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Chapter 1

General Introduction

Attention makes the genius; all learning, fancy, science, and skill depend upon it. 

Newton traced his great discoveries to it. It builds bridges, opens new worlds, heals 

diseases, and carries on the business o f  the world. Without it, taste is useless, and the 

beauties o f  literature unobserved.

Robert Aris Willmott, 

Pleasures, Objects, and Advantages o f  Literature, 1851

Attention is one o f the most extensively studied areas in psychology and 

cognitive neuroscience. It is fundamental to an array o f  cognitive processes from low 

levels o f  perception to the highest levels o f complex decision-making. When we get 

up in the morning, we must attend to time, to ourselves, to an abundance o f  sensory 

input. When we walk down the street, we must attend to space and the people around 

us. When we eat, we attend to taste and smell. Even when we do ‘nothing’, we 

attend to the thoughts in our head. Virtually everything we do seems to involve 

attention at one level or another, and in many respects it occupies a position at the 

very heart o f our being. Accordingly, when attention is seen to fail, the consequences 

for the individual can often be devastating. The aim o f this thesis is to try to come to 

terms with some o f the processes involved in attention, and to examine ways in which
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an inattentive brain may be m ade better. One technique in particular, prism  

adaptation, has had a large im pact on attention rehabilitation in recent years, and 

m uch o f  w hat follows is aim ed at understanding w hat m akes it such an effective tool 

in neuro-rehabilitation. Early chapters focus specifically on the effects o f  adaptation 

on spatial attention on a variety o f  behavioural tasks. The paradigm  is broadened 

tow ards the end, where the effects o f  adaptation on sustained attention are also 

investigated. There are a num ber o f  theoretical explanations as to how  adaptation 

affects the brain and these are exam ined in the light o f  recent experim ental findings as 

well as previous influential studies.

Defining Attention

It is precisely its involvem ent in so m any facets o f  cognition that m akes 

attention such a difficult concept to define. In the case o f  perception, attention can be 

critical to detecting form, contour, colour and m otion. W ith m otor attention, it can 

mean selecting the appropriate behavioural m ovem ent. Sustained attention on the 

other hand, is concerned w ith m aintaining focus and avoiding distractions. One 

elem ent com m on to these processes is the notion o f  choice, o f  focusing on one option 

from a m ultitude o f  alternatives. This choice need not be conscious and a distinction 

is often m ade betw een autom atic and voluntary attention (e.g. Logan, 1992). It is the 

notion o f  choice that is fundam ental to W illiam  Jam es’ m uch quoted definition o f  

attention, w hich states

Everyone knows what attention is. It is the taking possession by the mind in clear and 

vivid form, o f  one out o f  what seem several simultaneously possible objects or trains 

o f thought...It implies withdrawal from some things in order to deal effectively with 

others.

2



William James, Principles o f  Psychology (1890)

A distinction is often made between selective and other forms o f attention 

(these are discussed below). The nomenclature is misfortunate here, in the suggestion 

that selective attention is exclusively concerned with selection. All facets o f attention 

involve selection to some degree. There can only be one location for the next 

saccade, only one subsequent hand movement. Even in a multi-task paradigm, each 

individual domain requires the selection o f certain responses and the exclusion o f 

others. When demands are made o f our ability to sustain attention, it can become 

difficult to inhibit intrusive thoughts or actions. When required to pay spatial 

attention, we focus on one location over another. Viewed from this perspective, 

attention can be seen as a perpetually competitive process. An extreme example o f 

this is Desimone and Duncan’s (1995) ‘integrated com petition’ model o f selective 

attention where multiple simultaneous stimuli compete to drive neurons and dictate 

the network, with the eventual aim o f dominating awareness and behaviour. The idea 

o f  competition is also pertinent to spatial orienting, where failures o f spatial attention 

can be seen as a competitive imbalance. This is a theme that 1 will return to 

throughout this thesis and was excellently surmised by Donald Hebb (1976) in an 

address to a conference on Minimal Brain Dysfunction. Like James before him, 

H ebb’s interpretation has become a textbook definition o f attention.

What does attention m ean...? ...Clearly, it means that one cortical cognitive set o f  

activities is able to maintain itse lf in spite o f  “noise "from  irrelevant sensory 

stimulation and from  the spontaneous activity o f  neurons, in the brain, that are not 

part o f  that cortical-cognitive process.
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Donald Hebb, Conference address, 1976

Theoretical Perspectives on Attention

Just as there are multiple features o f attention processing, so too are there 

multiple theories o f attentional function. It is therefore necessary to be highly 

discerning in choosing those models on which to focus. Authors such as Donald 

Broadbent and Anne Triesman have been pivotal in guiding the study o f attention and 

are hugely influential figures in the field o f cognitive neuroscience as a whole. In 

terms o f understanding the interaction o f attentional processes with prism adaptation, 

however, other models necessarily take theoretical precedence and these authors are 

given only peripheral discussion below. Pashler (1998) provides an excellent review 

o f these and other models.

Early cognitive models o f  attention

Broadbent’s theory o f early selection (1958) proposed that sensory stimuli 

were selectively filtered for cognitive relevance. From this perspective, attention acts 

as a bottleneck, whereby sensory input that does not filter through (i.e. unattended 

stimuli) is never subject to cognitive processing. The ‘cocktail party effect’ (e.g. 

Cherry, 1953), which demonstrates that it is possible to engage in one conversation 

and be simultaneously aware o f a mention o f your name in another, is fundamentally 

inconsistent Broadbent’s initial theory. It demonstrates that the processing o f sensory 

input often escapes conscious awareness. Thus, patients with attention disorders may 

process stimuli pre-attentively, but fail to consciously attend to them.

This point was taken up by Treisman (1960, 1964), who modified Broadbent’s 

theory to include an attenuation filter, which allows previously unattended stimuli to
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re-enter attentional processing. Similarly, Kahneman (1973) proposed a dual model, 

with attention and arousal constituting respective interacting elements. Kahneman’s 

model hypothesised that where arousal is sufficient, there can be a residual capability 

to process other potentially relevant stimuli. The inclusion o f arousal as a critical 

factor in attention has been confirmed by a multitude o f experimental studies (below), 

and may be regarded as a pre-cursor to neuropsychological models o f attention.

Neuropsychological Theories o f  Attention

In seeking to correlate cognitive function with specific brain regions, 

neuropsychological models have an advantage over strictly cognitive theories o f 

attention in tenns o f falsifiability. Lesion analyses and imaging studies can provide 

robust examination o f specific neuropsychological predictions, an application which 

is not always possible with purely cognitive models. A highly influential 

neuropsychological theory o f spatial attention was proposed by Marcel Mesulam 

(1981), which divides attention processes into distinct neural networks. M esulam ’s 

model implicates a right-hemisphere-dominant parietal network for processing spatial 

representation. Frontal regions are seen to be more involved in motor response to 

spatial stimuli and anterior cingulate in evaluating the motivational prominence o f 

specific objects/events. Furthermore, an arousal network modulated by the reticular 

system is seen to subserve these three systems.

Recent studies have largely supported M esulam’s model. Lesion studies have 

confinned that spatial attention has a distinct anatomical basis in the brain (e.g. Vallar 

and Perani, 1987; Husain and Kennard, 1996; Kamath et a i ,  2001). Corbetta, 

Kincade and Shulman (2002) presented a series o f neuroimaging studies with normal 

volunteers that localized specific spatial functions to posterior parietal cortex (along
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the intraparietal sulcus), dorsal frontal cortex (near the frontal eye fields), and anterior 

cingulate cortex. These findings correspond well with lesion data and are largely 

congruent w ith M esulam ’s predictions. Som e studies have suggested that the 

posterior brain regions m ay be m ore responsible for perceptual processing and frontal 

cortex w ith pre-m otor preperation (Bisiach et a i ,  1990, Tegner and Levander, 1991). 

A functional m agnetic resonance im aging (fM RI) paper by C orbetta et al. (1998) 

however, suggests that the imposifion o f  such a disfinction m ay be fallacious (this is 

discussed further in relation to Corbetta and Shulm an’s (2002) m odel o f  attention, 

below).

A lthough M esulam ’s m odel divides attention into distinct brain regions, the 

em phasis is very much on integration. M esulam  highlighted the im portance o f  the 

reticular system  in regulating the various attenfion netw orks. Sim ilarly, cortico- 

cortical connections between frontal and parietal netw orks are also prom inent (see 

Coull, 1998 for a review). Thus, while there are num erous case studies o f  interesting 

dissociations in spatial orienting in, for exam ple, near and far space (see Berti & 

Frassinetti, 2000), the normal brain is capable o f  shifting seam lessly betw een different 

attentional perspectives. The integration o f  different nodes o f  attention has proven to 

be a productive avenue in rehabilitation (see, for exam ple Robertson et al., 1998, 

below ) and is a particularly pertinent them e in Chapter 7 o f  this thesis.

Posner and Petersen’s m odel (1990) o f  spatial attention is sim ilar to 

M esulam ’s both in terms o f  the functional properties o f  specific brain regions and its 

em phasis on system  interface. This m odel postulates that attention consists o f  two 

interacting sub-system s -  anterior and posterior, w ith a third com ponent, the reticular 

system , underlying both. The posterior attentional system  is focused on the posterior
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parietal cortex and connects to subcortical nuclei, superior colliculus and pulvinar. It 

is thought to control the ‘orienting’ o f  attention to visual locations. Orienting deficits 

are apparent in right-hemisphere damaged patients who show a ‘disengagement’ 

deficit -  a difficulty in reorienting to unattended stimuli. The disengagement deficit 

has recently been localised to the temporoparietal junction, which includes the 

superior temporal gyrus as well as the inferior parietal lobule (Friedrich et al., 1998). 

Corbetta et al. (2002) suggests that the mismatch between Posner’s model, which 

stresses parietal activation for reorienting, and recent findings that stress temporal 

activation, may be due to dissociable types o f orienting. This is discussed in the 

immediate section, below.

A second component in the Posner et al. model is the anterior system, which 

centres round the anterior cingulate and is critical for target detection. The anterior 

cingulate component may operate as a bottleneck to control access to working 

memory and awareness, and has been interpreted as a central-executive (Norman and 

Shallice, 1985). Thirdly, the reticular system is centred in the locus ceruleus and 

ascending projections to the neocortex. A central function o f this component is its 

involvement in arousal, which can exert an influence on both anterior and posterior 

systems. Evidence o f a link between arousal and spatial awareness was provided by 

Robertson et al. (1998), who showed that an alerting tone could be used to ameliorate 

spatial inattention in right-hemisphere stroke patients. Here again, we can see 

different facets o f attention working in an integrated manner.

There is clearly a substantial overlap between M esulam ’s and Posner and 

Petersen’s models. For both, the importance o f the reticular system in arousal is 

critical. Both models stress the right-hemisphere dominance o f parietal and cingulate 

cortices for spatial attention, and highlight the interconnectivity between the different
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attention components. The chief difference between them seems to be that Posner and 

Petersen’s model does not segregate target detection between the cingulate and frontal 

areas, focusing on the cingulate alone. Coull (1998) provides an interesting 

comparison o f both models.

Exactly how attentional components interact has not been fully explicated. 

Coull (1998) presents a model whereby ascending projections from the reticular 

system lead to the release o f neurotransmitters in frontal and parietal areas, 

corresponding respectively to Posner and Petersen’s anterior and posterior attentional 

networks. The activation o f these networks spurs projection to sensory and 

association cortices where neural activity is accordingly enhanced. The same 

neurotransmitters are thought to be common throughout, particularly acetylcholine, 

noradrenaline and dopamine. Coull’s conclusions relate primarily to selective 

attention, but may also have relevance to the type o f interactions intrinsic to spatial 

and sustained attention.

Corbetta and Shulm an’s model o f  spatial attention

Corbetta and Shulman’s (2002) model o f spatial attention is particularly 

relevant to this thesis. In the section above, inconsistencies between Posner and 

Petersen’s (1990) model o f attention and anatomical data were noted. Kamath, Ferber 

and Himmelbach (2001) examined functional magnetic imagery comparisons o f right- 

hemisphere damage patients with and without visual field deficits, and highlight the 

superior temporal gyrus as the critical locus o f  the disorder. Much o f  the data used to 

verify Posner and Petersen’s model is based on neuroimaging studies, and highlights 

the intraparietal sulcus (IPS) and the superior parietal lobule (SPL) (but not the 

temporal lobes). Corbetta et al. (2002) suggest that a reason for these inconsistencies
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may be that the tasks used in the neuroimaging studies do not differentiate 

endogenous and exogenous orienting. They propose that IPS-SPL regions may be 

more speciaHsed for endogenous orienting, whereas the temporoparietal junction 

(TPJ), which includes the superior temporal gyrus, may be more sensitive to 

Mnattended stimuli. This would explain Losier and K lein’s (2001) finding that 

patients with parietal lesions are impaired in orienting to peripheral cues, but not 

central cues.

Corbetta et al. (2000) used event-related functional magnetic resonance 

imagery (ER-fMRl) to demonstrate that distinct parietal regions mediate spatial 

attention. These findings led Corbetta and Shulman (2002) and Corbetta, Kincade 

and Shulman (2002) to propose a two-tier model o f spatial attention consisting o f a 

voluntary system and a system specialised for reorienting to novel stimuli (see Figure 

1.1, below). The fonner, known as the dorsal frontoparietal network, is centred on the 

IPS and frontal eye fields (FEF) (as with the IPS, above, the FEF are also activated by 

cueing -  Corbetta and Shulman, 2002). These regions were active when participants 

directed their attention in response to a spatial cue. Activity in the IPS and FEF was 

similar in right and left hemispheres, regardless o f  the direction o f  the cue. However, 

ventral IPS evidenced asymmetric coding o f spatial location. Leftward cues produced 

stronger signals in right ventral IPS, whereas rightward cues activated left and right 

ventral IPS equally. Dorsal FEF coded spatial cues in a similarly asymmetric manner. 

Corbetta, Kincade and Shulman (2002) propose that these patterns o f  activations may 

reflect different types o f spatial orienting. Thus, endogenous orienting activates the 

IPS-FEF bilaterally. Exogenous orienting on the other hand may be right-hemisphere 

dominant (as outlined in relation to the ventral system, below). Asymmetric 

activations in the IPS and FEF may emerge in conditions o f exogenous orienting.
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following ipsilesional projections from the right TPJ (below). This hypothesis might 

explain the Robertson et al. (1998) finding (above) that increasing alertness (through 

exogenous cues) may transiently improve (voluntary) leftward orienting.

Stimulus-response
selection Novelty

reward?L IFG R IFG

Top-down
control Clrcuit-

breakerRTPJ

Stimulus-driven
control

AC

LTPJ

R IPsL IPs

L FEF R FEF

SMA

Sensory areas

F igu re 1.1, a p roposed  new  m odel o f  sp atia l a tten tion  (C orb etta , K in cad e and  
S h u lm an , 2002). The right temporoparietal junction TPJ acts as a circuit-breaker 
to spatial attention processes in the intraparietal sulcus (IPs) and frontal eye fields 
(FEF). The same connections apply with the left TPJ, but it is non-dominant.

The second component o f this model is a ventral frontoparietal network 

incorporating the TPJ and inferior frontal gyrus (IFG), thought to be responsible for 

reorienting towards novel unexpected stimuli. Unlike the dorsal system, this network 

is strongly right-hemisphere dominant, as evidenced by the ER-fMRI study (Corbetta 

et al., 2000, above). Following a spatial cue that was programmed to be 80% 

accurate, when a target appeared at an uncued (and therefore unexpected) location,
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fMRI activations were strongly lateralised to the right-hemisphere, specifically the 

TPJ and IFG. In support o f these findings, Downar et al. (2000) reported that alerting 

fluctuations recruit the right TPJ, independent o f target location. Right IFG activation 

may relate to reward processing as evidenced by prolonged activation following valid 

and invalid cues.

Both o f these networks are functionally interactive. When a target occurs at 

an unexpected location, signals in the ventral system may alert the dorsal system that 

“something worth localizing/detecting has occurred”. Interactions between the two 

networks may be conceptualised as the ventral system acting .. as a circuit breaker 

o f ongoing cognitive activity when a behaviourally relevant stimulus is detected. 

When subjects detect a low-frequency or unexpected event, they must break the 

current attentional set and adopt a new one on the basis o f the incoming stimulus” 

(Corbetta and Shulman, 2002, p.2 1 1). Thus, the ventral system may interrupt the 

dorsal system when an unexpected stimulus is presented.

This hypothesis may be critical to understanding prism adaptation. When a 

participant initially points while wearing prism goggles, their finger appears at an 

unexpected location relative to the target location. If Corbetta and Shulman’s model 

is accurate, this may trigger the TPJ, which in turn connects to the dorsal system.

This possibility is discussed in detail in subsequent experimental chapters.

The Absence o f  Attention

Inattention is not a phenomenon that applies solely to clinical or psychiatric 

patients. Non-clinical samples repeatedly demonstrate dramatic gaps in attention 

across a wide range o f tasks. Inattentional blindness, for example, occurs when a 

person fails to notice an object or event when their attention is directed elsewhere.

1 1



Simons and Chabris’ (1999) classic experiment provides an infamous demonstration 

o f how ‘blinding’ inattentional blindness can be. Participants were shown a short 

video clip o f  group o f people playing basketball, the task being to count the number o f 

passes. After 45 seconds, a person in a gorilla costume walked directly through the 

basketball group, exiting 5 seconds later. A remarkable 70% o f the sample failed to 

notice the gorilla. When the video clip is shown with no task instructions, the miss- 

rate drops to zero. Change blindness is a similar phenomenon, where people fail to 

notice vivid alterations to their environment. Simons et al. (2000) presented a real- 

world example o f  this, where 50% o f their sample failed to notice that the identity o f 

an interviewer changed during a brief interruption o f the interview. Attentional blink 

refers to a tendency in which participants fail to notice a visual target if  presented 

within 500 ms o f  a preceding target (e.g. Shapiro et a l,  1992). Instructions to ignore 

the first stimulus ameliorate this phenomenon.

Clearly, inattention is a common feature o f everyday life. Although the 

examples above are rather light-hearted, it is the case that attention failure can often 

have tragic consequences. Robertson (2003) reports that up to 30 per cent o f traffic 

accidents may be related to a failure to maintain alert responding to the immediate 

environment, and that insufficient sustained attention may be the most common cause 

o f railway accidents. Even in the normal brain, therefore, there is a real and pressing 

need to understand how attention can be controlled.

Hemispatial Neglect

In this thesis, 1 will examine how adapting to prisms can affect both clinical 

and non-clinical groups. In the section below, 1 will outline the growing importance 

o f  prism adaptation in rehabilitation, more specifically for right-brain damage patients
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with the clinical disorder hemispatial neglect (or simply, neglect). There is a growing 

consensus as to the efficacy o f prism adaptation as a potential treatment for this 

disorder, and this section provides a brief overview o f research into hemispatial 

neglect, with a particular emphasis on rehabilitation.

Hemispatial neglect is a disorder o f  spatial processing that is often observed 

following unilateral brain damage. Although equally common after damage to either 

the right or left hemisphere, symptoms o f neglect are more severe and more persistent 

following right-lateralised brain damage (e.g. Behrmann et al., 2004). Neglect 

patients often behave as if  half o f the spatial environment no longer exists. Thus, they 

may fail to eat from one side o f a plate or to dress one side o f their body. There is 

often a tendency to bump into objects that they have failed to notice, or to ‘ignore’ 

people situated in an unattended location. The patient may not be able to read, and 

even watching television can be confusing. Figure 1.2 shows an example o f a reading 

script given to patient BP, where words on the left side o f the page have not been 

attended.

Experimentally, neglect is most frequently examined in the visual domain, 

though deficits have been reported in proprioception (e.g. Mattingley et al., 1994), 

audition (e.g. Pavani et al., 2004), touch (e.g. Valenza et al., 2004), imagery (e.g. 

Guariglia et al., 1993) and olfaction (Bellas et al., 1998). Symptoms are by no means 

the same for each patient so that some may specifically neglect far space, whereas 

others will neglect personal space or reaching space (e.g. Weiss et al., 2003). Similar 

dissociations have been reported in object-centred versus space-based neglect (e.g. 

Farah et al., 1990). What is common to neglect patients, however, is that the disorder 

refers to a loss o f awareness rather than a failure o f  sensory processing. Thus, while
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the primary sensory pathways may still be intact, the patient often behaves as though 

they are not.

A t th e  b eg in n in g  o f  Ju ly , d u rin g  a sp e lt  o f  v e ry  h o i w ea th e r, 

to w a rd s  th e  e v e n in g , a  c e n a in  y o u n g  m an  ca m e  d o w n  o n  lo  th e  

s tre e t,  from  th e  little  ro o m  h e  re n te d  fro m  so m e  te n a n ts  in S o u th  

L an e  a n d  s lo w ly  se t  o f f  to w a rd s  K in g ’s B rid g e

H is ro o m  w as  s itu a te d  rig h t u n d e r  th e  r o o f  o f  a  ta ll ,  f iv e -s to re y  

b u ild in g . H is lan d lad y , fro m  w h o m  h e  re n te d  th e  ro o m , lived  o n  

th e  f lo o r  b e lo w  in a s e p a ra te  a p a n ir te n t,  a n d  each  lim e  he 

w a n te d  to  g o  d o w n  to  th e  s tree t he  h ad  to  p a ss  h e r  k itc h e n  H e 

w as  h eav ily  in d e b t to  h is lan d lad y , a n d  w as  a fra id  o f  ru n n in g  

in to  her

O u ts id e  th e  h ea t w as le ir ib le , w ith  h u m id ily  to  m a k e  it w orse ; 

an d  th e  c ro w d s  o f  p e o p le , th e  d u s t,  a n d  ih e  sm e ll  a ll h a d  an  

a ffe c t o n  th e  y o u n g  m a n ’s  n e rv es  It m ay  be  w o r th  o b se rv in g  

th a t he  w as re m a rk a b ly  h an d so m e , w ith  b e a u tifu l d a rk  e y e s  and  

d a rk , c h e s tn u t-c o lo u re d  h a ir; he w a s  ta lle r  th an  a v e ra g e , slim  

a n d  w ell-b u ilt

d u rin g  a  sp e ll  o f  v e ry  h o t w ea th e r.

m a n  c a m e  d o w n  o n  to  th e  

re n te d  fro m  s o m e  te n a n ts  in  S o u th  

B rid g e

th e  r o o f  o f  a  ta ll,  f iv e -s to re y  

ro o m , liv e d  o n  

se p a ra te  a p a r tm e n t, a iid  e a c h  tim e  he

k itch en . H e  

a n d  w as a f ra id  o f  ru n n in g

h u m id ily  to  m a k e  it w o rse , 

an d  th e  sm e ll  a ll h a d  an  

m ay  be w o r th  o b se rv in g  

so m e , w ith  b ea u tifu l d a rk  e y e s  a n d  

he  w a s  ta l le r  ih an  a v e ra g e , s lim

F igure 1.2, R eading d ifficu lties in spatia l neglect. The page on the left is a copy o f  
a script given to patient BP to read. The actual words read are shown on the right. It 
may be interesting to note that he also neglect words to the right o f  veridical.

Living with neglect

Although studies into the frequency o f  neglect vary considerably depending on 

type o f  assessment and impairment criteria, it is certain that symptoms may persist for 

a considerable period o f  time. Zarit and Kahn (1974) found that neglect symptoms 

could persist up to 12 years post stroke. Kerkhoff (2001), in an extensive review o f  

the literature, found that 25% o f  patients still show features o f  neglect at 6 months 

post-stroke. This statistic is particularly worrying because hemispatial neglect is not 

only debilitating in and o f  itself, but also consistently correlates with recovery o f  

motor function. Chemey et al. (2001) followed up fifty-two consecutive admissions 

o f  right-handed adults with right-hemisphere stroke and found that patients with
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neglect were more likely to require protracted periods o f rehabilitation and more 

likely to have lower motor and cognitive scores. Furthermore, severity o f neglect was 

significantly correlated with functional outcomes. Katz et al. (1999) reported similar 

findings. Kinsella and Ford (1980, 1985) used the Northwick Park Activities o f Daily 

Living index (NPADL) to demonstrate substantial impairment in recovery o f function 

on a variety o f everyday tasks (e.g. washing, cooking, feeding, shaving) for neglect 

patients relative to non-neglect right hemisphere stroke patients. Collectively, these 

findings confinn the urgent need to develop effective rehabilitation strategies to deal 

with hemispatial neglect. This is discussed further, below.

Basic anatomy o f  Neglect

Neglect typically occurs as a result o f stroke, and damage to the brain is often 

diffuse. As a result, neglect patients may additionally suffer from any number o f 

related deficits. Sensory areas are often damaged and patients may be paralysed 

contralesionally. Cortical damage as a result o f a lesion is often sizeable, and this has 

made localisation o f neural networks specific to neglect difficult. As a consequence, 

there is still some debate regarding the critical brain regions implicated in neglect. 

This is evident from Figure 1.3, below, which links a large area o f cortex with the 

manifestation o f neglect symptoms. Anterior lesions ( ‘B ’, Figure 1.3, below) are 

more likely to result in perseveration, which is characterised by hyper-attention to 

ipsilesional space. Cortical damage in the region o f the inferior parietal lobule ( ‘A ’, 

Figure 1.3, below) on the other hand more typically results in orienting deficits to 

contralesional space. Symptomatic differences following frontal/temporoparietal 

lesions have been discussed in relation to Corbetta et al. (2002), above.
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F igure 1.3, A natom ical correlates o f  spatia l neg lect (from  V allar, 1998).
The majority o f  neglect patients are affected by left-hem isphere damage in 
the temporoparietal junction (black area), ‘A ’ represents the supramarginal 
gyrus in the inferior parietal lobule. Dam age to left dorsolateral premotor 
areas (Brodmann’s areas 6,8 ,44) as w ell as medial frontal regions ( ‘B ’) may 
also produce neglect sym ptoms. Anterior lesions are more likely to produce 
perseveration, a hyper-attention to the ipsilesional site (N a et al., 1999). 
Lesions that are specifically  confined to som atosensory, primary motor or 
visual cortical areas are not related to neglect.

Kamath, Ferber and Himmelbach (2001) challenged the view that neglect is 

typically a disorder o f the parietal lobes, suggesting instead that parietal damage may 

be more indicative o f motor/sensory, rather than attentional, dysfunction. They used 

M agnetic Resonance Imagery (MRI) to compare 25 cortical-lesion neglect patients 

with no visual-field deficits, 25 right-brain-damaged controls and 8 patients with 

cortical-lesion hemineglect and visual-field deficits. Results indicated that in the 

absence o f visual-field deficits, the locus o f underlying neglect shifted away from IPL 

and temporo-parieto-occipital junction to a more lateral locus covering the rostral 

portions o f the right superior temporal gyrus (STG). These areas are illustrated in 

Figure 1.4, below. Kamath (2001) suggests that the rostral STG area may operate as a 

transitional function between dorsal and ventral processing streams, “representing a

16



site for multimodal sensory convergence”. Although direct comparisons between the 

human and monkey brain are not always possible, it is notable that this finding is 

consistent with neglect-like symptoms in monkeys with lesions in the superior 

temporal cortex (Watson et a l ,  1994).

Figure 1.4, Composite MRI scans of hemineglect patients with no visual deflcit (from 
Karnath, Ferber and Himmelbach, 2001). Both images highlight temporal rather than 
parietal damage
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Rehabilitation o f  hemispatial neglect

Symptomatically, neglect does not present as a total lack o f  awareness o f 

contralesional space. Patients with left neglect may be able to detect a solitary light in 

left space. However, when two lights are presented simultaneously in left and right 

space, the patient may only detect the light on the right (see, for example, Critchley, 

1953). This phenomenon, known as extinction, is interesting in terms o f 

rehabilitation, because it emphasizes that latent sensory processes are intact. The 

challenge is to unlock these abilities. 1 have already mentioned prism adaptation as a 

potentially promising treatment, and this is discussed further, below. Other methods 

have also proven effectual in rehabilitation, and some o f these are reviewed here.

A common treatment for neglect in the 1970s and 1980s focused on training 

patients to make leftward visual scans. Patients were seated in front o f  a horizontal 

board onto which were distributed an array o f  lights. Training involved tracking the 

‘moving’ lights across the board and was quite successful in this regard. 

Unfortunately, improvements were transient and failed to generalise into everyday 

tasks (W einberg et a l ,  1977; Gouvier et a i ,  1987). More recently, this methodology 

has been revisited with longer training periods eliciting significant improvements in 

real-world tasks (Antonucci et al., 1995; Paolucci et al., 1996), though it should be 

noted that scanning training was conducted in tandem with other rehabilitation 

techniques.

Caloric stimulation is a technique that has been shown to ameliorate neglect 

on a wide range o f tasks (Bachtold et al., 2001). It involves the injection o f cold 

water into the ipsilesional ear and can ameliorate neglect symptoms quite 

dramatically. Unfortunately, improvements seem to be temporary, usually o f  the 

order o f 15 minutes (Storrie-Baker et al., 1997). Given the extremely invasive nature



o f the treatment and the relatively transient improvement it elicits, caloric stimulation 

has been used more as a research tool than a clinical therapy.

Neck proprioceptive stimulation involves vibrating the neck muscles and has 

also been found to elicit improvement on a number o f  clinical tasks (Kamath, 1994; 

Lewald and Kamath, 2000). Again, however, these improvements are typically 

temporary even after prolonged exposure. Rorden, Kamath and Driver (2001) found 

that neither neck proprioceptive- nor caloric-stimulation ameliorated covert attention 

in neglect patients.

While the current viability o f such interventions may not give much cause for 

optimism, Robertson and Manly (2002) point out that they may prove fruitful with 

long-term training. They point to the importance o f experience in functional/neural 

reorganisation and it is possible that repeated exposure, as part o f a long-term 

program, could yet prove productive.

Robertson et al. (1998) showed that an alerting tone could be used to 

transiently ameliorate left neglect. Corbetta et al. (2002) interpreted this finding as 

possible evidence o f connections between dorsal and ventral orienting networks, 

where ipsilesional connections between the more frontal dorsal-system temporarily 

improve ventral systems controlling automatic orienting. Alternatively, the 

improvement may be due to a general right hemisphere activation effect. Evidence 

for the second hypothesis can be found in a study by Robertson and North (1992, 

1993, 1994) who found that making movements with the (unseen) left hand in left 

hemispace led to a reduction in neglect. Berti and Rizzolatti (1994) have shown that 

different areas o f  space seem to involve separate processing-circuits in the brain.

Thus, the neurons involved in attending to brushing one’s hair, for example, (personal 

space) may be distinct from those involved in attending to a distant event (far space).
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By activating the left hand in left space, sufficient activation o f the right hemisphere 

may be available to surmount neglect symptoms.

Samuel et al. (2000) and Wilson et al. (2000) found that limb-activation 

training led to an improvement in everyday functioning. Similarly, Robertson et al. 

(2002) found that daily limb activation training over a 12-week period significantly 

reduced neglect on 3,6 and 18-24 months follow-up. Given the impact neglect can 

have on rates o f mortality and recovery o f motor function, these recent findings are 

very encouraging. It should be stated that Corbetta and colleagues’ interpretation o f 

the alerting data stresses ipsilesional connections, and is not inconsistent with 

activation hypotheses.

Prism Adaptation

The behavioural effects o f adapting to prisms have been studied for many 

years. As far back as 1896, Stratton had begun to analyse changes in perceived 

locations during exposure to prismatic deviation. In terms o f rehabilitation, 

adaptation has been studied, with mixed results, as a correcting mechanism for 

patients with sensory disorders such as strabismus (Rubin, 1966), amblyopia (Smith, 

Flynn and Spiro, 1982) and nystagmus (Carlow, 1986). Although studies o f  this 

nature have tended to focus on strictly ‘lower-level’ consequences o f  prism 

adaptation, they have provided a number o f theoretical findings that are relevant to the 

current study.

20



One well-established finding in this regard is that participants adapt very 

quickly to prismatic lenses'. Thus, when participants initially put on the lenses their 

motor responses are typically shifted in accordance with the direction o f the prism. 

After a very short period o f time (generally in the region o f a few minutes) this 

tendency disappears and participants are able to make pointing/throwing/locomotor 

responses with relative accuracy (Redding and Wallace, 2000). Moreover, when the 

lenses are subsequently removed, participants demonstrate a motor bias in the 

opposite direction to the prisms, which again disappears comparatively quickly 

(Redding and Wallace, 1988). The presence o f  an after-effect indicates a genuine 

realignment o f space, which is important, because it demonstrates a remarkable level 

o f cortical plasticity allied to prism adaptation.

Another important feature to emerge from early studies is the necessity o f 

active movement while wearing prism-glasses (Held and Hein, 1958, Held and 

Bossom, 1961). While some degree o f adaptation may be possible with passive 

movement (Pick and Hay, 1965), the majority o f  studies suggest that motor 

recruitment is critical to the adaptation procedure.

The generation o f an after-effect immediately subsequent to adaptation 

provides evidence that lower-level spatial organisation has taken place. Until very 

recently however, there was very little to suggest that adapting to prisms could affect 

higher levels o f processing, which may be integral to the representation of/attention 

to, space. A study be Rossetti et al. (1998) forced a revision o f this assumption and 

perhaps blurred the distinction between what is/is not regarded as higher level 

(spatial) functioning. In the Rossetti et al. study, patients were given standard 

nejropsychological tests o f neglect immediately before and after a five-minute

' P ovided the shift induced by the prisms is not too extreme. A  figure within the region o f  25 dioptres 
is Lsual.
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adaptation period. After wearing rightward-deviating prisms, patients were shown to 

have improved considerably in post-tests. More importantly, a two-hour follow-up 

showed an even more dramatic improvement - well after patients had de-adapted. 

Improvement was observed on a wide variety of tests such as line-bisection, figure 

copying, cancellation, reading and drawing. Adaptation to leftward-deviating prisms 

did not have any affect on neglect symptoms.

Follow-up studies have shown that a long-term adaptation program can 

positively affect recovery from spatial neglect. Frassinetti and colleagues (2002) 

required hemineglect patients to adapt to right-deviating prisms twice daily over a 

period of two weeks and found a significant improvement on a broad battery of tests 

relative to a hemineglect control group. Moreover, this improvement was maintained 

five weeks after the cessation of treatment. Similarly, other studies have shown that 

adapting to rightward prisms can improve postural balance (Tilikete et a i, 2001), 

visual imagery (Rode, Rossetti and Boisson, 2001) and other visuo-manual and visuo- 

verbal measures (Fame, 2002). Because neglect can negatively affect mortality rates, 

recovery of motor function and retum-to-work figures (Paolucci, 1996a,b), the finding 

of long-term improvement in symptoms is extremely encouraging. Given the ease by 

which the procedure may be administered, the potential of prism adaptation as a 

rehabilitation procedure is exceptional.

In seeking to understand why prisms have the effect that they do, a pertinent 

question may be to ask whether adaptation can have similar effects on a non brain

damaged population. This is an important question because it seeks to examine 

whether changes induced by adaptation are related to post-stroke cortical 

reorganisation. An early attempt to tackle this issue was made by Colent et al. (2000).
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They recruited two groups o f participants to adapt to either leftward or rightward 

deviating prisms and compared performance on two standard measures o f neglect -  

manual and perceptual line bisection. While no significant differences were found 

between pre- and posts-tests on the manual line bisection task, participants were 

shown to have significantly shifted their perceptual judgements o f a line’s true centre 

to the right after wearing left-deviating prisms (thereby prompting the claim that they 

had simulated a neglect-like bias in normals). This contrasts with the initial Rossetti 

et al. paper, which found an effect for right-deviating prisms only. The critical 

difference between the studies is, o f  course, the sample groups, which do seem to 

have been differentially affected by the adaptation procedure. This finding led the 

authors to speculate that

“To explain the simulation o f neglect in normals, one has to speculate that adaptation 

resulting from the left-sided error signal (while wearing left-prisms) interferes with 

the nomial function o f the right posterior parietal cortex” [parentheses added]. 

Presumably, hemineglect patients will not be susceptible to such an effect because 

their right posterior parietal cortex will not be functioning normally prior  to 

adaptation and are thus less likely to exhibit a performance difference. This 

explanation also seems to imply that a right-sided error signal (as induced by right- 

prisms) will not interfere with the normal functioning o f the right posterior parietal 

cortex. By Occam ’s razor, a less complex explanation might be that, because o f 

sample size (only seven participants in each group), the design had insufficient power 

to pick up potential effects that may follow rightward adaptation. This suggestion is 

explored further below, with reference to Berberovic and Mattingley et al. (2003).

A second finding from the Colent et al. paper was that this neglect-like bias 

was evident only in the perceptual, as opposed to manual, line bisection. This is
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consistent w ith previous research that has found a stronger bias for perceptual rather 

than m otor tasks (Bartolomeo et al., 1998, M ilner, H arvey and Pritchard, 1998). If, as 

they claim , the authors have induced a neglect-like bias it follows that perceptual 

biases should be m ore readily determ inable.

In a follow-up to the Colent et al. study, M ichel et al. (2003) did produce 

statistically  significant results on a manual line-bisection task w ith leftw ard-deviating 

prism s again shifting bias to the right. Referring to the form er paper, M ichel et al. 

suggest that a possible reason for the discrepancy betw een the two studies m ay be that 

the m otor task (i.e. manual line bisection) tends to be m ore variable, and thus harder 

to elicit. A nother possible explanation is the enlargem ent o f  w orkspace in the follow- 

up experim ent. Unfortunately, the paper did not exam ine the effects o f  rightward- 

deviating prism s, thereby failing to dispel the possibility  that the absence o f  any 

significant changes following rightward adaptation (as in the initial Colent et al. 

study) m ay also have been due to testing procedures rather than the (lack of) prism - 

effects.

A recent paper by Berberovic and M attingley (2003) did look at differences 

betw een right and left adaptation with norm als, com paring landm ark perform ance in 

peripersonal and extrapersonal space. The left-adapting prism s had the predicted 

effect o f  shifting judgem ents to the right in both peripersonal and extrapersonal space. 

This is consistent w ith both Colent et al. and M ichel et al., w hich is encouraging as it 

suggests that w e are dealing w ith a relatively robust phenom enon. Berberovic and 

M attingley also found, however, that adapting to right-prism s increased the proportion 

o f  rightw ard judgem ents, though in extrapersonal space only. This is som ew hat 

counter-intuitive, especially in the light o f  the initial Rossetti et al. paper, w hich found 

that hem ineglect patients shifted their judgem ents to the left follow ing rightw ard
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adaptation. It is also noteworthy that the effect on this perceptual task is evident in 

extrapersonal space only. Commenting on this, Berberovic and M attingley suggest 

that

“ [DJuring prismatic adaptation the right hemisphere is sensitive to pointing errors that 

occur either on the left or right o f the target (induced by left- and right-prismatic 

deviations, respectively). In contrast, we suggest the left hemisphere is sensitive 

exclusively to errors on the right o f the target. The effect o f this error signal, which is 

critical for recalibrating spatial consequences between vision and proprioception, is to 

update the current representation o f space by suppressing visuomotor processes in the 

hemisphere responsible fo r  signalling the error” [author’s italics and parentheses]” .

Thus, the authors suggest that leftward-deviating prisms affect the right 

hemisphere only. By contrast, rightward-deviating prisms affect both hemispheres. 

This would explain why rightward-deviating prisms only seem to affect hemineglect 

patients as the damaged right-hemisphere is presumably non-receptive to the error 

signal from either hemispace. In normals, the process may be different. It is plausible 

to speculate that the right hemisphere, because o f  its apparent dominance for spatial 

attention (Mesulam, 1999, Vallar, 1999), is more susceptible to error signals in either 

hemispace. Therefore, while right prisms possibly activate both hemispheres, the 

(dominant) right m ay be more affected, or more ‘suppressed’ by deviation in either 

direction.

This hypothesis alone does not explain why rightward prisms will affect 

performance in extrapersonal space only. Berberovic and Mattingley speculate that 

the post-adaptation after-effect (as evidenced by open-loop pointing) may 

preferentially affect tasks which take place in egocentric space (such as manual line

25



bisection). Allocentric tasks may not be as susceptible to this outcome. Thus the 

egocentic after-effect following adaptation may have cancelled out the allocentric 

hemisphere effect in peripersonal space. There is no such conflict in extrapersonal 

space. One implication o f this suggestion is that following leftward adaptation, 

effects on perceptual tasks should be more evident in egocentric space, due to 

complementary rather than conflicting processes.

Clearly, the implementation o f neuroimaging studies during prism-adaptation 

tasks would help to unfold the theoretical conjectures such as those discussed above. 

Unfortunately, there is a relative scarcity o f imaging studies in this area. A notable 

exception is a PET study run by Clower et al. (1996), which found that area PEG, a 

transition zone in the posterior parietal cortex between superior and inferior parietal 

lobules, is activated by contralateral pointing while wearing prisms. This study 

differs from the behavioural ones discussed above however, in that participants were 

not required to adapt in any one direction for more than 4 pointing-movements at a 

time (a matter o f seconds). Consequently, it is debatable as to how much we can 

generalise from this finding to the current studies which require a more sustained 

period o f adaptation (a number o f minutes). There was no evidence o f  a cerebellar 

component specifically related to adaptation as hypothesized by Rossetti et al. (1998), 

but again this may be explained by methodology rather than neurology.

Thus, in spite o f a number o f pioneering studies in the last ten or so years, we 

still have a long way to go in terms o f understanding why adapting to prisms can have 

such a profound effect on clinical and non-clinical samples. There are a number of 

possible explanations as to how adaptation may affect attention (if  indeed it does) and 

what brain regions are most affected. These will be discussed in more detail in the 

following chapters.
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Pseudoneglect

Hemispatial neglect typically occurs following a right-hemisphere stroke and 

results in a lack o f awareness o f the left side o f space. In non-clinical samples, the 

opposite pattern has been observed, with respondents showing a slight bias towards 

the left side o f space. This bias is o f a much smaller magnitude than that reported 

with neglect patients and is by no means consistent in all individuals (Manning, 

Halligan and Marshall, 1990). Nevertheless, when the horizontal bias o f a large 

sample is assessed, the general trend seems to be towards left hemispace. (Jewell and 

McCourt, 2000). Bowers and Heilman (1980) coined the term ‘pseudoneglect’ to 

describe this phenomenon, which is most often observed in line bisection studies. As 

well as manual paper-and-pencil bisection, a leftward bias has been reported with a 

number o f  adaptations o f the bisection task -  tactilc bisection, pointing tasks and 

perceptual bisection tasks (e.g. Bradshaw et a i ,  1983, 1987; Brodie and Pettigrew, 

1995; Dellatolas et a i ,  1996; Levander et al., 1993).

