention 

from one side of space.  LPA made it easier to orient attention to left space and to 

reorient from ‘less sticky’ right space.  RPA made it easier to orient attention to right 

space and to reorient from ‘less sticky’ left space.  Recent neuroimaging studies implicate 

more superior regions of the parietal cortex (SPC) along the intraparietal sulcus in tasks 

that require the redirection of attention to the left or the right (Corbetta & Shulman, 

2002).  Such a system is bilaterally represented with left SPC directing attention towards 

the right visual field and v.v. (Corbetta et al., 2000; Hopfinger et al., 2000).  These 

findings were interpreted in terms of LPA alteration of right superior parietal cortex, and 

RPA alteration of left superior parietal cortex.   

8.6 Summary 

 

Measures of the proprioceptive aftereffect in estimating subjective straight-ahead by 

healthy adults do not reliably predict aftereffects in cognitive tasks such as line bisection 

judgments (Berberovic & Mattingley, 2003), haptic and visual exploration (Girardi et al., 

2004).  Neither study reported a significant correlation between the magnitude of the 

proprioceptive aftereffect and the shift in perceptual judgment or haptic and visual 

exploration. The present thesis also failed to find a significant relationship between the 
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proprioceptive aftereffect and lateral asymmetry in the greyscales task.  In a similar vein, 

a number of authors have proposed that the effects of prism adaptation reflect changes in 

the cognitive representation of space, representing a simulation of visual neglect 

behaviour and also the underlying cognitive impairments associated with these ‘patients’ 

(Girardi et al., 2004).   

 

LPA and RPA do not produce symmetrical cognitive aftereffects in either healthy adults 

or patients with spatial neglect.  LPA in the healthy adult produces a ‘neglect-like’ 

rightward shift or bias in perceptual judgments.  In contrast, RPA in the spatial neglect 

patients produces an ‘ameliorating’ leftward shift or bias in perceptual judgments, and 

other spatial tasks.  Symmetry is only observed at the level of the direct sensorimotor 

consequences of adaptation (Berberovic & Mattingley, 2003; Connolly & Robertson, 

2004 unpublished thesis, Michel et al., 2003; Morris et al., 2004; Tilikete et al., 2001).  It 

has already been noted by Rossetti & Rode (2002) that LPA in the healthy brain may be 

producing effects similar to TMS-induced inhibition of the right parietal cortex (Fierro et 

al., 2000).  

 

8.7 Evaluating the impact of these Findings 

 

Does all or any of these findings explain neglect or tell us what mechanisms underpin 

prism adaptation rehabilitation in the neglect brain?  This thesis provided a glimpse into 

the possible mechanisms that may underpin adaptation aftereffects in the healthy brain, 

and more importantly, the ‘simulation’ (Michel et al., 2003) of neglect-like cognitive 

impairment (Girardi et al., 2004) in the normal participant.  Candidate mechanisms were 

the alertness (arousal and vigilance) systems, and the selective attentional systems (Van 

Zomeren & Brouwer, 1994).  LPA was found to significantly impair the right fronto-

parietal attentional system subserving sympathetic arousal and vigilance.  It also 

significantly modulated spatial mechanisms.  Lateral asymmetry was significantly shifted 

rightward as measured in the greyscales tasks, and orienting behaviour was facilitated 

toward left space and away from right space.  LPA influenced both non-spatial and 
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spatial lateralized functions, which share common neural circuitry in the right 

intraparietal sulcus (between the superior parietal lobe and the intraparietal lobule (right 

TPJ); (Husain & Rorden., 2003).  LPA influenced performance on each one of these 

tasks, and therefore may operate by depressing (or significantly altering) right parietal 

function.   The above findings have not been reported before. 

 

RPA did not influence the intensity components of attention, but did influence the 

selectivity components.  RPA significantly shifted lateral asymmetry rightward.  This has 

been reported in the healthy adult as a result of the reference frame adopted to complete 

the task.  If the participant adopts an allocentric reference frame, then spatial attention is 

biased rightward (Berberovic & Mattingley, 2003).  However, clinical studies (Pisella et 

al., 2004; 2005; Rossetti et al., 1998) and normal studies (Berberovic & Mattingley, 

2003; Girardi et al., 2004) argue that RPA operates by suppressing or inhibiting left 

parietal function.  This was observed in the present thesis as a significant facilitation of 

spatial processing to the global level (and away from the local level), indicative of 

disruption within the left parietal region (Robertson et al., 1988).  RPA also significantly 

influenced spatial orienting across the hemispaces.  RPA made it easier to orient 

rightward and reorient from left space and has been interpreted in terms of the alteration 

of left parietal function in another study (Striemer & Danckert, personal communication 

2004).   

 

Husain & Rorden (2003) commented upon the use of prism adaptation in neglect 

rehabilitation.  The authors stated that “…although prism treatment looks promising, our 

review of the potential contribution of non-lateralized factors in neglect suggest that, for 

successful treatment, both lateralized and non-lateralized mechanisms might need to be 

targeted.” (At p. 34).  Indeed some prism researchers have commented that the effects of 

prism adaptation may be related to non-lateralized attentional capacity and attentional 

bias (Beversdorf & Heilman, 2003, p.1734).  Two studies demonstrated non-visual 

effects of RPA in tactile extinction (Maravita et al., 2003) and finding the centre of a 

haptically explored circle (McIntosh et al., 2002).  Tactile extinction is the failure to 

detect stimulation to the left side during stimulation of both hands.  Exploring the 
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circumference of a circle without visual guidance (haptic exploration) has been shown to 

be a sensitive measure of a rightward bias in non-visual spatial attention.   In both cases, 

the aftereffects in the visual system following RPA did not predict these non-visual 

aftereffects (Beversdorf & Heilman, 2003).   

 

This thesis provides evidence for the first time that the adaptation process to left shifting 

prisms in the healthy adult influences both non-spatial and spatial mechanisms.  LPA is 

thought to produce a ‘neglect-like’ cognitive impairment (Girardi et al., 2004), and may 

achieve this by influencing both the intensity and selective components of attention. 

Whether RPA influences both non-spatial and spatial function in the neglect brain is 

debatable.  RPA in the healthy brain was found to affect selective processes only (e.g. 

local-global processing, lateral asymmetry and covert orienting).  However, it is possible 

that left parietal suppression in the neglect brain following RPA may influence arousal.   

Heilman et al., (1978) reported that patients with lesions to the left TPJ displayed 

hyperarousal (increased arousal responding) to salient stimuli.  Putative increase in 

arousal responding following depression of left parietal function may reduce non-

lateralized impairments in spatial neglect.  It is also possible that the right cerebellum 

underpins re-alignment of defective spatial maps following RPA in the neglect brain.  

Thus, it is possible that RPA may influence both non-spatial and spatial function and thus 

rehabilitate neglect.  

 

8.8 Future Research 

 

Future research will have to consider how the action of prim adaptation produces a 

parietal-like deficit in the healthy adult following LPA.  This line of research provides an 

exciting way to investigate the mechanisms underpinning neglect behaviour and 

rehabilitation following prism adaptation (Mattingley, 2002).  Both parietal (Clower et 

al., 1996; Rossetti et al., 1998) and cerebellar (Pisella et al., 2004; 2005) involvement in 

the adaptation to a lateral shift have been documented.  Anatomical connections from the 

cerebellum to the parietal cortex underlying recalibration during adaptation have been 



 291  

recently demonstrated (Clower et al., 2000).  Further studies are required to flesh out the 

connection between the cerebellum and temporoparietooccipital junction in strategic 

calibration and spatial alignment to lateral shifting prisms.  The neural locus of plasticity 

following prism adaptation possibly lies within the right fronto-parietal-cerebellar system 

(Rossetti, 2005; Seikyama et al., 2000).   