There are a number of different theories as to how (and if) pseudoneglect 

relates to spatial attention. Manning et al. (1990) accounts for pseudoneglect with 

reference to a bias in visual scanning. In experiments where cues are placed at the 

end o f lines, pseudoneglect is found to shift towards the side o f the line where the cue 

is placed (i.e. following a rightward cue, the scan begins at the right, shifting the 

overall bisection response to the right (e.g. Harvey et al., 2000; M attingley et al.,

1993, Reuter-Lorenz et al., 1990). Cuing effects may be perceptual (i.e. the presence 

o f the cue makes the line seem longer at the respective site), but do persist when the 

cue has been removed (Nicholls and Robert, 2002). Scanning effects may be related 

to the reading habits (see papers in Nicholls et al., 2004) where the majority o f studies
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have been conducted on participants famiHar with a left-to-right alphabet. Chokron et 

al. (1997) compared French (left-to-right readers) and Israeli (right-to-left readers) 

participants on a modified bisection task and found no evidence o f  the leftward bias in 

Israeli participants. Chokron and De Agostini (2000) replicated this finding, where 

Israeli participants were found to prefer images with a rightward directionality. It 

does, then, seem to be the case that scanning and reading habits do affect spatial bias, 

but there is some evidence that they may be modulated by hemispheric activation 

factors as well.

Kinsboume (1970) found that unilateral hemispheric activation generated a 

spatial bias in the contralateral hemispace. Thus, shifting spatial attention to right 

space may result in activation o f the left hemisphere. Heilman et al. (1985, 1987) 

extended this finding to suggest that the right hemisphere is dominant for spatial 

attention to both right and left hcmispacc, whereas the left hemisphere processes right 

hemispace only. Given that efferent as well as afferent connections are primarily 

contralateral for each hemisphere a rightward dominance for spatial attention may 

account for the slight leftward bias observed in pseudoneglect.

Nicholls and Roberts (2002) conducted a set o f  well-designed experiments to 

evaluate both scanning and attentional accounts o f pseudoneglect. They compared the 

responses o f two samples that had directionally opposing reading habits (English 

versus Hebrew readers) on standard line bisection and a perceptual 

line-bisection task. Both groups were found to be biased towards left hemispace. The 

authors were able to eliminate pre-motor activation as an explanation for their 

findings, as both groups responded bi-manually. Additionally, responses were 

compared following scanning from either left or right space. The results showed that 

right-sided cues significantly reduced the leftward bias, but that left-sided cues had no
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affect on response asym m etry. This finding is m ost consistent w ith attentional 

explanations o f  pseudoneglect that indicate a right-hem isphere dom inance for spatial 

attention.

These behavioural findings are also consistent w ith clinical reports that 

hem ispatial neglect is m ore severe follow ing right-hem isphere stroke (H eilm an and 

V alenstein, 1979). The data further converges w ith a finding by  Spiers et al. (1990) 

that anaesthetising the right hem isphere with sodium  am obarbital disrupts attention in 

both right and left hem ispace, w hereas a left hem isphere anaesthetic did not affect 

attention as assessed by letter-cancellation. These results were consistent for right- 

and left-handers and even held for those participants w ho were right-hem isphere 

language dom inant. A hem  et al. (1998) replicated this finding w ith a 69-person 

sample. Again, the authors found that anaesthetic to the right hem isphere created 

neglect-like sym ptom s as assessed by letter cancellation. Further, as the anaesthetic 

regressed, so did the left neglect, show ing a strong correlation betw een hem ispheric 

dysfunction and neglect severity. As above, the relationship was consistent for 

participants who were both left- or right-hem isphere language dom inant. N a et al. 

(1998) found sim ilar results on a line bisection task follow ing am obarbital infusion to 

the right hem isphere.

B joertom t, Cow ey and W alsh (2002) found that m agnetic stim ulation over the 

right hem isphere caused bisection responses to shift rightw ards, w ith stim ulation over 

right posterior parietal cortex shifting responses in near space and right ventral 

occipital sfim ulation shifting responses in far space. Fink et al. (2001, 2002) found 

that the right hem isphere is m ore active than the left for line-bisection judgem ents, 

particularly  in the superior and inferior parietal lobes.
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There is then convergent evidence from behavioural and im aging studies to 

suggest that the right-hem isphere is dom inant for spatial attention, and that this 

dom inance is at least in part responsible for pseudoneglect. A lternative hypotheses 

have been proposed, but these cannot reasonably account for the im aging results in 

particular. It should be pointed out however, that w hile the literature is relatively 

consistent in reporting a leftward bias in norm als (see Jew ell and M cCourt, 2000, for 

an extensive m eta-analysis), there is considerable individual variation w ithin 

participants. Thus, M anning, Halligan and M arshall (1990) found that in a sam ple o f  

22 participants, the overall group mean was slightly to the left. W ithin the group, 

participants were equally likely to show a rightw ard  bias. The overall range o f  

responses was betw een -4 .2 9 %  to +3.46%  o f  line length (negative values indicating 

leftward transection). The scanning studies above suggest that w hile attentional 

hypotheses m ay be correct, that cultural context and experim ental m anipulation can 

enhance or dilute the pseudoneglect. Even in culturally  and experim entally 

hom ogenous sam ples (M anning et ciL, 1990, above), pseudoneglect can be prone to a 

large degree o f  variation. This is an im portant factor for the series o f  experim ents that 

follow and have played a m ajor part in experim ental design. A large degree o f  

individual variation could prove a m ajor confound in betw een-participant com parison. 

To avoid this potentiality, all the experim ents in this thesis are strictly pat o f  a 

repeated-m easures design. A dvantages o f  adopting this m ethodology are discussed in 

the individual chapters.

Pseudoneglect and  Prism Adaptation

A num ber o f  studies have investigated w hether prism  adaptation can affect 

pseudoneglect. Colent et al. (2000) found that adapting to left-deviating prism s, but
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not right, shifted spatial bias rightwards. This contrasts with Rossetti et al.’s (1998) 

initial finding with neglect patients that adapting to rightward deviation shifted 

responses to the left. Michel et al. (2003) also found that adapting to left but not 

right-deviating prisms led to a rightward shift in responses on a paper-and-pencil line 

bisection task. Berberovic and Mattingley (2003) examined responses to a perceptual 

line bisection (landmark) task in near and far space. They found replicates Colent et 

al.’s finding in peripersonal (near) space, but found that adaptation to both right- and 

left-adapt prisms shifted responses rightwards in extrapersonal space. These studies 

throw up a number o f  interesting theoretical possibilities and these are discussed in 

the experimental chapters, below.

Outline o f  thesis

This thesis aims to examine the behavioural and electrophysiological effects o f 

adapting to prisms on a variety o f tasks. Chapter 2 presents an investigation o f 

landmark line bisection before and after adaptation to left/right deviating prisms. 

Chapter 3 introduces and discusses methodological issues that are pertinent to event- 

related potentials (ERPs), which are used as an imaging technique to determine the 

electrophysiological effects associated with prism adaptation. This may be regarded 

as a preface to Chapter 4, which returns to landmark line bisection. Chapter 4 

describes how ERPs were recorded in tandem with behavioural data and suggests that 

right-hemisphere dominant process may be particularly disrupted by adaptation. 

Chapter 5 further extends the prism adaptation paradigm, where a battery o f tasks 

compares participant performance before and after adaptation. These results suggest 

that both right- and left-deviating prisms can affect behavioural performance and 

highlight the need for proper controls. Chapter 6 compares participant performance
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on two num ber-processing tasks -  the m ental num ber line and m ental arithm etic. The 

affect o f adaptation on m ental arithm etic was found to be m inim al, but adaptation did 

have an affect on responses to the m ental num ber line. Specifically, rightw ard 

adaptation was found to affect perfonnance relative to leftward adaptation and a plain 

glass control. Chapter 7 com pares responses follow ing adaptation o f  A D H D  and 

age/IQ  m atched control groups. The results from  this study suggest that the responses 

o f  the ADHD group m ay be too variable to discern any adaptation effect. The control 

group, on the other hand, were affected by rightw ard and leftward adaptation relative 

to a plain glass control. Furtherm ore, perform ance on a m easure o f  sustained 

attention was found to deteriorate follow ing adaptation in either direction. Again, this 

finding is consistent with a hypothesis o f  right-hem isphere disruption.

In the general discussion (Chapter 8), these findings are considered together. 

Theories o f  sustained and spatial attention arc re-exam ined in the light o f  

experim ental findings. Sim ilarly, altem afive theories for prism  effects are explored 

w ith reference to the behavioural and electrophysiological findings. It is argued that 

the findings in this thesis are m ost consistent with Corbetta and Shulm an’s (2002) 

m odel o f attention. W ithin the right hem isphere, a m ore specific candidate site for the 

prism  effect is the tem poroparietal junction. This conclusion is based prim arily  on an 

am algam ation o f  the current results w ith those o f  C orbetta et al. (2000, 2002) with 

respect to autom atic orienting. Recom m endations regarding the future direction o f 

prism  studies as well as more general issues on spatial attention are considered.
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Chapter 2

Prism Adaptation and Perceptual Pseudoneglect

Abstract

In this experiment, a group o f volunteers were examined on a perceptual line 

bisection task (landmark task) before and after adapting to rightward and leftward 

deviating prisms. The adaptation procedure lasted five minutes and was conducted on 

separate days for each condition. Differences between pre- and post-adapt conditions 

were not significant for either the right- or left-adapt condition. This finding is 

inconsistent with other non-clinical studies, where responses were shifted rightwards 

following leftward adaptation. A possible reason for the difference between this 

finding and previous studies may be due to the length o f  time participants were 

required to adapt. The results also highlight considerable individual variation 

between (but not within) participants’ responses, with 38% o f participants showing 

evidence o f a ng/?/‘ward bias on pre-tests. This finding is consistent with the 

regression analysis o f Manning, Halligan and Marshall (1990) and confirms their 

suggestion that pseudoneglect is not a behaviourally consistent phenomenon. These 

findings are discussed in relation to hemisphere-activation and scanning accounts o f 

pseudoneglect.
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Introduction

Rossetti et al. (1998) showed that sym ptom s o f  hem ispatial neglect could be 

am eliorated with prism  adaptation. They elicited quite a dram atic im provem ent on 

standard clinical tests following a relatively short (approxim ately 5 m inutes) exposure 

to rightw ard deviating prism s. The observation o f  an im provem ent two hours post

adaptation (w ith the authors suggesting anecdotal evidence o f  im provem ents tw o-days 

later) highlighted the potential o f  prism  adaptation (henceforth, PA) as a treatm ent for 

hem ineglect. Since the Rossetti et al. (1998) paper, further studies have confinned  

the efficacy o f  PA as a reliable rehabilitation m ethodology. Frassinetti, et al. (2002), 

for exam ple, pioneered a tw o-w eek-long program  where patients underw ent a PA 

treatm ent tw ice daily. The authors observed a substantial im provem ent on an 

extensive battery o f  tasks, both on standard clinical tests as well as m ore ‘ecological’ 

m easures o f  neglect, such as object identification in a room. Sim ilarly, M aravita et al. 

(2003) dem onstrated that PA reduced tactile inattention in hem ineglect patients.

Fam e et al. (2002) found PA to im prove visuo-m anual and visuo-verbal m easures, 

and Pisella et al. (2002) dem onstrated long-lasting im provem ents on straight-ahead 

pointing and line bisection tasks in two hem ineglect patients.

W hile the evidence for PA as an effective m ethodology in treating neglect 

continues to m ount, there appears to be little consensus am ong respective authors as 

to how the procedure affects the brain. Rossetti et al. (1998), initially proposed that 

coordinate transform ation’ in the parietal lobe m ay be affected by PA. Sim ilarly, 

Frassinetti et al. proposes that PA affects higher-order functioning through posterior 

parietal regions from a bottom -up level. M ore recently Ferber et al. (2003), 

com m enting on their finding that rightw ard PA increased the num ber o f  leftward
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saccades, but not conscious awareness o f left space, have suggested that the superior 

temporal gyrus may be critical to PA. I will examine these hypotheses in greater 

detail in succeeding chapters, but must point out that these differences highlight the 

need for quality research into the nature o f adaptation processes.

A step towards understanding how PA influences attention networks (if  indeed 

it does) may be made in examining the effects o f adaptation on a normal population 

sample. This is necessary for two reasons in particular. Perhaps most importantly, it 

allows us to examine whether changes in spatial bias following PA are specific to 

patients with problems in spatial orienting, or whether PA also affect cortical 

networks that have not been debilitated by stroke? If the answer to this question is 

‘yes’, it prompts the suggestion that prisms may be used as an investigatory tool into 

fomiulating general principles o f perception, orienting, attention or spatial awareness. 

Secondly, from a more pragmatic point o f view, examining PA with normals affords 

the opportunity to examine a resilient sample that may be more amenable to the often 

strenuous demands o f experimental manipulation. It is with these factors in mind that 

we approach the cuirent study.

Further comments on pseudoneglect

Many o f the more noteworthy studies into pseudoneglect, the leftward spatial 

bias often observed in normals, have already been outlined in the last chapter, and it is 

possibly best to avoid large-scale repetition at this stage. Certain theoretical issues 

are, however, especially relevant and may warrant further elaboration. One point in 

particular, is that pseudoneglect can be something o f an erratic phenomenon, 

modulated to varying degrees by task demands. For this reason, it has been decided 

to eliminate, as far as possible, any variables other than experimental manipulation
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that could affect participant performance. Because they have been integral in the 

formation o f a methodology, I will outline these factors first before examining the 

adaptation procedure itself

The findings o f Manning, Halligan and Marshall (1990) are particularly 

pertinent in this regard, because they indicate a substantial individual variation 

between participants on typical pseudoneglect tasks, and also because they suggest 

that trends may actually be reversed by relatively minor experimental manipulations. 

Thus, while the majority o f line-bisection studies have revealed a tendency for 

participants to bisect horizontal lines to the left o f centre (e.g. Bradshaw et a l ,  1986; 

Dellatolas, Vanluchene and Coutin, 1996), this has been a far from consistent finding. 

Instead, it would appear that both the magnitude and direction o f pseudoneglect may 

depend upon a multitude o f factors (see below). It is also possible that the actual 

extent/frequency with which participants transect lines to the left may have been over

reported, given that a publication bias may exist against studies with a null result (see, 

for example, Phillips, 2004)^. For these reasons, it may be wise to approach the 

phenomenon with a degree o f healthy scepticism and to afford due attention to 

methodological and population differences from study to study.

Jewell and McCourt (2000) undertook an extensive meta-analysis o f the 

operations involved in line-bisection tasks. Their results (73 studies, 2,191 

participants) indicate a significant leftward bisection error in neurologically normal 

participants, with an overall size effect o f between -0 .37  and -0.44, where the units in 

question refer to the mean signed deviation from veridical centre. The extent o f this 

effect, however, is seen to be dependant upon additional task demands or subject 

variables. It is a distinct possibility that at least some o f these factors may infringe

 ̂The journal C ortex  recently launched a website, with part o f  its mandate “devoted to the publication  
o f  significant negative reports” (http://ww w.cortex-online.org'). Quote from Rossetti, 2003.
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upon the ‘real’ phenomenon o f pseudoneglect^ and for this reason the methodology 

adopted in this study has been focused on minimizing, as far as possible, the 

prevalence o f  such factors'^. While it is not intended to regurgitate many o f the points 

made in the Jewell and McCourt study, they do require some elaboration, as they have 

played a large part in the construction o f the methodology. These variables include 

the following seven variables -  hand used, directional scanning, gaze direction, line 

length, spatial location, body orientation and handedness.

Hand used to perform line-hisection

Transections o f horizontal lines are generally made left-of-centre. This 

finding is typically observed in right-handed participants (dextrals), making responses 

with their right hand. When dextrals respond with their left hand, their spatial bias is 

seen to shift further to the left (e.g. Brodie and Pettigrew, 1996). Similarly, when left

handers (sinistrals) bisect lines with their right hand, their responses are found to be 

shift rightwards (e.g. Scarisbrick et al., 1987). These findings are consistent with 

hemisphere-activation theories o f spatial orienting, where manual bisections with the 

right hand, for example, result in contralateral activations o f (left) motor cortex. The 

generalised activation o f the left hemisphere may counterbalance right-hemisphere 

dominant spatial attention, and shift bisection responses to the right. The converse 

would be true o f right-hemisphere activations induced by left-handed responding.

This point is especially relevant to the current study, because it remains a 

possibility that prism-related changes on spatial tasks are explicable through 

hemisphere-activation models. It would follow therefore, that the act o f bisecting a 

line with either hand could interfere (positively or negatively) with the adaptation

 ̂That which may have an underlying neurological, as opposed to strategic etc., cause.
It is, o f  course, also possible that the very factors for which w e are controlling, are them selves integral 

to pseudoneglect. This point is addressed more fully in the discussion.
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process. For this reason, it was decided not to have a Hne bisection component in the 

experiment. Instead participants are required to make a directional judgem ent o f a 

pre-transected ‘landmark’ line.

In this type o f task, when a participant is given a forced-choice as to whether a 

centrally-bisected line is transected to the left or right, the tendency is toward giving a 

‘right’ response (e.g. Milner, Brechmann and Pagliarini, 1992). In fact, the extent o f 

the leftward bias is actually more robust in perceptual line-bisection measures 

(Reuter-Lorenz et al., 1990). This finding is consistent with attentional or perceptual 

theories o f pseudoneglect, which suggest that participants may subjectively 

overestimate the left half o f a centrally bisected line (Milner et al., 1992). Choosing 

to adopt a landmark design thus necessitates the prediction that participants are more 

likely to display pseudoneglect.

Directional scanning

Jewell and M cCourt’s meta-analysis also indicates that directional scanning 

may play an important role in line-bisection accuracy, with the suggestion that when 

participants scan the line from the left to the right, they tend to transect that line quite 

substantially to left. Scanning in the opposite direction produces rightward  

bisections. This is consistent with Manning et a l.'s  (1990, above) suggestion that off- 

centre transections may be a consequence o f  W eber’s fraction, whereby inaccuracy is 

attributable to the transection falling within the ‘just noticeable difference’ (JND) 

band. If the line is transected at a point where the disparity between the length o f the 

two ‘new ’ lines becomes negligible, one would expect scanning from the leftwards to 

produce an error to the left and vice-versa. It is possible that scanning strategies could 

affect bisection judgements in a similar fashion and it was consequently decided to
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elim inate them, as far as experim entally viable, from the present study. Participants, 

therefore, will be required to focus on a central fixation point im m ediately before the 

appearance o f  the line. In order to counter the effects o f  iconic m em ory, a m ask will 

be presented in the interval betw een fixation and line presentation. The line should 

also appear and disappear quite quickly, w hich should (at least partly) elim inate the 

participant’s ability to scan extensively in either direction. This necessitates the 

developm ent o f  a com puterised Landm ark presentation, capable o f  displaying lines 

for relatively short time periods.

Gaze direction

Chokron and Imbert (1993) com pared participant’s perfonnance on line- 

bisection while they gazed straight ahead, or from 30 degrees to the left or right.

They found that gazing right led to bisections right o f  centre, gazing left leading to 

leftw ard transections. Studies into neuronal coding o f  spatial coordinates confirm  that 

neurons that are unresponsive to certain locations can be ‘turned o n ’ by changes in 

posture. This phenom enon is known as gain m odulation and extends to vestibular and 

proprioceptive as well as visual dom ains (see D river and V uilleum ier, 2001 for an 

extensive review). To control for potential confounds o f  gaze-direction, participants 

in the current study are required to sit w ith their heads in a chinrest, w ith their eye- 

line perpendicular to the stim ulus presentation.

Line length

The m eta-analysis o f  Jewell and M cCourt found virtually  no difference in 

b isections w ith respect to line length, though in their analysis lines w ere categorised 

rather crudely as either ‘sho rt’ or ‘long’. Perform ance differences, produced by
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experimental line-length manipulation, seem to be much more subtle. Manning et al. 

(1990) suggest a crossover point in shorter lines o f approximately 50mm or less^, 

where lines may be transected more frequently to the right. This has been alternately 

confirmed (e.g. Luh, 1995) and refuted (Butter and Kirsch, 1992) but to avoid the 

possible interference o f crossover, uniformly long lines (200mm) were used.

Spatial location and Body Orientation

Similar to line-length, spatial location may exacerbate or ameliorate bisection 

judgements, depending on experimental manipulation. Milner et al. (1992), found 

that bisected landmark lines are more likely to be reported as transected to the right in 

right hemispace, mirroring a similar effect often reported in hemineglect patients (e.g. 

Mennemeier et al., 2001). Similarly trunk rotation, which has been shown to 

significantly effect hemineglect (e.g. Kamath et at., 1991), may also have effects on 

pseudoneglect (Bradshaw et al., 1986). Again, this is very much in line with neural 

explanations o f spatial encoding. For this reason it was decided to require participants 

to face straight ahead and to present all stimuli at body midline.

Handedness/laterality

Both dextrals and sinistrals tend to bisect horizontal lines to the left, though 

dextrals seem to be more biased towards the left (Jewell and McCourt, 2000). To 

control for this difference only right-handed participants were selected for 

participation.

 ̂ V iew ing distance is not m entioned in this paper, but is assumed to be in the region o f  40-50m m  from  
the participant’s eyes -  a comfortable reading distance).

40



Other factors such as age and sex may also be integral to the execution o f 

pseudoneglect tasks. Indeed, age would seem to be a particularly relevant feature 

given that older participants tend to transect horizontal lines to the right o f centre 

(Fujii et a l ,  1995; Stam and Bakker, 2000), a finding possibly attributable to cerebral 

reorganisation in later life (e.g. Chao and Knight, 1997). Time constraints, however, 

necessitated the selection o f a participant sample from the (mainly younger) student 

population, thereby failing to fully control for this phenomenon. While this is 

undoubtedly a limitation, it does inspire more confidence in predicting a leftward bias 

(more ‘right’ responses) in participant responses, particularly prior to adaptation.

The present paradigm, therefore, is geared towards ensuring experimental 

conditions where the critical difference between landmark sessions is whether the 

session is pre or post adaptation. To facilitate this objective, it was deemed 

appropriate that the same group o f participants should undergo both leftward and 

rightward adaptation. This should lead to substantially less variability between the 

conditions and increase power and internal validity quite substantially. The 

experimental format is therefore arranged as follows. One group o f participants will 

undergo both leftward and rightward adaptation on separate days. On each day, they 

will be assessed for spatial bias (i.e. the Landmark task) immediately prior to and 

following prism adaptation. A 2x2 ANOVA may then be used to assess changes 

following adaptation. The two loading factors will be (i) Session (pre-test/post-test) 

and (ii) Adaptation condition (left/right). The key comparison is to determine 

whether there is an interaction between these variables as this will show whether 

either left- or right-adaptation led to a significant change from pre- to post-score.
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There are currently, to this author’s know ledge, two published papers that 

exam ine the influence o f  prism -adaptation on the landm ark task. It should be noted 

that both articles were published subsequent to the present study, and therefore were 

not available to inform experim ental design. This is im portant, because both o f  these 

studies use a 20-m inute adaptation period as opposed to the five m inutes adopted in 

the initial Rossetti et al. (1998) study, which was used to guide the present 

m ethodology.

The first account was issued by Colent et al. (2000), who required participants 

to adapt to w edge prism s that shifted the visual field by 15 degrees in both directions. 

Participants w ere divided into two groups o f  seven, one group adapting to a rightward 

deviation, one to the left. Perform ances on a Landm ark task and a line-bisection task 

were com pared before and after adaptation. For the group that adapted to the 

rightw ard-deviating prism s, no differences were apparent betw een pre- and post- tests. 

The group adapting to the leftward deviation, however, w ere m ore likely to view  the 

centre o f  the horizontal lines as shifted to the right (though the m anual bisection was 

not significant). A lthough the possible m echanism s behind such a shift are not 

extensively exam ined, the authors are confident that they have “ induce(d) m oderate 

neglect-like behaviour in normal individuals” , which is indicated by  a perceptual bias 

tow ards right hemispace.

In the current study, the m ethodology o f  Colent et al. has been replicated to a 

large degree, but with a few exceptions. It has been decided not to include a manual 

line-bisection elem ent as this m ay confound certain elem ents o f  the adaptation 

process as m entioned above.

It was also decided not to use separate groups and instead intend require 

participants to adapt in both directions. This is largely due to the sizeable individual
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variation often observed in standard pseudoneglect taslcs. Schenkenberg et al. (1980), 

for example, presented 20 horizontal lines (between 100 and 200mm) in varying 

spatial positions on a page to twenty (no cerebral damage) hospital patients ranging in 

age from 20 to 79 years. They discovered an overall mean shift to the right, but with 

a huge eiTor displacement from -10.3%  to +9.3%*^. While line-position, age and 

gender may each have contributed to the sheer extent o f this range (line-length was 

not found to be a factor), the results nevertheless suggest substantial individual 

performance differences. For the same reason o f individual variation, a group with a 

slightly larger n was deemed appropriate.

One final difference is in the analysis itse lf Colent et al. analysed their data 

by seeking to locate a crossover point, the point where the probability o f the 

participant giving a ‘right’ or ‘left’ response are the same (50%). While this method 

is perfectly valid, it has been decided to also adopt a policy used by Milner, 

Brechmann and Pagliami (1992), which focuses only on lines that have been bisected 

at the centre. Although it is unlikely that any difference in two types o f  analyses 

should become apparent, it may be o f interest to determine whether there is one 

approach that appears more sensitive than the other. It is possible that the Milner et 

al. method (1992) may be slightly more accurate in that it focuses on raw counts of 

the number o f ‘right’ or ‘left’ responses. The Colent et al. methodology, on the other 

hand, calculates a figure from percentage data, and cannot be regarded in and o f itself 

as a direct measure o f perceptual bias. For example, in the Colent et al. experiment, 

the crossover is almost universally at a point between the centre and a line 2mm from 

the centre (there is no intervening quantity). If the participant is consistently biased, 

say, 0.5mm left-of-centre, all lines bisected at the centre will be reported as ‘left’. If

It should not, however, be thought that the data produced by such variable subjects is in any sense 
“random”. For P<0.05 an r  o f  0.632 is required when n (N -2) is 8; that is, a linear correlation that 
accounts for approximately 40% o f  variance.
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this is the case, then the crossover point, as it appears on a graph, is actually put at 

2mm off-centre, thereby exaggerating the bias. The M ilner et al. approach avoids 

m aking such inferences and is, as a consequence, possibly m ore reliable.

In a follow-up to study, the sam e group (M ichel et al., 2003) did produce 

statistically  significant results on a m anual line-bisection task w ith leftw ard-deviating 

prism s again shifting bias to the right. Referring to the form er paper, M ichel et al. 

suggest that a possible reason for the discrepancy betw een the two studies m ay be that 

the m otor task (i.e. m anual line bisection) tends to be m ore variable, and thus harder 

to elicit. A nother possible explanation is the enlargem ent o f  w orkspace in the follow- 

up experim ent. Unfortunately, the paper did not exam ine the effects o f  rightward- 

deviating prism s, thereby failing to dispel the possibility  that the absence o f  any 

significant changes following rightw ard adaptation (as in the initial Colent et al. 

study) m ay also have been due to testing procedures rather than the (lack of) prism - 

effects.

A recent paper by Berberovic and M attingley (2003) did look at differences 

between right and left adaptation w ith norm als, com paring landm ark perform ance in 

peripersonal and extrapersonal space (respective spatial coordinates w ithin and 

w ithout reaching distance). The left-adapting prism s had the predicted effect o f  

shifting judgem ents to the right in both peripersonal and extrapersonal space. This is 

consistent w ith both Colent et al (2000) and M ichel et al. (2003), w hich is 

encouraging as it suggests that we are dealing w ith a relatively robust phenom enon. 

Berberovic and M attingley also found, however, that adapting to right- prism s 

increased the proportion o f  ng//fwar<i judgem ents, though in extrapersonal space only. 

This is som ew hat counter-intuitive, especially in the light o f  the initial Rossetti et al. 

paper, w hich found that hem ineglect patients shifted their judgem ents to the left
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following rightward adaptation. It is also noteworthy that the effect on this perceptual 

task is evident in extrapersonal space only. Commenting on this, Berberovic and 

Mattingley suggest that leftward-deviating prisms affect the right hemisphere only.

By contrast, rightward-deviating prisms affect both hemispheres. This would explain 

why rightward-deviating prisms only seem to affect hemineglect patients as the 

damaged right-hemisphere is presumably non-receptive to the error signal from either 

hemispace. In normals, the process may be different. It is plausible to speculate that 

the right hemisphere, because o f its apparent dominance for spatial attention 

(Mesulam, 1999, Vallar, 1999) is more susceptible to error signals in either 

hemispace. Therefore, while right prisms possibly activate both hemispheres, the 

(dominant) right may be more affected, or more ‘suppressed’ by deviation in either 

direction.

This hypothesis alone docs not explain why rightward prisms will affect 

performance in extrapersonal space only. Berberovic and M attingley speculate that 

the post-adaptation after-effect (as evidenced by open-loop pointing) may 

preferentially affect tasks which take place in egocentric space (such as manual line 

bisection). Allocentric tasks may not be as susceptible to this outcome. Thus the 

egocentic after-effect following adaptation may have cancelled out the allocentric 

hemisphere effect in peripersonal space. There is no such conflict in extrapersonal 

space. One implication o f this suggestion is that following leftward adaptation, 

effects on perceptual tasks should be more profound in egocentric space, due to 

complementary rather than conflicting processes.

This point relates directly back to the pioneering landmark study by Milner, et 

al. (1992), where it is argued that “where no explicit bisection response was required, 

that perceptual/attentional factors, rather than an orienting bias, play the major role in
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mediating the cueing effect” , hi other words, perceptual and attentional factors are 

critical determinants o f spatial bias. This, o f course, does not negate the possibility 

that “premotor orienting biases” may also be important, merely that in the absence o f 

premotor requirements, attentional factors serve to spatially bias the participant.

A second noticeable finding in the Milner et al. (1992) paper was that o f the 

three experiments into the interaction o f spatial bias, cueing and motor responses, 

only two showed evidence o f this leftward experimental bias. While it is probable 

that experimental manipulation was at the root o f this difference, the authors also 

caution “ .. .it must be admitted that it could be argued that the hemispatial effect was 

just not strong enough to be replicated in Experiment 3” . This is a very important 

admission because it highlights the solipsistic make-up o f spatial bias. As has already 

been observed in relation to Jewell and M cCourt’s (2000) findings, spatial bias may 

be acted upon by numerous variables. The design o f this experiment should shed a 

little light on this proposal. In the main experimental group (fresnel-prism group), 

participants will complete the landmark task on two separate days prior to adaptation. 

This will provide two sets o f pre-test scores, which will be subjected to correlational 

analysis to provide a test-retest validity data. If  participants can be shown to be 

consistent in their responses (be they left- or right-biased), this should strengthen the 

conclusion that the participants are genuinely biased. This finding, in and o f itself, 

should provide an interesting comment on the legitimacy o f pseudoneglect as a 

neuropsychological construct.

Wedge prisms and fresnel prisms:

In addition to the participants who adapt to both rightward- and leftward- 

shifting fresnel prisms, a separate group has also been included, which are also
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exposed to a rightward deviation. This additional group are required to adapt with 

wedge prisms. Unlike previous studies, our main comparison group are adapting to a 

shift produced by fresnel lenses. Fresnel prisms are much lighter, which makes them 

less cumbersome for the participant/patient and may prove less distracting. 

Nevertheless, there remains the possibility that fresnel and wedge-prisms may 

produce different effects, and a separate analysis will compare performance between 

fresnel- and wedge- groups. Adapting with fresnel lenses has been shown to 

ameliorate symptoms in hemineglect patients, in a manner consistent with wedge- 

prism adaptation (Trudell et a i ,  2003).

Predictions

It is predicted that there will be a general bias towards left hemispace. This 

should be reflected in a greater number o f participants regarding centrally- 

bisected lines as being transected to the ‘right’.

It is very likely that there will be substantial individual differences in 

participants’ responses.

Adapting to leftward prisms should lead to a greater likelihood o f participants to 

give a ‘left’ response. It is interesting to note that the Colent et al. study failed to 

produce a significant shift in the rightward-adapt group, and it will be worthwhile 

examining whether this finding is also replicated.

It is probable that the Colent et al. (2000) methodology for calculating the extent 

o f pseudoneglect will overestimate the effect, relative to the method used by 

Milner et al. (1992).

47



An examination o f botli sets o f landmark scores prior to adaptation should give a 

good estimation o f the test-retest reliability o f spatial bias within individual 

participants.

To re-iterate a previous point. The effect is presumably produced through an 

optical shift. No difference between the fresnel-prism and wedge-prism 

adaptation groups is expected.

Method

Participants

Participants were divided into two groups. One group adapted to both 

rightward- and leftward-deviating fresnel prisms, one group adapted to rightward- 

deviating wedge prisms. Participants were recruited from the student population and 

were not paid for their participation. All were right-handed (as assessed by the 

Edinburgh Handedness Inventory, Oldfield, 1971) with normal or corrected-to-normal 

vision.

The wedge-prism group consisted o f sixteen participants, ranging in age from 

18 to 67, (mean 26.69 years, SD = 11.24). There were 5 men and 11 women in this 

group. Seventeen participants were initially recruited for this group, but one member 

was excluded from analysis due to an inordinate number o f  incorrect responses (>3 

standard deviations from the group mean).

The fresnel prism group consisted o f thirteen participants, ranging in age from 

20 to 41, (mean 26.93 years, SD = 5.43). There were 5 men and 8 women in this 

group. None o f  the participant’s responses were excluded from the final analysis.
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M aterials

Landmark Task

Participants sat with their heads in a chinrest, facing a 14” computer screen at 

a viewing distance o f  70cm. The chinrest was adjusted to ensure that their line o f  

vision was horizontal to the stimulus presentation on the screen. Participants were 

instructed to remain as still as possible, and to keep their hands to the side o f  the 

chinrest (see Appendix II for full instructions).

The sequence o f  stimuli is shown in Figure 2.1, below. Each stimulus 

sequence consisted o f  a blank screen, a single digit (1-9), a mask, and a landmark line, 

all o f  which appeared in the same position at the centre o f  the computer screen^. 

Participants were instructed to maintain fixation at the centre o f  the screen and to 

verbally report the value o f  the fixation digit and whether the subsequent landmark 

line was transected towards the right or the left. Oncc these responses had been 

recorded, the experimenter clicked a mouse to initiate the next sequence o f  stimuli. 

The landmark task consisted o f  a total o f  44 lines, 20 o f  which were bisected in the 

middle. The other 24 lines were transected either 1.5mm or 3mm to the left or right

o

(6 lines in each o f  these four positions) .

’ As m entioned in the introduction, above, the number-reporting task was included to ensure that 
participants were focused on the centre o f  the com puter screen. Scanning from either direction can 
significantly impact on the manifestation o f  pseudoneglect (e.g. M anning et al., 1990). However, this 
methodology was not adopted in subsequent experiments (below), where a simple fixation cross was 
utilised. The principle reason for this subsequent change in m ethodology is the neural proxim ity o f 
networks involved in number and spatial processing. A fuller discussion o f  these factors is provided in 
Chapter 5, below.
* There is an obvious disparity between the amount o f lines bisected at the centre (20 in total) and 
those transected off-centre (6 in each position -  24 in total). Because the m ethodology for determining 
pseudoneglect as defined by M ilner et al. (1992), below, is entirely based on responses to lines that 
were bisected centrally only, it is preferable to maximise the num ber o f  such lines that are available.
At the same time, there is possibility that if  too great a proportion o f  lines are bisected centrally, then 
participants may resort to making random  responses. Keeping the num ber o f  centrally-bisected lines 
below 50% o f the total was deemed the most appropriate in this regard. As m entioned in the 
discussion, below, the strong coiTelation between pre- and post-scores indicates that participants did 
not respond in any way randomly, thereby vindicating the current methodology.
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The digit, which has been included as a fixation point, was flashed on the 

screen for 250 ms, the mask also appeared for 250 ms and the landmark line remained 

for 500 ms. Landmark lines measured 200x1mm and formed an angle o f 16.3° with 

the horizontal eye-line. The shorter transecting (vertical) line measured 15x1 mm. 

Each landmark task also included a practice trial consisting o f three stimuli 

sequences.
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Sequence 2

Sequence

F igu re 2.1: L and m ark  T ask. The Landmark Task consists o f  44 digits (1 through 9) and 44 lines. 
Participants were instructed to name the digit (w hich required fixation) and to say whether the line was 
transected closer to the right or left. Each sequence was initiated by the experimenter click ing a 
m ouse.

Prism  Adaptation

Participants were asked to put on the prism atic lenses, which shifted the visual 

field by either 10° to the right or the left. The experim enter held the target (a thin 

plastic rod, held vertically) in front o f  the participant, w ho was instructed to m ake a 

point w ith the index finger o f  their right hand and to point straight out as quickly as 

they could and touch the target. Each pointing response w as initiated w ith the 

participant touching their right ear, thereby ensuring that participants could not see 

their finger until after the pointing response had begun. Perform ance w as continually 

m onitored by the experim enter, who insisted participants point as quickly as they 

possibly could, and that trajectories were not interrupted ‘m id-poin t’.

51



Participants were required to point 100 tim es at the target, w hich was held in 

one o f  five positions -  centre (in line with the participant’s m idline), 10° left-of- 

centre, 10° right-of-centre, 20° left-of-centre and 20° right-of-centre. A daptation took 

approxim ately 5 m inutes and was assessed by requiring participants to point straight 

ahead with their eyes closed im m ediately following adaptation. It w as decided in 

advance that i f  the participant’s post-adapt straight-ahead response was not shifted in 

the direction opposite to the prism deviation, a second 5-m inute adaptation would be 

obligatory. This precaution was not necessary in any o f  the sessions.

Procedure

Participants were required to com plete the 10-item Edinburgh H andedness 

h iventory (Oldfield, 1971), before beginning the experim ent (see A ppendix II).

The experim ental procedure involved a pre-test on the landm ark task, a five- 

m inute period o f  adaptation, and a post-test on the landm ark task, im m ediately after 

adaptation. Each participant in the fresnel-prism  group was required to adapt to both 

leftward and rightw ard deviating prism s, which w ere conducted on separate days.

The order o f  the fresnel-left and fresnel-right sessions w as pseudo-random ised. 

Participants in the wedge-prism  group were not required to do two separate sessions.

Analysis

In order for the study to be com parable with that o f  Colent et al., perceptual 

bias was calculated using a convergence method. This involved “ finding the point o f  

equiprobability o f  left and right responses” and is illustrated in Figure 2.2, below. 

Addifionally, the analysis was also perform ed in the m ore traditional w ay as outlined
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by Milner et al. (1992). This involves examining only the lines that are bisected 

centrally and calculating an average proportion of ‘right’ versus ‘left’ responses for 

each task sequence. It should be stated that the principle aim of the current study was 

not to compare two modes of treating bisection data. However, in order for the two 

studies to be directly comparable, it was decided to analyse the data in a similar 

manner to Colent et al. (2000)^.

Figure 2.2, theoretical estim ation of subjective midline. The figure shows a theoretical participant who 
has responded with 100% accuracy to the left/right transected lines and a 95-5% rightward bias for centrally 
bisected lines. If there is a 95/5% response bias, the bias statistic will always come out at 0.82mm.
According to Jewell and McCourt (2000), the mean signed deviation from veridical centre is between -.39 
and -.44. If we use this statistic as baseline, then the Colent et al. methodology may exaggerate the bias by an 
approximate magnitude of two when the participant responds as above. Analysing the proportional data does 
not necessitate transforming the scores, and therefore circumvents this possibility. Thus, while proportional 
data do not provide a more precise estimation o f bias, they would seem to be more mathematically robust.

’ A potential confound in this undertaking is the inflation in the possibility of Type-I errors. Given, 
however, that without adjustment the respective p-values did not approach significance, it was deemed 
unnecessary to complicate interpretation by imposing further criteria.
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Results

Fresnel Prism Group -  Comparison o f  Leftward/Rightward Adaptation

Reponses were compared using the Colent et al. (2000) methodology, as well 

as the more conventional means o f  coding (Milner et al., 1992). For each 

methodology, separate repeated-measures ANOVA compared the responses o f  the 

group that had undergone both rightward and leftward adaptation (fresnel-prism 

group). In accordance with the Colent et al. (2000) methodology, a formula was used 

to convert raw scores into an approximation o f transection bias. This involved 

converting raw totals into percentages and is presented in Appendix II. The Milner et 

al. (1992) approach examined responses that were bisected at the centre only, and 

simply compared the proportion o f lines perceived as transected towards the right 

with those perceived as transected to the left. Both sets o f analyses are presented 

separately, below.

Colent et al. Methodology -  Left versus Right Adaptation

A 2x2 repeated measures ANOVA compared responses with Session 

(pre/post) and Adapt-condition (left/right) as the two loading factors. Neither factor 

was significant (Session, F (l,12) = 0.25, p = 0.626; Adaptation, F (l,12) = 3.89, p = 

0.072). Critically, there was no interaction between the factors -  F(1,I2) = 0.87, p = 

0.37. Respective means for the left- and right-adapt conditions were .305 and -.068. 

Respective standard error values were .196 and .158.

M ilner et al. Methodology -  Left versus Right Adaptation

A 2x2 repeated measures ANOVA compared responses with Session 

(pre/post-test) and Adapt-condition (left/right-adapt) as the two loading factors.
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Neither factor was significant (Session, F (l,12) = 0.54, p = 0.477; Adaptation, F(l,12) 

= 1.74, p = 0.211). Again, critically, there was no interaction between the factors -  

F (l,12) = 0.079, p = 0.78. Respective means for the left- and right-adapt conditions 

were -.010 and -.192. Respective standard error values were .135 and .154.

Fresnel-Prism  Group  -  D ata Re-Analysis

Because o f the possibility that participant’s de-adapted during the post-test, a 

re-analysis o f the data was conducted, factoring in Time as a third factor. This 

involved segmenting the response scores into four discrete and sequential time blocks. 

A 4x2x2 repeated measures ANOVA was run, incorporating Time as a third factor. 

Again, no significant differences between the groups were revealed using either 

methodology. Segmenting the sessions involved dividing the 44-stimuli landmark 

task into four blocks o f eleven, incorporating 5 lines that were bisected centrally and 6 

lines that were transected left/right o f centre. Figure 2.3, below illustrates the change 

across time for each o f  these condition.