 

Anderson (1993) has suggested that “Dame Neglect awaits the Einstein who can unite the 

host of disparate research observations into a single coherent system” (p. 1859).  Such 

unification is probably not possible given the known dissociations in neglect behaviour 

(e.g. different neglect types).  However, it is very possible that the candidate mechanisms 

underpinning the rehabilitation of spatial neglect following RPA (and involved in the 

production of neglect-like cognitive impairment in the healthy brain) lie within the 

fronto-parietal-cerebellar system (Rossetti et al., 2005).  This thesis showed for the first 

time that non-spatial and spatial mechanisms lateralized to the right fronto-parietal 

attentional system were influenced by left prism adaptation.  Future research will have to 

consider how these mechanisms produce long-lasting aftereffects in spatial neglect 

patients and how parietal-like deficits are rehabilitated.  
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Appendices 2.1 – 7.20 
Appendix 2.1  
 

 
 
Figure: 9.1 Mean SSA pre and post adaptation in the eye fixation condition in the optic flow task. 

Note that there was no significant difference pre and post adaptation to either prism. 
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Appendix 3.1 
 
 

A repeated measures ANOVA was run on mean arousal level of young adults with 
prism condition and block of adaptation as within factors.  There was a significant 
main effect of prism condition (F (2, 34) = 3.107, p = .05 and a significant main 
effect of adaptation block (F (2, 34) = 8.746, p < .001.  There was a significant 
interaction between condition x block (F (4, 68) = 2.743, p < .035).  There was a 
significant difference between mean arousal level in the final block of adaptation 
between the control and left prism condition (t (21) = 3.141, p<. 005, two-tailed) and 
between the control and right prism condition (t (21) = 3.951, p < .001, two-tailed). 
 
A repeated measures ANOVA was run on mean arousal level of old adults.  There 
was a similar significant main effect of prism condition (F (2, 30) = 5.982, p < .007) 
and adaptation block (F (2, 30) = 11.499, p < .001).  The interaction between 
condition x block was beyond significance.  LPA significantly reduced mean arousal 
level in the second block of adaptation in comparison to the control condition (t (21) 
= 3.768, p < .001, two-tailed).     

 
 
Appendix 3.2 
 
Repeated measures ANOVAs were conducted on each age group with prism condition 

and adaptation block as within factors.   

 

The results for the young participants were similar to the overall group results.  There 

was a significant main effect of adaptation block (F (2, 20) = 11.160, p<. 001, but the 

interaction between prism condition x adaptation block failed to reach significance (p > 

.05).  Exposure to left prisms significantly suppressed mean phasic arousal in the final 

block (t (14) = 2.393, p <. 015, one-tailed30).  Mean phasic response in the control 

condition (.7836 (.3)) was significantly higher than mean phasic response in the left 

condition (.6334 (.27)).   

 

A repeated measures ANOVA in the older data set revealed a significant main effect of 

adaptation block (F (2, 24) = 33.214, p < .001) and a significant interaction between 

                                                
30 Bonferroni adjustment at p<. 03.  This difference was also significant for all possible familywise 
comparisons.  
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prism condition x adaptation block (F (4, 48) = 7.023, p < .001).  For the older 

participants mean phasic arousal was nearly significantly increased in the left prism 

condition relative to the control condition ((t (16) = -1.85, p < .0431), and significantly 

increased in the right prism condition relative to the control (t (16) = -2.965, p<. 01) in the 

first block of adaptation (with Bonferroni adjustments).  There was a trend for arousal to 

be suppressed for both prism conditions compared to the control condition as time 

increased, but difference failed to reach significance. 

 

Table 9.1: Mean Phasic Response for Young and Old adults (independent t tests) 

 

Block Control Left Right 

Age Young Old Young Old Young Old 

Block 1 .9898 

(.32) 

.7218 

(.56) 

1.041 

(.38) 

.8956 

(.52) 

1.1173 

(.39) 

.9196 

(.45) 

Block 2 .8043 

(.39) 

.5538 

(.49) 

.792432* 

(.4) 

.4212* 

(.27) 

.877833* 

(.33) 

.3058* 

(.16) 

Block 3 .783634* 

(.32) 

.4474* 

(.38) 

.6853 

(.34) 

.4799 

(.46) 

.791735* 

(.34) 

.4138* 

(.37) 

* Significant difference in independent sample test 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
31 This p-level is above the accepted conservative p-value of .02 for familywise comparisons.   
32 T (29) = 3.023, p < .003 
33 T (27) = 5.924, p < .0001 
34 T (29) = 2.7, p < .005 
35 T (29) = 2.943, p < .003 
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Appendix 3.3 
 
Table 9.2: Mean Phasic Response for Left and Right Hand EDA measures 

Block Control Left Right 

Age Left Right Left Right Left Right 

Block 1 .7179 

(.58) 

.9616 

(.36) 

.8221 

(.51) 

1.086 

(.37) 

.9246 

(.44) 

1.0783 

(.43) 

Block 2 .5674 

(.55) 

.7519 

(.33) 

.5520 

(.5) 

.6567 

(.27) 

.5882 

(.46) 

.6126 

(1.3) 

Block 3 .473032* 

(.37) 

.7091* 

(.36) 

.5362 

(.53) 

.6165 

(.28) 

.5188 

(.40) 

.6529 

(.40) 

* Significant difference in independent sample test 

 
Data were analysed according to the hand used to measure EDA (left hand or right hand).  

For the left hand measurements, there was a significant main effect of prism condition (F 

(2, 20) = 4.377, p < .03), and for block (F (2, 20) = 18.86, p < .0001).  There was also a 

significant interaction between adaptation condition and block (F (2, 20) = 2.791, p < 

.039).  Post hoc comparisons revealed a significant increase in mean EDA for the right 

prism condition relative to the control in the first block of pointing for left hand 

measurements (t (13) = -3.265, p < .003, one-tailed).  The general trend for arousal 

suppression33 is observed in table 2.   

 

There was a significant main effect of block for right hand measurements (F (2, 24) = 

23.971, p < .001).  Arousal was non-significantly increased for both prism conditions in 

the first block of adaptation and decreased for both prism conditions for the second block 

of adaptation.  Arousal was nearly significantly reduced in the left prism condition in the 

final block (t (17) = 1.643, p = .05).   It is suggested that adapting to left prisms with the 

left hand may recruit more right hemisphere involvement, and later suppression leading 

to reduced arousal.   

 

                                                
32 T (29) = -1.761, p < .04 
33 Except for the final block in the control condition for left hand measurements.   
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Although Age had a significant main effect for left hand recordings (F (1, 10) = 16.922, p 

< .002) and for right hand recordings (F (1, 12) = 5.730, p < .05), participant numbers in 

each age group was too small for each hand recording (average was 7-8) to further 

explore these data.  Also it is not generally accepted that laterality effects are influential 

in EDA.   
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Appendix 3.4 Copy of MACCL-R (copyright 
protected)
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Appendix 3.4 (continued) 

A repeated Measures ANOVA was conducted on the mean Negative Mood score.  Within 

factors included phase of adaptation (pre, post), and Prism Condition (control, left, right).  

The between factor included age.  There was a significant interaction between phase x 

prism x age (F (2, 40) = 3.942, p< .027). 

  

Age Phase Prism Mean Neg. Std. Error 
95% Confidence Interval 

Lower Bound Upper Bound 
Young Pre Control .182 .314 -.472 .836 

Left 1.182 .382 .384 1.980 
Right .182 .347 -.543 .906 

Post Control .545 .263 -.004 1.095 
Left .455 .359 -.294 1.204 
Right .727 .319 .062 1.392 

Old Pre Control 1.000 .314 .346 1.654 
Left .636 .382 -.161 1.434 
Right 1.091 .347 .366 1.815 

Post Control .636 .263 .087 1.186 
Left .818 .359 .069 1.567 
Right .273 .319 -.392 .938 

 

A  repeated Measures ANOVA was conducted on the mean Positive Mood score.  Within 

factors included phase of adaptation (pre, post), Prism Condition (control, left, right).  

The between factor included age.  There was a non-significant interaction between phase 

x prism x age (F (2, 50) = 2.82, p = .08). 

 

Age Phase Prism Mean Pos. Std. Error 
95% Confidence Interval 

Lower Bound Upper Bound 
Young Pre Control 7.214 1.809 3.489 10.940 

Left 4.786 1.805 1.068 8.504 
Right 7.071 1.778 3.409 10.734 

Post Control 5.286 1.850 1.476 9.096 
Left 5.357 1.727 1.801 8.913 
Right 3.857 1.806 .138 7.576 

Old Pre Control 13.692 1.877 9.826 17.558 
Left 11.769 1.873 7.911 15.628 
Right 11.846 1.845 8.046 15.647 

Post Control 12.923 1.920 8.969 16.877 
Left 11.769 1.792 8.079 15.460 
Right 12.846 1.874 8.986 16.706 
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Appendix 4.1 Copy of completed CFQ (copyright protected) 
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Appendix 4.2 
 
Table 9.3: Mean MACCLR score pre and post adaptation 
 

     Pre Adapt Post Adapt  P  

     __________________________________________ 

MACCL-R 

Control   

Neg.     0  .7333   .02* 

S.D.     (0)  (1.22) 

N=15 
 

Pos.     6.278  4.833   .04* 

S.D.     (3.86)  (3.49) 

N = 18 

 
Left 
Neg.     0  .25   .05* 

S.D.     (0)  (.5774) 

N=16 

 

Pos.     7.944  4.611   .002* 

S.D.     (5.36)  (4.10) 

N = 18 

 
Right  
Neg.     0  .25   .05* 

S.D.     (0)  (.5774) 

N=9 

Pos.     6.5  4.10   NS 

S.D.     (7.948)  (5.04) 

N = 10 
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Appendix 4.3 
 
Table 9.4: SART random results34 for adaptation conditions 
     Pre Adapt Post Adapt  P  

     __________________________________________ 

SART random 

Control  (N=11)f 

Mean E.o.C.    2.73  ↓2.18   NS 

S.D.     (2.33)  (1.94) 

 

Left (N=14) 

Mean E.o.C.    2.5  ↑4.21   ♠ .0005 

S.D.     (2.88)  (4.09) 

 

Right (N=12) 

Mean E.o.C.    1.41  ↕1.42   .NS 

S.D.     (1.67)  (1.50) 

P Value  ♠ .001 

 
 

                                                
34 All outliers were removed in data set.  Means as computed in paired ts.  Reducing the variability in post 
adaptation to left prisms has no significant effect on the analysis.   
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Fig 9.2: Mean Errors of Commission pre and post adaptation in the SARTrandom.  Please note that 

the variability in post adaptation to left prisms has considerably reduced, and the N has also 
reduced by three participants.  This does not alter the reported results with a larger N and 
larger variability in the body of the chapter.  Please note that errors nearly significantly (t (9) = 
1.91, p < .04) reduce post sham adaptation and mean error remains unchanged in the right 
prism condition. 

 
 
Appendix 4.4 
Table 9.5: Mean RT to go-trials in the DART 
     Control  Left adapt Right adapt  

     

Reaction Time to go-trials 
 
Pre Adapt 
Mean     352.92  345.17  367.76 
S.D.     (40.08)  (56.16)  (46.95) 
 N     12  14  12 

 
Post Adapt 
Mean     365.63  366.59  400.04    
S.D.     (64.61)  (111.46) (74.03) 
 N     12  14  12 
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ICV (Go RT S.D./Go RT mean) 
Pre Adapt     
Mean     .2411  .273  .2538                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
S.D.     (.058)  (.060)  (.0575) 
 N     12  13  11 

 
Post Adapt 
Mean     .2254  .2473  .234 
S.D.     (.0715)  (.0837)  (.073) 
 N      12  13  11     

 
 
 
Appendix 4.5  Mean Phasic EDA in DART 
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Fig. 9.3: Mean Phasic arousal to no-go digits in the DART.  Note the extreme variability 
in phasic arousal post adaptation for all prism conditions.   
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Appendix 5.1 
 

 
 
Fig 9.3 Mean RT in ms pre and post adaptation for all prism conditions.  The target level (‘g’ for 

global, ‘l’ for local) is specified on the abscissa.  Lines represent attentional cue or bias 
(regardless of SOA).  ‘GB’ represents global biased attentional cueing; ‘LB’ represents local 
biased attentional cueing.   
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Appendix 5.2  
 

       Mean Std. Error 
Phase Cue Target SOA 

(1=short, 
2=long) 

Accuracy    

Pre Valid Global 1 .957 .011 
      2 .973 .009 
    Local 1 .979 .006 
      2 .967 .009 
  Invalid Global 1 .984 .006 
      2 .945 .018 
    Local 1 .973 .008 
      2 .965 .013 

Post Valid Global 1 .954 .011 
      2 .945 .018 
    Local 1 .956 .011 
      2 .939 .019 
  Invalid Global 1 .962 .015 
      2 .978 .009 
    Local 1 .962 .015 
      2 .956 .014 
 

 
     

 
 
Appendix 5.3  
 

        Mean Std. Error 
Phase Cue Target SOA 

(1=short, 
2=long) 

RT in ms    

Pre Valid Global 1 564.267 38.544 
      2 547.133 45.586 
    Local 1 527.433 29.430 
      2 495.333 24.893 
  Invalid Global 1 529.367 27.376 
      2 498.900 23.055 
    Local 1 550.867 43.334 
      2 521.033 30.472 

Post Valid Global 1 480.767 24.570 
      2 449.233 21.155 
    Local 1 475.700 21.274 
      2 438.567 22.448 
  Invalid Global 1 473.300 19.536 
      2 442.567 21.058 
    Local 1 474.267 24.974 
      2 447.800 19.110 
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Appendix 5.4 
 
 

       Mean Std. Error 
Phase Attentional 

Shift 
SOA 

(1=short, 
2=long) 

CES in ms    

Pre Global 1 1.933 5.293 
    2 3.567 9.174 
  Local 1 -13.400 8.062 
    2 -26.100 27.612 

Post Global 1 -2.400 7.537 
    2 4.000 13.065 
  Local 1 -6.500 10.852 
    2 -1.433 13.398 

 
 
 
 
Appendix 5.5 
 

       Mean Std. Error 
Phase Cue Target SOA 

(1=short, 
2=long) 

Accuracy    

Pre Valid Global 1 .973 .007 
      2 .989 .006 
    Local 1 .989 .004 
      2 .973 .005 
  Invalid Global 1 .967 .009 
      2 .975 .008 
    Local 1 .984 .007 
      2 .989 .006 

Post Valid Global 1 .986 .007 
      2 .973 .012 
    Local 1 .978 .006 
      2 .989 .007 
  Invalid Global 1 .978 .009 
      2 .984 .012 
    Local 1 .962 .017 
      2 .962 .012 

 
 
 
 
 
Appendix 5.6 
 

       Mean Std. Error 
Phase Cue Target SOA 

(1=short, 
2=long) 

RT in ms.    