Colent et al. M ethodology

A 4x2x2 repeated measures ANOVA compared responses with Time (4 levels, 

times 1,2,3 and 4), Session (2 levels, pre/post-test) and Adaptation (2 levels, left/right- 

adapt) as the loading factors. Time did not load as a statistically significant factor 

(F(3,12) = 1.168, p = 0.34), nor were there any significant interactions between any o f 

the variables. Table 2.1, below, shows the ANOVA output for this analysis. All
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factors and interactions had non-significant p-values on M auchly’s test o f sphericity, 

and thus did not violate any sphericity assumptions.

Table 2.1, 4x2x2 ANOVA: Comparison o f  scores across quartile-sessions using the Colent 
et al. (2000) methodology.
Tests of Within-Subjects Effects Df Mean Square F Sig.

Time 3 0 .4 9 4 1 .168 0 .3 3 5
Adaptation 1 1.091 2 .8 3 5 0 .1 1 8
Session 1 0.091 0 .1 9 5 0 .6 6 7
Time x Adaptation 3 0 .2 1 3 1.161 0 .3 3 8
Time x Session 3 0 .2 0 6 0.711 0 .5 5 2
Adaptation x Session 1 0 .0 5 8 0 .3 2 2 0.581
Time x Adaptation x Session 3 0 .4 4 7 2.301 0 .0 9 4

M ilner et al. Methodology

A  4x2x2 repeated measures ANOVA compared responses incorporating the 

same factors as above (i.e. Time, Session and Adaptation). Time did not load as a 

statistically significant factor (F(3,12) = 0.70, p = 0.56), nor were there any significant 

interactions between any o f the variables. The Time x Session comparison did show a 

significant p-value (.009) on M auchly’s test o f sphericity, necessitating the use o f the 

non-parametric Greenhouse-Geisser statistic for this interaction. No other 

factors/interactions violated sphericity assumptions. The relevant ANOVA table 

(Table 2.2) is presented below.

Table 2.2, 4x2x2 ANOVA: Comparison o f  scores across quartile-sessions using the Milner 
et al. (1992) methodology
Tests of Within-Subjects Effects Df Mean Square F Sig.
TIIVIE 3 0 .2 1 8 0 .7 0 4 0 .5 5 6
ADAPT 1 0 .792 1 .913 0 .1 9 2
SESSION 1 0 .1 7 9 0 .5 5 7 0 ,4 7 0
TIM E* ADAPT 3 0 .1 2 6 0 .9 7 3 0 .4 1 6
T IM E ‘ SESSION 1 .778949 0 .3 8 9 0 .9 5 7 0 .3 9 0
ADAPT * SESSION 1 0.021 0 .0 9 2 0 .7 6 6
TIME * ADAPT * SESSION 3 0.191 1 .837 0 .1 5 8
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Pearson Correlation ofparticipan ts  ’  responses on each o f  the pre-scores

A Pearson-r correlation between both sets o f pre-scores for the fresnel-prism 

group revealed a strong correlation, between the scores (r = .769, p<.002). This 

contrasts sharply with the between participants correlation o f either fresnel-prism pre

score with the wedge-prism pre-score, which does not approach significance. These 

results (Table 2.3, below) suggest that within participants, pre-score responses were 

highly consistent during separate testing sessions, and that this consistency is very 

much in excess o f  what would be expected in two random groups. Thus, the 

landmark task can be regarded as a robust measure.

Table 2.3: Correlational analysis of pre-scores for the fresnel-prism (pre-left and pre-right) and wedge- 
prism groups (pre-right only).

C orrelations Pre Right (W edge)
Pre Left 
(Fresnel)

Pre Right 
(Fresnel)

Pre Right (W edge) P earson  Correlation 1 0.362 0.304
Sig . (2-tailed) 0.225 0.313
N 16 13 13

Pre Left (Fresnel) P earson  Correlation 1 0.769
Sig. (2-tailed) 0.002**
N 13 13

Pre Right (Fresnel) P earson  Correlation 1
S ig . (2-tailed)
N 13
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Comparison o f  Adaptation Effects o f  Rightward-Deviating Fresnel and Wedge Prisms 

A oneway ANOVA compared changes following rightward adaptation for the 

fresnel- and wedge-prism groups. There was no significant difference between them, 

F(l,28) = .031 ,p  = .86.
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Figure 2.3, Changes across quartiles following adaptation: The three figures on the left represent 
PA changes using the Colent et al. (2000) methodology. The figures on the right illustrate PA changes 
using the Milner et al. (21992) methodology.
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Discussion

The m ost notable finding o f  the present results was an absence o f  effect for the 

prism s in either direction. This was true for both the fresnel and w edge-prism  groups. 

These findings do not replicate sim ilar findings by the Rossetti and M attingley labs. 

O ther than reasons o f  sim ple statistical p robability ’®, there are two possible reasons 

for the divergence betw een these results.

One explanation is that the experim ental m anipulations im posed on the 

participants in this study affected potential changes inducible by prism  adaptation.

The studies by the Rossetti et al. and M attingley groups did require participants to 

rem ain seated directly in front o f  the stim uli, so it is unlikely that the participants in 

the present study differ too much in terms o f  posture (rem em ber our participants were 

required to sit w ith their heads in a chinrest). Sim ilarly, all studies were reasonably 

consistent in term s o f  parficipant age (26.8 for the above results, 29 for the Colent et 

fl/.study, 18-35 years for Berberovic and M attingley). How ever, one m ethodological 

difference betw een the present and previous studies is that participants in this study 

did not have unlim ited tim e to view  the stim uli. In an attem pt to lim it scanning,
i
1

I  landm ark lines rem ained onscreen for 500m s only. Ferber et al. (2003) have show n

that hem ineglect patients can show a dram atic shift in saccadic sequences follow ing 

i  adaptation. In their study, a hem ineglect patient shifted the direction o f  saccades

significantly  tow ards the left side o f  space follow ing adaptation to 10“ rightward- 

deviafing prism s.

In a sim ilar study, Angeli et al., (2004) exam ined the directional saccades o f  a 

group o f  hem ineglect patients before and after adaptation to 10" rightw ard-deviating 

prism s. They found that follow ing adaptation, the preferred view location had

There is alw ays the possibility that a Type I or Type II error has been made.
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significantly shifted towards the left. This is in the same direction as the post-adapt 

motor ‘after-effect’, and the authors suggest that there may be a link between the two, 

possibly mediated by neurons in the posterior parietal cortex, “Thus, due to this eye- 

hand coordination, a systematic deviation in the direction opposite to the prismatic 

shift can be expected also in relation to eye coordinate system”.

A study by the same group (Angeli et al., 2004b) showed that although neglect 

patients with hemianopia adapt to prism-shifts in much the same way as those without 

hemianopia, they do not show the same post-adapt differences in saccade generation. 

While this is a highly significant finding, it does not resolve the question of whether 

eliminating saccades from the experimental requirement, also eliminates post-adapt 

behavioural effects. Dijkerman et al. (2004) recorded the eye movements of three 

neglect patients before and after adaptation to rightward deviating prisms. Prior to 

adaptation, only one patient showed signs o f saccade asymmetry, which was largely 

ameliorated by adaptation. By contrast, the two patients who exhibited relatively 

symmetric saccade scans showed no signs of a post-adapt saccade effect. It was also 

found that the patient whose saccades were initially asymmetric (and ameliorated 

post-adaptation) showed the most improvement on measures o f spatial bias. This 

suggests that saccade generation correlates well with PA effects on spatial tasks, 

though again it is impossible to determine a causal relationship.

Rode et al. (1998, 2001) found that leftward visual imagery deficits could also 

be ameliorated by adaptation. While it is possible that patients were saccading with 

their eyes closed, it is perhaps more likely that these effects were driven by a higher 

level o f space representation. More importantly in terms of the current study, is 

Berberovic and Mattingley’s (2003) finding (with a non-clinical sample) that 

following leftward or rightward adaptation, measures of spatial bias shifted
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rightwards in extrapersonal space. A rightward spatial shift following rightward 

adaptation is incongruent with the post-adapt motor affect. This does not, o f  course, 

contradict the conclusion that saccades are affected by adaptation, but does refute the 

suggestion that low-level post-adaptation effects are responsible for the changes 

determinable on spatial measures. As Angeli et al. (2004) point out, oculomotor 

improvements are not “due to a simple error induced by PA in the direction o f gaze 

but can be better explained by a more complex interaction between sensory 

stimulation and oculomotor deviation”.

Taken together, these findings suggest that while saccade generation does 

seem to be a factor in PA, it is unlikely that minimizing the time available to make 

visual scans would have completely obscured prism effects. It is also the case that the 

onscreen presentation o f the stimulus provided plenty o f time for initial scanning, and 

that saccades themselves were not controlled for (i.e. participants could still have 

made saccades in the absence o f the visual stimulus).

Methodological differences offer a more likely explanation for the discrepancy 

between the set current results and those o f Colent et al. and Berberovic and 

Mattingley. As mentioned in the introduction, a very important difference between 

the studies is that the present methodology incorporates a five-minute adaptation 

period for participants. The initial paper by Rossetti et al. (1998) found that five 

minutes was sufficient time to ameliorate symptoms in hemineglect patients, hideed, 

Rossetti et al.'s  (1998) comment that five minutes adaptation is sufficient to elicit a 

“dramatic improvement” that is “fully maintained two hours later” . It is notable that 

in the subsequent studies by the Rossetti et al. group (i.e. Colent et al., 2000), that the 

five minute-adaptation for hemineglect patients has been abandoned and twenty
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m inutes is considered a suitable adaptation time. Berberovic and M attingley (2003) 

also adopted a 20-m inute adaptation m ethodology. The authors do not elaborate on 

w hy tw enty m inutes was decided upon as an appropriate adaptation p e rio d " .

It w ould appear that in the case o f  participants who are not hem ineglect 

patients, five m inutes is an insufficient am ount o f  tim e to produce a statistically 

significant difference, at least on the landm ark task. I f  this is the case, it is also 

possible that there m ay have been an initial behavioural change follow ing the five- 

m inute adaptation that “ filtered out” as participants de-adapted in the course o f  the 

landm ark session. To exam ine this possibility, po5^-/?oc analyses w ere conducted that 

split the pre- and post- landm ark sessions into discrete tim e periods. Each session 

w as split into quartiles that included 5 centrally bisected lines and six lines that were 

transected to the left or right. These analyses found no evidence o f  a difference 

betw een pre and post-adapt quartile sessions. Even im m ediately after adaptation, 

there was no significant behavioural change. The significance o f  this finding is its 

suggestion that participants m ost undergo a substantial period o f  behavioural 

reinforcem ent in order for adaptation effects to be readily determ inable. People 

generally adapt very quickly to prism atic deviations, and all the participants in the 

current study had adapted well w ithin the five-m inute tim e period. The current 

findings suggest that adaptation alone is insufficient to produce behavioural changes, 

and that a substantial period o f  reinforcem ent is necessary to induce behavioural 

change. This principle has been applied to the succeeding experim ents in this thesis, 

w here adaptation tim es have been lengthened considerably.

'' It should be pointed out that the current study was conducted fo llow ing the publication o f  the initial 
Rossetti et al. (1998) paper, which used a five-m inute adaptation period with hem ineglect patients. 
Both the Colent et al. and Berberovic & M attingley papers were published subsequent to the present 
analysis.

63



Apart from the outcom es o f  the PA analysis, there are a num ber o f  other 

findings that are experim entally inform ative. One noticeable finding from  the current 

data set is that the pre-scores show a m ean rightw ard  shift in both groups. The groups 

them selves are too small to do a sub-group analysis, but it is perhaps a good idea to 

refer to a paper by M anning et al. (1990) on individual variation in line bisection, 

w hich found that “the m ost striking feature o f  the data is the very  considerable range 

o f  individual variation” , w ith betw een-subject differences ranging from -8 .1 m m  to 

+4.2mm with 180mm long lines. Indeed, o f  the 22 participants in this study, 12 o f  

them  had a mean bisection bias to the right. Again, this was m ediated, to varying 

degrees, by factors such as line line-length, but it nonetheless prom pts the conclusion 

that pseudoneglect is not a particularly robust phenom enon. M anning et al. (1990) 

refer to W eber’s fraction, w hereby “placing a m ark such that one line (the stim ulus) is 

divided into two lines whose respective lengths fall w ithin one “ju s t noticeable 

difference” (JND). W hile the authors discuss this fraction in term s o f  line length, it 

also the case that scanning from either direction m ay stop at this JN D  junction. 

Scanning from the left, therefore, w ould lead to a JN D  point that is left o f  centre. By 

disrupting the scan, it is also possible that the JND displacem ent will also be 

displaced.

The results are inconsistent with M ilner et a l.’s (1992) finding that w hen a 

m otor response is not necessary, the right-hem isphere specialization for 

attention/perception leads to a leftward spatial bias. W hile enlarging our population 

pool would perhaps have given evidence o f  this bias tow ards left-space, it rem ains the 

case that the present results have shown two population groups, w ith a com bined N o f  

29, whose mean response bias is to the right. M oreover, as is discussed below , the 

fresnel group (n =13) evidence that this bias is stable and significant across re-test. In
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the light o f a similar result, Milner et al.'s warn “it could be argued that the 

hemispatial effect was just not strong enough to be replicated”.

This suggestion does not seek to contradict right-hemisphere dominant models 

o f spatial attention, but does suggest that these models cannot entirely account for the 

phenomenon o f pseudoneglect. Spiers et al. (1990), found that anaesthetising the 

right hemisphere caused robust neglect-like symptoms in a consecutive sample o f 48 

preoperative epileptic patients. This finding that was consistent regardless o f the 

linguistic hemisphere dominance or handedness o f  the patient. Countless imaging, 

behavioural and lesion studies similarly indicate a consistent dominance for the right 

hemisphere in terms o f spatial orienting (these are reviewed in the introduction, 

above). Clearly, however, not all participants demonstrate pseudoneglect. Even in 

studies where a mean left bias is evident, there are a consistent number o f participants 

that show a right bias (Jewell and McCourt, 2000). It is obviously not feasible to 

presume that these participants have a weaker right-hemisphere dominance for spatial 

attention. Instead, it must be the case that other factors, such as those mentioned 

above, contribute to performance on line bisection tasks.

Until hemisphere-dominance explanations o f pseudoneglect can account for a 

greater proportion o f sample variance, and until other factors can be eliminated as a 

possible cause, it is statistically and pragmatically unsound to proffer them as the 

fundamental cause o f (the population) mean spatial bias. With experimental 

manipulation in the current study, I attempted to control for possible intervening 

variables, yet failed to observe the expected leftward bias. Obviously, this does not 

imply that the human brain is not right-hemisphere dominant for spatial processing. It 

does suggest, however, that this neurological phenomenon cannot be legitimately
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touted as the sole cause o f  pseudoneglect. This point is substantiated by correlational 

analysis o f participants’ pre-scores, which are discussed below.

Internal Validity

Results from the correlational analysis shows that the pre-test scores o f the 

fresnel-prism group are highly consistent on test-retest. Thus, while the predicted 

pseudoneglect distribution was not in the expected direction, these results would not 

seem to be in any way random. A correlation analysis o f  pre-scores o f the fresnel- 

prism group showed produced a Pearson’s-r co-efficient with a p-value o f 0.002. This 

is encouraging in temis o f interpreting the current data set. The landmark task was 

designed so that from a total o f 44 lines, 20 were bisected at the centre. This is quite a 

high proportion (only 20 o f 72 in the lines in the Colent et al. study were centrally 

bisected), and there was a danger that participants would resort to responding 

randomly to the series o f centrally transected lines. Given the consistency between 

the pre-scores, it is reasonable to assume that this did not happen. Therefore, while 

participants did not show an expected mean leftward bias in their responding, this was 

not due to a lack o f motivation or effort.

Data-Scoring

Neither the Colent et al., nor the ‘traditional’ approach revealed a significant 

difference due to PA. It should be noted, however that the Colent et al. produced 

consistently lower p-values. This can be interpreted as meaning that their analytical 

methodology is more sensitive to spatial bias. The alternative explanation, however, 

is that their approach is not sufficiently conservative, which may be a more rational 

explanation. This is because this type o f analysis may tend to overestimate bias, as
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illustrated by Figure 2.2, above. This point is worth bearing in m ind in interpreting 

other studies, both in tenns o f  future chapters in this thesis as well as related studies 

on neglect and pseudoneglect.

Conclusions

No effect o f  PA was observed. A possible reason for this m ight have been “over

controlling” for saccades. A m ore likely explanation is that participants were not 

exposed to the prism s for a sufficient length o f  time to produce noticeable behavioural 

differences.

Pre-scores in the fresnel-prism  group were highly consistent, dem onstrating a test- 

retest reliability in the landm ark task.

The m ethodology adopted by Colent et al. revealed a generally low er level in p- 

values. This could mean that this type o f  analysis is m ore sensitive to spatial bias, but 

m ore likely reflects a m ethod o f  analysis that is insufficiently conservative.

There was no evidence o f  pseudoneglect. This is not entirely inconsistent with 

previous studies (e.g. M anning, Halligan and M arshall, 1990), w hich showed 

considerable variation in participants’ spatial biases.

The hum an brain is right-hem isphere dom inant for spatial attention. This 

dom inance has been used to account for the phenom enon o f  pseudoneglect. The 

current findings suggest that sam ple variance is too high for hem isphere-dom inant 

m odels o f  pseudoneglect to legitim ately explain pseudoneglect.
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Chapter 3

Event-Related Potentials -  An Introduction

Abstract

Chapter 4, below, outlines a study where Event Relates Potentials (ERPs) are 

used to compare brain states before and after prism adaptation. The current chapter is 

intended as a preface to this study, and as such focuses on the development o f  an 

effective methodology for measuring conductivity across the scalp, which maybe 

sourced to electrochemical changes in the brain. Following a brief introduction to the 

history o f electroencephalogram recordings, the focus o f this chapter is on specific 

methodological issues related to ERP recording, namely referencing, epoching and 

averaging. A discussion o f the theoretical significance o f common sub-components 

o f the ERP waveform concludes this section. The subcomponent N2 is particularly 

relevant in this regard, as it has previously been shown to be a marker o f landmark 

processing in posterior electrode sites.

Introduction

Electroencephalogram (EEC) recordings o f electrical activity on the human 

scalp have been studied for over seventy years. Figures such has Hans Berger (1929),
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Edgar Adrian (1934) and Frederic Gibbs (1935) were responsible for the development 

and refinement o f EEG recording techniques and are rightfully regarded as pioneers in 

the field o f neuroimaging. By the mid 1950’s the technique had acquired an 

international electrode placement system (10-20) and the technique o f  averaging and 

transforming evoked potentials into event-related potentials had been established 

(Dawson, 1954). Since then, ERPs have been used to examine a wide range of 

perceptual and cognitive processes. While recent technological developments have 

seen the rise o f alternative methodologies for visualising the workings o f  the human 

brain, ERP analysis retains an integral role in the field o f neuroscience. The 

following section outlines the principle techniques for recording ERPs and reviews 

some o f the critical papers that have facilitated our understanding o f human cognition, 

particularly in the domain o f attention.

Recording Event-Related Potentials

ERPs are essenfially measures o f postsynaptic potentials, generated during 

neurotransmission. Electrochemical signals between neurons travel passively through 

the brain and skull, where they form part o f an overall electroencephalogram (EEG). 

The EEG is recorded using electrodes applied to the scalp, and is then transformed 

and averaged with reference to an electrical pulse that has time-locked to the 

behavioural stimulus in question. The averaged ERP is recorded as a waveform, 

consisting o f  a series o f troughs and peaks. The individual components o f the ERP 

waveform typically represent a specific neurophysiological process, beginning with 

sensory detection and proceeding to motor preparation, decision-making or 

performance evaluation. The size and distribution o f the specific peaks/troughs in the 

wavefonn can be used as spatial and temporal markers o f specific cognitive
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processes. A more detailed account o f the recording and interpretation o f EEG/ERPs 

is given below.

From Axon To Waveform

Neurotransmission essentially involves the communication between pre- and 

post-synaptic neurons. Electrochemical signals from the efferent axon in the pre- 

synaptic neuron affect afferent dendrites in the post-synaptic neuron. Chemicals that 

are released by a neuron are known as neurotransmitters and there may be over 100 

neurotransmitters, common examples being acetylcholine (ACh), dopamine (DA) and 

norepinephrine (NE)). Different types o f neurotransmitters may be present in the 

same synapse and may differentially affect neurotransmission in highly diverse ways. 

This makes the process o f neurotransmission an extremely complex one. In spite o f 

this complexity however, the process o f neurotransmission may be reduced to simple 

dichotomy o f excitation and inhibition.

When a cell receives sufficient input from a re-synaptic cell (via a 

neurotransmitter), it will produce an action potential. An action potential is an 

extremely large change in the polarity o f  an axon’s membrane, lasting approximately 

1 millisecond. It occurs when a flood o f charged ions, triggered by the release o f a 

chemical neurotransmitter, suddenly reverses the voltage across an axon’s membrane. 

The resting potential o f  an axon is approximately -7 0  mV and is a measure o f the 

difference in voltage o f  the outside o f the axon membrane relative to the inside. The 

resting potential is relatively stable over time, unless the flow o f ions is interrupted. 

The ‘interruption’ induced by a negative charge will increase the polarity difference 

across the axon membrane and is termed ‘hyperpolarization’. Conversely, a positive 

charge will reduce the relative difference across the membrane, resulting in
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‘depolarization’. When an excitatory signal from a presynaptic results in a 

depolarization in the region o f 20 mV, the axon will reach its threshold potential, 

triggering a remarkable change in the polarity o f the membrane. Very suddenly and 

very briefly (~1 ms), the charge across the membrane becomes positive (-30  mV), 

before suddenly hyperpolarizing and returning to it’s original resting potential. These 

sudden changes are wrought by a sudden influx o f sodium ions (depolarization), 

followed by an efflux o f potassium ions (repolarization). Figure 3.1, adapted from 

Kolb and W ishaw (2003) illustrates process.

Depolarize
(absolute
refractory)

1. Opening of [ 
gate 1 of sodium 
channels initiates 
deoolarization...

Repolarize
(absolute
refractory)

Resting
Hyperpolariz

Resting

Threshold

4. The resting 
potential is 
restored with the 
gates in the 
initial position

2. ...closing of 
gate 2 ends 
depolarization.,

3. The potassium 
channel gates 
open more slowly 
and contribute to 
repolarization.

F igu re 3 .1 , from  K olb and W ishaw  (2003). D epolarization and Repolarization o f  
the sodium  and potassium channels in the membrane o f  the neuron

Once an axon has generated an action potential, the neuron releases an 

electrochemical charge, which initiates neurotransmission with an adjacent neuron. If 

the electrochemical charge is sufficient to push the adjacent neuron beyond its 

threshold potential, this will trigger another action potential in the post-synaptic cell. 

Thus, the process continues domino-like as successive neurons reach their action
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potentials. However if  the axon is not sufficiently depolarized to cross the threshold 

potential, there will be no resultant action potential. Because the neuron typically 

consists o f many dendrites, and many more dendritic spines, electrical inputs to each 

neuron may number in their thousands, and these may be excitory or inhibitory. It is 

only the sum  o f these potentials that determines whether the axon will reaches its 

threshold potential, and whether the domino-effect will continue.

The voltage o f an axon’s membrane may, therefore, fluctuate with relatively 

minor changes in polarity (hyperpolarization/depolarization) without an action 

potential being produced. Relatively slight changes in the voltage o f  an axon’s 

membrane (typically <20 mV) are called graded potentials. These are also caused by 

the flow o f ions across the axon membrane and last no longer than a few milliseconds 

(see Figure 3.2). The brain “waves” measured in EEG recording are actually a 

summing o f many thousands o f graded potentials o f underlying neurons, which are 

recorded by an electrode placed on the skull and amplified exponentially to facilitate 

analysis. The majority o f EEG data comes from the large pyramidal neurons o f layers 

V and VI.

(A) Hyperpolarization

0 ----------------------------

(B) Depolarization

Voltage/mV

-70

-73

^  T im e /m s  
stimulation

Voltage/mV; 
-65

-70

Time/ms
stimulation

Figure 3.2, Hyperpolarization and depolarization, from  Kolb and W ishaw (2003). (A)
Stimulation that hyperpoarizes a graded potential by increasing membrane voltage. 
Hyperpolarization is due to an efflux o f  potassium ions (K+) making the extracellular side o f  
the membrane more positive. (B) Stimulation that decreases the membrane voltage produces 
a depolarizing graded potential. Depolarization is due to an influx o f  sodium ions (Na+) 
through normally closed Na+ channels
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Electroencephalographic Recording

A detailed description o f  the relationship betw een EEG recordings and the 

underlying neuronal activity is outside the scope o f  this thesis, and a com prehensive 

review  by K utas and Dale (1997) is an excellent source for such an account. It should 

be stated however, that EEG data recorded from actual brain tissue (taken during 

neurosurgery) and scalp electrodes confirm  that scalp recordings are a good m easure 

o f  underlying neuronal activity. Similarly, animal studies have highlighted strong 

correlations betw een EEG and data recorded from m icroelectrodes (Coenen, 1995)

Referencing

Data recorded using electrodes applied to the scalp require a good deal o f  

prelim inary processing before they are ready for formal analysis. The im portance o f  

the reference electrode is crucial to the analysis and w ithout referencing, EEG data is, 

essentially, m eaningless. The electrical fluctuations in the brain that are recorded by 

EEG are typically less than one m illivolt and therefore require substantial 

am plification to facilitate analysis. Because o f  the very low voltage o f  the initial EEG 

recording, input to the electrode m ay be contam inated by  sim ilarly low extraneous 

current sources, but which nonetheless have a relatively large im pact on the EEG 

wave. This potentially  m ajor confound is m inim ized through the utilization o f  a 

control or reference electrode that can detect all extraneous electrical sources, other 

than the underlying neural activity. The m ost com m on reference electrode, and the 

one used in the current preparation, is the ear lobe. The ear lobe is an obvious choice 

for reference because the underlying tissue is cartilage, beneath w hich there is 

relatively little electrical activity. O ther reference sites include the tip o f  the nose and 

m astoid. It is im portant to note that while the reference electrode m inim izes the
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influence o f sources other than those attributable to cortical activity, there are limits 

on how well it fulfills this function. Conductivity across the scalp is far from 

uniform, and contours in the sutures o f the skull, eye-sockets and ears inevitably 

distort the consistency o f the electrode potential. The reference electrode can be 

affected by pockets o f local cortical activity, and, as such, is not entirely independent 

o f  underlying cortical activity.

This experiment utilizes a linked-ear forai o f reference. Other types o f 

reference include mean reference and extracephalic. There are benefits and 

drawbacks o f employing each o f these methodologies, a discussion o f which is not 

within the scope o f this thesis. A comparison o f these reference types can be found in 

Onofrj et al. (1993). Linked-ear reference methodology is the most commonly used 

in ERP research, and adopting it in the current paradigm makes for easier comparison 

with other studies.

Spatial and Temporal Resolution

In the section above, the inconsistent conductivity across skull sutures, eye- 

sockets and cars was highlighted as a potential confound to localizing the EEG 

source. This difficulty is further exacerbated by the fact that the thickness o f the skull 

is far from uniform, and is itself a relatively poor conductor. The problem o f 

localizing sources from observed scalp potential is known as the “inverse problem”. 

The inverse problem is concerned with the fact that for any recorded potential on the 

scalp, there are an infinite number o f  possible neural sources. In reality, there is no 

definitive solution to the problem, but there are ways to (at least partially) circumvent 

it. Mathematical probabilistics, for example, can reduce the number o f possible 

solutions to the problem by applying certain biophysical assumptions. As Luck et al.
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(2000) point out, it is reasonable to assume that “ERPs are generated only in the 

cortical gray matter and always have an orientation that is perpendicular to the 

surface”. Specially devised logarithms can use probabilistics to spatially filter distant 

current sources and these considerably enhance the spatial resolution o f scalp 

recordings. Similarly, dipole modeling can also be used to implant theoretical dipoles 

into the cortex, which again can be used to hypothesize the potential locations o f 

neural currents. The use o f such techniques can dramatically improve our ability to 

infer local sources from electrical recordings. Nevertheless, it is important to note 

that many o f these localization techniques are based on approximation and, as such, 

should be treated with a certain degree o f “healthy skepticism” (Luck et al, 2000).

If EEG/ERPs can be regarded as somewhat deficient with regard to spatial 

resolution, the technique is a very powerful measure o f temporal resolution. Electric 

potentials travel at a very high speed through cortex and the skull, and can be 

recorded with millisecond accuracy. This level o f temporal precision greatly exceeds 

that o f techniques that rely on measures o f regional cerebral blood flow (rCBF) only, 

such as functional magnetic resonance imagery (fMRI) and positron emission 

tomography (PET). The hemodynamic signal changes o f  PET and fMRI are observed 

1-2 s after onset o f  neural stimulation and reach a maximum at 5-8  s and cannot 

provide precise temporal measures (Kima and Ugurbil, 2003). Event-related fMRI is 

a relatively new technique that combines the temporal precision o f  EEG recording 

with the spatial resolution o f magnetic resonance imagery (see Dale and Halgren, 

2001, for a review).
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From EEG to ERP

Event-related potentials are changes in the EEG signal that are caused by the 

neural processing o f  a stim ulus or event. The event-related potential is not readily 

visible am idst the EEG output and m ust be extracted using a standard routine o f  

offline procedures, essentially designed to im prove the Signal-to-N oise (S-N) ratio. 

These procedures effectively ‘c lean-up’ the EEG data m aking it palatable to statistical 

analysis and are outlined briefly, below.

Epoch ing

The raw output from the EEG recording is known as continuous data. This is 

not a recording o f  the actual potential o f  each electrode site, but rather a m easure o f 

the difference in potential betw een each electrode site and the reference electrode.

The current m ethodology em ploys a 32-channel electrode array and an individual 

output is recorded for each electrode site.

The first step in offline analysis is to segm ent the continuous w avefonn into 

discrete tim e periods that are related to the experim ental stim uli. The continuous data 

file includes an electronic m arker (or TTL pulse) that signals the onset o f  each 

individual stim ulus (in this case the onset o f  the landm ark line). B y referencing the 

subsequent section o f  the EEG w ave to the m arker, it is possible to plot the electrical 

im pact o f  the stim ulus on the wave. It is through epoching that the EEG signal 

becom es ‘event-related’. This is achieved by treating the tim e o f  stim ulus 

presentation as zero, and the tim e period subsequent to this as reflecting the effect o f  

the stim ulus presentation on the ERP wave (typically 500-1000 ms). The interval 

prior to stim ulus presentation (usually approx. 100-200 ms) is averaged to give an 

outline o f  the w ave before stim ulus presentation and this relatively flat line wave
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segment contrasts sharply with the troughs and peaks associated with stimulus 

processing (Figure 3.3, below) illustrates the unprocessed EEG wave (a) and the wave 

following epoching (b). Once the data have been epoched, there should be the same 

number o f individual ERP sweeps as there are stimuli. In order for the data to be 

statistically robust, there should be at least 100 sweeps in each recording session.

Average of 10 
responses

First response

(c)
Average of 100 
responses

A N 2

Average of 50 
responses

Figure 3.3, from Kolb and W ishaw (2003), illustrating successive averages 
for obtaining and ERP. The averaged wave sequence develops a distinctive 
shape with the inclusion o f  100 sweeps.

Ocular Artifacts -  reduction and rejection

The importance o f the reference electrode to filtering out extraneous sources 

o f interference was outlined above. The reference electrode cannot, however, control 

for the impact o f eye-movements on the EEG recording. Eye movements create 

‘ocular artifacts’ which can dramatically disrupt the scalp potential, especially at 

electrodes placed near the forehead. For this reason, participants are instructed to try
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to minimize their bHnking and to avoid making saccades. It is (lamentably) not 

possible to prevent participants from blinking for the duration o f an experiment and 

instead further offline analysis is required to filter out ocular artifacts. Electrodes are 

placed around the eye that are particularly sensitive to horizontal and vertical eye 

movements (electrodes HEOG and VEOG respectively). These measures are used to 

determine the dynamics o f the largest blink and assess its impact on the remaining 

electrodes. The algorithm then subtracts this average from all files containing a blink, 

applying the appropriate weight to electrodes that are most affected by the artifact 

(usually anterior sites). This accomplishes the task o f reducing the effect o f the 

blinking artifact.

Horizontal eye-movements and muscle bursts are another source of 

contamination. Because they are essentially random (i.e. not simply ‘up-and-down’ 

as with blinks), they cannot be filtered through an algorithm. Instead, the 

experimenter is required to apply a maximum threshold to the magnitude o f scalp 

potentials that can be assumed attributable to underlying cortical activity. In the 

current methodology a threshold o f ±50 has been selected for all channels (other 

than VEOG and HEOG), which is quite a conservative measure. Sweeps where the 

potential exceeds this threshold have been rejected from further analysis. The 

processes o f reduction and rejection leaves the experimenter with a much cleaner data 

set, that should now evidence the familiar troughs and peaks o f  stimulus processing.

Averaging

The final stage in extracting the ERP file is averaging the individual sweeps 

for each electrode. The process o f epoching the data (above) ensures that each file 

has the same pre- and post-stimulus latency. This makes averaging very simple,

78



creating a single output for each o f  the scalp electrodes. The averaged waveform 

should smooth out remaining minor artifacts that sneaked through the 

rejection/reduction procedures. Figure 3.3 (d) illustrates the relative smoothness of 

the waveform following averaging, with the ERP components N l, PI and N2now 

clearly visible.

Components o f  the Event-Related Waveform

Averaging is the last stage in transforming the waveform, and should produce 

a relatively smooth wave pattern, as illustrated above. It is, o f  course, impossible to 

interpret any meaning from these components as they stand alone, and it is necessary 

to consult the cumulative harvest o f decades o f research into ERP componentry. As 

ERP technology has become increasingly popular, the topography o f most 

components is better understood. The following section outlines a brief summary o f 

some o f the more common ERP components, with an emphasis on those findings that 

inform the electrophysiology o f attention. Figure 3.4 below (Luck et al., 2000) shows 

an idealized ERP waveform with these components labeled. By convention, the peaks 

above the x-axis (e.g. N l, N2) are known as negative components and those below 

(e.g. P I, P2, P3) as positive. Negative ERP deflections appear to be caused by axonal 

depolarisations and positives the result o f hyperpolarisations, though there are 

exceptions to this rule (Coenen, 1995).

Correlation studies, comparing evoked potentials with intercranial neuronal 

discharges in the monkey and cat brain, have confirmed that the polarity o f ERPs is 

related to either excitation or inhibition o f cells. Comparisons o f neuronal spiking 

activity and scalp recordings have revealed that cellular inhibition causes positive
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ERP components, while neuronal firing in thalamocortical cells leads to negative 

potentials. These findings are expounded in Coenen (1995).

Attend
right. O nset of

^  attention
effect

N2

200 300 400100-100

+1//V P2
PI

Figure 3.4, from Luck (2000). Paradigm for using ERPs to study attention.
“Stim ulus d isp lay  ( le ft) and id ea lized  results (right). Su bjects fixate  on  central cross and 
attend either to the left or right v isua l field . S tim uli are then presented to the left and 
right v isua l fields in a rapid seq u en ce . In this ex am p le, the ERP e lic ited  by a left v isual 
field  stim ulus conta ins larger PI and N1 com p on en ts w h en  the stim ulus is attended  
( ‘A ttend le ft’) than w h en  it is ignored  ( ‘A ttend r igh t’)” .

Wave Components 

Early wave components

Figure 3.5 illustrates the earliest components o f  an ERP, in this instance in 

response to an auditory stimulus. Initial ERP deflections, labeled I through VI in the 

figure below, are generated sub-cortically. In this example, they represent auditory 

brainstem pathways, and are observable prior to active processing o f  sensory stimuli. 

These very early components are higher in frequency and lower in magnitude than 

cortical components. ERPs in response to cortical stimuli can be observed as early as 

10 ms post-stimuli. In the example below, these early components, NO to P I, are 

generated by primary auditory cortex, as the relevant stimulus is an auditory one. 

Early visual components would show a roughly similar pattern for processing over
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F igure 3 .5 , early  and late E R P  w aveform s, adapted from Kolb and W ishaw  
(2003). I through IV are from brainstem generators. The com ponents NO to PI 
represent early cortical com ponents, in this exam ple from primary auditory cortex. 
Components N1 through P3 are from secondary and tertiary regions. The dotted 
and dashed lines represent cognitive com ponents that occur w hile the meaning o f  
the stimulus is decoded.

occipital areas.

Very early components o f  the ERP wave do not show an effect o f attention. 

The positive peak, P I, represents the first stage at which attention can actively affect 

cortical processing. This effect can be measured as early as 60 ms post-stimulus and 

marks the point at which waveforms recorded from the same electrode, to the same 

stimulus, can be seen to deviate because o f experimental manipulation. Thus, if  a 

rectangle is displayed, for example, in the left visual field, the amplitude o f the PI 

peak will be larger when the participant directs attention to the left (Eimer, 1994; 

Rugg et al., 1987; Mangun & Hillyard, 1988). PI is evident until approximately 

120ms post-stimulus, when the waveform crosses the x-axis. It is largest over 

posterior and occipital areas, reflecting an involvement in early sensory processing.
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Single-cell recordings in m onkeys (Luck et al., 1997) confirm  the finding that 

neurons in the extrastriate area V4 fire faster in response to an attended target. This 

reflects the earliest onset o f  the PI com ponent, though does not suggest that the PI 

effect originates in V4. This finding, coupled with hum an ERP data, provides 

convincing evidence that attention can effectively gate sensory processing in a feed

forward direction through the visual attention system.

NI

N1 is another com ponent sensitive to m anipulations in spatial attention. It has 

a latency o f  approxim ately 80-170 ms for processing visual inform ation. W hen 

unilateral stimuli are presented to left or right hem ispace, the N l is larger in 

am plitude over the posterior (specifically occipital) electrode sites in the contralateral 

visual field. The am plitude o f  the N l w ave can be m odulated by selective attention to 

one side o f  the visual field, indicafing the sensitivity o f  N l to initial location (Shedden 

& N ordgaard, 2001). Cue difficulty  does not affect the N l w ave (Shedden & 

Nordgaard, 2001), and the topography o f  the com ponent is not changed by attentional 

m odulation, only the am plitude (M angun & Hillyard, 1987). These findings suggest 

that the N l w ave reflects exogenous processes. N l is com m on to tasks involving 

sustained attention, spafial cueing and visual search (Kutas & Dale, 1997).

N2

In contrast to N 1, the N2 wave is associated with processes that reflect 

evaluation/classification o f  visual sdm uli. Selection am ong stim uli based on features 

such as spatial frequency, size, colour or shape is accom panied by a larger, longer 

latency negativity betw een 150-350 ms over posterior sites and is called the selection
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negativity (SN) (H arter et a l ,  1984). The selection negativity subcom ponent o f  N2 

differs from N1 in the fact that it seem s to be less integral to actual object location 

(i.e. to w hether an object is present/absent). Shedden & N ordgaard (2001) found that 

selection negativity only occurs when the stim ulus is present and is therefore elicited 

by processing certain features w ithin the object(s). For this reason, Shedden & 

N ordgaard (2001) hypothesized that SN m ay be an endogenous com ponent, 

contrasting with PI and N1 which are thought to be exogenous. U nlike earlier 

com ponents, the topography o f  N2 does change betw een attended and unattended 

locations. Landm ark line bisection is a task that requires detailed discrim ination o f  an 

ob jec t’s features, and is therefore likely to generate a selection negativity  effect.

W hile a general consensus has been that the N2 w ave does not respond to spatial 

location, this conclusion is based on studies that require sim ple selection/affirm ation 

o f  a stim ulus target (H illyard, Vogel and Luck, 1998). Processing specific spatial 

features w ithin a specific object (such as a landm ark line) m ay require m ore precise 

discrim ination.
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Chapter 4

An Investigation o f the electrophysiological 

components o f the Landmark task before and 

after adapting to prisms

Abstract

In Chapter 2, no significant differences between pre and post landmark tests 

were found following prism adaptation (PA). In the current study, I investigate PA, 

where the adaptation period has been doubled from five to ten minutes. Additionally, 

event-related potentials (ERPs) have been recorded before and after adaptation to 

left/right-deviating prisms, while participants performed the landmark task.

Landmark processing was found to generate a large N2 waveform with a latency o f 

between 120-300 ms post-stimulus. Although this waveform was evident bilaterally, 

the latency was earlier, and amplitude, stronger in the posterior right hemisphere. The 

latency o f this waveform was delayed following leftward adaptation. This finding 

was reflected in the behavioural data, where the mean spatial bias was initially shifted 

rightwards following adaptation to left-deviating prisms. These findings are 

interpreted in the light o f findings by Corbetta et al., (2000, 2002) and Foxe et al. 

(2003), which together suggest a locus in the right temporoparietal junction (TPJ) for
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landmark processing. Furthermore, the right TPJ is discussed as a possible nucleus o f 

the PA effect.

Introduction

In the Chapter 2 , 1 analyzed the effects o f prism adaptation on a standard test 

o f spatial attention, the landmark line bisection task. I failed to find a significant 

effect o f adaptation on participants’ responses and hypothesized that the period o f 

adaptation may have been insufficient to induce discernible behavioural differences.

In the current chapter, the adaptation period was doubled from five to ten minutes. 

Additionally, ERPs were recorded to determine a temporal marker for landmark 

processing and to examine whether this marker would also be affected by adaptation.

Foxe, McCourt & Javitt (2003) have previously examined the ERP 

components o f a similar perceptual line bisection task. The authors highlighted a 

negative wave with a long latency, focused over posterior electrode sites, as the 

region where differences between landmark bisection and a free-viewing control were 

most pronounced. In an interesting manipulation, the stimuli were presented at three 

levels o f contrast -  3%, 25% and 100%. The latency o f  the N1 wave (120-240 ms) 

was significantly different for the three levels, with progressively longer latencies for 

lower contrast stimuli. Importantly, the difference in the ERP waveform for control 

and landmark processing varied systematically with the latency-contrast effect. Thus 

the negative latency in response to the landmark consistently occurred subsequent to 

the N I wave, regardless o f whether the NI was early or late. This suggests that 

spatial bias (i.e. pseudoneglect) observed in this and many non-clinical samples (e.g. 

Jewell & McCourt, 2000) follows the processing o f the object as an object. By
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implication, pseudoneglect, as measured by landmark-type stimuli, may be considered 

an object-centered bias. In the current experiment, I predict a similar temporal 

dynamic in posterior cortex for processing landmark stimuli.