Pre Valid Global 1 520.458 20.146 
      2 486.167 19.052 
    Local 1 508.250 19.808 



 308  

      2 498.250 20.962 
  Invalid Global 1 514.167 21.016 
      2 504.625 22.081 
    Local 1 492.917 18.576 
      2 475.583 19.153 

Post Valid Global 1 474.208 16.239 
      2 453.542 17.218 
    Local 1 484.292 18.286 
      2 466.167 20.365 
  Invalid Global 1 476.250 19.918 
      2 452.417 17.556 
    Local 1 486.042 16.489 
      2 456.458 13.476 

 
 
Appendix 5.7 
 

     Mean Std. Error 
Phase Attentional 

Shift 
SOA 

(1=short, 
2=long) 

CES in ms    

Pre Local 1 -32.550 6.643 
    2 -17.250 6.933 
  Global 1 7.050 9.117 
    2 3.150 6.714 

Post Local 1 9.450 9.782 
    2 2.900 10.835 
  Global 1 -9.550 7.963 
    2 -23.250 11.658 

 
 
 
Appendix 5.8 
 

       Mean Std. Error 
Phase Cue Target SOA 

(1=short, 
2=long) 

Accuracy    

Pre Valid Global 1 .945 .014 
      2 .949 .015 
    Local 1 .968 .007 
      2 .959 .014 
  Invalid Global 1 .959 .015 
      2 .955 .013 
    Local 1 .967 .009 
      2 .963 .013 

Post Valid Global 1 .953 .010 
      2 .945 .014 
    Local 1 .962 .009 
      2 .959 .018 
  Invalid Global 1 .969 .018 
      2 .965 .012 
    Local 1 .965 .012 
      2 .928 .020 
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Appendix 5.9 

   Mean N Std. 
Deviation 

Std. Error 
Mean 

Pair 1 PNVG2 556.8333 12 111.94770 32.31652 
  PTNVG20

0 
476.8333 12 63.76068 18.40612 

Pair 2 PNIVGs 535.9167 12 121.36306 35.03450 
  PTRIVGs 493.0833 12 74.71669 21.56885 

Pair 3 PNVLs 518.9167 12 84.44897 24.37832 
  PTNVLs 459.7500 12 58.12897 16.78039 

Pair 4 PNIVLs 558.0833 12 111.77409 32.26640 
  PTNIVLs 466.2500 12 69.89944 20.17823 

Pair 5 PNVGl 534.2083 12 121.55610 35.09022 
  PTNVGl 453.9167 12 62.24761 17.96934 

Pair 6 PNIVGl 504.9583 12 90.25783 26.05519 
  PTNIVGl 450.1250 12 58.95381 17.01850 

Pair 7 PNVLl 498.7917 12 74.71840 21.56934 
  PTNVLl 442.6667 12 55.28329 15.95891 

Pair 8 PNIVLl 521.5833 12 103.50556 29.87948 
  PTNIVLl 459.3750 12 86.62304 25.00592 
      
      

 
Legend: P = Pre, PTN= Post, V= valid cue, IV=invalid cue, G=Global target, L=Local Target, S=short 
SOA, L=Long SOA. 
 
 
 
 

Paired Samples Test 
    Paired 

Difference
s 

    t df Sig. (2-
tailed) 

    Mean Std. 
Deviation 

Std. Error 
Mean 

      

                
Pair 1 PNVG2 - 

PTNVG20
0 

80.0000 60.19136 17.37575 4.604 11 .001 

Pair 2 PNIVG200 
- 

PTRIVG20 

42.8333 86.14901 24.86908 1.722 11 .113 

Pair 3 PNVL200 - 
PTNVL200 

59.1667 37.94154 10.95278 5.402 11 .000 

Pair 4 PNIVL200 
- 

PTNIVL20 

91.8333 56.95905 16.44266 5.585 11 .000 

Pair 5 PNVG800 
- 

PTNVG80
0 

80.2917 69.50424 20.06415 4.002 11 .002 

Pair 6 PNIVG800 
- 

54.8333 46.15504 13.32381 4.115 11 .002 
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PTNIVG80 
Pair 7 PNVL800 - 

PTNVL800 
56.1250 60.43747 17.44679 3.217 11 .008 

Pair 8 PNIVL800 
- 

PTNIVL80 

62.2083 93.60882 27.02254 2.302 11 .042 

 
 
Appendix 5.10 
 

     Mean Std. Error 
Phase Attentional 

Shift 
SOA 

(1=short, 
2=long) 

CES in ms    

Pre Local 1 1.250 5.111 
    2 -12.625 14.639 
  Global 1 17.000 18.341 
    2 6.167 11.818 

Post Local 1 -10.583 7.334 
    2 5.458 15.084 
  Global 1 33.333 13.132 
    2 7.458 11.040 

 
 
Appendix 5.11 

Left Prisms 

(a) Mean Accuracy  

 

A repeated measures ANOVA was run on mean accuracy pre and post adaptation to left 

prisms.  Target type (global, local) had a significant main effect (F (1, 14) = 6.582, p < 

.022); accuracy was higher detecting global (mean .961, SE .009) compared to local 

targets (mean .95, SE .009).  No other within factor had a significant main effect and no 

significant interaction between the factors was observed.  Phase did not interact with any 

within factor.  
       Mean Std. Error 

Phase Cue Target SOA 
(1=short, 

2=long) 

Accuracy    

Pre Valid Global 1 .950 .014 
      2 .973 .007 
    Local 1 .968 .010 
      2 .960 .011 
  Invalid Global 1 .965 .018 
      2 .956 .014 
    Local 1 .944 .014 
      2 .957 .010 
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Post Valid Global 1 .955 .012 
      2 .956 .011 
    Local 1 .947 .013 
     2 .954 .014 
  Invalid Global 1 .960 .016 
      2 .973 .015 
    Local 1 .920 .022 
      2 .947 .017 

 

 

 (b) Mean Reaction Time 

 

A repeated measures ANOVA was conducted on the mean of median single participant 

RTs.  Cue type had a significant main effect (F (1, 13) = 6.06, p<. 029); mean RT was 

significantly shorter35 for validly cued targets (mean 441.62ms, SE 20.64) relative to 

invalidly cued targets (mean 458.96ms, SE 20.79).  SOA had a near significant main 

effect (F (1, 13) = 4.109, p = .06) such that mean RT was shorter at the longer SOAs36 

(mean 445.84ms, SE 20.59) compared to shorter SOAs (mean 454.75ms, SE 20.47).  The 

interaction between phase x cue validity x target level was beyond significance (F (1, 13) = 

3.320, p=. 09).   