While ERP recording provides a relatively poor measure o f  cortical 

localization, it is nevertheless interesting to explore potential candidate sources o f the 

ERP wave. Fink et al. (2000, 2001, 2002, 2003) have conducted a series o f fMRI 

studies that highlight a predominantly right-lateralized locus for performing line- 

bisection judgments, particularly in superior and inferior parietal lobes as well right- 

hemisphere prefrontal activations. Additionally, Fink et al. (2001) found activations 

in more inferior right occipital regions. These findings provide a nice complement to 

the temporal findings o f Foxe et al. (2003). Indeed Foxe et al. (2003) were able to use 

the findings o f Fink et al. (2000, 2001, 2002) to guide dipole source analysis o f the 

ERP response, and their findings have a predictive effect on the potential effects o f 

prism adaptation on posterior ERP waveforms (below).

Dipole source analysis is an hypothesis-driven function o f electrophysiological 

recording that tests a priori predictions about the source o f recorded potentials.

Model dipoles are placed at predicted locations, which are tested for how well they 

explain the observed data. If a dipole is not ‘fixed’, orientafion and posifion is 

adjusted to minimize the residual variance between the predicted source and 

experimental data analysis (good sources include Simpson et al., 1995; Scherg &

Berg, 1996; Michel et al., 2001). In this way, dipole source analysis (when based on 

sound hypothesis) provides an educated guess about candidate intracranial generators 

o f  ERP components. Foxe et al. (2003) ufilized seven model dipoles that accounted 

for 92.4% o f recorded variance o f  their landmark data. As with the Fink et al. 

findings (2000, 2001), the involvement o f right inferior and superior parietal cortices
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were highlighted as integral to line-bisection processing. Given that hypotheses were 

based on fMRl findings from the Fink et al. studies, this is not surprising. 

Nevertheless, the confluence between the two sets o f findings is encouraging. The 

dipole analysis suggested that the (post N l)  onset o f the line-bisection effect had a 

likely origin in the right lateral occipital cortex and the right temporoparietal junction. 

Right parietal cortices (specifically superior parietal cortex), on the other hand, were 

associated with a later second phase generation. These findings have predictive value 

towards inteipreting the neurophysiology o f  neglect/pseudoneglect as well as prism 

adaptation.

In the introductory chapter, I discussed some o f the more prominent studies 

that have investigated the neural correlates o f spatial neglect. Recent lesion studies 

have highlighted the inferior parietal lobule (IPL) and junction between parietal, 

temporal and occipital lobes (TPO) (e.g. Leibovitch et al., 1998, 1999; Samuelsson et 

al., 1997) as regions commonly affected in hemineglect. There is a drawback with 

studies o f this kind however, which lies in the fact that lesions rarely affect specific 

local structures and can ameliorate large tracts o f white and grey matter, leading to 

visuo-motor deficits. The neural correlates o f ‘pure neglect’ can, as a consequence, 

be difficult to localize. Kamath, Ferber & Himmelbach (2001) addressed this 

problem by conducting an extensive MRI comparison o f 25 cortical-lesion neglect 

patients with no visual-field deficits, 25 right-brain-damaged controls and 8 patients 

with cortical-lesion hemineglect and visual-field deficits. The authors found that in 

the absence o f visual-field deficits, the locus o f underlying neglect was not IPL or 

TPO, but had a more lateral locus, covering the rostral portions o f the right superior 

temporal gyrus (STG). These areas are illustrated in Figure 4.1, below.
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Kamath (2001) suggests that the rostral STG area may work as a transitional 

function between dorsal and ventral processing streams, “representing a site for 

multimodal sensory convergence”. The findings o f  Foxe et al. (2003) converge with 

this conclusion. The initial onset o f processing o f the line-bisection task is seen to 

follow the peak o f N l, which suggests that visual processing has already taken place 

before a spatial judgm ent is made. Previous studies (Murray et al., 2002, Doniger et 

al., 2000, 2001) have implicated N l in ventral stream processing, suggesting that the 

stimulus has been processed as an object. Thus, the earliest onset o f  landmark 

processing may represent the point where the object is subject to subsequent 

visuospatial processing, “subserved by the dorsal stream”.

The temporal dynamics o f  the landmark-associated activations are seen first 

around the right lateral occipital region and right superior occipital gyrus. Source 

analysis traces these early effects to the right temporoparietal junction (TPJ) and right 

lateral occipital cortex (Foxe et al., 2003). These activations are in accordance with 

Fink et al. (2001). Moreover, these activations are relatively close to that outlined by 

Kamath (2001, see Figure 4.1, below), which posits rostral STG as a critical interface 

between ventral and dorsal processing. In tenns o f line-bisecfion, cortex around TPJ 

or rostral STG may, as Foxe et al. point out, represent a ''necessary but insufficient 

component o f the [line-bisection] task whereas the subsequent processing in more 

superior parietal areas represents more refined processes critical to the accuracy o f 

judgments but not necessary for the performance o f the task per se” . This conclusion 

would also resolve some o f the conflict between findings that highlight neglect as a 

specifically parietal dysfunction (e.g. Vallar & Parani, 1986, Vallar, 2001) with those 

o f Kamath et al. (e.g. 2001).
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The specification o f  cortex at or around TPJ as critical to line-bisection 

judgm ents also has im plications for prism  adaptation. In the introductory chapter, I 

outlined the hypothesis o f  C orbetta et al. (2000, 2002) as a m eans towards 

understanding the effects o f  prism  adaptation on visuospatial judgm ents. To recap 

briefly, Corbetta et al. proposed a dual-function m odel o f  spatial attention that 

includes a voluntary com ponent and an automatic com ponent. I speculated that 

perhaps the autom atic com ponent is affected by adaptation in the requirem ent to 

suppress autom atic m otor responses. There m ay be a lack o f  accord, how ever, 

betw een Corbetta et a l.’s proposal o f  exogenous autom atic orienting and the 

endogenous processing that seem s to relate to the findings o f  Foxe et al. (2003). 

O ffsetting this divergence requires a re-interpretation o f  the Corbetta et al. m odel, 

which is detailed in the discussion (below).

In the current experim ent, ERP recordings before and after adaptation to 

leftw ard/rightw ard deviating prism s are compared. I predict an initial locus o f  

activation over right occipital/tem poroparietal sites for processing landm ark lines. 

This should be evident in a negative deflection in posterior electrodes w ith an onset 

latency o f  approxim ately 150-200 ms. If  netw orks in the region o f  the TPJ are 

affected by adaptation, a disruption o f  the N2 com ponent w ould be expected, 

particularly  follow ing leftw ard adaptation. Similarly, behavioural responses 

following leftward adaptation are expected to show an overall rightw ard shift.
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Figure 4.1, from  K arn a th  (2001, p. 569), organization of superio r tem poral and 
parietal cortex. Superior temporal and parietal cortices of the human (a) and 
macaque (b). The superior temporal gyrus (yellow) continues from the lateral sulcus 
to the superior temporal sulcus. The intraparietal sulcus separates the superior (dark 
blue) from inferior (red) parietal lobule. The junction o f temporal (T), parietal (P) and 
Occipital (O) lobes in the human brain is represented by the green area of figure (a). 
Figure (c) outlines neural areas within the superior temporal cortex o f the monkey, 
namely the FST, fundal superior temporal area; LB, lateral ‘belt’ area; MST, medial 
superior temporal area; PB ‘parabelt’ region; STP, superior temporal polysensory 
area; MT, middle temporal area and superior temporal areas T S l and TS2. Numbers 
represent Brodmann’s areas.

Methodology

Participants

Participants were divided into two groups, which adapted with either the left 

or right hand. Groups were matched for age and gender. The left-hand-adapt group 

consisted of eight participants, 4 women and 4 men, who ranged in age fromlS to 

46years (mean 25.67 years, SD 8.41) The right-hand-adapt group was made up of 

eight participants, also 4 men and 4 women, ranging in age from 19 to 42 years (mean 

25.88 years, SD 6.81). All participants were students and were not paid for their 

participation. All were right-handed (as assessed by the Edinburgh Inventory, 

Oldfield, 1971)), with normal or correct-to-normal vision.
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Materials 

Landmark Task

Each session consisted o f 240 landmark lines'^, which were 200mm in length 

and 1mm in width. The shorter transecting (vertical) line measured 15x1 mm. 96 o f 

the lines were bisected centrally. 36 were transected 1.5mm to the right-of-centre, 36 

were transected 3mm to the right-of-centre. Similarly, 36 lines were transected 

1.5mm to the left-of-centre and a further 36 were 3mm to the left-of-centre. 

Presentation o f the lines was pseudo-randomised. Figure 4.2, below, illustrates a 

single landmark cycle (1 o f 240 for each session), which was sequenced in the 

following manner. A blank screen was presented which required a mouse-click to 

indicate readiness. This was followed by a fixation cross which appeared on the 

screen for 250 ms. The fixation point was followed by a visual mask which also 

remained onscreen for 250 ms. The landmark stimulus then appeared and remained 

onscreen for 500 ms. Participants were required to withhold their response until the 

line had disappeared. The screen remained blank while participants made their 

response. Participants were required to right-click the mouse if  they felt the line was 

transected to the right, and to left-click if  it appeared to be transected towards the left. 

All responses were made with the right hand.

The task was written using the software package E-Prime on a system 

operating windows 98. The refresh rate o f the presentation screen was 16.667 ms. A 

TTL pulse was timed to coincide with each landmark stimulus, which was sent to the 

Neuroscan recording system. Each landmark session took approximately 7 minutes to

'■ In Chapter 2, the total number o f  landmark lines was 48. The increase in the number o f  lines reflects 
the longer adaptation period and the removal o f  the number-reporting fixation com ponent. This 
m ethodological difference is exam ined further in the discussion section, below .
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complete. The initial landmark trial was preceded by a short practice block o f  8 

stimuli.

Event-Related Potentials

Electrophysiological data were recorded in AC mode with a gain o f 500 and a 

band pass o f 0.15-30.0 Hz. The range was 1 ImV, with an A7D conversion rate o f 

500Hz. All participants wore a Quikap EEG recording cap connected to the 

Neuroscan Synamps (Scan 4.1) ERP recording system (Medtech Systems Ltd., 

Horsham, UK). The cap comprised a 32-channel array with linked ear reference 

electrodes and an anterior reference site, Afz. The electrode array consisted o f 12 

frontal, 15 central/temporal/parietal, and 3 occipital electrodes, conforming to the 

hitemational 10-20 Reference System. Vertical eye movements were recorded with 

two VEOG electrodes placed above and below the left eye. Two HEOG electrodes 

were placed at the outer canthus o f each eye and recorded horizontal eye movements. 

The constitution o f  each electrode was silver/silver-chloride (Ag/AgCl). A syringe 

with a 160y4 blunt square grind needle was used to inject Quikgel into the electrodes 

and lightly abrade the scalp. Recording commenced when minimum electrical 

impedance was 15kOhms.

Prism Adaptation

Participants were asked to put on the prismatic lenses, which shifted the visual 

field by either 10° to the right or the left. The experimenter held a target, a plastic rod 

held vertically in front o f the participant, who was instructed to point straight out, as 

quickly as they could and touch the target. Participants were instructed to initiate 

each pointing sequence with their hand on their left/right ear and not to correct
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pointing errors once response was initiated. Participants were required to point 100 

tim es at the target, which was held in one o f  five positions -  centre, 10° left-of-centre, 

10° right-of-centre, 20° left-of-centre and 20° right-of-centre. A daptation took 10 

m inutes and was checked by asking participants to point straight w ith their eyes 

closed once adaptation had been com pleted. All participants com pleted adaptation to 

the satisfaction o f  the experimenter.

Procedure

Participants were divided into two groups, those w ho adapted w ith their right 

hand, and those adapted with their left. The procedure was the sam e for each group, 

except for the hand difference. Participants began with a short practice on the 

landm ark task, which consisted o f  eight stim uli. This was followed by the control 

landm ark session, during which electrophysiological and behavioural data were 

recorded. O nce the first session was com pleted, participants w ere given a short 

period o f  rest (approxim ately 1 minute). Participants were then required to com plete 

the ten-m inute adaptation period, which was followed im m ediately by the second 

landm ark session. A fter the second session, participants were allowed to rest, before 

beginning a second period o f  prism  adaptation. Again, this was followed im m ediately 

by the third and final landm ark session. The participants wore the electrode cap for 

the duration o f  the experim ent, though data was only recorded during the landm ark 

sessions. During recording, participants sat 70cm  from a 15” com puter screen and 

w ere asked to rem ain as still as possible. They rested their chins in a chinrest that was 

adjusted to ensure that the line o f  vision was horizontal to that o f  the stim ulus. The 

angle subtended betw een eye and opposing ends o f  the Landm ark line was 16.3°. The 

control session was always run in session one. The order o f  adaptation to prism s
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proceeding sessions two and tiiree was counter-balanced betw een right/left prism s and 

m atched across groups. Participants were required to com plete the 10-item Edinburgh 

Handedness Inventory (O ldfield, 1971) prior to the beginning o f  the experim ent (see 

Appendix II).

•  •

Figure 4.2: T estin g  P rocedure. Participants were seated 70cm  from a computer with their 
heads in a chinrest. T hey were told to right-cHck the m ouse if  the Landmark line appeared to 
be transected to the right, and to left-click if  it seem ed to be towards the left. ERPs were 
recorded during each Landmark block.

Data Analysis 

Behavioural Data

The landm ark data was analysed by exam ining the ratio o f  right/left responses 

for centrally bisected lines as outlined in chapter 2, above. Because o f  the relatively 

high num ber o f  stim uli in each session (240), it was also possible to segm ent analysis 

o f  each session into sm aller behavioural blocks. This was done to exam ine possible 

deterioration o f  the adaptation effect and is described in the results section. Reaction 

tim es were not analysed as participants were instructed to w ithhold responses until the 

landm ark stim ulus had disappeared.

94



Electrophysiological Data

EEG data were transformed as described in the introductory section, above. 

EEG data contaminated by muscle bursts were manually selected and removed from 

the continuous file prior to epoching. The Epoch duration was from -3 5 0  ms (pre

stimulus) to +500 ms with a stimulus-linked trigger-type (i.e. a TTL pulse was timed 

to coincide with the onset o f every stimulus-line). Epochs were baseline-corrected 

from -350  to 0 ms. Ocular artifacts were corrected using blink-averaging algorithms 

(©Neuroscan) and sweeps in which H/VEOG exceeded the ±50^V  threshold were 

automatically eliminated. Approximately 20% o f the total epochs were rejected. 

Remaining epochs were averaged for each participant and subsequently collated to 

produce a grand average for each condition.

The latencies and scalp topographies o f the standard ERP componentry were 

identified from group-averaged wavefomis across ail conditions through visual 

inspection. N2 was identified as having a latency o f 120-300 ms. N1 was identified 

as having a latency o f 50 to 120 ms. Analysis was not confined specifically to 

component peaks, and encompassed the whole component. This reduces the 

likelihood o f missed effects (i.e. Type II errors), because clearly the overall 

topography o f  the component is also a result o f  the underlying neural activity. This 

was done by calculating the area o f the relevant component between the peak and x- 

axis, and was computed using the formula listed in Appendix IV. The area o f  the 

relevant component was thus analysed as the dependant variable for the respective 

ANOVA analyses presented in the results. This serves as a more representative 

measure o f neural activity than peak amplitude. For latency measures, the peak o f the 

wave is more significant however, and was used as the dependant measure in latency 

comparisons.
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An outline of the electrode sites is shown in Figure 4.3, below.
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Figure 4.3, electrode placement on the skull. The electrodes FPl and FP2 
are over anterior frontal areas. 01, 02  and OZ are the most posterior 
electrode sites. Right and left hemispheres are represented by odd and even 
numbers respectively.
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Results

B ehavioural R esults

Participants were show n 240 landm ark hnes in each o f  the three task 

conditions. This figure is substantially h igher than in the previous Chapter 2 (44 

lines). As before, each session was segm ented into quartiles, facilitating the detection 

o f  an adaptation effect that m ay have dissipated over tim e. Therefore, each adaptation 

session was additionally dissected into four discrete segm ents constituting 60 trials 

each.

Sim ilar to the Chapter 2, the results are analysed by exam ining the ratio o f  

right/left responses to lines bisected centrally and also by using a m illim etre estim ate 

o f  spatial bias (form ula in Appendix IV). It was suggested in the Chapter 2 that the 

second m ethod m ay be less precise overall, and the results o f  this analyses are, in the 

interests o f  brevity, presented in the Appendix (IV) only. It should be stated however, 

that both m ethods do constitute a sim ilar output.

For the ERP analysis, som e data had to be excluded due to technical problem s 

associated w ith the recording electrodes. These problem s did not affect the recording 

o f  the behavioural data however. It was subsequently decided that, in the interests o f  

keeping pow er levels as high as possible, all the behavioural data should nevertheless 

be retained. There is, therefore, a higher n for the behavioural, as opposed to the 

ERP, analyses, resulting in a discrepancy betw een the degrees o f  freedom  for the 

result sets. To counter this, the behavioural data w ere additionally exam ined with 

reference only to those participants for whom  ERP data was also available. These 

results are presented separately, below. In general, excluding the relevant sets o f  data 

had no effect on the general pattern o f  the behavioural results, though p-values and 

power levels were inevitably diluted in the sm aller dataset.
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Behavioural Results across a single session

A repeated-measures ANOVA compared responses to the landmark stimuli 

across each o f the sessions. Adaptation (3 levels - control, left, right) was examined 

as the repeated-measures factor. Additionally the hand (left/right) used to adapt was 

examined as a between-participants factor. O f the 240 landmark lines, 96 were 

transected at the centre. One participant was excluded from the analysis due to an 

inordinate number o f incorrect responses (<2SD above the mean).

As shown in Table 4.1 below, there was no main effect for either the Adapt 

[F(2,14) = 0.809, p = .456] or Handgroup factors [F (1,14) = 0.802, p = .386], There 

was also no evidence o f an interaction between these factors [F (2,28) = 0.672, p = 

.519], Table 4.2 shows that this finding is maintained when only the participants with 

ERP data are included with respective p-valucs o f  0.482, 0.982 and 0.203 for the 

Adapt, Handgroup and interaction factors. Neither analysis violated the assumption 

o f sphericity as defined by the Mauchly test (M auchly’s W (2) = .905, p = .528, for 

the full behavioural data set; M auchly’s W (2) = .934, p = .737 for the ERP 

behavioural data). Given the level o f the F- and p- values for this data set, an 

unambiguous conclusion must be that adaptation had no effect on the behavioural 

responses across the session as a whole.

Table 4.1, Repeated M easures ANOVA, all participants (n=15). Handgroup is 
included as a between-participants factor.

Factor df
Mean

Square F S ig .
ADAPT 2 6 2 .0 6 4 0 .8 0 9 0 .4 5 6
HANDGROUP 1 0 ,8 0 2 0 .3 8 6 0 .8 0 2
ADAPT * HANDGROUP 2 5 1 .564 0 .6 7 2 0 .5 1 9
Computed using alpha = .05

Table 4.2, Repeated M easures ANOVA, ERP participants only (N=12). Handgroup
is included as a between-participants factor.

Factor df Mean F S ig .
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Square

ADAPT 2 58.200 0.758 0,482
HANDGROUP 1 0.203 0.662 0.203
ADAPT * HANDGROUP 2 5.422 0.071 0.932
Computed using alpha = .05

Behavioural Data -Analysis by Time

Time 1:

A repeated measures ANOVA compared participants’ responses for the first 

60 landmark Hnes only (see Table 4.3, below). As above, the relevant factors were 

the repeated-measure Adapt (Pre/Left-Adapt/Right-Adapt) and the between- 

participants factor Handgroup (left/right hand). For the Adapt factor, the F-value (2) 

o f 4.143 was statistically significant below the .05 level (p = .027). Neither the Hand 

factor [F(l,14) = 0.504, p = .489] nor the interaction were significant [F(2,28) =

1.589, p = .222]. Post-hoc analysis (see Table 4.4) revealed that for the adaptation 

factor, there is a marginally significant difference between the pre and post-adapt for 

the leftward-deviation sessions. This is in the expected direction and is significant at 

a one-tailed level (p = .043). The direction o f the effect can be seen in Figure 4.4, 

below.

Table 4.3, Repeated measures ANOVA for Time 1 -  the first 60 
landmark lines, n = 15.

Source df F
Sig. (2- 
tailed)

ADAPT 2 4.143 0.027*
HANDGROUP 1 0.504 0.489
ADAPT * HANDGROUP 2 1.589 0.222
Computed using alpha = .05
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Table 4.4, Post-hoc analyses of responses pre and post-adaptation for the first 60 stimuli 
post-adaptation (Time 1). The table shows a marginally significant difference for the pre-score 
and post-left adaptation, n =15.

Pairwise Comparisons

Mean
Difference

(l-J)
Std.
Error

Sig.
(2-

tailed)
(1) ADAPT (J) ADAPT
Control Left-Adapt 3.016 1.234 0.085-

RIght-Adapt 0.127 1.051 1.000
Left-Adapt Control -3.016 1.234 0.085

RIght-Adapt -2.889 1.259 0.113
RIght-Adapt Control -0.127 1.051 1.000

Left-Adapt 2.889 1.259 0.113
Adjustm ent for multiple com parisons: Bonferroni.

Time 1 - Landmark  Responses  before  
and after Adaptat ion,  n = 15

C o n t r o l  L e f t - A d a p t  R i g h t - A d a p t  

A d a p t  G r o u p

Figure 4.4: Responses shift right following leftward 
adaptation. A score above 19 is indicative of a rightward bias. 
The mean scores for control, left- and right-adapt conditions were 
15.198, 18.214 and 15.325 respectively. Respective standard 
errors were 1.699, 1.883 and 1.624. The overall sample mean was 
to the left.

The relevant behavioural statistics for Time 1 were not statistically significant, 

however, when the sample was reduced to only those participants with accompanying 

ERP data, though they were in the same direction as above. This is largely 

attributable to a loss of experimental power by a reduction in the sample size from 16

100



to 12 participants. Table 4.5, below gives the F and p values for this reduced sample 

(Mauchly’s test o f sphericity was met in both cases [W  (2) = .954, p = .736; W (2) = 

.940, p = .757; for n = 16 and n = 12 respectively]).

Table 4.5 - Repeated measures ANOVA for Time 1 -  the first 60 
landmark lines, n = 12.

Source df F
Sig. (two- 

tailed)
ADAPT 2 2.476 0.109
HANDGROUP 1 0.096 0.763
ADAPT * HANDGROUP 2 0.469 0.632
Computed using alpha = .05

Time-Series Analysis -  Times 2,3 and 4:

As illustrated by Tables 4.6 and 4.7, below, none o f the other periods 

following adaptation were significantly from control on any o f the factors (i.e. 

Adaptation, Hand and Adaptation x Hand). This would suggest that the effects o f 

adaptation were diluted over time and indicates a longer period o f adaptation may be 

necessary to produce a statistically significant result over an entire session.

Mauchly’ s test o f sphericity was met in all cases.

Table 4.6 - Repeated measures ANO VA for Times 2,3 and 4 -  landmark lines 61 through 240, n = 
15.

Source Df F Sig.

Time 2 -
Landmark Stimuli 
61-120

ADAPT 2 0.818 0.451
HANDGROUP 1 0.277 0.607
ADAPT * HANDGROUP 2 1.479 0.245

Time 3 -
Landmark Stimuli 

121-180

ADAPT 2 1.440 0.254
HANDGROUP 1 0.186 0.673

ADAPT * HANDGROUP 2 0.637 0.537

Time 4 -
Landmark Stimuli 
181-240

ADAPT 2 0.247 0.783
HANDGROUP 1 2.975 0.107
ADAPT * HANDGROUP 2 0,781 0.468

Computed using alpha = .05
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Table 4.7 - Repeated measures ANOVA for Times 2, 3 and 4 -  landmark lines 61 through 
240, n = 12.

Source df F Sig.

Time 2 - 
Landmark Stimuli 

61-120

ADAPT 2 0.201 0.820
HANDGROUP 1 0.000 0.996

ADAPT * HANDGROUP 2 0.291 0.750

Time 3 - 
Landmark Stimuli 

121-180

ADAPT 2 1.211 0.319
HANDGROUP 1 0.001 0.972

ADAPT* HANDGROUP 2 0.653 0.531

Time 4 - 
Landmark Stimuli 

181-240

ADAPT 2 0.058 0.944
HANDGROUP 1 1.614 0.233

AD A PT‘ HANDGROUP 2 0.407 0.671
Computed using alpha = .05

Behavioural Data Discussion

For each session as a whole, there was no evidence o f an effect o f adaptation 

on responses. We hypothesised in the Chapter 2, where participants adapted to prisms 

for five minutes, that this may have been insufficient to produce a significant 

behavioural effect. In the current paradigm, adaptation time was doubled to ten 

minutes, but this too may have been insufficient to produce a significant behavioural 

effect across a test period that lasts approximately eight minutes. Previous research 

(see papers in Femandez-Ruiz et al., 2004) has indicated that motor after-effects 

following adaptation should be apparent (though deteriorated) fifteen minutes post- 

adapt, provided the participant remains passive. The current results suggest that 

cognitive effects, such as those measured by line-bisection, dissipate at a pace that 

exceeds the adaptation period and affirms the necessity o f reinforcement during PA.

The finding that only leftward adaptation affects behavioural performance on 

(Time 1 of) the landmark task is consistent with previous findings (Colent et al., 2000; 

Michel et al., 2003; Berberovic & Mattingley, 2003). These studies (published 

subsequent to our data collection) required participants to adapt for twenty minutes, 

and were consistent across an entire testing session.
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It should be noted that when the sample is reduced from 16 to 12 participants, 

the loss in power does reduce the discernible difference in responses from pre to post

adaptation. This loss o f power is likely to negatively affect the ERP data as well, 

especially for between participant analyses, which splits the sample in two. 

Fortunately, the ERP data itself is rather robust with 240 stimuli in each session, 

which should partly compensate for this loss in power.
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Electrophysiological Results

Figure 4.3 (above) outlines the electrode locations on the scalp. The 

behavioural results revealed that adapting to leftw ard-deviating prism s significantly 

affected participants responses, shifting spatial bias to the right, a finding consistent 

with previous studies (above). The post-adaptation effect seem s to deteriorate over 

tim e however, w ith only the responses in the first quartile period follow ing adaptation 

showing evidence o f  the prism  effect. It m ight be expected, therefore, that 

electrophysiological results are sim ilarly affected, with any w aveform  differences 

confined to the EEG data recorded in the early part o f  each session. It is not quite so 

sim ple to segm ent EEG data into discrete tim e-periods, as ERPs are based on 

averages o f  responses across the session, which should be kept at a m axim um . Data 

points are already rem oved through artifact rejection and further reducing the num ber 

o f  sweeps in each session w ould detrim entally affect the robustness o f  the wave. For 

this reason, the electrophysiological data were not dissected in the sam e m anner as the 

behavioural data. I f  w aveform  differences were strongest in the early part o f  each 

session, it is possible that they will be retained in the session average. W hile this was 

not the case w ith the behavioural data, trends persisted in the sam e direction which 

were not experim entally significant at conventional levels (p<.05). It m ay be more 

m eaningful to adopt a less conservative approach to the ERP analysis, and for this 

reason, where an a-priori hypothesis has been specified, statistics are based on one

tailed levels o f  significance.
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Waveform components

Inspection of group-averaged visual evoked potentials revealed expected ERP 

components at P i, N1 and N2. N2 was maximal over posterior electrodes P3, P4, P7, 

P8 & PZ and 01 , 0 2  and OZ (see Figure 4.5 and Table 4.8, below). This confirms 

the role of posterior sites in processing line bisections. Further analysis focused 

primarily on these posterior electrode sites. As Figure 4.5 (below) indicates, the 

primary activation was a marked negative deflection in the posterior sites, with onset 

approximately 200 ms post-stimuli.
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Figure 4.5, supergrand averages of electrode activations in response to landmark 
stimuli. Individual maps are presented in increments of 34/36 ms. In each map, the 
upper region represents anterior electrode sites, with right and left representing right 
and left hemispheres respectively. Large negative potentials (blue) can be seen to 
begin following the 182 ms time window. These activations are larger and earlier 
over the right hemisphere, and are confined to posterior electrode sites.
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Table 4.8, amplitude of the N2 component over electrode sites. The
area under the curve is maximal over posterior sites P3, P4, P7, P8, 01 , 
0 2  and non-lateralised sites PZ and OZ. Figure 4.3 (above) shows the 
topographical location of each electrode.
F3 0.076 FZ -0,255 F4 0.150
F7 0.483 F8 0.993
FC3 -1.146 FCZ -1,900 FC4 -1.066
FT7 0.008 FT8 0.431
TP7 -3.201 TP8 -3.460
C3 -3.002 CZ -2,615 C4 -3.277
CP3 -5.484 CPZ -4,827 CP4 -6.474
17 -1.491 T8 -1.119
P3 -9.032 P4 -11.711
P7 -7.658 PZ 1 -7.187 PS -9,281
01 -8.005 OZ 1 -8.543 02 -9.915

Amplitude o f the N2 wave -  hemisphere differences fo r  landmark processing:

A 2D plot o f the sites (Figure 4.5, above) highlighted posterior electrode sites 

as critical to landmark processing. Moreover, the plot indicates a greater amplitude 

for the N2 peak over the right hemisphere. This was confirmed by an analysis o f  the 

variance o f the lateralised posterior components, P3, P4, P7, P8, 01 and 02 . The 

mean area under the curve o f the left-lateralised N2 components (P3, P7 and 0 1 ) was 

638 msitV. This compares with a mean area o f  758 msqV for the right-lateralised 

components. An F-value o f 3.11 was marginally significant with a p-value o f  .058 

(one-tailed), justifying post-hoc paired-sample analyses o f  individual sites 01 vs. 02 ; 

P3 vs. P4 and P7 vs. P8. As indicated by Table 4.9, below, the hemisphere difference 

between the occipital sites 01 and 0 2  is the most pronounced with a mean area o f 757 

units for the right hemisphere compared with 623 for the left. There were also large 

hemispheric differences between the other parietal components.

Table 4.9, Hemisphere (amplitude) differences between respective 
posterior electrodes for the N2 component -  P3 vs, P4, P7 vs, P8; 01
vs. 02,

Left Hem.
Right
Hem.

IVIean
Difference

(l-J) F

Sig.
(o n e 

tailed)
1 P3 P4 147.615 2.432 0 .0 7 9 -
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2 P7 P8 76.426 .442 0.262
3 01 02 134.500 8.978 0.009**

Adjustment for multiple comparisons: Bonferroni.
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Figure 4.6, overall grand mean waveforms to landmark lines. The N2
component is largest over posterior electrode sites
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Latency o f  the N2 wave -  hemisphere differences

As Figure 4.5 (above) indicates, there were hemispheric differences in the 

latency of the N2 wave, with the right-hemisphere showing an earher onset. Again 

ANOVA was used to compare the latencies of the component at the posterior sites P3, 

P4, P7, P8, 01 and 02. The relevant factors were Hemisphere, site location 

(posterior/anterior) and Adapt condition (which is discussed below). For the 

posterior/anterior condition, electrodes 01 and 02  are the most posterior, P3 and P4 

the most anterior (with P7 and PS in between). Although the latency of the N2 peak 

was earlier in the right hemisphere, this difference was not significant. There was 

however a marginally significant interaction between the Hemisphere and site 

location factors (Pos/Ant) [F( 1,8) = 3.148, p = .070, two-tailed]. Post-hoc 

comparisons with Bonferroni adjustments for multiple comparisons confirmed a 

marginally significant difference between the P7 and P8 components (p = .064, Table 

4.11, below). The latency differences between the electrode pairs P3 and P4 and 01

and 02  did not approach significance.

Table 4.10, Latency differences of the N2 component. Analysis compares the latency with regard to the following 
factors - Hemisphere, Site Location and Adaptation Group.

Comparison Sphericity Df F
Sig. (two- 

tailed)
Hemisphere Sphericity Assumed 1 0.467 0.514
Site Location Greenhouse-Geisser 1.174 7.784 0.017*
Adaptation Group Sphericity Assumed 2 0.751 0.488
Hemisphere * Site Location Sphericity Assumed 2 3.148 0.070-
Hemisphere * Adaptation Group Sphericity Assumed 2 0.695 0.513
Site Location * ADAPT Sphericity Assumed 4 1.920 0.131
Hemisphere * Site Location * Adaptation Group Sphericity Assumed 4 2.811 0.042*

Table 4.11, Latency differences by posterior electrode site: P3 vs. P4;
P7 vs. P8 and 01 vs. 02 .

Left Hem.
Right
Hem.

Mean
Difference

(l-J) Std. Error

Sig.
(one

tailed)
1 P3 P4 0.467 2.290 0.422
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2 P7 P8 9.600 5.654 0 .064-
3 01 0 2 -3.000 5.035 0.852

There was also a latency difference in the posterior/anterior factor. Post-hoc 

analysis confirmed that the N2 waveform at the sites P3 and P4 had a significantly

earlier latency than P7/P8 and 01 /02 , Table 4,12 below.

Table 4.12, Latency differences between electrode pairs. The more anterior pair, P3 and P4, had an earlier 
peak latency than P7 and P8 or 01 and 02.

(1) POS./ANT Site (J) POS./ANT Site

Mean
Difference
(l-J) Std. Error

Sig.(two- 
tailed)

P3& P4 P7 & P8 -16.167 5.334 0.049*
01 & 0 2 -8.000 2.030 0.013*

P7& P8 P3 & P4 16.167 5.334 0.049*
G1 & 02 8.167 4.218 0.267

01 &02 P3 & P4 8.000 2.030 0.013*
P7 & PS -8.167 4.218 0.267

Effects o f  Prism Adaptation -  Latency and Amplitude 

Latency

The ANOVA in Table 4.10, above, shows a significant interaction between the 

Hemisphere, Posterior Site factor and Adapt conditions. This interaction suggests a 

very specific effect of prism adaptation on the latency of the N2 peak. This 

suggestion is borne out by post-hoc paired-sample analysis, which compared each of 

the six sites for latency differences between control and leftward/rightward 

adaptation. As Table 4.13 shows, latencies are increased overall following both 

leftward and rightward adaptation. Only at electrode site 02, however, does the 

latency difference approach significance, with the N2 peak 8.5 ms later following 

adaptation to leftward prisms relative to control [F(2,7) = 2.970, p = .099], this is in 

the predicted direction and is significant at conventional levels (<.05) at a one-tailed
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level. The latency difference in the N 2 peak at P4 is m arginally significant in the 

predicted direction at a one-tailed level [F(2,7) =  2 .431 , p =  .083, 1-tailed].

Table 4.13 Latency of posterior electrode sites before and after 
adaptation -  marginally significant differences were found in right- 
hemisphere sites P4 and 02.

SITE (!) ADAPT (J) ADAPT

Mean
Difference
(l-J) Std. Error

Sig.
(two-
tailed)

P3 Control Left-Adapt -2.400 2.249 0.951
Right-Adapt -1.800 3.441 1.000

Left-Adapt Control 2.400 2.249 0.951
Right-Adapt 0.600 1.720 1.000

Right-Adapt Control 1.800 3.441 1.000
Left-Adapt -0.600 1.720 1.000

P4 Control Left-Adapt -3.400 1.517 0.166
Right-Adapt -1,200 1.428 1.000

Left-Adapt Control 3.400 1.517 0.166
Right-Adapt 2.200 1.273 0.366

Right-Adapt Control 1.200 1.428 1.000
Left-Adapt -2.200 1.273 0.366

P7 Control Left-Adapt -4.200 2.478 0.386
Right-Adapt -1.000 2.668 1.000

Left-Adapt Control 4.200 2.478 0.386
Right-Adapt 3.200 2.550 0.735

Right-Adapt Control 1.000 2.668 1.000
Left-Adapt -3.200 2.550 0.735

P8 Control Left-Adapt 8.000 6.155 0.690
Right-Adapt -1.200 2.324 1.000

Left-Adapt Control -8.000 6.155 0.690
Right-Adapt -9.200 5.535 0.405

Right-Adapt Control 1.200 2.324 1.000
Left-Adapt 9.200 5.535 0.405

01 Control Left-Adapt -3.400 5.788 1.000
Right-Adapt -1.600 3.709 1.000

Left-Adapt Control 3.400 5.788 1.000
Right-Adapt 1.800 4.306 1.000

Right-Adapt Control 1.600 3.709 1.000
Left-Adapt -1.800 4.306 1.000

0 2 Control Left-Adapt -8.400 3.265 0.099-
Right-Adapt -4.400 2.698 0.425

Left-Adapt Control 8.400 3.265 0.099
Right-Adapt 4.000 2.209 0.323
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Right-Adapt Control 4.400 2.698 0.425
Left-Ad apt -4.000 2.209 0.323

Adjustment for multiple comparisons: BonfeiToni.

Am plitude Differences fo llow ing  Adaptation

As can be seen from Table 4.14, below, for the lateralised posterior sites P3, 

P4, P7, P8, 0 1  and 0 2  there was no evidence o f  an effect o f  prism adaptation on the 

area o f  the N2 wave under the curve [F(2,16) = 0.848, p = .447]. Additionally, the 

Adaptation factor did not interact significantly with the other factors. Non-parametric 

statistics are given where the relevant interaction violated assumptions o f  sphericity as

shown by a significant difference on M auchly’s test.

T able  4.14, am plitude differences follow ing ad ap ta tio n  over p o ste rio r e lec trode sites. The relevant factors 
include A daptation Group (control/left/right), Hand Group (left/right hand) as well as two factors relating to 
electrode location. The factor Electr. Site refers to whether the electrode was posterior or anterior in that 
region o f  the scalp (i.e. P3 and P4 are more anterior than P7 and P8, which are in turn anterior to 01 and 02. 
The factor Left/Right hemisphere refers to hem ispheric location is over left/right hem isphere. P3, P7 and 01 
are all left-hemisphere electrodes, with P4, P8 and 02 constituting their right-hem isphere equivalents. There 
were no statistically significant effects o f  Adaptation, as a single factor or as part o f  an interaction.

T e sts  of  W ithin-Subjects Effects df F Sig.
Adaptation Group Sph. Assumed 2 0.848 0.447
Adaptation Group * Hand Group Sph. Assumed 2 1.156 0.340
Left/Right Hemisph. * Adaptation Group Sph. Assumed 2 1.381 0.280
Left/Right Hemisph * Adaptation Group * Hand Group Sph. Assumed 2 0.552 0.586
Electr. Site (Pos./Ant.) * ADAPT Gr.-Geisser 1.751 1.317 0.295
Electr. Site (Pos./Ant.) * ADAPT * Hand Group Gr.-Geisser 1.751 0.980 0.389
Left/Right Hemisph * Electr. Site (Pos./Ant.) * 
Adaptation Group Gr.-Geisser 2.417 0.389 0.721
Left/Right Hemisph * Electr. Site (Pos./Ant.) * 
Adaptation Group * Hand Group Gr.-Geisser 2.417 0.427 0.695
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Discussion

The results provide evidence that the N2 component may be a good marker o f 

the temporal effects o f spatial attention in the landmark line bisection task. Although 

the spatial localisation power o f  ERPs is low relative to imaging techniques such as 

fMRI, the results are encouragingly similar to previous findings (Foxe et al., 2003; 

Fink et al., 2001) with respect to posterior processing o f perceptual line bisection.

The results also provide some interesting suggestions as to how adapting to prisms 

may affect the latency o f the N2 response on this measure o f  spatial attention.

Pseucloneglect -  behavioural measures

The landmark task has been used extensively as a means o f assessing spatial 

bias both in hemineglect and non-clinical samples. The overall bias across all 

conditions was equivalent to 0.475mm to the left o f centre (though, as discussed in the 

previous Chapter 2 this may be an artificial overestimate o f the level o f spatial bias). 

There was also evidence o f considerable individual variation between participants, a 

finding that is consistent with M ilner et al. (1992). Out o f  15 participants, only ten 

showed a spatial bias that was left-of-centre. As in the previous chapter, this finding 

further indicates that, in spite o f a population trend toward left space, pseudoneglect 

(as measured by manual/perceptual line bisection) is not an experimentally robust 

phenomenon. Against this, behavioural, imaging and lesional studies have repeatedly 

demonstrated a right-hemisphere dominance for spatial attention in the human brain 

(these are reviewed in Chapter 1). Clearly then, hemisphere-dominance accounts o f 

pseudoneglect cannot alone account for the considerable degree o f individual 

variation in bisecfion studies. The large variance in participant’s responses further
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highlights the necessity o f  a tightly controlled repeated-m easures design in studies o f  

spatial bias (in non-clinical samples).

In term s o f  assessing changes across sessions however, it is w orth noting that 

factors that can affect pseudoneglect, such as reading habits, handedness, posture etc., 

are consistent from pre- to post-test. It follows that behavioural and 

electrophysiological changes following adaptation are m ost likely to be due to shifting 

spatial attention.

Prism -adaptation and the landmark task

The behavioural results suggest that the effects o f  PA are quite transient, and 

that ten m inutes adaptation m ay be insufficient to produce consistent effects across a 

seven/eight m inute testing session. As in Chapter 2, it should be noted that in the 

period betw een data collection and the present tim e o f  writing, several papers have 

been published that have adopted tw enty m inutes as a standard period for adaptation 

w ith non-clinical sam ples (e.g. Colent et al., 2000; M ichel, 2003; Berberovic and 

M attingley, 2003). In the current experim ent, I had hoped to find a good com prom ise 

betw een the need to extend the PA period and m inim ising participant discom fort -  

participation in an EEC experim ent can often be quite dem anding. The relatively 

rapid dissipation o f  behavioural effects across tim e suggests that I erred on the side o f  

participant facilitation. Subsequent experim ents in this thesis (chapters 5-7, below) 

have adopted lengthier adaptation criteria.

Results from the analysis o f  the early stages follow ing adaptation are 

consistent with previous findings by Colent et al. (2000), M ichel et al. (2003) and 

Berberovic and M attingley (2003). These studies have show n that adapting to 

leftw ard-deviating prism s leads to a shift in spatial bias to the right. Such findings
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contrast w ith PA studies o f  hem ineglect patients, whose responses on sim ilar tasks 

shift to the left following rightw ard adaptation (e.g. Rossetti et al., 1998; Fam e et al., 

2002). Possible reasons for these differences are discussed below.