 
       Mean Std. Error 

Phase Cue Target SOA 
(1=short, 

2=long) 

RT in ms    

Pre Valid Global 1 456.643 24.569 
      2 446.214 23.402 
    Local 1 453.500 23.016 
      2 434.821 21.058 
  Invalid Global 1 463.286 21.600 
      2 464.964 24.083 
    Local 1 475.536 29.915 
      2 468.179 24.646 

Post Valid Global 1 453.714 23.005 
      2 441.786 21.517 
    Local 1 422.929 19.008 
      2 423.321 21.216 
  Invalid Global 1 445.143 20.031 
      2 431.750 20.985 
    Local 1 467.214 26.075 
      2 455.643 24.808 

                                                
35 Mean difference was –17.35, p < .029, two-tailed Bonferroni adjusted. 
36 Mean difference was 8.911, p = .06, two-tailed Bonferroni adjusted.  
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 (c) Cue Effect Size 

 

A repeated measures ANOVA failed to reveal any significant main effect of any within 

factor.  There was no significant interaction involving phase of adaptation x target level x 

SOA (F (1, 13) <1).  In short, prism adaptation to left shifting prisms failed to modulate 

attentional shift. 

 

 
     Mean Std. Error 

Phase Attentional 
Shift 

SOA 
(1=short, 

2=long) 

CES in ms    

Pre Local 1 18.893 11.297 
    2 21.964 6.909 
  Global 1 9.786 6.955 
    2 30.143 10.221 

Post Local 1 13.500 16.532 
    2 13.857 11.148 
  Global 1 22.214 18.354 
    2 8.429 12.485 

 

 

Right Prisms 

(a) Mean Accuracy 

 

A repeated measures ANOVA revealed a significant main effect of phase of adaptation 

(F (1, 12) = 8.43, p<. 013); mean accuracy was significantly lower post adaptation11 (mean 

.97, SE .007) compared to pre adaptation accuracy (mean .985, SE .004).  Planned 

comparisons failed to reveal any significant differences with Bonferroni corrections. 

 

 
                                                
11 Mean difference was .0151, p<. 013 two tailed Bonferroni corrected. 
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       Mean Std. Error 
Phase Cue Target SOA 

(1=short, 
2=long) 

Accuracy    

Pre Valid Global 1 .974 .008 
      2 .986 .006 
    Local 1 .976 .006 
      2 .978 .008 
  Invalid Global 1 .995 .005 
      2 .986 .007 
    Local 1 .986 .007 
      2 .995 .005 

Post Valid Global 1 .978 .009 
      2 .981 .009 
    Local 1 .964 .013 
      2 .972 .011 
  Invalid Global 1 .954 .018 
      2 .954 .018 
    Local 1 .969 .017 
      2 .985 .010 

 

 

 

 

 

 

 

 

(b) Mean Reaction Time 

 

A repeated measures ANOVA revealed a significant main effect of cue type (F (1, 12) = 

4.868, p<. 05); mean RT was shorter (faster RT) to valid targets (mean 512.4ms, SE 

32.74) relative to invalid targets (mean 584.98ms, SE 50.24).  Target location also 

exerted a significant main effect (F (1,12) = 6.613, p <. .024).  Mean RT was considerably 

faster to global targets (mean 542.61ms, SE 38.92) relative to local targets (mean 

554.77ms, SE 39.38). No other significant main effects or interactions involving phase of 

adaptation were observed.  Planned post hoc comparisons failed to reveal any significant 

differences post adaptation. 
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       Mean Std. Error 
Phase Cue Target SOA 

(1=short, 
2=long) 

    

Pre Valid Global 1 532.808 37.435 
      2 522.231 43.183 
    Local 1 531.038 38.138 
      2 530.731 41.520 
  Invalid Global 1 591.462 56.655 
      2 573.154 50.531 
    Local 1 608.000 59.414 
      2 622.269 62.830 

Post Valid Global 1 504.077 26.484 
      2 497.231 28.387 
    Local 1 496.385 28.308 
      2 484.731 27.926 
  Invalid Global 1 540.923 39.682 
      2 579.000 58.114 
    Local 1 562.538 50.268 
      2 602.500 47.103 

 

(c) Cue Effect Size 

 

A repeated measures ANOVA was conducted on the mean CES pre and post adaptation.  

There was a significant main effect of attentional shift (F (1, 12) = 6.613, p < .024); mean 

CES was higher (more positive; advantageous for valid cueing) for local shifts (mean 

84.74, SE 32.93) relative to global shifting (mean 60.41, SE 33.53).  No other significant 

main effect or interaction involving phase was observed.  No significant differences were 

observed post adaptation with Bonferroni corrections. 

 
     Mean Std. Error 

Phase Attentional 
Shift 

SOA 
(1=short, 

2=long) 

CES in ms    

Pre Local 1 75.192 31.185 
    2 100.038 33.013 
  Global 1 60.423 38.757 
    2 42.423 30.604 

Post Local 1 58.462 42.148 
    2 105.269 38.537 
  Global 1 44.538 24.218 
    2 94.269 50.082 
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Sham Prisms 

(a) Mean Accuracy 

A repeated measures ANOVA was conducted on mean accuracy pre and post adaptation 

to sham prisms.  No significant main effects were observed.  A significant interaction 

between phase x cue validity x targets (F (1, 11) = 10.203, p<. 009) was observed.  Planned 

comparisons failed to reveal any significant effect of prism adaptation. 

 
       Mean Std. Error 

Phase Cue Target SOA 
(1=short, 

2=long) 

Accuracy    

Pre Valid Global 1 .965 .014 
      2 .947 .015 
    Local 1 .985 .005 
      2 .968 .007 
  Invalid Global 1 .963 .014 
      2 .963 .019 
    Local 1 .943 .022 
      2 .926 .024 

Post Valid Global 1 .978 .010 
      2 .980 .007 
    Local 1 .978 .010 
      2 .969 .007 
  Invalid Global 1 .942 .026 
      2 .958 .015 
    Local 1 .950 .019 
      2 .983 .017 

 

 

    

(b) Mean Reaction Time 

 

A repeated measures ANOVA revealed a significant main effect of cue type (F (1, 11) = 

6.718, p < .025); mean RT was significantly shorter following valid cues (mean 

462.44ms, SE 18.99) relative to invalid cues37 (mean 498.91ms, SE 20.24).  No 

significant interaction involving phase of adaptation was observed.  Planned post hoc test 

failed to reveal any significant differences post adaptation. 