Electrophysiological correlates o f  landmark line bisection

As illustrated in Figures 4.5 and 4.6, landm ark line bisection specifically 

affects posterior electrodes. The onset o f  processing begins at about 180 m s post

stim ulus, w ith right-hem isphere activations showing a larger am plitude and earlier 

latency. The latency, which peaks at approxim ately 250 ms post-stim ulus, indicates 

that N2 is the critical com ponent in landmark line bisection. This replicates the 

findings o f  Foxe et al. (2003), w ho additionally used source analysis to trace these 

activations to the occipital/tem poro-occipital region. Foxe et al. conducted their 

analysis using a 128-channel electrode cap, as opposed to the 32-channel array used in 

the current study. As a consequence, it was not statistically viable to perform  source 

analysis on the current data set. Nevertheless, the pattern o f  activations and latency o f  

onsets are consistent betw een the two studies, where latencies w ere earliest in the 

right-hem isphere and am plitudes larger over posterior sites.

Prism Adaptation and ERP data

The behavioural results suggest that post-adaptation after-effects dissipate 

quite quickly in the early stages o f  a seven/eight m inute testing session. It was 

equally likely, therefore, that electrophysiological m easures w ould show a sim ilar de

adaptation effect during the testing session. U nfortunately, it is not statistically sound 

to segm ent ERP data in the same w ay as the behavioural analysis. It is possible, 

therefore, that adaptation after-effects are somewhat diluted in the present analysis.
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In spite o f  this drawback, and the reduction in pow er due to data loss, 

com parison analysis suggests a PA affect in the sam e direction, and at the sam e 

location, as predicted in the introduction. PA had a very specific effect on the ERP 

wave, delaying the latency o f  the N2 peak over right posterior locations. The latency 

delay was m ost m arked over electrode 0 2 . This latency effect was confined to the 

sessions following leftward adaptation only, a finding that is consistent w ith previous 

behavioural studies on non-clinical sam ples, as well as the initial behavioural data, 

above. This suggests that the duration taken to evaluate and categorize landm ark 

stim uli is increased following adaptafion to leftw ard deviating prism s. There were no 

significant am plitude effects following leftward adaptation however, suggesting that 

the quality o f  processing is not affected by adaptation.

In the introduction, I hypothesised that the right tem poroparietal junction  

(TPJ) m ay be critical in the initial stages o f  landm ark processing. This prediction was 

based on previous findings by Fink et al. (2001) and Foxe et al. (2003), which show 

that cortex in and around the TPJ is activated by judgem ents o f  line bisection. The 

Foxe et al. finding is particularly im portant in this regard, because o f  the tem poral 

pow er o f  ERP data. In this study, the onset o f  landm ark processing in posterior cortex 

w as found significantly earlier in the right hem isphere. There w ere also inter

hem isphere differences, where occipital/tem poral activations preceded parietal 

activations. In the current 32-electrode study, it w as not possible to localise the 

electrode source, but a significant hem ispheric difference in term s o f  the latency and 

am plitude o f  response to the stimuli was found, with a stronger and earlier 

representation in the right hem isphere. W hile it is possible that leftward adaptation 

m ay have specifically affected the right inferior parietal or superior parietal lobe, it is

115



perhaps more likely that right TPJ was (at least in part) affected by prism adaptation. 

This hypothesis is based on a number o f observations from previous studies.

Corbetta et al. (2000) compared exogenous and endogenous orienting on a 

spatial cueing task. When participants voluntarily attended to a spatial location 

(following an arrow cue), they found heightened activity at the intra parietal sulcus 

(IPS) prior  to the appearance o f the stimulus. By contrast, the TPJ, particularly in the 

right-hemisphere, was specifically activated after a cue was presented to an 

unattended location. These findings may have specific relevance to prism adaptation, 

because when a person initially points while wearing prism goggles, their finger 

appears at a novel, unattended spatial location.

One possible explanation is that because the TPJ is responsible for automatic 

orienting, when an automatic response is found to be in error, then the TPJ might be 

inhibited. The suppression o f this right-dominant node o f spatial attention would then 

lead to a reduction in leftward spatial bias.

Alternatively, and perhaps more likely, prism adaptation may activate TPJ.

As Corbetta et al. (2002) point out, the TPJ would seem to be activated by novel 

stimuli at unexpected locations. Clearly, when a person adapts to a prismatic shift, 

the first stage in adaptation is responding to the sight o f  one’s finger at an unexpected 

location. According to Corbetta and colleagues (2002), cortical projections from the 

TPJ may subsequently ‘circuit-break’ voluntary attentional orienting that is mediated 

by the dorsal frontoparietal attention network (the IPS and frontal eye fields (FEF)). 

The authors point out that although the dorsal network is bilaterally distributed for 

spatial attention, ipsilateral connections from TPJ may mean that it is also right- 

hemisphere dominant under conditions o f exogenous orienting. If  so, then a



dismption o f the dorsal processing network, through efferent projections from the 

TPJ, would explain the rightward spatial shift following leftward PA.

The opposite scenario would apply for hemineglect patients, who present with 

damage to the right TPJ (Corbetta et al., 2002). For these patients, rightward- 

deviating prisms activate the left TPJ, with resultant ‘circuit-breaking’ o f the left 

dorsal attention network. The consequences o f  this process would be a restoration o f 

(relative) competitive parity between right and left hemisphere, and a decrease in left

sided neglect. A co-registration study utilising the temporal power o f ERPs and the 

spatial resolution o f magnetic resonance imagery, would go some way towards testing 

this hypothesis, which has the benefit o f being imminently falsifiable.

If we are to promote TPJ activation as the potentially critical factor in prism 

adaptation, then Corbetta et al.’s model (e.g. 2002) o f spatial attention must be re

interpreted to a certain degree. Specifically, the authors hypothesised that the ventral 

frontoparietal network encompassing the TPJ is exogenous, and functions as an 

alerting mechanism that can automatically circuit-break voluntary spatial attention. 

This conclusion is verified by a number o f clinical and experimental studies. It would 

explain, for example, a common clinical phenomenon that automatic orienting 

deficits, particularly in the presence o f attention-grabbing stimuli in the right-visual 

field, can persist even in ‘recovered’ hemineglect patients (e.g. 01k, Harvey and 

Gilchrist, 2002). As well as the findings o f  Corbetta and colleagues, support for this 

hypothesis can be found in a study by Nobre et al. (1997), which sound that reflexive 

covert attention was specifically lateralised to the right hemisphere. Kim et al. (1999) 

reached a similar conclusion.



However, findings from the Foxe et al. (2003) study with respect to line- 

bisection judgement challenge the idea that TPJ is exclusive to exogenous orienting. 

Temporally, line-bisection judgements intrinsic to landmark processing were 

observed after the N1 peak (as they were in the current study). N1 has been 

repeatedly implicated as an indicator o f ventral stream object processing (e.g. Allison 

et al., 1999; Doniger et al., 2000, 2001; Murray et al., 2002) and the activation o f  TPJ 

following object processing is inconsistent with an exclusive role in exogenous spatial 

attention.

How does this consolidate with Corbetta et al.’s model? Clearly if  spatial 

attention involvement in line-bisection judgm ent occurs subsequent to object 

processing, then this would be suggestive o f endogenous processing. Foxe et al. 

(2003) recognised the potential conflict between their findings and those o f Corbetta 

et al. (2000, 2002) and pointed out a crucial difference between the two experimental 

procedures. In the series o f experiments designed by the Corbetta group (e.g. 1993, 

1998, 2000) the paradigms are similar in that they require orienting o f  attention to an 

element o f  space. With line bisection, on the other hand, attention is being directed to 

an object. Thus for endogenous object processing, spatial attention may well recruit 

TPJ.

Foxe and colleagues propose that the TPJ might function more as an interface 

between ventral and dorsal streams. This suggestion helps to consolidate the 

differences between their findings and those o f Corbetta et al. Kamath (2001) agrees, 

suggesting that the TPJ is neatly located at the junction between the dorsal and ventral 

visual streams. In the Corbetta et al. studies, there was no object to encode, only a 

vacant space. When an object such as a line is present, it may be the case that ventral 

processing, such as the coding o f colour and contour, precedes spatial attention. A



recent study by V uilleum ier and Landis (1998) found that neglect was less severe 

when there was no object. Post et al. (2001) found that pseudoneglect was also 

reduced when no object was present. Thus, w hen there is less requirem ent to 

interface dorsal and ventral processing, spatial bias in reduced. These findings accord 

well w ith Foxe et a l.’s suggestions. One prediction o f  this hypothesis w ould be that 

neglect patients should show a relatively intact N1 w ave for object processing, 

w hereas the N2 com ponent should be disrupted.

Activation o f  the tem poroparietal junction  would also account for the 

seem ingly contradictory findings from clinical and non-clinical sam ples. K am ath 

(2001) found that the superior tem poral gyrus (STG) is specifically affected in 

patients with hem ineglect. STG and TPJ are adjacent -  the rostral portion o f  the 

superior tem poral cortex highlighted by Karnath is ju st inferior to the TPJ. The 

absence o f  a nom ially  functioning right TPJ, leads to a “potentially  disinhibited left 

T P J” (Corbetta et al., 2002), which m ay be m ore sensitive to pointing errors to the 

right o f  target (i.e. w ith right-deviating prism s). Indeed hem ineglect pafients have 

great difficulty in adapting to leftw ard-deviating prism s (Rossetfi et al., 1998). W hen 

hem ineglect patients adapt to rightw ard-deviating prism s, it is possible that this 

potentially disinhibited left-hem isphere becom es ‘re-inh ib ited’, w ith im provem ents in 

spatial attention on an array o f  tasks, some o f  w hich (such as landm ark line bisection) 

require object processing (e.g. Frassinetti et al., 2002, Rossetti, 1998). Non-clinical 

participants, on the other hand, are m ore likely to shift spatial bias to the right 

following adaptation to leftward-deviafing prism s (e.g. Colent et al., 2000; M ichel et 

al., 2003). In this instance the intact and dom inant right TPJ m ay be m ore sensitive to
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errors to the left o f  target‘d. Activation o f  the right TPJ w ould expectedly result in 

‘circuit-breaking’ the anterior spatial netw ork, w ith a resultant shift in spatial 

orienting to the right. These hypotheses will be explored further in the chapters 

below .

One m ight w onder that if  the right TPJ is responsive to stim uli in left and right 

hem ispace, w hy then does rightw ard adaptation not also lead to a rightw ard shift in 

pseudoneglect studies? In fact, Berberovic and M attingley (2003) found that 

rightw ard-deviating prism s did indeed lead to a rightw ard shift, though in 

extrapersonal space only. The authors attributed the failure to find the sam e effect in 

extrapersonal space to an opposing m otor bias (the post-adaptation after-effect), 

w hich m ay dilute the largely perceptual attentional effect. This proposal rem ains to 

be verified, but is consistent with the current hypothesis.

Another possibiHty m ay be that the activations highlighted by the Corbetta and 

Foxe groups are not in the same region and that endogenous processing m ay originate 

in region(s) near to, but not specifically consisting o f  the tem poroparietal juncfion. 

Sim ilarly, there are alternate explanations as to possible neural correlates o f  PA. 

Rossetti et al. (2004) suggested that the connections betw een the cerebellum  and 

parietal cortex m ight explain prism  effects on spatial processing tasks. W ith ERPs it 

is not possible to record from the cerebellum , so the current research can shed little 

light on this hypothesis. An exam ination o f  the cerebellar-activation hypothesis will 

be conducted in Chapter 8, below.

In addition, the right TPJ may also be sensitive to errors that are right o f  target, a finding o f  
Berberovic & M attingley’s (2003) that is d iscussed in succeeding chapters.
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Conclusions

In the introduction it was predicted that line bisection would specifically 

activate posterior electrode sites, with the onset o f a sustained negativity expected at 

approximately 200 ms post-stimulus. These activations were also predicted to be 

stronger and earlier in the right hemisphere. Both o f  these predictions were confirmed 

by the results. Additionally, it was postulated that leftward-adaptation should shift the 

behavioural spatial bias to the right and that this shift would be reflected in a 

disruption o f the N2 wave. Again, this prediction was largely supported, though the 

loss o f power due to an error in data storage undoubtedly reduced the statistical 

integrity o f the electrophysiological data. In the discussion, I returned to my original 

hypothesis that adaptation to leftward-deviating prisms may activate the right TPJ.

The TPJ, as a potential interface between ventral and dorsal processing streams, is a 

strong candidate to explain my results, as well as findings by other authors.

With latency delays, it is not possible to state unambiguously whether the 

underlying process is inhibited (and therefore slower) or activated (therefore 

undergoing further processing). In the discussion, above, I have suggested that 

inferences from previous studies are indicative o f  TPJ activation, with subsequent 

inhibition o f the dorsal frontoparietal network. It is also possible however, that PA 

may in fact lead to a suppression o f TPJ function, an hypothesis that is explored 

further in succeeding chapters. An interpretation o f the latency data along these lines 

would state that during PA one is required to suppress an automatic pointing response. 

As discussed above, the TPJ seems to be intrinsic to automatic orienting, and the 

requirement to suppress automatic responses may be contingent upon the suppression 

o f TPJ.
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Stronger evidence that the TPJ is integral to prism adaptation and subsequent 

behavioural/neurophysiological effects is essential. More specifically, Transcranial 

Magnetic Stimulation (TMS) during and following adaptation would provide a good 

means o f  assessing some o f the arguments made above, and is a potentially a very 

exciting next step in prism studies. Unlike fMRI or ERPs, this would have the 

advantage o f  investigating a causal link between the TPJ, adaptation and spatial 

attention. Moreover, because it generates the type o f  effect that is analogous to a 

temporary lesion, it would facilitate the understanding o f the different findings from 

pseudoneglect and hemineglect studies. The behavioural effects o f prism adaptation 

are explored further in the chapters below.

Looking towards future studies, an interesting manipulation o f  the current 

methodology would be to examine whether Foxe et al.’s (2003) finding that the onset 

o f landmark-related processing is specific to the N2 component. By changing the 

contrast level o f the landmark lines, the authors found that the latency o f the N1 wave 

was progressively longer for lower contrast lines. Differences between control and 

landmark processing remained locked to the N2 component, however, regardless o f 

whether the onset o f this subcomponent was early or late. This same manipulation 

could be incorporated into the current design, with resultant ERF changes following 

adaptation predicted to manifest only in the N2 waveform.
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Chapter 5

Extended Prism Adaptation with a battery o f  

spatial tasks

Abstract

The purpose o f this study was to examine the effects o f  prism adaptation on a 

battery o f tasks, where the adaptation period was extended to twenty minutes 

(previously five and ten minutes). The relevant measures included manual line 

bisection, perceptual line bisection (landmark), visual search, mental number line 

bisection and complex figure recall. 12 participants (3 men, 9 women, mean age 

19.47 years) completed separate sessions in which they adapted to right- and left- 

deviating prisms. Performance on these tasks was compared before and immediately 

after adaptation. Statistically significant differences were found between pre- and 

post- conditions on a number o f these tasks, namely line bisection (right and left 

prisms), visual search (left prisms only) and number-line bisection (right and left 

prisms). No significant differences were observed for the landmark task or complex 

figure recall. The finding that both left- and right-deviating prisms can modify 

performance in normals is consistent with a recent paper by Berberovic and 

Mattingley (2003). Results are discussed in terms o f hemispheric asymmetry for
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spatial processing. D ifferential effects o f  battery items m ay be related to activation o f  

different spatial reference frames.

Introduction

As far back as the early tw entieth century, prism  adaptation (PA) has been 

used to dem onstrate neural plasticity (Brodm ann, 1909). Since then, PA has been 

studied as a correcting m echanism  for patients with a variety o f  sensory disorders 

such as strabism us (Rubin, 1966), am blyopia (Sm ith, Flynn and Spiro, 1982) and 

nystagm us (Carlow, 1986). W hile these studies have often yielded positive results in 

term s o f  m edical rehabilitation, im provem ents w ere strictly assessed in the light o f  

‘low er-level’ sensori-m otor changes. Rossetti et a l.’s (1998) seminal study with 

hem ineglect patients dem onstrated that relatively ‘h igh-level’ cognitive processes 

could also be affected by adaptation, thereby initiating a shift in prism  research. Since 

then, a steady stream  o f  literature has exam ined prism  effects on a variety  o f  cognitive 

m easures including letter cancellation (Rossetti et al., 1998, Frassinetti et at., 2002), 

mental im agery (Rode et at., 1998), room description (Frassinetti et at., 2002), and 

proprioception (D ijkerm an et al., 2004). In the current study, participants are 

assessed on a battery o f  cognitive and perceptual tasks before and after adaptation. 

Som e o f  these m easures, particularly line bisection, have been exam ined previously in 

this thesis and elsewhere. O thers such as num ber-line bisection, visual search and 

com plex-figure recall have not been assessed as part o f  a PA study w ith norm als, and 

should shed som e light on the extent to which adaptation can affect the intact hum an 

brain.
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One well-established finding is that participants adapt very quickly to 

prismatic lenses'”*. After approximately ten pointing movements, participants are 

usually able to point with relative accuracy to the target location (W einer et al., 1983; 

Welch et al., 1993; Rossetti et al., 1993). As Rossetti et al. (2004) point out however, 

this does not mean that plasticity has been engendered. Initial ‘adaptation’ to a 

prismatic deviation may be more symptomatic o f the ‘flexibility o f  motor execution’, 

whereby participants’ accuracy is improved by corrective motor manipulations. In 

order for PA to induce the type o f plasticity indicative o f spatial realignment, an 

extended period o f reinforcement is necessary. This suggestion is supported by 

W einer et al., (1983) and Redding and Wallace (1996) who respectively refer to the 

initial stages o f adaptation as “cognitive correction” and “strategic perceptual-motor 

control” rather than genuine adaptation. According to Rossetti et al. (2004), the 

litmus test o f prism-induced plasticity is the generation o f ‘negative aftereffects’ (i.e. 

in a direction opposite PA deviation) after the removal o f  the prisms. Redding and 

Wallace (e.g. 1993, 1996, 2002) provide an excellent account o f the respective 

interactions between strategic motor correction and spatial realignment in adaptation.

The importance o f a sustained period o f adaptation to neural plasticity was 

outlined in the previous chapter, where behavioural changes induced by PA were seen 

to dissipate early in the post-adaptation session. In the current experiment, the period 

o f  adaptation has been increased to twenty minutes. This is in line with other prism 

studies that have observed significant behavioural effects (e.g. Colent et al., 2000; 

Michel et al., 2003) post-adaptation. The implication o f  these findings is that 

although participants can display the behavioural markers o f plasticity as indicated by 

a motor aftereffect, this may not be sufficient to disrupt spatial attention networks.

Provided the shift induced by the prisms is not too extreme. A figure within the region o f  25 dioptres 
is usual.



Jackson and Newport (2001) used motion-tracking to demonstrate a shift in hand-path 

patterns in the opposite direction to prism deviation, following a short period o f 

adaptation.

In the previous chapters, I have focused on studies particularly by Colent et al. 

(2000) and Berberovic and Mattingley (2003) as having particular relevance to the 

current series o f experiments. In spite o f  a reluctance to resort to repetition it is 

important to examine these studies in detail because o f their theoretical importance in 

tenns o f interpretation and methodology. The first published study to examine the 

effects o f PA on pseudoneglect was by Colent et al. (2000), where leftward-deviating 

prisms (but not right-) were found to shift spatial bias to the right on a version o f the 

landmark task. To explain this result, the authors suggest ‘. .. the left-sided error 

signal interferes with the normal function o f the right posterior parietal cortex’. 

Presumably, hemineglcct patients will not be susceptible to such ‘interference’ 

because o f  damage to the right posterior parietal cortex. This explanation also seems 

to imply that a right-sided error signal (as induced by a right-prism) will not interfere 

with the normal functioning o f the right posterior parietal cortex. Theoretically this is 

a sound conclusion, though a less complex explanation might be that, because o f 

sample size (only seven participants in each group), the design had insufficient power 

to pick up potential effects that may have followed follow rightward adaptation.

A second finding from the Colent et al. paper was that this neglect-like bias 

was evident only in the perceptual, as opposed to manual, line bisection. This is 

consistent with previous research that has found a stronger spatial bias for perceptual 

rather than motor tasks (Bartolomeo et al., 1998, Milner, Harvey and Pritchard, 1998). 

If, as they claim, the authors have induced a neglect-like effect, it follows that 

perceptual biases should be more readily determinable. Applying this logic to the
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present study, we would predict that those tasks which incorporate a more perceptual 

(as opposed to motor) component should be most affected by adaptation.

In a follow-up to the Colent et al. study, Michel et al. (2003) did produce 

statistically significant results on a manual line-bisection task with leftward-deviating 

prisms again shifting responses rightwards. Referring to the former paper, Michel et 

al. suggest that a possible reason for the discrepancy between the two studies may be 

that the motor task (i.e. manual line bisection) tends to be more variable, and thus 

harder to elicit. Unfortunately, the paper did not examine the effects o f rightward- 

deviating prisms, thereby failing to dispel the possibility that the absence o f any 

significant changes following rightward adaptation (as in the initial Colent et al. 

study) may also have been due to methodology, rather than the (lack of) prism-effects.

Berberovic and Mattingley (2003) did look at differences between right and 

left adaptation with normals, comparing landmark performance in peripersonal and 

extrapersonal space. The left-adapt prisms had the predicted effect o f  shifting 

judgements to the right in both peripersonal and extrapersonal space. This is 

consistent with both Colent et al. and Michel et al., which is encouraging as it 

suggests that we are dealing with a relatively robust phenomenon. Berberovic and 

Mattingley also found, however, that adapting to right- prisms increased the 

proportion o f  ng/zfwari/judgements, though in extrapersonal space only. This is 

somewhat counter-intuitive, especially in the light o f  the initial Rossetti et al. paper, 

which found that hemineglect patients shifted their judgements to the left following 

rightward adaptation. It is also noteworthy that the effect on this perceptual task was 

found in extrapersonal space only. Commenting on this, Berberovic and Mattingley 

suggest that
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“ [DJuring prismatic adaptation the right hemisphere is sensitive to pointing errors that 

occur either on the left or right o f the target (induced by left- and right-prismatic 

deviations, respectively). In contrast, we suggest the left hemisphere is sensitive 

exclusively to errors on the right o f the target. The effect o f this error signal, which is 

critical for recalibrating spatial consequences between vision and proprioception, is to 

update the current representation o f space by suppressing visuomotor processes in the 

hemisphere responsible fo r  signalling the error" [author’s italics and parentheses]” .

Thus, the authors suggest that leftward-deviating prisms affect the right 

hemisphere only. By contrast, rightward-deviating prisms affect both hemispheres. 

This would explain why rightward-deviating prisms only seem to affect hemineglect 

patients as the damaged right-hemisphere is presumably non-receptive to the error 

signal from either hemispace. In normals, the proccss may be different. It is plausible 

to speculate that the right hemisphere, because o f its apparent dominance for spatial 

attention (Mesulam, 1999, Vallar, 1999) is more susceptible to error signals in either 

hemispace. Therefore, while right prisms possibly activate both hemispheres, the 

(dominant) right may be more affected, or more ‘suppressed’ by deviation in either 

direction. In the previous chapter I suggested that the root o f this right-hemisphere 

‘suppression’ might lie in the activation o f the right temporoparietal junction (TPJ), 

with subsequent ‘circuit-breaking’ o f the voluntary dorsal spatial attention network.

This hypothesis alone does not explain why rightward prisms were found to 

affect performance in extrapersonal space only. Berberovic and Mattingley speculate 

that the post-adaptation after-effect (as evidenced by open-loop pointing) may 

preferentially affect tasks in egocentric space (such as manual line bisection). 

Allocentric tasks may not be as susceptible to this outcome. Thus the egocentic after-
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effect following adaptation m ay have cancelled out the allocentric hem isphere effect 

in peripersonal space. There is no such conflict in extrapersonal space. One 

im plication o f  this suggestion is that following leftward adaptation, effects on 

perceptual tasks should be m ore profound in egocentric space, due to com plem entary 

rather than conflicting processes. The converse w ould be true follow ing rightw ard 

adaptation.

In the present study I expect to replicate the findings o f  Berberovic and 

M attingley and Colent et al., but with several m ethodological differences. The m ajor 

difference in the current paradigm  is that it has been broadened to cover a w ider range 

o f  cognitive and perceptual tasks. Rather than undergo tw o/three tasks (open-loop 

pointing, manual line bisection and perceptual line bisection), each participant will be 

required to com plete a battery o f  tests in prc and post conditions. As before, each 

participant will be required to participate in both the right- and left-adapt conditions. 

Again, this is deem ed pragm atic in the light o f  the considerable response variance 

observed in both the Colent et al. and Berberovic and M attingley papers. The specific 

tasks, and reasons for their selection are discussed below . Tasks w ill be run in a fixed 

sequence to account for the possibility that if  there is a post-adaptation-effect 

decrem ent, then it will not corrupt all tasks. For this reason, it is necessary to give 

preference to those tests that are o f  greatest experim ental interest.

M ental Num ber-Line

The task was adapted from a design by Zorzi, Priftis and U m ilta (2002) who 

found that right-parietal patients were im paired on reporting the m iddle digit o f  a 

num erical interval when asked to ‘b isec t’ it. Responses were shifted to the ‘right o f
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centre’ whereby, for example, the middle digit o f the series 20-28 may be reported as 

‘26’ (all patients had unimpaired mathematical abilities). Although, age-matched 

controls performed, essentially, at ceiling levels, changes in task requirement (e.g. 

extending the magnitude o f the interval between pairs o f numbers) may reveal a 

‘hemispatial’ bias. Any changes induced by prism adaptation would be, to this 

author’s knowledge, the first evidence o f prism effects on such an ‘abstract’ modality.

Visual Search Tasks -  'Sim ple' and ‘Com plex'

A classic symptom o f hemineglect is the patient’s failure to locate targets on 

the left side o f a visual search array, such as the lines on a cancellation task (Ferber 

and Karnath, 2001). A recent study by 01k, Harvey and Gilchrist (2002) analysed 

first saccades, in a ‘recovered’ hemineglect patient, while performing a visual search 

task. As many as 88% o f first saccades were made towards the right when stimuli 

were presented bilaterally. Reaction times were also significantly shorter to targets in 

right hemispace. The same patient scored within normal range on the Behavioural 

Inattention Test, which would indicate that the 01k et al. design is particularly 

sensitive to neglect-like symptoms, and therefore suited to the current paradigm. In a 

comparable study, Vingiano (1991) looked at the performance o f  a group o f 58 

normals on a time-limited spatial cancellation task and found significant right 

lateralised (pseudo)inattention. This is compatible with the hypothesis that the right 

hemisphere is dominant for spatial processing. Similar studies have failed to replicate 

this finding, however (e.g. Rousseaux, 2001) and it may well be the case that no 

spatial bias will be evident on pre-test.

Two versions o f the 01k et al. paradigm will be adopted in the current study, 

one with four stimuli (directly comparable with the 01k et al. design) and a more
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complex design with sixteen stimuli. The more complex design was adopted in case 

participants performed at ceiling on the four-stimuli model.

Line-bisection, perceptual and Manual

A  similar procedure to that used by Colent et al. and Berberovic and 

Mattingley is adopted here. Lines are presented in allocentric space only. Because o f 

time limits, due to an expansion o f the test battery, it is necessary to reduce the 

number o f lines presented to each participant. This may, o f course, affect the power 

o f the overall design, and the obvious trade-off between time restrictions and test 

robustness should be recognised.

Two versions o f the landmark will be presented. In addition to the standard 

design, a second task will present lines for 500 ms, after which participant’s make 

their response. Participants will, therefore, not respond to a perceptual stimulus per  

se, but rather the memory o f that image. Both tasks will be analysed separately.

Miiller-Lyer/Judd Illusion - Line-bisection task

The Miiller-Lyer and Judd (1899) illusions are included in the battery because 

they provide a measure o f normative bisection performance that operates significantly 

below ceiling levels. They may, therefore, be more capable o f detecting changes 

incurred by prism adaptation than the standard line bisection. Four versions o f the 

line are used. Two sets (Miiller-Lyer lines) should be directly comparable with 

standard line-bisection -  those with ‘fins’ or ‘tails’ at both ends. The two others (Judd 

lines) ‘point’ either towards the left or right and are consistently mis-bisected by 

participants.

131



A number o f studies have directly explored the manifestation o f hemineglect 

through illusions such as the Miiller-Lyer. Thus, for example, Daini et al. (2002) 

found that while patients with comorbid hemineglect and hemianopia were resistant to 

the illusion, neglect patients without hemianopia did indeed skew their bisection 

attempts in a direction consistent with the illusion. Vallar et al. (2000) and Spinelli et 

al. (1999) have reported similar findings. While these studies are critical in 

demonstrating preserved early sensory processing o f  leftward-orienting stimuli in 

neglect patients, they are not entirely pertinent to the current study. The logic behind 

the inclusion o f a Miiller-Lyer task in the cun'ent paradigm is to counter potential 

ceiling effects associated with line bisection in non-clinical samples, not to investigate 

potential neurophysiological properties associated with Miiller-Lyer transections.

Coniplex-Figure Recall

Taylor, Zach and Bruuger (2002) correlated the performance o f 40 normal 

healthy controls on copying and recall o f the Rey-Osterrieth figure with scores on the 

magic ideation scale. They found that magic ideation scores correlated with errors on 

recall o f the figure or, more specifically, leftward  bisection o f the centre horizontal 

line o f the figure during recall. Taylor et al. discuss their findings in terms o f a 

possible right hemisphere processing bias for the self-generated recall, which may be 

related to temporal asymmetry associated with schizophrenia. The appeal o f using the 

Rey-Osterrieth figure in the current prism paradigm is that the recall element is, 

essentially, self-generated. As a prelude to neglect patient studies, a demonstration o f 

performance modification on a task o f this kind is particularly interesting because 

neglect patients often have difficulty voluntarily orienting to left hemispace (01k et 

al., 2002). [Note: Given that recall will necessarily be tested after adaptation, we can
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only reliably compare perfonnance o f rightward adaptation against leftward 

adaptation, but not against a baseline].

In the current paradigm, I have included a number o f measures o f  spatial 

attention that must be administered sequentially. It is, o f course possible (perhaps 

probable) that post-adapt effects will ameliorate from task-to-task. To counter this, 

each task has been condensed so as to be optimally time-efficient. In addition, 

participants will be required to close their eyes between tasks, and not to make any 

motor movements other than those related to task requirements. While these 

measures reduce the risk o f de-adaptation over time, they cannot ultimately insure 

against it. Thus, for those tasks particularly late in the session sequence, namely 

manual bisection and object-recall post-adapt measures may be compromised 

somewhat. I will return to this point in the discussion.

Predictions

With reference to the Berberovic and Mattingley and Colent et al. studies, the 

following predictions are proposed

A greater effect o f prism adaptation for tasks that involve a reduced motor 

component. Adaptation to both right and left prisms may induce a rightward bias, 

though this again may be applicable to tasks that require a minimal motor function. 

An overall leftward bias in pre-scores is expected, though there should be 

considerable between-participant variation.
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Methods

Participants

Twelve undergraduate students, 9 women and three men, from Trinity College 

Dublin took part in the study. They ranged in age from 18 to 20 years, with a mean 

age o f  19.47. All participants had normal or corrected-to-normal vision. All 

participants were right-handed as assessed by the Edinburgh Handedness Inventory 

(Oldfield, 1971).

M aterials

Because the duration o f the effect is not known for certain, it was deemed 

practical to make the testing blocks as short as experimentally viable. Each task was 

administered before and after adaptation.

Number-Line

The number-line task consisted o f forward and backward conditions, and was 

adapted from Zorzi et al. (2002). Numbers were read aloud in pairs and participants 

were asked to state the midpoint. Participants were asked “not to make mental 

calculations”, but rather to chose the number that “seemed most appropriate” . Twenty 

number sets were presented for each condition. Intervals varied from two to twenty- 

four units. There were no number pairs with an interval o f ten or twenty.

Eight o f the pairs consisted o f an interval size o f  no more than 8 (e.g. 3-9 has an 

interval o f 6). O f these, four were single digit pairs (e.g. 4-8) and four were double

digit pairs (e.g. 11-19), with the largest number not exceeding 31. The remaining
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twelve sets consisted o f pairs o f  numbers greater than 31, with an interval size not 

smaller than twelve. These were balanced so that six pairs were incongruent insofar 

as the unit digit o f the first number was larger than that o f the second number (e.g. 77- 

91). The other six pairs were congruent (e.g. 32-48) (Dehaene and Mehler, 1990). 

Two practice number pairs preceded each condition. In the backwards number-line 

condition, the smaller number o f the pair was presented first (e.g. 8-4). In all other 

respects, the backward and forward conditions used identical criteria.

Landmark Task

The task was programmed using the application E-Prime version beta-5. 

Participants viewed the horizontal lines from a distance o f 45cm. Lines were 

presented on a Gateway EV910 monitor. Line colouring was grey against a black 

background. Lines measured 100x1 mm. Lines were presented slightly off-centre, 

displaced sequentially either 10mm to the right or left. They were bisected centrally 

(six lines), 1.5mm off-centre (four to the left, four to the right) and 3mm off-centre 

(four left and four right). A total o f twenty-two lines were presented. Participants 

were required to right- or left-click on a mouse if  they thought the lines were 

transected to the right or left respectively.

The task was run under two conditions, one in which the line flashed onscreen 

for 500 ms and one in which the line remained onscreen until a response was made.

Landmark 500 ms

To ensure that participants maintained focus on the centre o f the screen prior 

to appearance o f the line a fixation number appeared for 100 ms, which participants 

were required to report verbally. The number was a single digit from 2 to 9 and
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appeared pseudo-random ly. This was im m ediately followed by a landm ark line, 

which rem ained onscreen for 500 ms. In turn, this was followed by a blank (black) 

screen, which rem ained onscreen for until a response was made. Follow ing a 

response, the screen went blank for a further 1000 ms after w hich a fixation num ber 

appeared and the sequence began anew.

Landmark Free- View

The sequence was precisely the sam e as the free-view ing landm ark condition 

except that the line rem ained onscreen until a response was m ade. The response was 

followed by a 1000 ms wait, fixation num ber (100 ms) and landm ark line.

Manual Line Bisection

Eight horizontal lines, m easuring 100x1 mm were presented. Each line was 

drawn in black ink against a white background and presented individually  on an A4 

sheet o f  paper. Lines w ere displaced sequentially, either 10mm to the right or left o f  

centre. Participants w ere given a pen and asked to bisect the line by m aking a single 

short vertical line at the centre o f  the horizontal line using their right hand.

MUller-Lyer/Judd Illusion -  Line Bisection

Sim ilar to the standard line bisection task, each line was draw n in black ink 

against a white background and presented individually  on an A4 sheet o f  paper. Lines 

were displaced sequentially, either 10mm to the right or left o f  centre. There were 

four line types, two M iiller-Lyer lines and two Judd illusion lines. Four M iiller-Lyer 

lines were presented w ith the ‘tailsV ‘fins’ pointing in or out (two o f  each). Four Judd
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illusion lines had ‘tailsV‘fins’ that ‘pointed’ left, and four that ‘pointed’ right. A 

sketch o f each type o f Hne is included below. The angle subtended by the tail/fm and 

horizontal line was 45° in each case. The instructions for this task were exactly the 

same as for the line bisection task, above. Thus, participants were given a pen and 

asked to bisect the line by making a single short vertical line at the centre o f the 

horizontal Une using their right hand.

\  /  Mtiller-Lyer line. \  \  Judd Illusion line.
/  \  ‘tails’ out /  /  ‘pointing’ right

/  \  Muller-Lyer line. /  /  Judd Illusion line.
\  /  ‘fms’ in ^  \  ‘pointing’ left

Figure 5.1. Miiller-Lyer and Judd Illusion Lines. Tw elve lines were presented, four Muller-Lyer lines and eight Judd 
Illusion lines. Participants typically err to the right on ‘right-pointing’ Judd lines and to the left on ‘left-pointing’ Judd 
lines (adapted from Muller-Lyer, 1889; Judd, 1899).

Visual Search Task

The task was programmed using the application E-Prime beta-5. As above, 

participants viewed the search array from a distance o f 45cm. Lines were presented 

on a Gateway EV910 monitor. Letter colouring was grey against a black background. 

Two versions o f the visual search task were presented, both adapted from 01k, Harvey 

and Gilchrist (2002). The tasks were identical except that the ‘simple’ version 

contained four search items, while the ‘complex’ version contained sixteen search 

items.
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In the simple version o f the task, there were four possible locations for the 

stimulus (top left, bottom left, top right and bottom right). The stimulus appeared 

randomly, four times in each location. In the complex version o f the task, the search 

array consisted o f four columns and four rows. The stimulus appeared randomly only 

once in each o f the sixteen locations.

Participants were instructed to search for either the letter ‘H ’ or the letter ‘T ’. 

Each was presented randomly, 50% o f the time. Distracter letters were ‘A ’, ‘X ’ and 

‘Y ’. Participants responded with their right hand, and were instructed to left- or right- 

click a mouse, depending on whether the target letter was located to the left/right o f 

the search array. A fixation cross immediately preceded each search array and 

remained onscreen for 1000 ms. The search array remained onscreen until the 

participants responded. Once a response was made a message appeared onscreen with 

the script “click to continue”. Once the participants clicked a second time, the 

fixation crossed re-appeared for 1000 ms, followed by the search array and the 

sequence continued until all target locations had been presented. Search arrays were 

presented in a random order.

99
Visual Search Simple Visual Search Complex

Figure 5.2, Simple and com plex search arrays. The task is to 
find either a ‘T ’, as in the simple array, below, or an ‘H ’, as in the 
complex array, below.
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Complex Figures

The complex-figure copying task was adapted from Taylor, Zach and Bruuger 

(2002). Participants completed separate figures on separate days. The two figures 

were the Rey-Osterrieth figure and the Taylor complex figure (Rey, 1941, Taylor, 

1959). A blank A4 sheet o f paper was placed centrally on the table in front o f  the 

participant, approximately 20cm from body midline. The figure was presented on a 

laminated A4 sheet and placed immediately above the blank page. Participants were 

given a pen and asked to copy the figure as accurately as they could in the pre-test. 

They were told that they would be required to reproduce the figure from memory after 

the prism adaptation. When they had finished copying the figure, both sheets were 

removed and not shown to the participant again.

In the post-test, a blank sheet was placed in front o f the participants in exactly 

the same position as before, and they were asked to reproduce the figure. 50% o f the 

time the Rey-Osterrieth figure was presented prior to leftward adaptation, 50% o f the 

time the Taylor Complex Figure was presented. The same was true for rightward 

adaptation.

Prism Apparatus

For this experiment, 15° wedge-prisms were used. Prisms were constructed 

fi'om solid glass and were curved to minimize visual field distortion. They were 

framed in steel goggles and rested on the nose in much the same way as conventional 

glasses. Two types o f prism goggles were made available, shifting the field to the left 

and right respectively.
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Adaptation Procedure

The adaptation procedure was divided into two parts. Firstly, participants 

were seated at a table, w ith their head resting on a chin rest. Five small circular 

targets labelled ‘a ’ through ‘e ’ w ere painted on the table, at a distance o f  45cm  from 

the participant. Targets were located centrally, 10“ to the left/right o f  centre, and 20° 

to the left/right centre. The experim enter sat to the left o f  the participant and 

random ly called out one o f  the targets, to which the participant w as required to point. 

Participants were instructed to point with their right hand as quickly as they could. 

A fter each pointing response, participants were required to return their hand to a point 

underneath the chinrest that was obscured from vision. This procedure was continued 

for five m inutes at an approxim ate rate o f  20 responses per minute.

In a pilot task, it was noticed that participants adapted better in a larger 

adaptation workspace. This is consistent with the findings o f  (R edding and W allace, 

1985). In the second part o f  the adaptation procedure, participants turned tow ards the 

experim enter who held a target (a thin rod, held vertically) in his hand. The target 

was held at an approxim ate distance o f  45cm  from the participant, w ho w as again 

instructed to point as quickly as possible. The experim enter m oved the target through 

a series o f  random  locations in reaching space m axim ally 30“ above/below  and 

left/right o f  chest midline. This procedure was continued for a further five m inutes at 

an approxim ate rate o f  20 responses per m inute. Both pointing procedures were 

repeated once, giving a total adaptation tim e o f  20 m inutes, during which participants 

m ade approxim ately 400 pointing responses.

During adaptation, participants wore a set o f  goggles m ade from w edge prism s 

that shifted the field o f  vision by 15“. W hen the procedure was com plete, participants
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were instructed to im m ediately close their eyes and point straight ahead. This allowed 

the experim enter to verify that adaptation had taken place.

General Procedure

The experim ent was a w ithin-subjects design w ith each participant required to 

adapt to both right- and left-deviating prism s. There w ere two sessions in which 

participants adapted to left-prism s and two sessions in which they adapted to right- 

prism s. Each session was approxim ately 50 m inutes long, which com prised twelve 

m inutes o f  pre-tests, tw enty m inutes o f  adaptation and tw elve m inutes o f  post-tests. 

The m inim um  duration between each testing session was tw enty-four hours.

The tasks were adm inistered in a fixed sequence, w hich was constructed with the 

m ental-num ber line first, then (2) tim e-restricted landm ark, (3) the tim e-unlim ited 

landm ark, (4) sim ple visual search, (5) com plex visual search, (6) standard line- 

bisection, (7) M iiller-Lyer/Judd illusion bisection and, finally, (8) the com plex-figure 

task.

The sessions were counter-balanced so that h a lf  the participants com pleted 

either the left- or right-adapt session first. Each o f  the tw elve participants com pleted 

the full battery before and after adaptation in each session. U nfortunately, a com puter 

m alfunction m eant that each participant was required to return for two further sessions 

in which they retook the com puter tasks -  landm ark and visual search - before and 

after right and left adaptation. Ten participants returned for these sessions.
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In the first session, participants completed the Edinburgh Handedness 

Inventory. They then completed the tasks in a fixed order as stated above. 

Immediately after adaptation, participants were required to close their eyes. They 

made one single straight-ahead pointing movement, which allowed the experimenter 

to verify that adaptation had taken place. The participants kept their eyes closed for 

the duration o f the mental number-line task, which typically took about four minutes 

to complete. When this task was finished, the participant kept their eyes shut and the 

experimenter guided their hand to the mouse, which was aligned centrally with the 

computer screen. The computer-tasks were completed in succession, with participants 

required to make no motor movement, other than to click the mouse. Participants 

closed their eyes between each o f the tasks. For reasons o f  internal consistency, the 

pre-adapt sequence was run in exactly the same way as post-test, with participants 

required to close their eyes between tasks. The final three tasks in each condition (pre 

and post) were paper-and-pencil. Each task consisted o f  A4 sheet(s) o f paper, which 

were aligned centrally 20 cm from the participants’ midline.
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Results

Separate analyses were run for each task. The results are presented briefly in 

Table 5.1, below, and elaborated upon in subsequent sections. Tasks are presented in 

the same order as which they were administered, with the number-line first and 

complex-figures last.