 
                                                
37 Mean difference was –36.47, p<. 025, two-tailed Bonferroni correction.   
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   Mean N Std. 
Deviation 

Std. Error 
Mean 

Pair 1 PNVGs 473.0833 12 81.67280 23.57691 
  PTNVGs 476.5000 12 68.54527 19.78732 

Pair 2 PNIVGs 488.5833 12 95.26347 27.50020 
  PTRIVGs 456.4167 12 71.70515 20.69949 

Pair 3 PNVLs 468.8750 12 64.00431 18.47645 
  PTNVLs 453.7917 12 66.70098 19.25491 

Pair 4 PNIVLs 512.6667 12 80.78572 23.32083 
  PTNIVLs 528.7917 12 105.86129 30.55952 

Pair 5 PNVGl 456.0833 12 64.53253 18.62894 
  PTNVGl 448.0833 12 79.57782 22.97214 

Pair 6 PNIVGl 514.8333 12 87.83594 25.35605 
  PTNIVGl 486.7500 12 104.35200 30.12383 

Pair 7 PNVLl 468.2083 12 64.18633 18.52900 
  PTNVLl 454.9167 12 78.02180 22.52295 

Pair 8 PNIVLl 502.2500 12 84.46045 24.38163 
  PTNIVLl 501.0000 12 82.94686 23.94470 
      

Legend: P = Pre, PTN= Post, V= valid cue, IV=invalid cue, G=Global target, L=Local Target, S=short 
SOA, L=Long SOA. 
 
 
 

Paired Samples Test 
    Paired 

Difference
s 

    t df Sig. (2-
tailed) 

    Mean Std. 
Deviation 

Std. Error 
Mean 

      

                
Pair 1 PNVGs - 

PTNVGs 
-3.4167 29.00927 8.37426 -.408 11 .691 

Pair 2 PNIVGs - 
PTRIVGs 

32.1667 69.55061 20.07753 1.602 11 .137 

Pair 3 PNVLs - 
PTNVLs 

15.0833 35.63632 10.28732 1.466 11 .171 

Pair 4 PNIVLs - 
PTNIVLs 

-16.1250 90.96206 26.25849 -.614 11 .552 

Pair 5 PNVGl - 
PTNVGl 

8.0000 32.25467 9.31112 .859 11 .409 

Pair 6 PNIVGl - 
PTNIVGl 

28.0833 67.78168 19.56689 1.435 11 .179 

Pair 7 PNVLl - 
PTNVLl 

13.2917 48.77940 14.08140 .944 11 .365 

Pair 8 PNIVLl - 
PTNIVLl 

1.2500 59.31331 17.12228 .073 11 .943 
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 (c) Cue Effect Size 

 

A repeated measures ANOVA revealed a near significant main effect of attentional shift 

(F (1, 11) = 4.484, p=. 058); mean CES was higher (positive score indicates an RT 

advantage for valid cues) for a local attentional shift (mean 54.69, SE 17.21) relative to a 

global attentional shift38 (mean 14.08, SE 14.08).  A significant main effect was also 

observed for SOA (F (1, 11) = 8.835, p<. 013); mean CES was significantly reduced (not 

as much an advantage to valid cueing) in the shorter SOA  (mean 28.55, SE 11.75) 

relative to the longer SOA39 (mean 51.33, SE 16.99).  No significant interaction 

involving phase was observed.   

 

Post-hoc planned tests failed to reveal a significant difference between pre and post CES 

at both SOAs.  

 

 

 
   Mean N Std. 

Deviation 
Std. Error 

Mean 
Pair 1 CESPLs 39.5833 12 68.52731 19.78213 

  CESPTLs 52.2917 12 87.14159 25.15561 
Pair 2 CESPLl 46.1667 12 57.07942 16.47741 

  CESPTLl 80.7083 12 91.57522 26.43549 
Pair 3 CESPGs 19.7083 12 60.87411 17.57284 

  CESPTGs 2.6250 12 40.48464 11.68691 
Pair 4 CESPGl 46.6250 12 65.98007 19.04680 

  CESPTGl 31.8333 12 99.20991 28.63943 
      

Legend: P = Pre, PTN= Post, , G=Global attentional shift, L=Local attentional shift, S=short SOA, L=Long 
SOA. 
 
 
 
 
 
 
 
 
 

                                                
38 Mean difference was 29.49, p<. 058 two-tailed Bonferroni adjusted.   
39 Mean difference was –22.78, p <. 013 two-tailed Bonferroni adjusted. 
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Paired Samples Test 
         t df Sig. (2-

tailed) 
    Mean Std. 

Deviation 
Std. Error 

Mean 
      

                
Pair 1 CESPLs - 

CESPTLs 
-12.7083 85.26228 24.61310 -.516 11 .616 

Pair 2 CESPLl - 
CESPTLl 

-34.5417 104.08704 30.04734 -1.150 11 .275 

Pair 3 CESPGs - 
CESPTGs 

17.0833 79.10977 22.83702 .748 11 .470 

Pair 4 CESPGl - 
CESPTGl 

14.7917 90.31975 26.07307 .567 11 .582 
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Appendix 6.1 
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Fig. 9.4. Mean Standard deviations for pre and post asymmetry indices in the control, left 

and right prism conditions. 
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Appendix 6.2 
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Fig. 9.5 Mean Standard Deviation in perceptual asymmetry for left (Left) and right 

(Right) hand adapters in all prism conditions for long prism exposure.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 321  

 
Appendix 6.3 
 
 
 

Study Exposure Total 
N./ 

Design 

Hand 
Adapt 

Task Effects-
Left 

Prism 

Effects-
Right 
Prism 

Effects
- 
Contro
l 
Prism 

Colent et 
al. (2000) 

20 mins. 14 / 
Between 

Not 
state 

Line Bisect 
Landmark 

No Shift 
Right Shift 

No Shift 
No Shift 

______
_ 

Berberovi
c & 

Mattingle
y (2002) 

20 mins 32 / 
Between 

Left 
/Right 

 
No 

Effect 

Landmark 
Near space 
Far space 

 
Right Shift 
Right Shift 

 
No Shift 

Right Shift 

______
_ 

Michel et 
al. (2002) 

20 mins 10 Not 
state 

Line Bisect Right Shift ________ ______
_ 

Michel et 
al. (2002) 

20 mins 14 / 
Between 

Not 
state 

Open-
loop 
Right 
Hand 

Open-loop 
Posture 
Vertical 

Right Shift 
Right (Sig) 
Counter-
clockwise 

Left Shift 
Left (NS) 
No shift 

______
_ 

Berberovi
c et al 
(2004) 

5-10 mins 32 / 
Between 

Right Temporal 
Order Judgement 

No effect No Effect ______
__ 

Morris et 
al. (2004) 

20 mins 32 / 
Between 

Right Visual Search - 
Simple 

Complex 

 
No Effect 
No Effect 

 
No Effect 
No Effect 

______
__ 

Girardi et 
al. (2004) 

20 mins 11 / Right Straight-ahead – 
Visual 

Proprioceptive 
Both 

Haptic circle 

 
Left 

Right 
Right 
Right 

 
 

_________ ______
__ 

Connolly 
& 

Robertson 
(2004) 

20 mins 12/ 
within 

Right Number Line 
Landmark 
Landmark 

Visual Search – 
Simple 

Complex 
Line Bisection 
Müller-Lyer 

Complex Figures 

Right 
Right NS 
Right NS 

 
Right 
Right 

Left NS 
Left NS 

No Effect 

Right 
Right NS 
Right NS 

 
Left/Right 
Left/Right 

Left 
Left 

No Effect 

______
___ 

Striemer & 
Dunckert 
personal 

com. 2004 

15 mins 40/ 
Between 

Right COVAT 
Exogenous 

Faster 
reorient 

from right 
space 

Faster 
reorient from 

left space 

______
___ 

Ferber & 
Murray 
(2005) 