Table 5.1, Overview of Test B attery. Following leftward adaptation, the pattern of results is for spatial bias to shift to 
the right. With the mental number-line participants also shift to the right following rightward adaptation. Results are 
examined in greater detail in subsequent sections below.

Pre-Test
Bias

Effects of 
Leftward 

A<^ptatiorf

" Two-Tatied  
'iighificanc^

Effects of 
Rightward 
Adaptation

Two-Tailed
Significance

Number Line Left E: . Shifted Tight:; Shifted right p = 0 .025

Landmark Left S i i i f e d  rights Shifted right NS

Landmark 5 0 0 m s Left Shifted nghti Shifted right NS

Simple Visual 
Search

Complex Visual 
Search

Line Bisection

IVIuller-Lyer

Quicken righ ts : p -  Q;0Q4' Slightly quicker

Slightly qu icker

Left Shifted =  NS Shifted left

Left
(mainly) Shifted slightly lift NS Shifted left

NS

Marginally 
qu icker in left 
S p a c e ,  p = 

0 .086

p = 0 .004

p = 0 .007

Complex Figures No.difference„ No difference NS
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Number-Line Task

Each individual’s score was detennined by the total proportion o f  left versus 

right ‘transections’. Thus, for exam ple, off-centre responses such as {+4, -4 and -9}  

w ould be scored as two lefts and one right. The proportion score for each participant 

was calculated using the formula ((R -L)/(R +L+C )), w ith L being a left ‘transection’, 

R being a right ‘transection’ and C being a correct transection (the above scores 

would yield a score o f  +0.33). This form ula returns a range o f  possible values from -  

1 (all lefts) through +1 (all rights). A dditionally, scores w ere analysed by raw mean, 

which produced a very similar pattern o f  results'^. These results are presented in 

Appendix V.

A 2x2x2 ANOVA com pared responses before and after adaptation. The 

respective loading factors were Session (pre/post), A dapt condition (left/right) and 

num ber-line Direction (forw ards^ackw ards). N one o f  the factors or interactions had 

significant p-values on M auchly’s test o f  sphericity, indicating the viability o f  

em ploying param etric statistics for all com parisons. The results o f  the initial 

ANOVA (Table 5.2, below) show a highly significant effect o f  Session [F ( l ,l  1) = 

30.738, p <.001 ], indicating a highly significant d ifference betw een pre- and post

scores.

Table 5.2, ANOVA of proportional scores before and after adaptation. The large F-value for 
the Session factor indicates a highly significant difference between pre- and post-scores across all 
conditions.

Source df IVIean Square F Sig.
Session 1 0.137 30.738 0.000*
Adaptation 1 0.011 0.647 0.438
Direction 1 0.018 0.644 0.439
Session * Adaptation 1 0.000 0.018 0.894

Thus, for the raw-score analysis the above sequence (4, -4, and 9) would be scored as [((+4)+(-4)+(- 
9))/3 =  -3],
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Session * Direction 1 0 .0 0 0 0 .0 2 7 0 .8 7 3
Adaptation * Direction 1 0 .0 0 5 0 .3 0 5 0 .5 9 2
Session * Adaptation * Direction 1 0.001 0 .0 5 3 0.821

Number Line, Post-hoc Analyses

The initial ANOVA suggested that responses shifted in the same direction 

following adaptation, regardless o f whether the deviation was to the right or left. This 

conclusion is confirmed by post-hoc comparisons, where responses were seen to shift 

rightwards in both conditions. For leftward adaptation, the relevant statistics are 

F ( l ,l  1) = 5.97, p = 0.033. For rightward adaptation, the F ( l ,l  1) score o f  6.77, gave a 

p-value o f  0.025.

Although there was no effect o f number-line direction apparent in the current 

analyses, results from a subsequent study. Chapter 6, below, suggests that the 

forwards and backwards conditions may be processed differently. In the interests o f 

consistency, ihQXQ̂ 0 XQ, post-hoc analysis compared responses separately for the 

forward and backward conditions. Again, it was found that responses shifted to the 

right in all cases, though p-values are reduced due to a loss o f power owing to the 

splitting o f  scores. All conditions except that o f forwards right-adapt are significant at

conventional levels (i.e. <.05) in the predicted direction with one-tailed p-values.

Table 5.3, Pre and post scores by num ber line direction. Those p-values marked with a are 
significant at one-tailed levels in the predicted direction. All post-hocs were calculated using 
Bonferroni’s adjustment for multiple comparisons.

Adaptation Condition Direction
(1)

Session
(J)

Session

Mean
Difference

(l-J)

Two-
Tailed

Sig.
Left-Adapt Forwards Pre Post -0.081 0 .0 9 5 -

Backwards Pre Post -0 .063 0 .0 8 2 -
Right-Adapt Forwards Pre Post -0 .0 7 5 0.231

Backwards Pre Post -0 .0 8 3 0 .0 5 6 -

A raw-mean equivalent o f  these scores is presented in the Appendix V, which 

reveals a highly similar series o f results. Figure 5.3, below, graphically demonstrates
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the direction of responses before and after adaptation in all conditions. Additionally, 

Table 5.4 outlines the direction of each participant’s responses before and after 

adaptation in all relevant conditions.

Mental Number Line 'Bisections' - 
Forwards Condition

0
75c c „ ^o o -0.1
M  'i ?

(0

2 Q 
Q.

^  o  -0 .2

-0.3

FH □  Pre 
■  Post

Mental Number Line 'Bisections' 
Backwards condition

_ 0 
rec c 
.2  .2  - 0.1

Q.

- 0.2 P i
-0.3

□  Pre 
■  Post

Figure 5.3, Proportional responses before and after 
adaptation. Separate graphs are presented for forwards (above) 
and backwards (below) conditions.
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Table 5.4, Pre and post raw scores for each participant in all conditions. In all instances, participants’ responses 
shift to the right following adaptation. A negative score indicates a leftward response; a positive score ( ‘+ ’) 
indicates a rightward response. To facilitate comparison, pre-scores are shaded grey.

Forward N um ber-Line -  M ean raw scores
Bias 1 Bias Bias Bias

Pre Left +1 Post Left - + Pre Right + Post Right - +
1 -4 4 +
2 -3 - ! 4 + 4 +
3 -12 - i -5 - ' ^̂ -:15 „ - -6 -
4 -17 - 1 -19 - v™:-9 -17 -
5 -12 1 -5 - 12 0
6 1 + 1 -1 - -2 -
7 7 + 1 12 - -4 -
8 -15 1 -11 - . ■ - -8 -
9 -34 : ■ - i  -36 - -28 -38 -
10 , -28 - ■ 1 -16 - -40 -25 -
11 -28 ! -6 - :.-3 ^ - -19 -
12 -5 I ^ + -2 - 8 +
N 10 2i 9 2 12 0 8 3

Mean -12.5 1 -6.833 -12.333- -8.583

Backward Number-Line -  Mean Raw scores
Bias Bias Bias Bias

N Pre Left - + Post Left - + Pre Right - + Post Right - +
1 -3 1 - 1;:: 1 + 5 +
2 17 + 7 + - -11 -1 -
3 -8 -4 - 8 +
4 -14 . .:™ - - 4 + -13 ' - -8 -
5 3 -3 - -  -10 -10 -
6 -6 -2 - 4 + 2 +
7 -19 -7 - . , JY _ 5 +
8 -16 -4 - + 9 +
9 -15 , _ -30 - -41 - -2 -
10 -7 -14 - -18 -9 -
11 -11 12 + 4> 1 +
12 '— *•10 38 + 3  1 ■ ... -6 -
N i 10 2 7 5 8 4 6 6

Mean -7.41667 -0.167 -7.5 -0.5
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Landmark Tasks

Two versions o f the Landmark task were run, one in which the participants 

had a limited time (500 ms) to view the lines, and one in which they were given 

unlimited to time to view the lines. A 2x2x2 repeated-measures ANOVA compared 

responses, with Task (versions of landmark), Session (pre/post) and Adaptation 

(left/right) loading as the respective factors. The resultant output indicated that none 

of the factors were statistically significant, nor were there any significant interactions 

between factors. All factors and interactions produced non-significant values on 

Mauchly’s test o f sphericity, and were thus examined using parametric analyses. The 

relevant ANOVA output. Table 5.5, is presented below. There was no requirement to 

undertake post-hoc analysis for these factors. As in previous chapters, a milhmetre 

equivalent was calculated to examine the landmark scores. This is presented in the 

Appendix V and similarly shows that none o f the factors were significant at 

conventional levels.

Table 5.5, Landm ark scores before and after adaptation. There is no evidence that the 
direction o f spatial bias as measured by the landmark task changed following adaptation in 
either direction.

Source df
Mean

Square F Sig.
Task 1 0.022 1.012 0.344
Session 1 0.000 0.004 0.949
Adapt Condition 1 0.002 0.087 0.776
Task * Session 1 0.004 0.052 0.825
Task * Adapt Condition 1 0.007 0.341 0.575
Session * Adapt Condition 1 0.000 0.000 1.000
Task * Session * Adapt Condition 1 0.000 0.000 1.000

Visual Search Tasks

148



Participants were scored for their median reaction times to the target in left 

and right hemispace. The two search tasks were analysed separately. Reaction times 

greater than two standard deviations above the mean were excluded from analysis.

An initial 2x2x2x2 ANOVA compared participants’ responses on a number o f factors. 

These included, respectively. Task (simple/complex), Session (pre/post). Adapt 

condition (Ieft-/right-adapt) and Hemispace (left/right). All factors and interactions 

satisfied assumptions o f sphericity as indicated by non-significant p-values on 

M auchly’s test o f sphericity. The full ANOVA table (Table 5.6) is shown below.

The highly significant effect o f task reflects the fact that the complex version 

o f the visual search task was more difficult with a mean o f 706 ms as compared with 

505 ms [F(l,9) = 66.807, p < .001]. The significant effect o f Session reflects an 

acceleration o f responses in the post-session from 628 to 583 ms [F(l,9) = 11.763, p <

.01]. The remaining interactions are explored in th epost-hocs, below.

Table 5.6, Repeated-nieasures ANOVA for visual search tasks. A highly significant effect o f  Task 
(simple/complex) as well as an interaction between Task, Adaptation and Hemispace indicate the 
viability o f  analysing simple and complex versions o f  the visual search task separately (below).

Source df Mean Square F Sig.
Task 1 1607958 66.807 0,000***
Session 1 83560 11.762 0.008**
Adaptation 1 18116 1.024 0.338
Hemispace 1 20290 1.103 0.321
Task * Session 1 4265 2.240 0.169
Task * Adaptation 1 40111 3.596 0.090-
Session * Adaptation 1 6306 1.584 0.240
Task * Session * Adaptation 1 5 0.001 0.972
Task * Hemispace 1 8118 0.758 0.407
Session * Hemispace 1 18192 2.521 0.147
Task * Session * Hemispace 1 7273 1.546 0.245
Adaptation * Hemispace 1 33438 6.028 0.036*
Task * Adaptation * Hemispace 1 22548 4.173 0.071-
Session * Adaptation * Hemispace 1 6429 0.699 0.425
Task * Session * Adaptation * Hemispace 1 6602 1.373 0.271
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Visual Search Simple (1 target, 3 distraders) -  Post hoc Comparisons

The marginally significant Task x Adaptation x Hemispace interaction, above, 

suggests that the tasks were affected differentially by adaptation. As a consequence, 

post-hoc  analyses were carried out separately for each task. Overall, there was a 

significant difference between pre and post reaction times, F (l,9 ) = 7.45, p = .023. 

Table 5.7, below shows that within this factor, there is an interesting interaction with 

side o f  stimulus presentation and adaptation direction. This shows that responses are 

quickened in right space only, following leftward adaptation; F (l,9 ) = 15.351, p = 

.004.

T ab le  5.7, S im ple V isual Search  - Pre and Post scores x
significantly quicker in right space only, follow ing leftwarc 
calculated using Bonferroni’s adjustment for multiple com

H em isp ace. Participants were 
1 adaptation. A ll p o st-h o cs  were 
aarisons.

Adaptation Condition Hemispace (1) Session
(J)
Session

IVIean
Difference
(l-J) Sig.

Left Adapt Left Space Pre Post 3 9 .5 6 5 0 .1 2 2

Right Space Pre Post 5 5 .5 8 9 0 .004**

Right Adapt Left Space Pre Post 1 5 .511 0 .4 6 7
Right Space Pre Post 3 0 .8 5 4 0 .1 7 3

Visual Search Complex (1 target, 15 distracters) -  Post hoc Comparisons

Overall, there was a significant difference between pre and post reaction 

times, F (l,9 ) = 11.116, p < .01. As above. Table 5.8, below shows that within this 

factor, there is an interesting interaction with side o f stimulus presentation and 

adaptation direction. This shows that responses are quickened in right space only 

following adaptation. Thus, in right space, following leftward-adaptation, F (l,9 ) = 

5.496, p = .044. Similarly, following rightward adaptation, participants were 

marginally quicker in right space [F(l,9) = 3.713, p = .086],
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Table 5.8, Complex Visual Search - Pre and Post scores x Hemispace. Participants were 
significantly quicker in right space only. All post-hocs were calculated using Bonferroni’s 
adjustment for multiple comparisons.

Adaptation Condition IHemispace (!) Session
(J)
Session

Mean
Difference
(l-J) Sig.

Left Adapt Left Space Pre Post 59.661 0.175
Right Space Pre Post 78.231 0.044*

Right Adapt Left Space Pre Post -17.218 0.649
Right Space Pre Post 103.452 0.086-

Line Bisection

A 2x2 repeated-measures ANOVA compared median line bisections before 

and after adaptation. This revealed a marginally significant effect of Session 

(pre/post) and a significant effect of Adaptation (left/right) [F (l,l 1) = 4.255, p = .064; 

and F ( l , l l )  = 6.184, p = .030]. The factors did not significantly, F ( l , l l )  = 2.082, p = 

.177. Post-hocs revealed that although responses shifted to the left in both instances, 

the difference between pre- and post-scores was only significant for the rightward- 

adapt condition [ t ( l , l l )  = 3.678, p = 0.004 as compared with a t-score (1,11) = 0.47, p 

= 0.647].

Table 5.9, Respons 
the left following ri

e differences pre- and post-adaptation. Spatial bias shifted significantly further to 
ghtward adaptation.

Pre Post Change Significance 
(Paired T-tests)

Left-Adapt -0.90 -1.041 -0.146 0.647
Right-Adapt -1.041 -1.667 -0.625 0.004**

Median Bisections Before and after 
Adaptation
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Figure 5.4, Bisection responses before and after adaptation.
Responses shifted significantly to the left following rightward- 
adaptation. 151



Muller-Lyer/Judd illusion Lines

A 2x2x3 repeated-measures ANOVA compared responses before and after 

adaptation on the following respective factors, Session (pre/post), Adapt Condition 

(left/right) and Line Type (Miiller-Lyer, Judd-Left and Judd-right). The results are 

shown in Table 5.10, below, which outline a highly significant effect o f line type 

[F (l,ll)  = 81.351, p < .001], as well as interactions between Session and Adaptation 

Condition. Mauchly’s test o f significance suggested that two of the comparisons 

(Line Type and Line Type x Adapt Condition) did not meet assumptions o f sphericity 

and these were consequently examined using the non-parametric Greenhouse-Geisser

equivalent.

Table 5.10, M uller-Lyer and Judd illusions ANOVA. Relevant factors include Linetype (Miiller-Lyer/Judd 
left/Judd right), Session (pre/post) and Adapt Condition (left/right adapt). The significant interaction o f session 
and adapt condition suggests that responses shifted as a result o f  adaptation, and inference that is examined in the 
post-hoc analyses below (Table 5.12).

Source Sphericity df Mean Square F SIg.
Linetype Greenhouse-G. 1.063 2423.348 81.831 0.000**
Session Sphericity Ass. 1 4.740 2.755 0.125
Adapt Condition Sphericity Ass. 1 4.969 2.462 0.145
Session * Linetype Sphencity Ass. 2 1.573 1.939 0.168
Adapt Condition * Linetype Greenhouse-G. 1.266 0.773 0.527 0.521
Session * Adapt Condition Sphericity Ass. 1 5.891 9.815 0.010*
Session * Adapt Condition * Linetype Sphericity Ass. 2 0.964 1.575 0.229

Post-hoc Analysis

Post-hoc paired sample t-tests, with Bonferroni adjustments for multiple 

comparisons compared median responses on the relevant factors above. Not 

surprisingly, there was a highly significant difference between the three line types, 

with responses to the Muller-Lyer lines (no spatial ‘cue’) slightly to the left (mean = - 

0.831 mm; in line with standard bisection, above). Responses to the Judd lines were 

in the predicted direction, substantially to the left for the ‘left-cue’ lines (mean = -
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5.818) and substantially to the right for the ‘right-cue’ lines (mean = +4.54). The

relevant statistics are presented in Table 5.11, below.

Table 5.11, Response differences to each of the line types. As expected, there is a large difference 
between each of the three conditions in terms of bisection responses.

(1) Linetype (J) Linetype
Mean Difference

(l-J) Std. Error Sig.
Miiller-Lyer Ju d d  - Leftward Arrow 4.987 0.546 0.000

Ju d d  - Rightward Arrow -5.370 0.633 0.000
Judd - Leftward Arrow Miiiier-Lyer -4.987 0.546 0.000

Ju d d  - Rightward Arrow -10.357 1.126 0.000
Judd - Rightward Arrow IVIuller-Lyer 5.370 0.633 0.000

Ju d d  - Leftward Arrow 10.357 1.126 0.000

Session x Adapt Condition

The initial ANOVA, above indicated an interaction between the Session and 

Adapt Condition factors. Table 5.12, below shows that when responses to the three 

line types are examined together, there is an effect o f adaptation. This applies only to 

rightward adaptation, where median responses shifted further to the left. This finding 

replicated that o f the standard line-bisection, above and indicated that the effect is 

experimentally robust. For leftward adaptation the overall median response went 

from -.538mm in pre-test to -.505 post-adaptation. For the right-adapt condition, the 

mean pre-score was -.497, whereas the mean post-score was -1.273

Table 5.12, Pre and post-scores across left- and right-adapt sessions. Results replicate the previous
finding with standard line bisection, which found that responses shifted significantly to the left following
rightward adaptation.
Adapt Condition (1) Sess ion (J) S ession Mean Difference (l-J) Std. Error Sig.
Left-Adapt Pre Post -0.042 0.273 0.881
Right-Adapt Pre Post 0.767 0.233 0.007**

Session x A dapt condition x Line type

The three-way interaction between Session, Adaptation and Line Type 

conditions was not found to be significant, but is an interesting comparison in terms
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of evaluating whether all line-types followed the same pattern in the post-adapt 

session. Figure 5.5, below, shows that following rightward adaptation, participants 

consistently shifted their responses to the left, regardless of line-type (i.e. regardless 

of whether their pre-score was to the right or the left of centre). This point is 

important in terms of interpretation, and is taken up in the discussion. As an 

addendum. Table 5.13 shows that these shifts were significant for the Miiller-Lyer and 

Judd-right lines, but not for the Judd-left.

Pre and Post Bisection Responses by 
Line Type
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Figure 5.5, Responses before and after adaptation by line type. Following 
rightward-adaptation, responses shifted to the left in all conditions.

Table 5.13, Comparison of responses for line types across pre/post sessions. Following rightward adaptation, 
responses on the MUller-Lyer and Judd-Right shifted to the left. The leftward shift for the Judd-left comparison was not 
significant, but did follow the same pattern. Bonferroni adjustments for multiple-comparison were made in all instances.

Line type Adapt Condition (1) Session (J) Session
Mean 

Difference (l-J) Std. Error Sig.
Muller-Lyer Left-Adapt Pre Post 0.219 0.313 0.499

Right-Adapt Pre Post 1.240 0.262 0.001 **
Judd - Left Left-Adapt Pre Post 0.271 0.339 0.441

Right-Adapt Pre Post 0.438 0.582 0.468
Judd - Right Left-Adapt Pre Post -0.615 0.414 0.166

Right-Adapt Pre Post 0.625 0.264 0.037*
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Complex Figures

Analysis of the complex figures task is slightly different to the others in that 

pre and post performance cannot be directly compared. This is because the pre-test 

required participants to copy the complex figure, whereas the post-test required 

participants to recall the figure from memory. Thus, the two requirements are not 

entirely equivalent and interpretation of these analysis must take this point into 

account.

Participants’ scores were calculated by examining the horizontal and vertical 

lines for each reproduction. A ratio was calculated that examined what proportion of 

the horizontal line was to the left/right of its respective bisector (the vertical line).

This is best explained by the illustration in Figure 5.6, below. A 2x2 repeated- 

measures ANOVA compared responses before and after adaptation to the prisms.

The relevant factors were Session (pre/post) and Adapt Condition (left/right). The 

Session factor was significant [F (l,l 1) = 5.129, p = .045], with responses on the recall 

task significantly shifted to the left, from 1.64% of line length to 4.728% of line 

length. As is discussed below, this shift most likely reflects the finding that 

pseudoneglect is most evident in perceptual tasks (e.g. Lavanchy et al., 2004). No 

significant differences were found in the Adapt Condition factor [F (l,l 1) = .024, p = 

.879], nor did it interact with the Session factor [F (l,l 1) = .439, p = .521].
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F igu re  5.6, C om plex-figure recall. An index o f  spatial bias was 
calculated by comparing the length o f  lines to the left(L)/right(R) o f  the 
vertical line (V). The fom iula used was as follows: Spatial Bias = [(R- 
L)/(R+L)]*100.



Discussion

The results are largely consistent with Berberovic and M attingley’s (2003) 

findings that adapting to prisms in either direction can affect post-adaptation task- 

performance. Moreover, it has been shown that performance may be manipulated on 

a broad battery o f cognitive and perceptual tasks. The extent to which performance is 

affected by adaptation seems to be task-specific, a prediction that relates directly to 

Berberovic and Mattingley’s model.

Recall that Berberovic and Mattingley found that both right and leftward 

adaptation induce a rightward shift in participant’s perception o f line-centre on a 

landmark task in extrapersonal space. In peripersonal space on the other hand, only 

leftward adaptation was shown to affect performance, also shifting responses to the 

right. The authors suggest that the rightward shift following adaptation in either 

direction may be due to right-hemisphere dominance for orienting to bilateral space. 

To recap, Berberovic and Mattingley hypothesised that adapting to prisms in either 

direction generates a ‘signalling-error’, which may cause a disruption o f this right- 

dominant network, and lead to an overall rightward shift in spatial orienting. This 

shift, the authors suggest, may not be evident in normals following rightward 

adaptation because o f the opposition o f the post-adaptation aftereffect, thus this 

“otherwise ubiquitous rightward bias in allocentric encoding, as revealed by the 

landmark task, is attenuated by an opposing egocentric bias which dominates 

processing within peripersonal (reaching) space” [author’s italics].

Following rightward adaptation, for tasks performed in peripersonal space, 

the rightward processing bias is opposed by a leftward bias in egocentic coding. This 

is evident in post-adaptation open-loop pointing. No such conflict should be in
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evidence for tasks conducted outside o f peripersonal space. Inferentially, it should 

follow that after leftward adaptation, egocentric coding should complement the right- 

hemisphere processing bias, thereby yielding a larger rightward score than in 

peripersonal space.

This hypothesis is largely in line with the current findings. For mental 

number-line bisection, which requires no motor component, responses shift to the 

right following both right (and left) adaptation. By contrast, for line bisection, which 

arguably recruits most (egocentric) motor function, responses were found to shift left, 

following rightward adaptation. These findings have important implications for 

future studies into prism adaptation, and also suggest that certain assumptions 

following the Colent et al. (2000) paper (i.e. that rightward adaptation does not affect 

spatial responses) may have been erroneous. This suggestion is examined in greater 

detail, below.

Discussion o f  results by task

Mental Number Line

The mental number line task requires no motor programming, which means 

there should be no conflict between peripersonal and extrapersonal spatial 

representations. While it may be tempting to dismiss the task as having no spatial 

components per se, experimental studies have repeatedly demonstrated a link between 

the number line and spatial orienting. Indeed, as far back as 1880, Galton observed a 

link between numbers and space. A recent transcranial magnetic stimulation (TMS) 

study by Gobel, Walsh and Rushworth (2001) confirmed the neural proximity o f 

spafial and number processing circuits. This is verified by examples o f hemineglect
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patients who present with deficits in number processing (Vuilleumier et al., 2004). 

Perhaps the most striking demonstration o f a spatial element o f  the number-line was 

demonstrated by Zorzi, Profitis and Umlita (2002), who found that a group o f neglect 

patients consistently mis-bisected number-lines in an analogous manner to physical 

lines. Thus, for ‘longer’ lines, ‘transections’ responses were shifted the further to the 

right. These and other studies are reviewed in the next chapter.

To this author’s knowledge, this is the first time that a similar bias has been 

observed and manipulated by prism adaptation. A leftward bias on the number line 

has been reported on many previous occasions (e.g. Dehaene et al., 1993, 1999), 

though the intrusion o f factors such as reading habits has made the link between 

pseudoneglect and the number line difficult to substantiate. The current findings 

make this link more tangible. Moreover, in terms o f prism adaptation, it suggests that 

the observable effects o f adaptation may generalise to a broad variety o f tasks. Colent 

et a /.’s (2000) conclusion that more perceptual tasks may be more sensitive to PA is 

also substantiated by the number-line results.

Visual Search

An encouraging finding from both visual search tasks is that differences 

between pre and post scores are comparable, suggesting that the tasks are robust. 

Following leftward adaptation, participants were significantly quicker to respond to 

stimuli in right rather than left hemispace. This was true for both versions o f  the 

visual search task. Following rightward adaptation, responses were also quicker to 

right hemispace on the complex search task (though this difference was only 

marginally significant (p = .086).
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These findings are relatively consistent with the landmark findings o f both 

Colent et al. (2000) and Berberovic and Mattingley (2003). Remember that the visual 

search stimuli were presented in peripersonal space (45cm from the eyeline). Within 

this reference frame, only leftward adaptation has been shown to affect landmark 

responses, shifting the perceived midline to the right. In the present paradigm, 

responses are quickened following leftward adaptation and, more specifically, this RT 

increase seems to be specifically within right hemispace.

It is unclear, however, why only responses on the complex task should be 

affected by rightward adaptation. It may simply be the case that participants were less 

likely to reach ceiling levels o f performance on a task where they were roughly 200 

ms slower. It should be noted that the quicker responses towards right space in this 

condition were only marginally significant and it may be wise not to read too much 

into this finding.

The finding that adaptation significantly accelerates visual search reaction 

times in right but not left hemispace is important because o f  the sensitivity o f visual 

search to spatial bias. Unlike the landmark, it does not require explicit spatial 

judgement. As such, it may be considered a more sensitive marker o f  coven  spatial 

attention. Kamath and Ferber (2001) compared the diagnostic efficacy o f line 

bisection and cancellafion with a group o f 35 neglect pafients. They found that line 

bisection missed 40% o f neglect patients. Cancellation, which depends on visual 

search, missed only 6% o f neglect patients. The authors conclude that line bisection 

may not be fundamentally associated with spatial neglect but “rather may be evoked 

by disturbance o f other sensory and cognitive processes” '*’. By contrast, visual search 

tasks seem to relate more intimately to spatial attention. The demonstration that

This conclusion is consistent with my previous comm ents with regard to pseudoneglect and line- 
bisection/landm ark, which suggest that the manifestation o f  the pseudoneglect phenom enon (as 
measured by bisection tasks) may be influenced by processes other than spatial attention.
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visual search can be affected by adaptation makes explicit, therefore, the link between 

adaptation and reallocation o f attentional resources.

One previous study, Morris et al. (2004) also examined visual search before 

and after adaptation to left/right deviating prisms. Unsurprisingly, no differences 

were noted between pre- and post- unique feature (i.e. pop-out) search, presumably 

because participants operate, essentially, at ceiling levels. With conjunctive search 

(as in the current design, where stimuli share two or more features) the authors also 

failed to find a difference between pre- and post-adaptation (see, e.g. Treisman, 1988; 

Treisman and Gelade, 1980, for a comparison o f conjunct!ve/unique-feature search). 

Commenting on these findings, Morris and colleagues claim that prism adaptation 

does not affect spatial attention per se. The current findings directly refute this 

suggestion. It is noteworthy that in the present methodology, participants made 400 

pointing movements towards a target, as compared with 200 in the Morris et al. study. 

I have previously stressed the importance o f  a sustained period o f adaptation in 

inducing discernible effects on spatial tasks with a non-clinical population sample.

The Morris et al. study also failed to find significant differences following 

adaptation for a group o f four neglect patients, although previous studies (e.g. Rossetfi 

et al, 1998; Fame et al., 2002) have found prism effects on cancellation tasks. It may 

be the case, therefore, that the task adopted by Morris et al. is less sensitive to discrete 

changes in spatial attenfion. Follow-up studies should clarify the inconsistencies 

between these findings.

Line Bisection

Responses on the line bisection tasks are quite interesting for a number of 

reasons. First o f  all the demonstration that only rightward adaptation significantly
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affects responses seems to contradict the results o f a study by Michel et al. (2003), 

where the principle finding was that adapting to leftward-deviating prisms shifted 

responses to the right. In fact, the two sets o f results are not entirely contradictory. 

The Michel et al. study seems to have been largely guided by the previous findings 

from the same laboratory (Colent et al., 2000), which showed that only adaptation to 

leftward-deviating prisms affected responses in normals. I have previously 

commented on the fact that the initial Colent et al. study had two separate population 

samples, with an n o f only seven in each group. Given the notoriously solipsistic 

nature o f pseudoneglect, it is possible that this study failed to pick up any potential 

effects arising from rightward adaptation, simply because o f  a lack o f experimental 

power. Based on these (largely inconclusive) findings, Michel and colleagues simply 

did not look for an effect with rightward-deviating prisms, comparing pre- and post

scores for the left-adapt condition only. Without the existence o f  a comparison group, 

it is difficult to put too much faith into their results and subsequent interpretation.

Nevertheless, their finding that responses shifted to the right following left- 

adaptation, is consistent with the attentional disruption hypothesis. Puzzlingly, the 

findings with leftward-deviating prisms from the current experiment failed to replicate 

those o f Michel et al. The lack o f consistency between the two studies cannot be 

written o f as a statistical anomaly. Apart from the Judd-left lines, which showed a 

trend in the same direction, all versions o f the bisection task (including Miiller-Lyer, 

Judd-right and tradifional line bisection) showed a significant leftward shift following 

rightward adaptation. Responses across sessions for leftward adaptation, on the other 

hand, showed no trend in any direction for any o f the conditions. How does this 

equate with the other results?

162



Again, an answ er m ay lie in Berberovic and M atting ley’s suggestion that two 

separate processes operate following adaptation, one that m ay be largely attentional, 

and one related to the m otor aftereffect. It is possible that line bisection, because o f  

its greater loading on m otor-function is m ore likely to be influenced by the m otor 

aftereffect. I f  this w ere the case, then bisections w ould shift to the right follow ing 

leftward adaptation (as in the M ichel at al. study) and to the left follow ing rightw ard 

adaptation (as above). It is not obvious w hy there should be no rightw ard shift in 

responses follow ing left-adaptation in the current results. M ichel and colleagues 

(2003) have noted that the variance tends to be relatively high in these tasks (up to 

four tim es greater for manual versus perceptual versions o f  bisection). Because o f  

this, there is a greater statistical likelihood that one or m ore experim entally-induced 

outcom es m ay be masked. The converse is also true, o f  course, which is that 

significant effects m ay have been exaggerated. Had M ichel et al. adopted a 

com parison right-adapt criteria, it would be easier to form a direct com parison 

betw een the studies.

Landmark Tasks

A lthough the pattern o f  responses was in the predicted direction and sim ilar to 

those observed in previous studies, none o f  the session-differences approached 

statistical significance. The m ost likely cause o f  this failure to replicate previous 

studies is m ethodology. O f the twenty-two lines presented in each condition, only six 

were bisected in the centre (twelve in total). W ith the benefit o f  hindsight, this 

num ber o f  stim uli is far too low to expect significant differences betw een sessions.

As I have pointed out previously, pseudoneglect can be som ething o f  an erratic 

phenom enon, especially with regards to landm ark ‘b isection’. Patterns are only likely
i

1
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to emerge from a much broader experim ental paradigm . This clearly was not the case 

in the current design. N evertheless, there is little reason to reject the findings from 

the previous experim ent where leftward adaptation initially shifted responses 

rightwards. This previous conclusion was based on an analysis o f  a greatly expanded 

landm ark array.

Complex Figure Recall

Results from the com plex-figure recall task indicate that responses do not 

differ for the post-right and post-left adaptation sessions. Overall, how ever, pre

scores have shifted to the left from the pre (copying) to the post (recall) sessions. One 

must be wary o f  inferring prism  effects in this particular case, how ever, as figure- 

copying and figure-recall are clearly not analogous. It is m ore than likely that the 

difference betw een pre and post-scores lies in the fact that the post-adapt session, 

because it w as self-generated, was fundam entally m ore likely to evidence 

pseudoneglect. Vuilleum ier et al. (2004) has shown that in right-hem isphere-dam age 

patients, m ental im agery tasks were a better indicator o f  spatial bias than conventional 

clinical m easures (including line bisection). It is possible that a sim ilar scenario is 

true for non-clinical participants. Certainly, w ith m ental im agery tasks such as the 

num ber line (above), pseudoneglect has been dem onstrated in the absence o f  a 

specific ‘ob jec t’ (e.g. line/letter array) on which to focus (e.g. Gobel et al., 2001).

General Discussion

Overall, the results have produced som e very interesting findings. In the 

main, they cohere to Berberovic and M attingley’s suggestion o f  two processes 

operating in the post-adaptation period. One process relates to spatial attention and



predicts tliat for more perceptual tasks, responses will shift to the right following 

adaptation in either direction. This prediction was largely fulfilled by findings from 

the number-line in particular, and also the visual-search tasks. A second process may 

relate more specifically to the post-adaptation aftereffect, where responses should 

shift in the direction o f the aftereffect. This pattern would be predicted in tasks that 

require a greater element o f motor-function and was borne out by significant shifts to 

the left following rightward adaptation on all versions o f  line bisection. A failure to 

detect a significant rightward shift following left-adaptation, however, urges caufion 

in adhering to these conclusions.

The finding that both right and left adaptation affect participants’ responses, 

highlights the need for a more extensive sample control. In Rossetti et a /.’s (1998) 

initial hemineglect study, the leftward-adapt condition was used as a control. In a 

non-clinical sample such as this one, we have a scenario whereby both right and left 

adaptation may operate upon pseudoneglect. It is thus invalid to assuredly eliminate 

the possibility o f the influence o f an extraneous variable, especially where right and 

left adaptation have been found to shift in the same direction following adaptation in 

either direction. Thus, with the number-line, responses were significantly shifted to 

the left prior to adaptation. The post-adapt rightward shift could legitimately by 

interpreted simply as a regression towards the mean. In the succeeding chapters, I 

propose to utilise the same within-participants design, but with the addition o f  a third 

condition -  a plain glass control. This will facilitate a much more efficient analysis o f 

post-adapt effects and should inspire a greater degree o f  confidence in the 

interpretation o f results.
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A note on the Length o f  Adaptation

The current experim ental design required participants to adapt for tw enty 

m inutes, w here they m ade approxim ately 400 pointing responses. This contrasts 

favourably w ith previous chapters in this thesis, w here adaptation tim es were five and 

ten m inutes (approxim ately 100 and 200 pointing responses respectively). The post- 

adapt sessions in the current set-up took betw een ten and tw elve m inutes and post- 

adapt effects w ere still evident in the M iiller-Lyer/Judd line b isection task (which was 

second to last in the experim ental sequence). This validates the decision to adopt a 

m uch m ore rigorous adaptation procedure and highlights the need o f  lengthy 

behavioural reinforcem ent to produce robust prism  effects in a non-clinical sample.

In the follow ing chapter I will return to an exam ination o f  num ber line 

bisection responses using this lengthier adaptation procedure, and w ith the inclusion 

o f  a third plain-glass control condition to facilitate interpretation.

Conclusions

Apart from the final task, the prism s have been shown to affect perform ance. 

R esults are largely consistent with the findings o f  Colent et al. and Berberovic and 

M attingley. A n explanation has been put forth that suggests prism  effects are 

attributable to the interaction o f  m otor (after-effect) and cognitive com ponents (spatial 

attention). This fram ework m akes a num ber o f  refutable predicdons, which will 

hopefully  be resolved in the near future.
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Chapter 6

Numbers in space

Abstract

The following chapter is based on prelim inary findings from the previous 

behavioural battery, where it was found that the m ental num ber line shifts to the right 

following adaptation to right or left deviating prism s. The current chapter exam ines 

pre and post-scores on two num ber tasks -  an expanded version o f  the m ental num ber 

line task, as well as a reaction tim e task involving exact and approxim ate calculation. 

The prism  adaptation process has been m odified to include a control condition which 

does not shift the visual field to the left or right. Results from the num ber-line study 

indicate that following rightward adaptation, num ber line ‘b isections’ shift to the 

right. A rightw ard shift in ‘b isections’ was also observed follow ing adaptation to 

leftw ard-deviating prism s, but only when the raw m ean, rather m ean proportion o f  

responses was m easured. D ifferences for control ‘adaptation’ did not differ 

significantly from pre to post session. Prism adaptation did not have a significant 

effect on the num ber calculation task, suggesting that prism -effects are confined to 

visuospatial properties o f  numbers. It is proposed that the interaction o f  post

adaptation m otor and attentional effects are largely responsible for previous findings 

as well as the current results.
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Introduction

The abihty to represent numbers is a fundamental requirement o f day-to-day 

life. Numbers are inherent in everyday financial transactions, in our conceptualisation 

o f  distance and in our understanding o f time. M astery o f  number-representation has 

been intrinsic to the advancement o f  scientific and economic structures and, as such, 

is a cornerstone o f human behaviour. The ability to represent magnitude is not 

restricted to humans alone however -  monkeys (Brannon & Terrace, 1998), rats 

(Meek & Church, 1983) and birds (Fetterman, 1993) can distinguish between 

different levels o f number magnitude. Thus, while humans are uniquely skilled at 

complex number calculation, the ability to represent number may not be 

evolutionarily recent. Piaget (1941) proposed that the ability to represent number 

may be contingent on the development o f language and reasoning skills, but this does 

not seem to be the case. Human infants have demonstrated an ability to conceptualise 

number magnitude prior  to the acquisition o f language or reasoning (Wynn, 1998, 

Brannon, 2002). These findings have suggested that (basic) number representation 

may involve regions in the brain specialised to quantify magnitude and that the 

development o f these areas may be related to visuospatial processes (Dehaene, 1992, 

1997).

Recent behavioural and neuroimaging studies have investigated the 

I relationship between number processing and visuospatial functioning. Seron et al. 

(1992) found that the visual representation o f number can take many fonns such as 

colours, patterns and shapes, as well as very specific spatial characteristics. Over a 

hundred years previously Galton (1880a, 1880b) made similar observafions. Perhaps 

the most common visuospatial component o f number-representation is the concept o f 

the mental number line, whereby numbers are represented on a linear scale, increasing
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in magnitude from left to right (Restle, 1970; Seron et a l ,  1992; Dehaene et al.,

1993). In number comparison tasks, participants are quicker at classifying small 

numbers with a left-button response and large numbers with a right-button response. 

This phenomenon is maintained regardless o f whether participants respond with their 

left hand in right hemispace or the right hand in left space (Dehaene et al., 1993). It is 

interesting to note however, that in countries where the written text reads from right to 

left, the opposite pattern has been observed (Dehaene et al., 1993), suggesting that 

properties o f the mental number line are, at least in part, culturally context dependent.

Case reports from lesion studies provide intriguing clues as to how and where 

numbers are processed in the brain. Bilateral lesions to the inferior parietal cortex can 

seriously debilitate the performance o f  even the most basic arithmetic calculations. 

Interestingly, there does seem to be a dissociation between deficits following left and 

right parietal lesions, in temis o f the ability to perform mental calculations. Dehaene 

and Cohen (1991) presented the case o f  a patient, NAU, with an extended posterior 

lesion in the left hemisphere. The patient could reject the equation ‘2+2=9’ as false, 

but not ‘2+2=3’. This led the authors to speculate that the right hemisphere may have 

a special role in number approximation. In 1997, the same authors published a paper 

case studying the patient BOO, who presented with a left-lateralised subcortical 

lesion. BOO had preserved understanding o f numerical qualities, but severely 

impaired rote knowledge o f numbers (and letters). By contrast a second patient, 

MAR, who presented with a lesion to the right inferior parietal lobe was shown to 

have the converse deficit, thereby completing the double dissociation. MAR showed 

significant deficits on the semantic knowledge o f  numbers, but (relatively) preserved 

processing o f  rote verbal knowledge. M AR’s deficit, the authors conclude “might be 

regarded as a complete disconnection between a partially impaired quantitative
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system and a fully intact verbal system”. This fascinating dissociation may be a 

product o f the left-hemispheric dominance for language processing, whereby over- 

learned language operations such as the multiplication tables may be coded as verbal 

associations (Dehaene et a l ,  1999), rather than quantitative entities. An inferior 

parietal network, by contrast, may depend on bilateral interactions to manipulate 

numerical quantity (such as those necessary for approximation).

Neural areas that are activated during number processing and those that have 

been implicated in visuospatial functioning are topographically similar. Dehaene et 

al. (1999) used fMRI and ERPs to compare the processing o f  exact and approximate 

addition calculations. Tasks had been matched for difficulty, and subtraction 

removed the potential confounds o f eye/hand movements. FMRI correlates o f exact 

calculation areas were mainly left-lateralised, incorporating the left inferior frontal 

lobe, left cingulate gyrus, left precuneus, left and right angular gyri and right parieto

occipital sulcus. Conversely, for approximate calculation, fMRI showed active areas 

in bilateral parietal cortex, including left and right intraparietal sulci extending to the 

inferior parietal lobule and postcentral sulcus, right precuneus, left and right 

precentral sulci, left dorsolateral prefrontal cortex, left superior prefrontal gyrus, left 

cerebellum and left and right thalami. Many o f the sites active in the approximate 

task have been implicated in visuo-spatial representation. Corbetta et al. (1993) for 

example, highlighted the role o f the intraparietal sulcus (IPS) in attention orienting. 

Andersen et al. (1997) emphasised the role o f the IPS in spatial representation. The 

closeness o f the structures involved in approximate calculation to those integral to 

visuospatial processing led Dehaene et al. (1999) to conclude that “approximate 

calculation involves a representation o f numerical quantities analogous to a spatial 

number line, which relies on visuo-spatial circuits o f the dorsal pathway”.
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A recent study by Gobel, W alsh & Rushw orth (2001) largely confirm s 

Dehaene et a l.’s findings with regard to the neural proxim ity o f  spatial and num ber 

processing circuits. They found that repetitive transcranial m agnetic stim ulation 

(rTM S) over the angular gyrus, significantly delayed participants’ responses on a 

num ber com parison task. This w as true w hether stim ulation w as applied to right or 

left angular gyrus, though rTMS to the left hem isphere led to b igger delays for large 

num bers (i.e. num bers over 65). At the sam e site (i.e. angular gyrus), rTM S 

significantly slowed responses on a visual search task. N either num ber com parison 

nor visual search tasks were affected by stim ulation o f  a control site (supram arginal 

gyrus), negating the possibility that the results were the product o f  a non-specific 

rTM S effect. This finding suggests that the angular gyrus is critical to both visual 

search and num ber comparison. W hile it is possible that the two processes are 

distinct, they are likely to at least recruit neurons in close proxim ity  w ithin the angular 

gyrus.

Gobel, Calabria, Fam e, W alsh and Rossetti (in press) follow ed up this study 

with a task that specifically addressed the spatial nature o f  the m ental num ber line. 

W hereas the previous task was one o f  num ber com parison (participants were required 

to judge w hether a given num ber was larger or sm aller than the num ber 65), a new 

task required participants to m entally estim ate the m iddle distance betw een num ber 

pairs (e.g. 717 and 753). Participants perform ed this task prior to, as well as during, 

rTM S to the angular gyrus. RTM S to both left and right angular gyri led to a 

significant rightw ard shift in responses, an effect that was not evident during (control) 

rTM S to an occipital site (Oz). The shifting o f  the m ental num ber line rightw ards in 

non-clinical participants is rem iniscent o f  the rightward shift in line bisection
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following adaptation, though any such association has yet to be experim entally  

confinned.

I have previously discussed the paper by Zorzi et al. (2002), who found that 

the hem ineglect patients tended to m is-bisect the m ental num ber line to the left o f  

centre. The m anner in which num ber pairs were ‘transected’ is com parable with 

reports o f  m is-bisections o f  physical lines, with shorter lines transected to the left-of 

centre (e.g. Halligan and M arshall, 1991; Anderson, 1997). This finding dem onstrates 

strong evidence for the spatial nature o f  the mental num ber line and has since been 

replicated by V uilleum ier et al. (2004), who conducted a series o f  intriguing 

experim ents into num ber line processing (below).

The proxim ity effect is a phenom enon o f  num ber com parison w hereby the 

nearer a target num ber is to a com parison reference, the slow er participants are to 

recognise a difference between the num bers. Thus, to borrow  an exam ple from Gobel 

et al. (2001), participants are slow er to recognize that “66” is greater than “65” than is 

“99” . The task itse lf is thought to involve an evaluation o f  num ber m agnitude based 

on a representation o f  spatial proxim ity (Restle, 1970, Dehaene, 1992, 1997), and 

dem onstrates the linear nature o f  the m ental num ber line. V uilleum ier et al. (2004) 

dem onstrated that relative to control and non-neglect right-hem isphere dam age 

(RHD) patients, hem ineglect patients were significantly im paired on this task. 

Furtherm ore, neglect patients were uniquely slow in responding to the num ber 

im m ediately to the ‘left’ o f  the reference number. Thus, patients were significantly 

slower to affirm  “4” as sm aller than “5” . W hen the reference num ber changed, they 

were significantly slow er to report “6” as sm aller than “7” . This finding dem onstrates 

that while neglect patients were significantly  slower to process the num bers in
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gen>eral, they were specifically im paired on the spatial elem ent o f  the proxim ity  task.

In a.n intriguing addendum  to these findings, V uilleum ier et al. required participants to 

determ ine w hether a particular tim e was earlier or later than 6 o ’clock. N eglect 

patients did not perform  differently on the task as a whole, but w ere significantly 

slow er to respond to large (6-11) num bers (which w ould be left on a clock face), 

w here they had previously been slow for sm aller ones (which w ould be left on a linear 

num ber line). This dem onstrates that activation o f  spatial codes during num ber 

processing “ is not entirely obligatory” and m ay depend on task requirem ents and “the 

curr ently relevant frame o f  reference” '^.

I have previously exam ined non-clinical participants on a battery o f  spatial 

tasks that included the mental num ber-line. The results indicated that both right and 

leftw ard adaptation shifted ‘b isections’ to the right. In the current paradigm , 1 have 

extended the num ber-line task and also included an approxim ate-exact reaction tim e 

task, which may, as discussed above, be sensitive to hem ispheric specialization. A 

crifical design difference between the current and previous study is the inclusion o f  a 

th ird  adaptation group, which is a plain-glass control. This provides a necessary 

com parison to left and right-adapt conditions.

Experim ent 1 -  M ental N um ber Line

The current m ethodology largely replicates that o f  the previous num ber-line 

task, where it was shown that both right and left-adaptation shifted responses 

rightwards. The num bers are adapted from the set used by Zorzi et al. (2002) and 

num ber-pairs are counter-balanced for size and line ‘length’ (i.e. the distance betw een

A s a noteworthy aside, Vuilleum ier et al. screened participants using a standard measure o f  
representational neglect (Ortigue et al., 2001). N o patient show ed neglect in visual imagery o f  familiar 
places. The significant impairments reported in the study suggest, therefore, that the mental number 
m ay be a more sensitive measure o f  representational neglect.
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each item o f  the pair). Additionally, larger num bers are counter-balanced for 

congruency (Nuerk et al., 2001), w hereby 50% o f  the item s are congruent (i.e. the 

second digit o f  the initial num ber is sm aller than that o f  the second num ber, for 

exam ple 21 and 35) and 50% are incongruent (e.g. 25 and 31). The num ber set used 

in the current experim ent is considerably larger than that used in the previous chapter. 

For this reason, it was possible to exam ine potential effects and interactions o f  

num ber size and line ‘length’. Zorzi et al. (2002) found that hem ineglect m is-bisected 

‘shorter’ lines to the left o f  centre and ‘longer’ lines to the right, a phenom enon 

m irrored in manual (Halligan and M arshall, 1991) and perceptual (A nderson, 1997) 

line bisection. A sim ilar crossover has been reported in non-clinical sam ples 

(M anning et al., 2000, Luh, 1995), with transections crossing from right-of-centre for 

short lines to left-of-centre for longer lines. The expanded version o f  the mental 

num ber line will facilitate an exam ination o f  w hether this feature o f  pseudoneglect is 

preserved in this representational task.

The expansion o f  the num ber line task also facilitates the exam ination 

o f  the effects o f  raw num ber size on participant responses. A num ber o f  authors have 

suggested that small num bers m ay be processed preferentially  by  the right-hem isphere 

(Stanescu-Cosson et al., 2000, Cipolotti et al., 1991), though this phenom enon m ay be 

contingent upon task requirem ents (Dehaene et al., 1993). I f  sm all num erals were 

preferentially processed by the right-hem isphere, we w ould expect respective 

‘b isections’ to be positioned further to the left.

It is important to rem em ber however, that w hile tasks involving num bers, 

particularly the mental num ber line, have consistently been shown to possess 

visuospatial properties, these tasks are not standard m easures o f  spatial 

attention/orienting. I have already noted that netw orks recruited in approxim ate
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calculation are distributed bilaterally (e.g. D ehaene et al., 1999). Sim ilarly, Gobel and 

colleagues have suggested that both left and right angular gyri are critical for num ber 

representation. This contrasts w ith studies into spatial attention, which consistently 

em phasise right-hem isphere dom inance (e.g. Vallar, 1999; M esulam , 1999). It is 

possible, therefore, that prism  adaptation w ill affect tasks such as the m ental num ber 

line and exact/approxim ate calculation differently than previous findings w ith manual 

and perceptual line bisection. On this note o f  caution, the follow ing predictions are 

suggested

A daptation to both left and right-deviating prism s will shift responses to 

the right relative to the control condition.

Dem onstration o f a crossover from short to long lines m ay be interpreted 

as evidence o f  an analogous relationship o f  num ber line bisection with 

manual and perceptual line bisection. Because shorter lines involve 

intrinsically sim pler m ental calculations (i.e. it is easier to calculate the 

m iddle num ber o f  the sam ple num ber pair 2 and 6, than 2 and 16), this 

m ight be an unrealistic expectation.

Stanescu-Cosson et al. (2000) suggest that small num bers are 

preferentially processed by the right hem isphere. I f  this is the case, we 

m ight expect small num bers to be transected further to the left.

Methods

Participants

21 paid participants w ere recruited for the study. All w ere right-handed as 

assessed by the Edinburgh H andedness Inventory (O ldfield, 1971) and had no history
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o f  psychiatric or psychological disorder. All had normal or corrected-to-norm al 

vision. The m ean age o f  the sam ple was 26.51 (range 19-53, SD 8.72), w ith 12 men 

and 9 wom en taking part.

Materials and Procedure 

Procedure

The experim ental procedure involved a pre-test on the m ental num ber line 

task, a twenty m inute period o f  adaptation (involving -4 0 0  pointing responses), and a 

post-test on the num ber-line, im m ediately after adaptation. Testing took place over 

three separate days, w here participants adapted to leftw ard-deviating prism s, 

rightw ard-deviating prism s and a plain-glass control condition.

Prism Adaptation

Participants were instructed to m ake a point w ith the index finger o f  their right 

hand and to point straight out, as quickly as they could, at a target held by the 

experim enter (a 5mm diam eter rod, held vertically). Each pointing response was 

initiated with the participant touching their right ear, thereby ensuring that participants 

could not see their finger until after the pointing response had begun. Perform ance 

w as continually m onitored by the experim enter who insisted participants point as 

quickly  as they possibly could, and that trajectories were not interrupted ‘m id-poin t’. 

Participants were required to point approxim ately 400 tim es at the target, w hich was 

held in one o f  five positions -  centre (body m idline), 10° left-of-centre, 10° right-of- 

centre, 20° left-of-centre and 20° right-of-centre. The duration o f  each adaptation 

period w as tw enty m inutes.
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The Mental Number Line Task

The number-line task consists o f forward and backward conditions, and was 

adapted from Zorzi et al. (2002). Numbers were read aloud in pairs and participants 

were asked to state the midpoint. Participants were asked “not to make mental 

calculations”, but rather to try to visualise a number along a line and choose the 

response “that seems most appropriate” (a list o f the full instructions is presented in 

Appendix VI). Ninety-six number sets (48 forward, 48 backward) were presented for 

each condition. 50% o f the number-lines were coded as “short” with a difference of 

2,4,6 or 8 units between the pairs and 50% of the lines were coded “ long” with 

differences o f 12, 14, 16 and 18 units between each pair. Numbers were also 

balanced for raw digit size with the smallest digit in each pair constituting a single 

digit (1-9), first decade (11-19) or second decade (21-29). Additionally, ‘long’ 

number-line pairs were matched so that twenty-four pairs were incongruent, meaning 

that the unit digit o f the first number was larger than that o f  the second number (e.g. 

19-31). The other twenty-four pairs were congruent (e.g. 05-19) (Dehaene & Mehler, 

1990). There were no number pairs with an interval o f ten or twenty. Five practice 

number pairs preceded each forward/backward number-set. In the backwards 

number-line condition, the smaller number o f the pair was presented first (e.g. 8-4 

rather than 4-8). In all other respects, the backward and forward conditions used 

identical criteria. A different number set was used for each testing session (six in 

total).
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M aterials

Prisms

Goggles were constructed from Fresnel prisms that deviated the visual field by 

10" to the right and 10“ to the left. Control goggles, constructed from plain glass, 

were precisely the same size, shape and weight as the right/left deviating goggles, but 

did not deviate the visual field in either direction.
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Results

The following analyses were based on participant scores that were calculated 

by comparing the proportion o f scores ‘bisected’ to the right versus those ‘bisected’ to 

the left. Proportions were calculated using the formula Pr = [(nR-nL)/(nR+nL+nC)], 

where Pr is the proportional score, nR refers to the number o f responses that were 

right o f  centre, nL the number o f responses left o f centre, and nC the number o f 

correct responses. The responses o f two o f the participants were consistently at odds 

with the sample as a whole (>2SD outside the mean) and were not included in the 

analysis. Relevant boxplots, including outliers, are included in the Appendix VI, 

Figures VI.I and VI.II.

Forwards Versus Backward Number Line

Prior to a full factorial analysis o f the results, a paired sample t-test compared 

participants’ performance on the forward and backward divisions o f the number line. 

The relevant t-score (1,18) o f 4.995 was significant at a .001 level o f  significance, 

indicating that responses on the two conditions are not comparable for each 

participant. It was, therefore, decided to analyse the forwards and backwards 

condition separately. A possible explanation regarding the significant difference in 

the forward and backward number line conditions is that participants had difficulty 

w ith the instruction to reverse the number line. For this reason, results o f the 

backward condition may be considered contaminated, and are therefore only 

presented in Appendix VI. Analyses o f the forward condition are presented below.
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Forwards Number Line

A 2x3x2x3 repeated measures ANOVA compared participant performance on 

a range of factors including, Session (pre/post), Condition (left/right/control), line 

‘Length’ and raw number Size (small/medium/Iarge). Additionally, because there are 

three sets o f pre-scores in this analysis, it was deemed prudent to include adaptation 

order as a co-variate, which further off-sets potential time-order effects.

There was a significant interaction between Session and adaptation Condition, F(2,

34) = 6.12, p<.006. There was also a significant interaction between these two factors 

and line length -  F(2,34) = 7.89, p<.002. Additionally, there were significant effects 

for raw number size [F(2,34) = 7.20, p<.003], and a marginally significant interaction 

between line length and raw number size [F(2,34) = 3.04, p = .061], The full 

ANOVA table is shown in Table 6.1, below.

T ab le  6.1, 2x3x3x2 R epeated  M easu res A N O V A : Factors include S ession  (pre/post-test), 
Condition (left/control/right-adapt), Raw Number Size (sm all/m edium /large) and Line Length 
(long/short).

Source df
Mean

Square F SIg.
Session 1 0.046 1,459 0.244
Condition 2 0.069 1,817 0.178
Raw Size 2 0.549 7,199 0.002**
Length 1 0,002 0,020 0.890
Session * Condition 2 0.183 6.108 0.005**
Session * Raw Size 2 0.013 0.402 0.672
Condition * Raw Size 4 0.020 0.550 0.699
Session * Condition * Raw Size 4 0.014 0.568 0.687
Session * Length 1 0.033 1.145 0.300
Condition * Length 2 0.028 0.602 0.554
Session * Condition * Length 2 0.227 7.894 0.002**
Length * Raw Size 2 0.197 3.037 0.061-
Session * Length * Raw Size 2 0.042 1.583 0.220
Condition * Length * Raw Size 4 0.036 1.275 0.288
Session * Condition * Length * Raw Size 4 0.046 1.873 0.125

Raw number size loaded as a significant factor, with small numbers 

‘transected’ further to the left, while larger numbers were ‘transected’ further to the
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right. This confirms the prediction based on Stanescu-Cosson et al.’s findings (2000) 

and is illustrated in Figure 6.1, below. The mean proportional responses for small 

numbers (the first digit constituting a single digit), medium numbers (first digit in the 

teens) and large numbers (first digit in the twenties) were -.076, -.013 and +.020 

respectively.

'Bisections' by number size

ra Q)

I §g &

0.1

0.05

0
0)
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- 0.1

rib

Small Medium Large

Number Size

Figure 6.1, number-line ‘transections’ by number size. Smaller 
numbers are transected further to the left, a finding consistent with 
hypotheses touting the right hemisphere as dominant for processing small 
numbers (e.g. Stanescu-Cosson et al.

Post-Hoc Analyses 

Session x Condition

Paired-sample t-tests with Bonferroni adjustment for multiple comparisons 

examined the interaction between Session (pre/post) and Condition (left/control/right) 

(see Table 6.2, below). The t-tests revealed that only the difference between the pre 

and post scores for rightward adaptation were significant [F(l,17) = 4.463, p < 

0.050]. Table 6.2, below, shows that responses shifted to the right following 

rightward adaptation.
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Table 6.2, paired sample t-test comparison with Bonl'erroni adjustment for multiple comparisons.
Comparison based on the interaction between Condition and Session in Table 6.1, above. An 
examination of the magnitudinal responses (Table VI.Ill, Appendix VI) additionally found a significant 
difference between pre and post scores for the leftward adaptation condition

Adapt
Condition Session Session

Mean 
Difference (l-J) Std. Error Sig.

Left Pre Post 0.011 0.022 0.625
Control Pre Post -0.005 0.026 0.837
Right Pre Post -0.044 0,021 0.050*

Session x  Condition x  Length

The three-w ay interaction betw een Session, Condition and line Length was 

investigated with Bonferroni adjustm ent for m ultiple com parisons. Again, the 

difference betw een pre and post scores follow ing rightw ard adaptation was the only 

com parison approaching significance, and only for ‘longer’ lines (i.e. lines with the 

greatest difference between each num ber pair). An F( 1,17) value o f  4.032 was 

m arginally  significant (p = .061). The full table (Table 6.3) is shown below.

Table 6.3, three-way interaction of Condition x Length x Session. Post-hoc paired sample t-test comparison 
with Bonferroni adjustment for multiple comparisons show a marginally significant effect for long lines 
following rightward adaptation.

Adapt
Condition Line Length Session Session

Mean 
Difference (1-

J ) Std. Error Sig.
Left Short Pre Post -0.018 0.017 0.317

Long Pre Post 0.039 0.037 0.298
Control Short Pre Post -0.007 0.030 0.827

Long Pre Post -0.004 0.039 0.912
Right Short Pre Post -0.007 0.024 0.784

Long Pre Post -0.081 0.040 0 .0 6 1 -

Figures 6.2, 6.3 and 6.4, below, plot the differences betw een pre and post scores 

follow ing adaptation in the left, right and control conditions.
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Figure 6.2, all lines: Proportional scores before and after adaptation ( ‘short’ and 
‘long’ lines combined), showing a significant rightward shift following adaptation to 
right-deviating prisms.

Line 'Bisections' pre and post adaptation - 'short' 
lines only.
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Figure 6.3, ‘sh o rt’ lines: Proportional scores before and after adaptation. There are 
no significant differences between pre and post responses for any of the conditions.

183



Line 'Bisections' pre and post adaptation - 'long' 
lines only.
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Figure 6.4,’ long’ lines: Proportional scores before and after adaptation, showing a 
significant rightward shift following adaptation to right-deviating prisms.

Size X  Length

Bonferroni adjusted post-hocs examined the interaction between raw number 

size and line length. ‘Short’ lines were transected further to the right with large 

numbers (F(l,17) = 6.436, p = .021), whereas ‘long’ lines were transected further to 

the left with large numbers (F(I,17) = 8.279, p = .01). The relevant analyses are 

shown in Table 6.4, below. This is tentative evidence of a ‘crossover’ effect, which 

may only be evident when larger (more difficult) numbers are utilised.

Table 6.4, comparison based on the interaction between Condition and Session in Table 6.1, above.
Paired sample t-test comparison with Bonferroni adjustment for multiple comparisons.

Number Size Line Length Line Length
Mean 

Difference (l-J) Std. Error Sig.
Small Short Long -0.064 0.025 0.021*
Medium Short Long 0.029 0.040 0.487
Large Short Long 0.111 0.038 0.010*

It is worth remarking that there is a trade-off in reducing the responses to 

proportions. This serves to add robustness to the analysis as it eliminates the potential
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confounding effects o f extreme scores. On the other hand, power may be reduced as 

the range drops from infinity to ±1. Scores were also analysed by the raw magnitude 

o f  responses (i.e. without reducing scores to proportions), and these are presented in 

Appendix VI. These results are consistent with the proportional findings, with the 

same effects o f  raw number size [F(34,2) = 5.185, p = .011], interacfion o f session 

and condition [F(34,2) = 5.19, p = .011], interaction o f session condition and length 

[F(34,2) = 8.591, p = .001], and length by size [F(34,2) = 3.311, p = .049]. 

Encouragingly, no other factors or interactions were found to be significant. Post-hoc 

analyses, however, suggested that although the results o f  the bisection-magnitude 

analysis were almost identical in terms o f significant interactions, the difference 

between pre and post responses to leftward adaptation was also marginally significant 

(F( 1,17) = 2.423, p = .064. Other effects were largely in the same direction as the 

proportional analysis, above.

Discussion

The results show that adapting to rightward-deviating prisms shifts the mental 

number line rightwards. This effect is most pronounced in longer lines, as suggested 

by the three-way interaction between session, condition and line length. Logically, 

longer lines are more likely to be affected by adaptation, because the margin for 

potential error is larger (e.g. participants are less likely to report “5” as the midpoint 

o f the number pair 2-6, than “ 16” as the midpoint o f 9 and 21). Thus, while responses 

to both long and short lines shifted rightwards following RA, it is unsurprising that 

longer lines were pre-eminent in this interaction.
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It is interesting to note that only responses following rightward adaptation had 

an effect on participants’ scores. Previous studies (e.g. Colent et a!., 2000; Michel et 

al., 2003) with non-clinical populations have shown that adaptation to leftward prisms 

is more likely to elicit a (rightward) shift in spatial bias. Berberovic and M attingley’s 

(2003) finding that that adaptation in either direction in extrapersonal space shifts 

responses rightwards is an exception to this literature, and potential reasons for this, 

are discussed below.

In the previous chapter, a hypothesis was proposed that posited the 

temporoparietal junction (TPJ) as an integral component in adapting to prismatic 

deviations. This hypothesis was based on findings from Corbetta and colleagues, 

which outlined the criticality o f the TPJ to automatic orienting. It was suggested that 

prism adaptation (PA) may lead to a suppression o f right-hemisphere attention 

functions, either by directly inhibiting the TPJ, or via ipsilateral connections between 

the TPJ and voluntary frontoparietal circuits (frontal eye fields (FEF) and intraparietal 

sulcus (IPS)). Data from fMRI or TMS analyses should clarify which o f these 

processes (if either) is most valid, though both are consistent in predicting an overall 

suppression o f right-hemisphere-dominant attentional function. It was further 

suggested than while leftward-deviating prisms may specifically activate/suppress the 

right TPJ, rightward deviating prisms may also affect left TPJ.

•A. strict interpretation o f Corbetta et al.’s findings (e.g. 2000, 2002) is more 

consistent with the idea o f  TPJ activation. Thus, for PA to leftward-deviating prisms, 

activation o f the right TPJ may result in the ‘circuit-breaking’ (i.e. suppression) o f 

these networks. Adapting to rightward-deviating prisms, on the other hand, may 

result in the activation o f left and  right-hemisphere automatic attentional networks, 

and subsequent bilateral suppression o f  voluntary spatial attention processes.
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Corbetta et al. (2000) showed that fixing attention prior  to the appearance o f  a 

stimulus activated the intra parietal sulcus (IPS). Increased activity before the 

appearance is indicative o f voluntary orienting. On the other hand, the 

temporoparietal junction was activated after the appearance o f  a target. Furthermore, 

the TPJ was particularly activated when a target appeared at an wwattended location, 

which then requires reorienting. This activation was largely confined to the right 

hemisphere and contrasts with activations in frontal and intraparietal parietal sulcus 

for target appearance at expected locations, thought to ‘m ark’ an area o f interest or 

prepare an intentional response (Corbetta et al. 2000).

These findings relate to prism adaptation, because initial automatic pointing 

responses while wearing prisms occur at a novel and unexpected spatial location. We 

know from Corbetta and colleagues that this type o f spatial event is precisely the kind 

to elicit activity o f  (primarily right lateralised) TPJ, which may account for post

adaptation behavioural effects on spatial tasks. Corbetta et al. (2002) further propose 

that stronger ipsilateral connections between the ventral (automatic, TPJ) and dorsal 

(voluntary, IPS and FEF) attentional components may mean that right-hemisphere 

voluntary networks may specifically be affected by this initial TPJ activation -  

A right-hemisphere lateralisation may emerge under conditions o f  exogenous 

orienting (Nobre et al., 1997; Kim et al., 1999) or during reorientating toward 

unattended stimuli... This right-hemisphere lateralization may he accounted fo r  by 

stronger ipsilateral connections between alerting mechanisms in the right TPJ... and 

ipsilateral IPS

The right temporoparietal junction is, as discussed above, strongly dominant 

for automatic orienting to either side o f space. While fMRI analyses consistently 

highlight a much larger volume o f the TPJ for stimuli at unexpected locations, the left
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TPJ is, nevertheless, still activated (though to a significantly lesser degree) to invalid 

targets, as shown in Figure 6.5, below. It may be the case that bilateral activation of 

the TPJ following rightward adaptation has more of an effect on the mental number 

line.

m  Visual Transitions ^  Tactile T ransitions

■ I  Auditory Transitions Ail T ransitions

Figure 6.5, TPJ activation following detection o f  low-frequency m ultim odal 
stim uli (from Corbetta and Shulman, 2000, p. 210). Yellow indicated activation for 
all transitions and shows that although the TPJ is patently right-hemisphere 
dominant in this regard, the left TPJ is also activated by low frequency stimuli

Gobel et al. (2004) found that transcranial magnetic stimulation applied to 

either the right or left angular gyrus shifts the mental number line rightwards. It is a 

possibility, then, that bilateral rTMS of the angular gyri may shift responses even 

further rightwards. Anatomically, the angular gyrus (ANG) is located between the 

TPJ and IPS, and Corbetta and colleagues do not elaborate on whether ANG is 

integral to one or both of the dorsal/ventral spatial attention networks. A tentative 

inference from Gobel et al.’s results might be that their rTMS stimulation of ANG 

might be suppressing the (dorsal) voluntary frontoparietal network. Figure 6.6 from 

Husain and Rorden (2003) illustrates the cortical proximity of the ANG and IPS. The

188



processes and neural circuitry underpinning spatial attention are, of course, still 

something of an unknown, and this (post-hoc) proposition has not been verified 

experimentally. It should, therefore, be regarded with a suitable degree of scepticism.

If this suggestion were correct, then we would expect rightward deviating 

prisms to shift responses to the right through inhibition of dorsal frontoparietal region 

adjacent to ANG. Adapting to leftward-deviating prisms should also lead to a 

rightward shift in the number line, however, through a unilateral suppression of right- 

dominant automatic orienting processes. In the previous chapter, left-deviating 

prisms were found to shift responses on the mental number-line to the right. This 

finding was not replicated in the current result set. However, as the results in 

Appendix VI (Table VI.III) indicate, if we examine pre/post responses by the 

magnitude (rather then proportion) of their lateralisations, a rightward shift following 

left-adaptation can be discerned. Again, these findings highlight the highly solipsistic 

nature of pseudoneglect, which can appear and disappear with very minor 

experimental/methodological manipulations.

Figure 6.6, cortical regions that are damaged in patients witti hemispatial 
neglect, from Husain and Rorden, 2003. Note the anatomical proximity of the 
angular gyrus (ang) and inferior parietal sulcus (IPS). Also shown are the 
temporoparietal junction (TPJ), inferior parietal lobule (IPL), supramarginal gyrus 
(smg), superior temporal gyrus (STG), inferior frontal gyrus (IFG) and middle 
frontal gyrus (mfg).
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An hypothesis o f TPJ suppression, although theoretically less likely, is not 

inconsistent with these findings. An interpretation along these lines might highlight 

the possibility that adapting to prisms requires the inhibition o f automatic (pointing) 

responses, and because the TPJ is integral to automatic orienting, that this component 

may be directly inhibited. Thus, when a participant is exposed to a prismatic 

deviation, their initial (automatic) pointing response is found to be in error. The 

appearance o f  one’s finger at an unexpected location has been proposed (above) as 

leading to a ‘circuit-breaking’ o f voluntary responses. An alternative explanation 

would be that when one’s pointing response is found to be in error, an inhibition o f 

the automatic orienting response is necessary. Thus, a top-down suppression o f  the 

TPJ is necessary. This top-down control may be accomplished through those same 

connections with the ventral attentional components, though with voluntary 

attentional networks suppressing automatic attentional components (rather than the 

other way round). Corbetta and colleagues have suggested that connections between 

their dorsal and ventral components are reciprocal. Both these interpretations are 

consistent with a suppression o f right-hemisphere attentional components, though 

there is an obvious discordance in terms o f which attentional components. Again, to 

reiterate, this question should be best resolved with fMRI or TMS neuroimaging data.

In the previous chapter, it was also argued that prism adaptation elicits a 

motor, as well as attentional, outcome. Following leftward adaptation this motor 

effect is to the right, whereas following rightward adaptation it is to the left. 

Berberovic and Mattingley (2003) argued that (in egocentric space) the motor effect 

may selectively enhance (LA) or dilute (RA) the rightward shift in spatial attention 

(see Figure 6.10, below). It is notable that in the current task, which requires no
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m otor response, the post-adaptation effects o f  right-prism s rem ain. W hile this finding 

m ay only be applicable to the current m ethodology, it w ould be interesting to exam ine 

w hether the result is m irrored in other tasks o f  spatial representation that do not 

require a m otor response.

Experiment 2

In the introduction above, it was noted that the num ber line task, although 

possessing certain spatial characteristics, m ay be qualitatively different to standard 

m easures o f  spatial attention such as line bisection. Thus, while num bers do activate 

m any areas involved in spatial processing, particularly  in the region o f  the 

intraparietal sulcus, other activations including the inferior frontal lobe (D ehaene et 

al., 1999), m ay not be critical in manual or perceptual line bisection (Fink et al., 2001, 

2002). This observation is especially pertinent to the current paradigm , which 

prim arily exam ines the effects o f  prism  adaptation on a num ber calculation task, 

com paring exact and approxim ate calculation.

Hem ispheric differences in exact versus approxim ate arithm etic have been 

observed in a broad range o f  studies (Stanescu-C osson et al., 2000, D ehaene et al, 

1999). A consistent finding has been the left-lateralisation o f  processing exact 

calculations, incorporating the left inferior frontal lobe, left (and right, Stanescu- 

Cosson et al., 2000) angular gyrus, left anterior cingulate (D ehaene et al. 1999) and 

left inferior prefrontal cortex (Stanescu-C osson et al., 2000). In the follow ing 

experim ent, I aim to determ ine w hether the effects o f  prism  adaptation extend to 

num ber calculation. The location o f  parietal activations during approxim ate 

calculation in particular led D ehaene et al. (1999) to conclude that “ ...approx im ate  

calculation involves a representation o f  num erical quantities analogous to a spatial
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number line, which relies on visuo-spatial circuits o f the dorsal parietal pathway”. If 

this observation is accurate, then we might expect prism-adaptation to affect 

processing on the approximate but not exact calculation task. M oreover the more 

bilateral distribution o f activations during approximate calculation would possibly 

suggest that right, but not left adaptation should show the strongest effects for this 

particular procedure.

Another source o f evidence o f cortical differences between exact and 

approximate calculation are lesion analyses. Dehaene & Cohen’s (1997) case study 

o f two patients with very different manifestations o f acalculia confirms the notion of 

hemispheric specialisation for different types o f number operations. To recap, patient 

BOO, who presented with a left-lateralised subcortical lesion, had preserved 

understanding o f numerical qualities, but severely impaired rote knowledge o f 

numbers (and letters). By contrast patient MAR, who presented with a lesion to the 

right inferior parietal lobe, showed significant deficits on the semantic knowledge o f 

numbers, but (relatively) preserved processing o f  rote verbal knowledge. This 

dissociation suggests that the right hemisphere plays a role in approximate, but not 

exact, calculation and has recently been confirmed by imaging studies (e.g. Stanescu- 

Cosson et al., 2000; Dehaene et a l ,  1999, both o f  which are discussed below).

The methodology for the current experiment replicates a design by Stanescu- 

Cosson et al. (2000), which has been adapted from Dehaene et al. (1999) and Ashcraft 

& Stazyk (1981). The task compares reaction times to simple addition problems (e.g. 

‘2+3’), which require either an exact ( ‘5 ’) or an approximate ( ‘4 ’ or ‘6 ’) response. An 

additional factor, number size, interacts with task type -  with participants slowing 

down behaviourally when working with larger numbers (ranging from 5-9, as opposed 

to 1-5). The increase in reaction times was different for the two tasks, with a much
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steeper RT increase for tiie exact condition. Stanescu-Cosson et al. (2000) interpret 

this interaction as evidence o f a switch from a left- (inferior prefrontal/angular gyrus) 

hemisphere dominant processing for small exact calculations to an approximate 

response, recruiting right-hemisphere processes. “Hence, although different networks 

are recruited for exact and approximate calculation, increasing number size during 

exact calculation recruits cerebral areas implicated in approximation”. This is borne 

out by the imaging findings from the same task. During exact calculation for small 

numbers, fMRI reveals a primarily left-hemispheric activation pattern. When the task 

becomes more complex due to the addition o f large numbers, activation is distributed 

bilaterally. When large numbers are introduced in the approximate task, however, an 

actual activation decrease in right-hemisphere processing is observed, attributed 

{post-hoc) to a possible right-hemisphere bias for smaller numbers.

In replicating the design o f Stanescu-Cosson el al. (2000), 1 have included side 

o f stimulus presentation as an additional factor for analysis. I have previously 

outlined a hypothesis, whereby adapting to right or left-deviating prisms may lead to a 

suppression o f frontoparietal networks. Reaction times will be compared before and 

after adaptation, with the expectation that the approximate task may show the effects 

o f prism adaptation, while the exact task may not. This prediction is made based on 

findings from behavioural, imaging and lesion studies that have implicated cortices 

known to be activated by spatial tasks in approximate calculation. Admittedly, this 

expectation may be a rather crude simplification, particularly as the relevant cortices 

activated by prism adaptation have not been fully fleshed out. Nevertheless, the 

experiment will provide an interesting compendium to experiment 1, above.

The task itself is experimentally robust, having provided consistent results 

across a series o f studies (Ashcraft & Stazyk, 1981, Dehaene et al., 1990, 1999,
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Stanescu-Cosson et al., 2000). A potential confound in the design is that the task 

requires participants to m ake a m otor response (left/right click a m ouse). This 

contrasts with experim ent one (above), which did not have any m otor elem ent. Post

adaptation m otor-effects may, therefore, dilute effects that are specifically attentional.

Participants are also known to respond faster to larger num bers when 

responding with their right hand, a phenom enon related to w hat D ehaene et al. (1993) 

refer to as the spatial num erical association o f  responses codes (SN A RC) effect. The 

SN ARC effect essentially states that large is associated w ith right, and small w ith left, 

it is debatable w hether the SNARC effect is related to hem ispheric specialization for 

large/sm all num bers, small num bers perhaps processed preferentially  by the right 

hem isphere (see Cipolotti et al., 1991, for example) or cultural factors such as reading 

direction (Dehaene et al., 1993). Stanescu-Cosson et al. (2000) found that large 

num bers tend to slow responses during exact calculation in particular, a finding 

attributed to a task -sh ift away from left-lateralized language-dependant arithm etic 

m em ory tow ards the bilateral approxim ate processing. Based on this finding, it m ay 

be the case that i f  PA is found to affect exact calculations, that this effect m ay only be 

apparent for larger numbers.

Methods

This task was run in the sam e session as, and (always) subsequent to, the 

m ental num ber line task. Recall that the mental num ber line task was perform ed 

w hile participants had their eyes closed. For this reason, the possibility  o f  de

adaptation was m inim ized. Fem andez-R uiz et al. (2004) suggest that i f  participants
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are deprived o f  visuospatial sensory input, the effects o f prism adaptation are 

maintained. Nevertheless there may have been some deterioration o f the effect which 

is a possible confound to these results.

Participants

The same 21 participants took part in this experiment and are described in the 

methods section, above.

Materials and Procedure 

Procedure

As above, the experimental procedure involved a pre-test on the calculation 

task, a twenty-minute period of adaptation (400 pointing responses), and a post-test, 

immediately after adaptation. The task was run immediately after the number line 

task in both pre and post test conditions. Once the mental number-line task was 

completed, participants were instructed to keep their eyes closed. The experimenter 

then guided the participant’s right hand to a three-button serial mouse, which was 

placed, centrally, in front o f a Gateway 47.5cm computer monitor. Participants were 

then instructed to open their eyes and to focus on the computer screen, and to 

complete the task without pausing.

Prism Adaptation

The adaptation procedure is outlined in the methods section o f experiment 

one, above.
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Exact/Approximate Calculation Task

The exact/approximate task was adapted from Stanescu-Cosson et al. (2000). 

Participants focused continuously on a small square at the centre o f the screen. An 

addition problem was flashed onscreen for 200 ms, with a plus sign replacing the 

small square. The addition problem consisted o f two numbers, located respectively to 

the left and the right o f  the addition symbol (see Figure 6.7, below). After another 

200 ms fixation interval, two numerical choices were flashed onscreen (either side o f 

the square). Participants were required to choose the correct response for the addition 

problem. For the exact condition, the requirement was to choose the exact correct 

response. For the approximate condition, the requirement was to choose the response 

that was closest to the correct answer. Participants responded by clicking a mouse -  

right-clicking if  the appropriate response was to the right o f fixation, left-clicking if it 

was to the left. Participants responded with their right hand, which was centred with 

body midline, between screen and body. This was a fixed block design, with 

participants completing each sequence as follows: (i) small numbers, exact (ii) small 

numbers, approximate (iii) large numbers, approximate (iv) large numbers, exact.

Stimuli

Stimuli were exactly as those employed by Stanescu-Cosson et al. (2000). 

Operands ranged from 1 to 5 for small problems, and from 5 to 9 for large problems 

(see Appendix VI). Ashcraft (1992) showed that problems involving ties (e.g. 3 +3; 8 

+ 8) tend to show a smaller problem-size effect, and were, therefore, not included.

For the exact problem, the two alternatives proposed the correct result and a result 

that was off by a maximum o f two units. 50% o f the correct stimuli were presented in 

left hemispace, 50% in right. For the approximation task, the alternatives were a
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number off by one unit (i.e. the ‘correct’ response), and a number o ff by a larger 

amount (4.7 units on average). Note that the alternatives were always two single 

digits (range 2-9) for the small problems and two teen numbers (range 10-19) for the 

large problems. As with the exact problem, the approximate solutions were presented 

with equal frequency to left/right hemispace.

Materials

The experiment was written on E-prime version 1.1 and run on a Gateway 

Personal Computer running Windows 98. Stimuli were presented on a Gateway 

47.5cm monitor and responses were recorded from left/right button press o f a 

Logitech serial response mouse. A description o f the prisms is provided in the 

methods section o f experiment 1, above.

200ms
Time

200ms

200ms

Exact Approximate
Calculation Calculation

F igure 6 .7 , stim uli <«equence for exact/ap p rox im ate  ca lcu la tion  task . Participants 
were required to right/left click  to the most appropriate response. Thus, in the exact 
task, above, the correct answer was a left click. On the approximate task, the 
appropriate response was a right click. A ll participants responded with their right 
hand.
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Results

A 2x3x2x2x2 repeated measures ANOVA compared participants’ median 

reaction times on factors which included Session (pre/post). Adaptation condition 

(left/control/right), Task type (exact/approximate), raw number Size (small/large) and 

Side o f  stimulus presentation (left/right hemispace). Additionally, adaptation order 

was included as a co-variate to counter possible time-order effects. The full ANOVA 

table, Table 6.5, is presented below. Again, two participants were excluded from 

analysis due to a disproportionate number o f responses greater than two standard 

deviations outside sample means (Figure VI.II, Appendix VI, electrophysiological 

effects).

Table 6.5, five-factor repeated measures ANOVA. Main effects found for each of the five factors as 
well a number of interactions which are examined in the post-hocs section below.

Source df
Mean

Square F Sig.
Session 1 52781.8 5.648 0.029*
Condition 2 627437.7 14.693 0.000***
Task 1 525361.9 22.970 0.000***
Size 1 717412.3 8.959 0.008**
Side 1 36501.0 5.673 0.029*
Session * Condition 2 6311.7 0.873 0.427
Session * Task 1 19651.7 4.555 0.048*
Condition * Task 2 15680.1 3.183 0 .0 5 4 -
Session  * Condition * Task 2 4807.6 0.955 0.395
Session  * Size 1 7.3 0.002 0.967
Condition * Size 2 119753.8 10.440 0.000***
Session * Condition * Size 2 1095.6 0.196 0.823
Task * Size 1 24284.5 2.285 0.149
Session * Task * Size 1 5139.5 1.284 0.273
Condition * Task * Size 2 2272.5 0.520 0.599
Session * Condition * Task * Size 2 12376.6 4.412 0.020*
Session  * Side 1 1125.8 0.451 0.511
Condition * Side 2 3139.1 1.075 0.353
Session * Condition * Side 2 631.3 0.342 0.713
Task * Side 1 1142.5 0.472 0.501
Session * Task * Side 1 10001.4 3.649 0.073
Condition * Task * Side 2 2441.9 1.005 0.377
Session * Condition * Task * Side 2 20524.6 2.992 0 .0 6 4 -
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Size * Side 1 2825.2 0.749 0.399
S ess io n  * Size * Side 1 100.9 0.042 0.840
Condition * Size * Side 2 6420.3 2.220 0.124
S ess io n  * Condition * Size * Side 2 2782.9 1.696 0.199
Tasl< * Size * Side 1 12562.2 5.239 0.035*
S ess io n  * Task * Size * Side 1 3006.0 1.524 0.234
Condition * Task * Size * Side 2 643.8 0.228 0.798
S ess io n  * Condition * Task * Size * Side 2 11305.7 1.641 0.209

Each o f the five factors had a significant effect on reaction times. For this 

reason, although the large size o f the ANOVA is somewhat unwieldy, it was not 

deemed appropriate to collapse across any o f  the factors. A number o f  the significant 

interactions are examined in the post-hocs, below.

Session x  Task

Reaction times were significantly quicker for the post-adaptation sessions for 

both exact and approximate tasks. Participants were, however, especially quick in the 

approximate condition following adaptation, with RTs decreasing by a mean o f 61ms 

as compared with 38ms for the exact task. A table o f  the session x task interaction is 

shown in Table VI.IV in Appendix VI. Because reaction times were significantly 

longer for the approximate task overall, RT changes are consequentially more likely 

to be greater.