5 mins 22 Not 
state 

Chimeric Task 
Eye Mvt 

No Effect 
 

Right 

_________ ______
__ 
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Appendix 7.1 
       Mean Std. Error 

PRISM Phase Cue 
(1=valid, 

2= invalid) 

Target 
(1=Left, 

2=Right) 

RT in ms    

Control Pre 1 1 514.663 22.163 
      2 507.915 24.414 
    2 1 525.830 23.190 
      2 525.390 25.688 
  Post 1 1 422.008 25.286 
      2 404.701 24.760 
    2 1 417.851 26.958 
      2 427.422 26.467 

Left Pre 1 1 500.824 19.823 
      2 498.604 21.837 
    2 1 510.336 20.741 
      2 506.658 22.976 
  Post 1 1 404.827 22.616 
      2 388.232 22.146 
    2 1 402.799 24.112 
      2 414.266 23.673 

Right Pre 1 1 553.349 21.294 
      2 542.875 23.456 
    2 1 541.652 22.280 
      2 557.579 24.680 
  Post 1 1 470.634 24.294 
      2 459.803 23.788 
    2 1 472.702 25.900 
      2 462.664 25.429 

 
 
 
 
Appendix 7.2 

         Mean Std. Error 
PRISM Phase 

(1=pre, 
2=post) 

Cue 
(1=valid, 

2=invalid) 

Target 
(1=left, 

2=right) 

SOA 
(1=short, 

2=long) 

RT in ms    

Control 1 1 1 1 463.396 22.416 
        2 422.816 19.410 
      2 1 441.192 21.756 
        2 413.851 20.236 
    2 1 1 546.286 29.013 
        2 490.004 33.095 
      2 1 520.110 31.021 
        2 493.026 28.872 
  2 1 1 1 406.169 17.675 
        2 368.776 17.261 
      2 1 388.003 19.087 
        2 373.435 15.963 
    2 1 1 487.755 24.579 
        2 455.345 24.761 
      2 1 477.055 22.701 
        2 438.818 20.352 

Left 1 1 1 1 438.918 21.462 
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        2 405.410 18.583 
      2 1 436.945 20.829 
        2 396.494 19.374 
    2 1 1 498.023 27.778 
        2 460.584 31.687 
      2 1 485.408 29.701 
        2 393.751 27.643 
  2 1 1 1 401.908 16.923 
        2 367.919 16.526 
      2 1 390.834 18.274 
        2 364.381 15.284 
    2 1 1 454.200 23.532 
        2 417.692 23.706 
      2 1 428.683 21.734 
        2 414.292 19.486 

Right 1 1 1 1 503.693 22.416 
        2 446.876 19.410 
      2 1 481.933 21.756 
        2 450.717 20.236 
    2 1 1 542.388 29.013 
        2 546.113 33.095 
      2 1 545.683 31.021 
        2 509.217 28.872 
  2 1 1 1 450.726 17.675 
        2 417.871 17.261 
      2 1 456.409 19.087 
        2 411.845 15.963 
    2 1 1 521.455 24.579 
        2 474.491 24.761 
      2 1 498.691 22.701 
        2 452.773 20.352 

 
 
Phase x target level x soa (right endogenous)  

      Mean Std. Error 95% 
Confidenc
e Interval 

  

P F S     Lower 
Bound 

Upper 
Bound 

1 1 1 553.588 19.100 511.031 596.145 
    2 495.960 18.395 454.972 536.947 
  2 1 553.444 19.038 511.024 595.863 
    2 494.180 21.012 447.361 540.998 

2 1 1 484.034 20.468 438.429 529.638 
    2 418.505 20.675 372.439 464.570 
  2 1 470.278 20.360 424.913 515.643 
    2 423.413 20.394 377.972 468.854 
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Appendix 7.3 
       Mean Std. Error 

Phase Cue FIELD SOA 
(1=short, 

2=long) 

Accuracy    

Pre Valid Left 1 .969 .008 
      2 .966 .007 
    Right 1 .970 .006 
      2 .954 .018 
  Invalid Left 1 .955 .012 
      2 .972 .008 
    Right 1 .979 .007 
      2 .979 .007 

Post Valid Left 1 .981 .009 
      2 .974 .010 
    Right 1 .979 .008 
      2 .961 .022 
  Invalid Left 1 .948 .017 
      2 .952 .013 
    Right 1 .979 .010 
      2 .969 .014 

 

 

 
Appendix 7.4 

       Mean Std. Error 
Phase Cue FIELD SOA 

(1=short, 
2=long) 

RT in ms    

Pre Valid Left 1 531.785 24.150 
      2 469.863 19.016 
    Right 1 542.109 27.767 
      2 455.099 20.523 
  Invalid Left 1 544.167 24.182 
      2 476.505 20.740 
    Right 1 549.855 26.479 
      2 463.461 21.078 

Post Valid Left 1 430.386 33.543 
      2 379.267 30.440 
    Right 1 421.013 34.409 
      2 355.451 27.534 
  Invalid Left 1 432.555 34.935 
      2 373.043 28.902 
    Right 1 436.673 35.284 
      2 391.859 32.359 
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Appendix 7.5 

     Mean Std. Error 
Phase Attentional 

Shift 
SOA 

(1=short, 
2=long) 

CES in ms    

Pre Left 1 1.289 13.215 
    2 18.786 10.986 
  Right 1 18.309 6.800 
    2 -5.393 12.318 

Post Left 1 12.366 10.066 
    2 -6.669 13.601 
  Right 1 6.736 8.202 
    2 13.491 12.991 

 
 
 
Appendix 7.6 

       Mean Std. Error 
Phase Cue FIELD SOA 

(1=short, 
2=long) 

Accuracy    

Pre Valid Left 1 .953 .012 
      2 .963 .010 
    Right 1 .955 .011 
      2 .948 .013 
  Invalid Left 1 .955 .015 
      2 .955 .013 
    Right 1 .965 .012 
      2 .918 .023 

Post Valid Left 1 .956 .014 
      2 .947 .016 
    Right 1 .971 .009 
      2 .951 .017 
  Invalid Left 1 .942 .023 
      2 .942 .019 
    Right 1 .967 .014 
      2 .967 .019 
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Appendix 7.7 
       Mean Std. Error 

Phase Cue FIELD SOA 
(1=short, 

2=long) 

RT in ms    

Pre Valid Left 1 438.918 17.109 
      2 405.410 16.714 
    Right 1 436.945 20.767 
      2 396.494 13.256 
  Invalid Left 1 498.022 21.621 
      2 460.584 21.149 
    Right 1 485.408 21.433 
      2 393.751 9.145 

Post Valid Left 1 401.908 13.452 
      2 367.919 13.060 
    Right 1 390.834 14.126 
      2 364.381 12.374 
  Invalid Left 1 454.200 15.360 
      2 417.692 16.949 
    Right 1 428.683 13.464 
      2 414.292 12.557 

 
 
 
 
 
Appendix 7.8 

     Mean Std. Error 
Phase Attentional 

Shift 
SOA 

(1=short, 
2=long) 

CES in ms    

Pre Left 1 47.127 15.646 
    2 39.986 18.373 
  Right 1 44.599 13.430 
    2 -22.450 4.711 

Post Left 1 39.864 16.420 
    2 5.527 20.886 
  Right 1 19.790 14.237 
    2 19.790 14.237 

 
No significant differences were observed with Bonferroni corrections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 327  

Appendix 7.9 
       Mean Std. Error 

Phase Cue FIELD SOA 
(1=short, 

2=long) 

Accuracy    

Pre Valid Left 1 .964 .008 
      2 .947 .009 
    Right 1 .980 .008 
      2 .966 .009 
  Invalid Left 1 .967 .012 
      2 .950 .018 
    Right 1 .955 .021 
      2 .984 .008 

Post Valid Left 1 .957 .013 
      2 .952 .018 
    Right 1 .972 .010 
      2 .961 .012 
  Invalid Left 1 .973 .014 
      2 .964 .020 
    Right 1 .973 .014 
      2 1.000 .000 

 

 
Appendix 7.10 

       Mean Std. Error 
Phase Cue FIELD SOA 

(1=short, 
2=long) 

RT in ms    

Pre Valid Left 1 557.959 19.923 
      2 508.092 22.218 
    Right 1 549.646 20.255 
      2 489.490 19.877 
  Invalid Left 1 549.216 18.955 
      2 483.827 15.288 
    Right 1 557.241 18.871 
      2 498.869 23.119 

Post Valid Left 1 482.740 19.599 
      2 424.865 16.469 
    Right 1 466.009 22.450 
      2 427.484 21.364 
  Invalid Left 1 485.327 22.715 
      2 412.145 26.437 
    Right 1 474.546 19.823 
      2 419.343 21.158 
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Appendix 7.11 
     Mean Std. Error 

Phase Attentional 
Shift 

SOA 
(1=short, 

2=long) 

CES in ms    

Pre Left 1 12.578 11.813 
    2 -15.024 14.781 
  Right 1 9.830 14.427 
    2 -1.371 12.933 

Post Left 1 30.623 10.834 
    2 -4.825 12.893 
  Right 1 -11.037 10.659 
    2 -4.903 9.352 

 

 
 
Appendix 7.12 

       Mean Std. Error 
Phase Cue FIELD SOA 

(1=short, 
2=long) 

Accuracy    

Pre Valid Left 1 .964 .008 
      2 .947 .009 
    Right 1 .980 .008 
      2 .966 .009 
  Invalid Left 1 .967 .012 
      2 .950 .018 
    Right 1 .955 .021 
      2 .984 .008 

Post Valid Left 1 .957 .013 
      2 .952 .018 
    Right 1 .972 .010 
      2 .961 .012 
  Invalid Left 1 .973 .014 
      2 .964 .020 
    Right 1 .973 .014 
      2 1.000 .000 
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Appendix 7.13 
       Mean Std. Error 

Phase Cue FIELD SOA 
(1=short, 

2=long) 

RT in ms    

Pre Valid Left 1 503.693 26.953 
      2 446.876 23.358 
    Right 1 481.933 23.799 
      2 450.717 26.137 
  Invalid Left 1 542.388 39.141 
      2 546.113 48.296 
    Right 1 545.683 45.922 
      2 509.217 44.733 

Post Valid Left 1 450.726 23.040 
      2 417.871 21.812 
    Right 1 456.409 26.406 
      2 411.845 20.549 
  Invalid Left 1 521.455 34.877 
      2 474.491 35.233 
    Right 1 498.691 31.264 
      2 452.773 26.082 

 
 
Appendix 7.14 

     Mean Std. Error 
Phase Attentional 

Shift 
SOA 

(1=short, 
2=long) 

CES in ms    

Pre Left 1 57.553 26.853 
    2 76.327 22.300 
  Right 1 25.425 20.660 
    2 37.674 19.412 

Post Left 1 65.136 27.120 
    2 74.337 25.643 
  Right 1 39.519 15.429 
    2 52.678 21.519 
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Appendix 7.15 

       Mean Std. Error 
Phase Cue FIELD SOA 

(1=short, 
2=long) 

Accuracy    

Pre Valid Left 1 .986 .005 
      2 .991 .009 
    Right 1 .987 .005 
      2 .979 .009 
  Invalid Left 1 .991 .006 
      2 .985 .005 
    Right 1 .979 .008 
      2 .970 .010 

Post Valid Left 1 .991 .006 
      2 .994 .006 
    Right 1 .997 .003 
      2 .988 .008 
  Invalid Left 1 .988 .008 
      2 .970 .013 
    Right 1 .988 .008 
      2 .982 .009 

 

Appendix 7.16 
 
  

        Mean Std. Error 
Phase Cue FIELD SOA 

(1=short, 
2=long) 

RT in ms    

Pre Valid Left 1 540.819 24.033 
      2 488.507 18.832 
    Right 1 537.192 24.307 
      2 478.639 20.759 
  Invalid Left 1 559.523 28.594 
      2 492.136 17.955 
    Right 1 554.693 27.634 
      2 496.087 20.102 

Post Valid Left 1 447.653 10.163 
      2 396.362 11.998 
    Right 1 434.995 9.991 
      2 374.407 10.041 
  Invalid Left 1 444.148 9.204 
      2 391.553 8.918 
    Right 1 460.501 10.432 
      2 394.344 14.179 
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Appendix 7.17 
     Mean Std. Error 

Phase Attentional 
Shift 

SOA 
(1=short, 

2=long) 

CES in ms    

Pre Left 1 13.332 8.903 
    2 24.880 8.396 
  Right 1 17.711 12.231 
    2 -1.404 9.646 

Post Left 1 7.900 9.320 
    2 17.034 6.944 
  Right 1 9.354 10.463 
    2 -7.065 13.453 

 
 
 
 
 
 
 
Appendix 7.18 
 
 

       Mean Std. Error 
Phase Cue FIELD SOA 

(1=short, 
2=long) 

Accuracy    

Pre Valid Left 1 .971 .007 
      2 .963 .008 
    Right 1 .979 .009 
      2 .975 .009 
  Invalid Left 1 .956 .018 
      2 .943 .025 
    Right 1 .975 .009 
      2 .977 .013 

Post Valid Left 1 .978 .010 
      2 .948 .019 
    Right 1 .970 .010 
      2 .981 .008 
  Invalid Left 1 .967 .014 
      2 .983 .011 
    Right 1 .975 .013 
      2 .992 .008 
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Appendix 7.19 
 

       Mean Std. Error 
Phase Cue FIELD SOA 

(1=short, 
2=long) 

RT in ms    

Pre Valid Left 1 463.396 21.907 
      2 422.816 16.942 
    Right 1 441.192 19.579 
      2 413.851 19.375 
  Invalid Left 1 546.286 22.727 
      2 490.004 22.939 
    Right 1 520.110 17.976 
      2 493.026 21.971 

Post Valid Left 1 406.169 14.849 
      2 368.776 15.594 
    Right 1 388.003 13.878 
      2 373.435 13.563 
  Invalid Left 1 487.755 19.319 
      2 455.345 17.733 
    Right 1 477.055 20.064 
      2 438.818 20.362 

 
 
 
 
 
 
 

Appendix 7.20 
 

     Mean Std. Error 
Phase Attentional 

Shift 
SOA 

(1=short, 
2=long) 

CES in ms    

Pre Left 1 107.858 17.572 
    2 71.018 24.565 
  Right 1 59.575 30.293 
    2 56.008 14.577 

Post Left 1 97.664 13.511 
    2 86.739 24.763 
  Right 1 61.051 21.038 
    2 65.496 21.426 
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