Condition x  Task

Participants were consistently quicker on the exact task for left, right and 

control conditions. Post-hocs, did not reveal any significant interactions between the 

two, however -  see Table VI.V in Appendix VI.
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Condition x Size

Participants had faster reaction times to smaller numbers for left, right and 

control conditions. There were, however, no significant interactions between any of 

these conditions and raw number size, see Table VI.VI in Appendix VI.

Session x  Task x  Side

As outlined above, participants were consistently quicker in the post

adaptation session, particularly for the approximate task. Bonferroni adjusted 

comparisons reveal a further interaction, whereby participants were significantly 

quicker to left hemispace rather than right in the approximate task only and this was 

true for both pre [F(l,17) = 10.73, p<0.005] and post [F(l,17) = 11.01, p = 0.004] 

sessions. This finding, which relates directly to the SNARC effect (see the 

discussion, below), is illustrated in Table 6.6.

Table 6.6, com parison of pre/post-adapt Session scores. Participants are significantly quicker in left 
hemispace for the approximate task in both pre and post adaptation sessions.

SESSION TASK (!) SIDE (J) SIDE

Mean
Difference

(l-J) Std. Error Sig.
Pre-Adapt Exact Left Right -4 .110 10 .014 0 .6 8 7

Approximate Left Right -1 9 .7 2 4 6.021 0.004**
Post-Adapt Exact Left Right -8 .057 8 .4 9 8 0 .3 5 6

Approximate Left Right -2 0 .5 7 5 6 .2 0 0 0.004**

Session x  Condition x  Task x  Size

A  new factor was created to facilitate post-hoc  examination o f  this four-way 

interaction. This new factor was created by subtracting each participants’ post-adapt 

score from their pre-score and was labelled ‘Subadapt’. Bonferroni-adjusted 

comparisons examined reaction time differences for the Task and Size factors, relative
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to this new factor. These revealed that following rightw ard adaptation only, there was 

a significant difference betw een the exact and approxim ate conditions for sm aller 

numbers. Thus, while reaction tim es decreased in all post-adapt conditions, 

participants’ responses particularly  accelerated for small num bers on the approxim ate 

task following rightward adaptation. This is shown in Table 6.7 and Figure 6.8, 

below.

T able 6 .7 , in teraction  o f  the factors Session , C ondition , T ask  and Size. To facilitate comparison, a 
new factor ‘Subadapt’ was computed, wherein pre-adapt RTs were subtracted from post-adapt RTs. 
Participants were significantly quicker to right space follow ing left-adaptation, and (m arginally) 
significantly quicker to smaller numbers follow ing in the approximate conditions.

Subadapt Size (l)Task (J) Task

Mean
Difference

(l-J) Std. Error Sig.
Post-Pre: Left Adapt Small Exact Approx. 2 2 .2 6 3 1 5 .1 7 9 0 .161

Large Exact Approx. 2 3 .1 0 5 1 6 .5 6 8 0 .181
Post-Pre: Control Small Exact Approx. -4 .0 6 6 1 0 .6 7 2 0 .7 0 8

Large Exact Approx. 2 9 .7 6 3 3 3 .9 9 4 0 .3 9 3
Post-Pre: Right Adapt Small Exact Approx. 2 8 .1 8 4 8 .4 4 9 0.004**

Large Exact Approx. 3 8 .5 5 3 2 6 .1 1 5 0 .1 5 8

Session x Condition x Task x Side

This interaction was also explored using the Subadapt factor, w hich was 

com pared to the Task and Side factors. Following leftward adaptation, participants 

were m arginally quicker in left rather than right hem ispace [F (l,17 ) = 3.638, p = 

.074]. There was also a m arginally significant hem ispace difference for approxim ate 

calculation in the control condition, with participants m arginally  quicker in 

responding to stim uli on the left [F (l,17 ) = 3.969, p =  .063]. This interaction is 

illustrated in Table 6.8.

T able 6 .8 , in teraction  o f  the factors Session , C ondition , T ask  and Side. To facilitate comparison, 
a new  factor ‘Subadapt’ was computed, wherein pre-adapt RTs were subtracted from post-adapt RTs. 
Participants were significantly quicker to right space follow ing left-adaptation, and (m arginally) 
significantly quicker to left space in the control condition.

Subadapt Task (I) Side (J) Side Mean |Std. Error] Sig.
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Difference
(l-J)

P ost-P re: Left Adapt Exact Left Right 27.908 25.189 0.283
Approx. Left Right -31.197 16.356 0.074-

Post-P re: Control Exact Left Right -7.211 18.077 0.695
Approx. Left Right -28.750 14.431 0.063-

P ost-P re: Right Adapt Exact Left Right -32.737 28.556 0.267
Approx. Left Right 0.132 11.374 0.991
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(a) Left-Adapt: Changes in reaction times 
from pre to post session (pre-adapt reaction 

times subtracted from post)
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(b) Right-Adapt: Changes in reaction times 
from pre to post session (pre-adapt reaction 

times subtracted from post)
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(c) Controi-Adapt: Changes in reaction times 
from pre to post session (pre-adapt reaction 

times subtracted from post)
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Figure 6.8 a,b,c -  RT di^erences between pre and post-adaptation for small 
numbers x exact/approximate calculation. The pattern of changes is largely 
consistent across all conditions.
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Task X Size x Side

On the approximate task, participants were significantly quicker for smaller 

numbers in left rather than right hemispace [F(l,17) = 40.92, p<.001] . Additionally, 

for the exact task, participants were marginally quicker in left hemispace [F(l,17) = 

3.95, p = .063]. This interaction, which replicates the findings o f Stanescu-Cosson et 

al. (2000) is illustrated in Table 6.9 and Figure 6.9, below.

Table 6.9, Bonferroni-adjusted post-hocs  for the Task x Size x Side interaction. Participants were 
significantly quicker to respond to small numbers in left space for the approximate condition.

TASK SIZE (1) SIDE (J) SIDE

M ean
Difference

(l-J) Std . Error Sig.
E xac t Small Left Right -9 .154 4 .6 0 6 0 ,0 6 3 -

Large Left Right -3 .013 11 .812 0 ,802
A p p ro x im a te Small Left R ight -3 5 .1 3 6 5 .4 9 3 0.000***

Large Left R ight -5 .162 8 .5 2 4 0 ,5 5 3
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(a) Exact Task - Size x Side
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(b) Approximate Tasi< - Size x Side
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Figure 6.9 a,b -  RTs to small and large numbers fo r exact and approximate 
conditions. Participants are significantly quicker in responding to small numbers in 
left hemispace, follow ing approximate calculation only. This finding confirms 
Stanescu-Cosson et al.’ s (2000) suggestion that the right hemisphere is recruited for 
approximation, particularly with small numbers.

205



Discussion

The most striking aspect o f the results o f experiment two is that reaction times 

are quicker in the sessions following adaptation. This is true, however, even in the 

sessions following ‘adaptation’ to the plain glass control. While much o f these 

reaction time differences are undoubtedly due to the effects o f practice, the 

interactions between session and condition with task, number size and hemispace 

suggest that a full explanation o f the results requires a more detailed discussion.

In the introduction it was noted that the design o f  the current experiment was 

methodologically different from previous studies on the affects o f adaptation on a 

non-clinical sample. Thus, while other studies (e.g. Colent et al., 2000, Michel et al., 

2003) have examined the effects o f adaptation on ‘traditional’ spatial tasks, I sought 

to investigate whether the effects o f prisms might be more wide-ranging. The current 

results largely suggest that adapting to prisms does not have an effect on number- 

processing per se, but rather, as was shown in experiment one, may affect only the 

spatial components o f number representation.

Two o f the interactions did show evidence o f a prism effect, but a closer 

examination warns against extrapolating too much from these findings. One o f  these 

interactions incorporates the factors Session, Condition, Task and Side. The rather 

cumbersome post-hocs suggest that following leftward adaptation, participants were 

marginally quicker in left rather than right hemispace. However, this was also true for 

the control condition. Given the sheer size o f the initial ANOVA, it is reasonable to 

assume that certain interactions will approach significance by the sheer weight 

probablistics and this is possibly a case in point.

There was also evidence o f a four-way interaction o f the factors Session, 

Condition, Task and Size. Bonferroni-adjusted post-hoc  comparisons revealed that
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following rightward adaptation only, there was a significant difference between the 

exact and approximate conditions for smaller numbers. Thus, while reaction times 

decreased in all post-adapt conditions, participants’ responses particularly accelerated 

for small numbers on the approximate task following rightward adaptation. While 

statistically this effect seems more robust than the similarly unwieldy four-way 

interaction above, an examination o f the Table 6.7 reveals that this interaction is not 

driven by a larger mean effect for the rightward condition. In fact, as Figure 6.8 

illustrates, the change in means is largely consistent across conditions (the mean RT 

difference between exact and approximate versions for small number in left-adapt, 

control, and right-adapt conditions are 22, -4 and 28 ms respectively). What is 

different is the smaller standard error (8.4 as compared to 15.2, 16.6) for the right- 

adapt condition, not a greater mean effect. Again, therefore, the result may be more 

explicable statistically, rather than experimentally.

The results should be considered by no means random, however, and the 

reaction time differences for the various other factors are largely consistent with 

previous research. While Stanescu-Cosson et al.’s (2000) finding that task 

(exact/approximate) and number size interacted significantly was not replicated, the 

three-way interaction between task size and side  (o f stimulus presentation) is entirely 

consistent with their hypothesis. For the approximate condition, participants were 

significantly quicker to respond to smaller numbers in left space than in right. This 

finding substantiates Stanescu-Cosson et al.’s finding that “ [t]he right superior 

parietal activation may indicate that the right-hemispheric parietal quantity system is 

biased towards small quantities.” The interaction o f  this third factor (side) with task 

and size only serves to further substantiate this hypothesis -  remember participants 

were only quicker in left space in this interaction. This finding also relates to the
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SNARC effect Dehaene et al. (1993), whereby ‘large’ is associated with right (space) 

and ‘small’ is associated with left (space). Although Dehaene et al. (1993) were 

initially equivocal as to whether this effect could be attributable to hemispheric 

specialisation, citing reading habits as a possible explanation, these findings (and 

those o f others (e.g. Cipolotfi, 1991; Dehaene et al., 1999; Stanescu-Cosson et al. 

2000) would suggest that this is indeed a legitimate possibility.

The three-way interaction between session, task and side where responses 

were significantly quicker in left space for the approximate task in both pre and post 

condiUons also confirms Stanescu-Cosson et al.’s (2000) behavioural and imaging 

results, which put a greater emphasis on right-parietal cortex for processing 

approximate calculations.

Thus, while the results do not confirm predictions with regard to prism 

adaptation, the consistency o f  the non-adaptation elements o f  the design with previous 

literature, suggest that the experimental effects are stable. This result prompts the 

inevitable conclusion that prism adaptation does not affect the general processing o f 

numbers, but rather affects those properties o f numbers that are particularly spatial. 

This conclusion is borne out by the inidal ANOVA table (6.3, above), where there is 

no evidence o f  an interaction between session and adaptation condition [F(2,17 = 

0.873, p = .427], nor evidence o f any three-way interactions between Session, 

Condition and any o f the remaining factors (Task, Size and Side).

Corbetta et al., (2000, 2002) indicate that voluntarily shifting attention, may 

activate the IPS and FEF. The intraparietal sulcus has been shown to be integral in 

number calculation, with both left and right intraparietal sulci significantly active for 

approximate tasks (Dehaene et al., 1999, Stanescu-Cosson et al., 2000). One 

inference from the current findings could be that prism adaptation does not affect the
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functioning o f IPS, and tlierefore is not affected by prism adaptation. While in many 

ways this a legitimate possibility, it would seem to be something o f an over

estimation o f  the importance o f IPS for approximate calculation. Patently, the IPS is 

integral to a number o f operations other than number calculation (e.g. saccade 

generation, Konen et a l ,  2004; motor-sequence learning, Sakai et al., 2002) and there 

are clearly processing divisions within IPS that remain to be fleshed out.

Previous studies have highlighted the inter- and intra-hemisphere differences 

for number operations such as comparison, multiplication and subtraction (Chochon 

et al., 1999, Rickard et al., 2000). For approximate calculation, in addition to (more 

prominent) IPS activation, data-imaging has highlighted the importance o f the right 

precuneus, left and right precentral sulci, left dorsolateral prefrontal cortex, left 

superior frontal gyrus, left cerebellum and left and right thalami (Stanescu-Cosson et 

al., 2000). While some o f these activations may have only a peripheral relation to 

approximate calculation per se, they clearly indicate that approximation depends on a 

wide distribution o f neural circuitry. The failure to find an interaction between prism 

adaptation and number-approximation, does not, therefore, necessitate the conclusion 

that the IPS is unaffected by adaptation.

To sum up, the most notable findings from experiment two were suggested the 

recruitment o f  the right parietal regions for approximate processing and for smaller 

numbers. Findings replicate previous studies and the addition o f side as an extra 

factor, which interacted with both these variables, provides an interesting 

compendium. In terms o f prism adaptation, the effects were somewhat limited, and 

suggest that prism-effects do not generalise to number-processing as such. O f course, 

this does not negate the possibility that other types o f non-spatial tasks are affected by 

adaptation. This point is explored further in the next chapter.
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General Discussion

The results from these two experim ents provide an interesting addition to 

previous findings relating to prism  adaptation in non-clinical sam ples. Experim ent 

one showed that adapting to rightw ard prism s shifts participants’ responses on the 

m ental num ber line task to the right. Results from  experim ent two suggested that the 

effects o f  adaptation do not generalise entirely to a num ber-task that is prim arily non- 

spatial. Together, these findings suggest that prism -effects are unlikely to be 

explicable by a general-hem isphere activation (or suppression) m odel, instead 

suggesting that prism -effects may be m ore local.

The prim arily right-lateralised ventral orienting system  rem ains a candidate 

system that m ay be specifically affected by adaptation. Evidence particularly  from 

Corbetta et al. (2000, 2002) place the TPJ as the critical site for autom atic orienting. 

Activation o f  this autom atic orienting system  m ay be required to adapt to prism s and 

m ay subsequently disrupt dorsal spatial attention networks. A daptation to both right 

and left-deviating prism s m ay activate the right TPJ.

A  critical difference betw een the findings in experim ent one and previous 

studies w ith non-clinical sam ples is the failure to find a significant response change 

follow ing leftward adaptation. Berberovic and M attingley (2003) suggested that a 

failure to find rightw ards prism  effects in these studies (e.g. Colent et al. 2000, M ichel 

et al., 2003) might be due to differential activation o f  allocentric versus egocentric 

coordinates.

W eiss et al. (2000) exam ined near and far space dissociations in a norm al 

sample, and found that attending to far space was m ore likely to activate the right 

hem isphere. This dissociation is borne out by case studies o f  hem ineglect patients
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w ith differential deficits for near and far space (see Berti and Rizzolatti, 2002 for a 

rev iew). The general trend o f studies with neglect patients is that neglect symptoms 

are more severe for far space (e.g. Cowey et al., 1994, 1999; Vuilleumier et al., 1998). 

Together, the findings from neuroimaging and lesional studies suggest that patients 

w ith right-hemisphere damage may be able to compensate for their deficit by the 

activation o f intact left cerebral areas (Keller, Schindler, Kerkhoff, von Rosen and 

Golz, in press).

It is possible that a similar dissociation exists in representational space. 

Because representational tasks (especially ones completed with eyes closed) do not 

specifically require a motor response, they are less likely to recruit (bilaterally

I ^
distributed) cortices responsible motor and premotor function . It may be the case, as 

in the Berberovic and Mattingley study, that behavioural effects o f rightward- 

deviating prisms are only discernible outside o f egocentric space.

Berberovic and Mattingly also contend that the motor aftereffect following 

adaptation is specifically present in egocentric space (see Figure 6.10, below). 

Subsequent to adaptation to rightward deviating prisms, there is a motor bias to the 

left. T he converse is true for leftward adaptation. I have suggested in the previous 

chapter, and above, that adaptation in either direction will lead to an overall shift in 

spatial' attention to the right. In tasks that require a motor response, the accompanying 

motor bias may serve to complement or dilute the attentional bias. For rightward 

adaptation, motor and attentional after-effects may be in opposing directions. Thus 

for rigihtward adaptation, tasks that require a motor response may mask prism-induced 

attentiional effects in egocentric space.

It is, h ow ever, possible that participants made saccades with their eyes closed. M eador et al. (1987  
asked a hem ineglect patient to describe a familiar geographical location (the street to his house). 
Symptoims o f  neglect abated when the patient rotated his eyes to the left, thereby show ing that even in a 
represemtational task, eye m ovem ents can affect neglect
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L E F T W A R D  P R IS M A T IC  
D E V IA T IO N

R IG H T W A R D  P R IS M A T IC  
D E V IA T IO N

E X T R A P E R S O N A L
S P A C E ------- -- — ►

P E R IP E R S O N A L
S P A C E

Figure 6.10, from  Berberovic and M attingley, 2003. Proposed effects o f right- and left-prisnis on 
adaptive aftereffects in peripersonal and extrapersonal space.
“It is suggested that a uniform rightward bias occurs for visuospatial measures that rely on allocentric 
coding, such as the landmark task (filled arrows), because right hemisphere representations are 
suppressed by error signals arising during adaptation to both leftward and rightward prismatic 
deviations. This rightward bias is attenuated when stimuli are presented in peripersonal space, 
however, due to an opposing egocentric bias (open arrows) toward the left induced by right-prism 
adaptation”.

It is puzzling that prism adaptation seems not to have affected responses on 

the mental number line in experiment one. Results from the previous chapter suggest 

that both right- and left-deviating prisms shifted responses to the right. In the 

previous chapter, however, a plain-glass control condition was not adopted, with 

responses compared against pre-scores only. The current format is much sounder in 

many respects, and the inclusion o f  the control-adapt condition could account for the 

difference between the studies. It is worth noting, however, that when responses were 

assessed by the raw magnitudinal displacement o f  responses on the number line, both 

right and left prisms differed from the control condition, with responses shifting to the 

right in both occasions (see Table VI.Ill, Appendix, VI), though these shifts are only 

marginally significant. It remains possible, therefore that adaptation in either 

direction does shift responses to the right.
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In experiment two, the exact/approximate taslc did require a motor response, 

and this is one possible reason for the failure to find an interaction between the 

session and adapt-condition factors. A more likely explanation however, is the nature 

o f  the task itself, which was primarily non-spatial. The effects o f adaptation 

therefore, do not seem to generalise to this type o f calculation task, which recruits 

some cortical areas that are not integral to spatial orienting (Dehaene et al., 1999, 

Stanescu-Cosson et al., 2000). The replication o f the SNARC effect, where small 

numbers are associated with left space and large numbers with right, suggests a good 

level o f  consistency between the current population sample and previous studies. It is 

unwise, therefore to attribute the failure to find a prism effect in the calculation to 

potential deficiencies in experimental design. Rather, these results readily lend 

themselves to the conclusion that the effccts o f prisms on numbers are largely 

confined to the visuospatial properties o f the numbers. Thus while the cortical 

proximity o f  processes involved in spatial representation and approximate calculation 

has been well supported (particularly in relation to IPS), there is no evidence that 

prism-activation affects cognitive tasks that are specifically non-spatial.

It is worth remarking that including a plain-glass control in the design 

certainly increased the robustness o f the design and helped to rule out practice or 

order effects as potential explanations of previous findings in this and other studies. 

This was important, because in the previous studies, post-adapt changes tended to 

regress towards the mean. Thus, where neglect patients had previously neglect left 

space, responses shifted to the left. Similarly, where non-clinical patients evidenced a 

bias towards left space, post-adapt responses shifted right. A possible (though
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adm ittedly unlikely) explanation o f  these results, could sim ply have been attributed to 

im provem ent w ith practice. It is notable that although there has been a dram atic 

increase in the num ber o f  studies exam ining the effects o f  adaptation on 

neglect/pseudoneglect, none o f  these studies have adopted a three-condition design. 

An im m ediate recom m endation from the current study, is the necessity  o f  such a 

practice to becom e the norm in prism  studies.

Conclusions

The results from the two tasks provide some interesting insights into how 

prism  adaptation affects behavioural responses in a non-clinical population. They 

also confirm  previous findings w hich suggest an integrated netw ork for system s 

involved in spatial attention and num ber processing. U nderlying neurological 

processes can only be inferred from the current behavioural results, and future study, 

particularly  with neuroim aging technology, will no doubt resolve m any o f  these 

suggestions m ade above. W hat the discussions above do provide is a set o f  falsifiable 

hypotheses that highlight the TPJ as a critical com ponent in prism  adaptation.
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Chapter 7

Effects o f Prism Adaptation on Measures o f  

Spatial Bias and Sustained Attention in Normal 

Children and Children with ADHD

Abstract

Authors such as Robertson et al. (1998) and D obler et al. (2003) have 

highlighted a link betw een vigilant attention and spatial attention. This link has 

facilitated attentional rehabilitation, where increasing alertness has led to the 

am elioration o f  spatial inattention. The current chapter aims to exploit the association 

betw een different facets o f  attention to explore hitherto uncharted territory in term s o f  

prism  adaptation (PA) research. In the current chapter, PA is investigated as a 

rehabilitationary treatm ent for attention-deficit hyperactivity  d isorder (ADHD). 

ADHD patients have previously been shown to dem onstrate neglect like sym ptom s 

(e.g. Heilm an and Voeller, 1988) and also show sustained attention deficits. Here,

PA, a technique know n to am eliorate sym ptom s o f  spatial inattention, was exam ined 

as a potential factor in am eliorating sustained inattention. The perform ance o f  an 

ADHD group (n = 15) and a control group (n = 18) was com pared before and after 

PA. Relevant m easures included the Sustained A ttention to R esponse Task (SART),
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as well as two m easures o f  spatial bias (the landm ark task and m anual line bisection). 

In term s o f  perform ance on the SART, the ADHD group m ade significantly  more 

errors than the controls. PA was not found to have a significant affect on the ADHD 

participants’ perform ance, however, though this lack o f  effect m ay be related to a 

relatively high level o f  within-participant variance. Interestingly, PA did have a 

significant im pact on the perform ance o f  the control group, w here adaptation to both 

right and left-deviating prism s led to a significantly increased proportion o f  errors on 

the SART. For, the spatial tasks, only landm ark line bisection produced a significant 

result, w ith the responses o f  control participants shifting to the right follow ing 

leftward adaptation. These findings, possibly related to the suppression o f  

frontoparietal attention networks, are discussed principally  in term s o f  Corbetta et 

a l.’s (2000, 2002) model o f  spatial attention.
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Introduction

In the previous chapters, prism  adaptation was assessed for its im pact on a 

succession o f  m easures o f  spatial attention, with the conclusion that PA can disrupt 

spatial attention on a m ultitude o f  tasks. The purpose o f  these experim ents was to 

uncover the processes involved in PA, w ith the aim o f  inform ing research into clinical 

rehabilitation. In the current chapter the rehabilitation focus is brought to the 

forefront. W hile previous studies have concentrated exclusively on those patients 

w ith hem ispatial neglect, the current study seeks to w iden the potential o f  PA 

treatm ents, w ith the analysis o f  a hitherto unstudied group, a sam ple o f  AD HD 

patients. The section below reviews a series o f  studies that highlight a com m on 

ground betw een the two populations. Hem ineglect patients frequently present with 

deficits in sustained attention. Sim ilarly, case studies have been presented o f  ADHD 

children with m arked neglect-like deficits. These findings are com patible with 

theoretical m odels o f  attention by Posner et al. (1990, 1994) and M esulam  (1981), 

w ho have proposed anatom ically separate but interacting  attentional system s. Both 

m odels are discussed in greater detail, below.

V oeller and Heilm an (1988) provided early evidence o f  right hem isphere 

attentional dysfunction in an ADHD sample. They adm inistered a letter cancellation 

task to seven boys with Attention Deficit D isorder (ADD ) and com pared perform ance 

against five controls. The ADD sam ple exhibited neglect-like sym ptom s, om itting 

significantly  m ore targets in left hem ispace. Paralleling this study, H eilm an, Voeller 

and Nadeau (1991) noted that defective response inhibition, inattention and 

im persistence are m ost com m on in adults with right, rather the left, hem isphere 

dysfunction. The authors extrapolate from such observations that A D H D  is a right
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hemisphere deficit, with origins in the right frontal-striatal system. Recent case 

studies by Manly et al. (1997) and Dobler et al. (2003) have highlighted similar 

neglect symptoms in children with ADHD, providing further support for 

neurobiological models o f ADHD that stress right hemisphere dysfunction. The 

overlap in symptoms between ADHD and hemineglect populations begs the question, 

could ADHD patients also benefit from a treatment known to facilitate recovery in 

neglect patients? This question provided the impetus for the current study, where a 

sample o f ADHD children is examined on a number o f  measures before and after 

prism adaptation. Subsequent sections explore this proposition in greater detail. Prior 

to this however, it may be useful to briefly examine the epidemiology o f ADHD.

Attention-deficit hyperactivity disorder is a neuropsychiatric disorder, 

estimated to affect 3-6% o f children and adolescents (Tannock, 1998). Often 

diagnosed in childhood, ADHD is behaviourally debilitative across the lifecycle, 

notwithstanding developmental changes. Symptoms include motor over-activity, 

impulsiveness and difficulties in attending, all o f which can hinder nonnal 

functioning. Diagnosis o f ADHD correlates with poor academic achievement, 

substance abuse, a higher accident-rate, higher unemployment rates and social and 

marriage problems (Barkley, 1997). ADHD is frequently comorbid with other 

psychiatric disorders, with an estimated 50-80% o f children with ADHD meeting the 

diagnostic criteria for disorders that include oppositional defiant disorder and conduct 

disorder (40-90%i o f cases), mood disorder (15-20%> o f cases), anxiety disorders
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(25%) and learning disabilities (20%) (figures based on a review by Jensen et al.,

1997, from Tannock, 1998)'^.

Historically, theories o f ADHD have undergone many transformations (see 

Barkley, 1990 for a review), developing in tandem with insights into social, 

behavioural and neurobiological constructs. Still (1902; in Barkley; 1998) believed 

symptoms arose in part from moral dysfunction. Subsequently hyperactivity was 

stressed as the major component o f ADHD (Chess, 1960, Laufer & Denhoff, 1957; 

both Barkley, 1998). More recently, theories have emphasised poor inhibition and 

self-regulation (Johansen & Sagvolden, 2004; Schulz et al., 2004). The propagation 

o f imaging technologies has had a dramatic impact on the understanding o f ADHD 

symptomology, and this has guided increasingly sophisticated models o f the 

neurobiology o f  the disorder. Tannock (1998) provides an excellent review o f current 

trends in ADHD research, which include genetics, neuroimaging and cognitive 

models. Some o f these models are examined below, though a particular emphasis has 

been placed on attentional dysfunction and the integration o f  broader theories o f 

attention.

ADHD is often considered a disorder o f sustained attention. Sustained 

attention is considered the ability to maintain focus at a location or stimulus for an 

extended period o f time (Coull, 1998) . Because o f its requirement to maintain task 

performance, sustained attention is often allied with arousal (Parasuraman, 1984).

The same association applies to spatial attention however, with symptoms o f spatial 

inattention seen to ameliorate with increasing levels o f alertness (Robertson et al., 

1998). Clearly, spatial and sustained components o f attention are related, either

Such a high level o f  com orbidity has challenged diagnostic criteria, and has led to speculation about 
whether A D H D  is a psychiatric disorder in its own right (Caron & Rutter, 1999), or whether it a unitary 
or m ulti-m odal disorder. A  full discussion o f  this debate is not within the scope o f  the current thesis.

U sually a number o f  seconds to a number o f  minutes (C oull, 1998).
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directly, or through com m on interactions with arousal processes. There are m any 

exam ples from the clinical, behavioural and neuroim aging literature that highlight the 

interactivity o f  m echanism s o f  spatial and sustained attention, m any o f  w hich are 

discussed below.

Posner and Petersen (1990) postulated that attention m ay be considered as 

consisting o f  three m ajor functions, responsible for orienting to sensory events, 

detecting signals for conscious processing, and the m aintenance o f  a vigilant or alert 

state. Importantly, in term s o f  the current study, the ability to m aintain an alert state 

would seem to involve right-hem isphere m echanism s and is critical to attention. 

Posner and Petersen suggest that the norepinephrine (NE) system  arising in the locus 

ceruleus m ay be integral to the m aintenance o f  an alert state. A lthough a distinct 

subsystem  o f  attention, alertness m ay also influence other attentional subsystem s, 

including visual orienting. Robertson, Tcgncr, Thani, Lo and N im m o-Sm ith (1995) 

exam ined this hypothesis with a group o f  eight hem ineglect patients. The patients 

w ere trained to improve their sustained attention through a self-alerting technique. 

Follow ing training, sym ptom s o f  sustained attention w ere significantly  reduced. 

M oreover, sym ptom s o f  spatial inattention were also am eliorated on a num ber o f 

m easures.

Recent studies have confirm ed that sustained attention constitutes both arousal 

and attentional elements. Paus et al. (1997) used PET and EEG to exam ine regional 

cerebral blood flow and electrophysiological responses during a 60-m inute vigilance 

task. Regression analyses identified two distinct netw orks that m ay underlie sustained 

attention^'. These netw orks constituted (i) a right-hem isphere dom inant cortical 

netw ork com prising dorsal and ventral frontal lobe, inferior parietal cortex and mid-

V igilance differs from sustained attention in that it spans a period from minutes to hours, as opposed  
to seconds to m inutes (Couli, 1998).



temporal cortex, which may constitute the attentional component; and (ii) a 

subcortical network comprising thalamus, striatum and anterior cingulate, which is 

linked to arousal.

(a)
Atientional orienting

(b)
Target detection

Postenor
attention
system

Antenor
attention
system

Postenor panetal cortex 
Superior colUculus 
Thalamic pulviruu*
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Reticular
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Sensory Motor

Fron ta l
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Reticular
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Figure 7.1, comparison of the attention models o f (a) Posner and Petersen (1990) and 
(b) M esulam  (1981). From Coull, 1998. Both models stress the importance o f  arousal as 
an underlying com ponent attention.

There is also a growing body o f evidence to link arousal with spatial attention. 

Samuelsson et al. (1998), for example, found that sub-cortical lesions o f  the temporal 

lobe, which may connect arousal systems with parietal and frontal cortex, strongly 

correlated with symptoms o f spatial hemineglect. Robertson et al. (1998), meanwhile, 

found that non-lateralised alerting tones could ameliorate the spatial bias o f  neglect 

patients on a prior entry task. Stone et al. (1991) comments on the fact that patients 

with left-hemisphere stroke are equally as likely to develop spatial neglect as right- 

hemisphere patients. Spontaneous recovery following left-hemisphere stroke is, 

however, considerably more common. One reason for this may be that right 

hemisphere damage is also associated with impairments in arousal, alertness and 

sustained attention.
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Features such as poor sustained attention and alertness have, then, been well 

docum ented in some hem ineglect patients. An obvious question m ight be do patients 

w ith specific problem s o f  sustained attention (i.e. AD HD patients) show sym ptom s o f  

spatial neglect? There is som e evidence that this is indeed the case. N igg et al.

(1997) found that ADHD boys w ere slow er in responding to left-sided stim uli than 

controls, a finding substantiated by Sheppard et al. (1999) on tests o f  line bisection.

As early as 1988, V oeller and Heilm an found evidence o f  a right-sided bias in ADHD 

children on a cancellation task. Sim ilarly, M anly et al. (1997) presented a case-study 

o f  a 9-year-old boy with AD HD who consistently neglected left space on a wide 

battery o f  tasks.

A recent paper by D obler et al. (2003) reported significant left-neglect in a 

seven year-old boy with poor sustained attention and alertness. M RI revealed no 

structural brain abnorm alities. The bias was consistent over four testing sessions on 

the balloons test, star cancellation and prior-entry tasks. M oreover, the authors found 

that these neglect-like sym ptom s could be am eliorated using techniques m ore 

traditionally associated w ith hem ineglect rehabilitation. Thus, where it had 

previously been shown that w hen the left hand m oves in left-space, left inattention is 

am eliorated (Robertson et al., 1992, M attingley et al., 1998), D obler et al. (2003), 

found a greater accuracy on left entries in the prior-entry task follow ing m otor 

activation o f  the left hand in left hem ispace. Consistent with the adult hem ineglect 

literature, no other com bination o f  limb activation and hem ispace led to significant 

perform ance differences w ith this AD HD patient (e.g. Robertson et al., 1992,;

Ladavas. et al., 1997). Sim ilarly, the sam e authors also found that an alerting tone 

placed behind the com puter screen, led to significantly reduced leftw ard errors on the
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prior-entry task. Again, consistent with the aduU hemineglect literature, rightward 

en'ors were not significantly affected.

These findings are relevant to the current study, because they provide further 

evidence of a common underpinning to spatial and sustained attention. Authors such 

as Posner et al. (1990, 1994), Paus et al. (1997), and Coull et al. (1998), (above) have 

suggested that cortical correlates shared by these components may be in right- 

hemisphere dominant fronto-parietal circuits. In previous chapters, I have suggested 

that prism adaptation may affect neural networks involved in spatial attention. In the 

current experiment, 1 intend to examine whether the same technique can also affect 

processing on a sustained attention task. Data from the ERP study, above, suggests 

that PA can disrupt landmark processing at the N2 component o f the ERP waveform. 

Temporally, this is a relatively late component and is indicative o f endogenous rather 

than exogenous attention.

The Sustained Attention to Response Task (SART) will be used to assess 

participants’ level o f sustained attention before and after adaptation. The SART has 

been developed to measure endogenously maintained alertness, and correlates well 

with everyday slips o f attention in healthy populations (Robertson et al., 1997; 

Dockree et al., under review^^). This task requires participants to withhold a response 

to a rare target (frequency 9%), and has previously been shown to be sensitive to 

impairments o f sustained attention in Traumatic Brain Injury patients (Robertson et 

al., 1997) as well as healthy participants (Robertson et al., 1997; Dockree et al., under 

review) In studies with ADHD patients, the SART has been shown to effectively 

discriminate high and low performance (Bellgrove et al., under review, personal

■■ D ockree et al. con-elated performance on the C ognitive Failures Questionnaire (C FQ ) with errors on 
a dual-task version o f  the SART, the Dual-task Attention to Response Task (D A R T ). The D AR T  
additionally requires participants to monitor for digits that are presented in grey font, and to make a 
right-click response to these stimuli.
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communication). Neuroimaging studies have imphcated the SART in fronto-parietal 

sustained attention networks (Manly et al., 2003; Fassbender et al., 2004). Further, 

low performance on the SART (i.e. poor sustained attention) has been shown to 

correlate with attenuation o f pseudoneglect (Bellgrove et al., 2004b). The SART 

would, then, seem to be a robust and powerful measure o f sustained attention. It also 

has the added advantage o f being relatively insensitive to practice, which is critical in 

a repeated-measures design o f this kind.

Additionally, two spatial measures will be examined, both o f  which have been 

shown to be sensitive to prism adaptation -  manual line bisection and perceptual 

(landmark) line bisection. Bellgrove et al. (under review, personal communication) 

has previously shown that poor sustained attention, as measured by the SART, 

correlates with a reduction o f leftward bias in ADHD non-clinical samples.

The current study examines a group o f ADHD children and controls on this 

battery o f tasks. A control group will also be examined. On the measure o f sustained 

attention (SART), a significant difference between controls and ADHD children is 

expected. On the spatial tasks however, a significant difference between the two 

groups may not necessarily be apparent, largely because o f the high level o f between- 

participant variance observed in previous chapters. Scores will be compared before 

and after adaptation to control, leftward-deviating and rightward-deviating prisms.

An earlier study from this lab group found that ADHD patients with a high- 

risk genetic predisposition to ADHD had an attenuated left-bias (Bellgrove et al., 

under review, personal communication). Based on this finding, the ADHD group was 

sub-divided into those who possessed two copies o f the “high-risk” 10-repeat allele o f 

the D A Tl gene (high-risk) and those who possess either one or no copies o f the allele 

(low-risk). Though the two sub-groups are not specifically predicted to differ in terms
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o f  post-adaptation changes, a com parison o f  scores on the spatial and sustained 

attention scores could provide an interesting replication o f  the Bellgrove et al. study.

Predictions

In term s o f  pre-scores, the ADHD group is expected to evidence a 

significantly greater num ber o f  errors on the SART. As m entioned above, a 

difference betw een the two groups m ay is not necessarily  expected in term s o f  spatial 

bias. A lthough previous research (e.g. V oeller and Heilm an, 1988) has indicated that 

ADHD participants have an attenuated pseudoneglect, the sam ple size o f  both groups 

is possibly too small to expect any differences to be significant. This point is 

particularly apparent when considering the high level o f  betw een-participant variance 

noted in previous chapters.

Follow ing prism adaptation, the participants o f  the control group are expected 

to shift their response rightw ards on the spatial tasks, consistent w ith previous 

findings from this thesis. It is also a possibility that control participants m ay m ake 

m ore errors on the SART, if  right-hem isphere dom inant frontoparietal attention 

netw orks are suppressed by PA

Because ADHD participants often evidence neglect-like spatial sym ptom s 

(e.g. M anly et al., 1997, D obler et al., 1999), it is hoped that they will respond in a 

sim ilar m anner to PA as hem ineglect patients. Thus, adapting to rightw ard deviating 

prism s m ay shift responses on the spatial tasks to the left. It is also hoped that a 

sim ilar outcom e will be apparent w ith the SA RT task, w ith an overall im provem ent in 

perform ance. It m ust be acknow ledged, however, that although A D H D  m ay be 

related to the dysfunction o f  right-hem isphere attention netw orks, they do not
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evidence damage to neural structures that is comparable with neglect patients. Thus, 

this prediction should be treated with a degree o f healthy scepticism.

Finally, there may be a difference within the ADHD group, where the high- 

risk sub-group may show an attenuated left-bias. Again, because sample sizes for 

these sub-groups is very low, the strongest prediction that can be made is a trend in 

this direction.
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Methods

Participants

Groups were matched as close as possible for age, sex and IQ. Kirley, 2002 

provide further details on the recruitment and genotyping procedures for the ADHD 

sample. IQ estimates were derived from a four sub-test short version from the revised 

Wechsler Intelligence Scale for Children (WISC-III, Wechsler, 1991), which included 

Picture Completion, Information, Block Design and Vocabulary.

Control Sample

18 children, 16 boys and two girls, between the ages o f 8 and 13 (mean =

11.19, SD = 1.05) were recruited from schools in the south and east o f Ireland. All 

participants were right-handed as assessed by the Edinburgh Handedness Inventory 

(Oldfield, 1971). They were o f  normal intelligence (range = 83-135, mean = 108.22, 

SD = 15.27), with no history o f psychiatric or psychological disorder. All participants 

had normal or corrected-to-normal vision. Exclusion criteria were a score o f  20 or 

more on the Conners’ Parent Questionnaire (Conners et al., 1998) or a family history 

o f ADD or ADHD. Controls were not genotyped.

ADH D Sample

15 participants were recruited from a laboratory database o f  ADHD children. 

As part o f ongoing laboratory research, children had been genotyped prior to the 

commencement o f this experiment. DNA had been extracted from buccal cells or 

blood samples o f both parents and the ADHD proband in each family. Genotype 

scoring was conducted independently by two investigators who were blind to the 

identity o f the sample. ADHD probands with two copies o f the 10-repeat DATl
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allele were designated as a high-risk; those with one or no copy o f the allele were 

designated as low-risk. Bellgrove et al. (under review, personal communication) 

provides a detailed account o f the genotyping procedure o f a larger sample from 

which the current participants were drawn.

High and low-risk ADHD children were matched as close as possible for IQ 

and sex. The high-risk group ranged in age from 10 to 13 years, with a mean o f 11.44 

(SD = 1.02). The mean IQ was 103.83 (range 88-122), with 5 boys and 2 girls taking 

part. The low-risk group ranged in age from 8 to 14 years with a mean o f 11.89 (SD 

= 2.26). This group consisted o f 8 boys, with a mean IQ o f 96.75 (range 70-130, SD 

= 17.36). Considered as a whole, the mean IQ o f the ADHD group was 100.06 (SD = 

14.96), with a mean age o f 11.68 years. All participants were right-handed as 

assessed by the Edinburgh Handedness Inventory, with normal or corrected-to-nonnal 

vision.

The parent form o f the Child and Adolescent Psychiatric Assessment (CAPA, 

Angold et al., 1995) was administered by a trained intei"viewer to one or both parents. 

Additionally, the Child Attention-Deficit Hyperactivity Disorder Telephone Interview 

(CHATTI -  Holmes et al., 2004) was used to obtain pervasiveness symptomology. 

ADHD diagnoses were made in accordance with DSM-IV, DSM-III-R and ICD-10 

criteria. The Conners’ Parent Rating Scale-Revised Long Version (CPRS-R:L -  

Conners et al., 1998) was also completed by one or both parents. Stimulant 

medication was withdrawn at least 24 hours prior to each occasion o f testing.
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Materials

The Sustained Attention to Response Task (SART)

The random-sequence Sustained Attention to Response Task was developed 

by Robertson et al. (1997). In this task, participants are presented with a pseudo

randomised sequence o f digits ranging from 1-9. Participants are required to press a 

response button when a digit appears (go-trial), except when the number 3 is 

presented (no-go-trial). The number 3 appears 9% o f the time and the sequence is 

ordered so that two or more 3’s never appear consecutively. Figure 7.2 (below) 

shows a sample SART sequence comprising a go-trial (numbers 1-2; 4-9) and a no- 

go-trial (number 3) trial. The SART consists o f 225 digits, 25 o f which are no-go 

trials. The presence o f  a response cue, as shown in Figure 7.3, was designed to 

normalise reaction times.

The SART took 4.4 minutes to run. The 225 were all presented centrally, in 

one o f five randomly assigned font sizes -  48, 72, 94, 100 and 120 point. Each digit 

was presented for 494 ms. Following digit presentation, a 120-point visual mask was 

presented for 682 ms, which was composed o f  an X  centred inside a circle. 125 ms 

after mask onset, a response cue was presented for 63 ms. The onset cue remained 

involved a ‘thickening’ o f  the font o f the X, and is shown in Figure 7.3, below. The 

onset-to-onset interval was 1176 ms. Digit and mask were both white, presented 

against a black background.

Participants performed the SART at an approximate distance o f 40 cm from a 

DELL Latitude notebook computer. Responses were made with the right index finger 

o f the right hand and were recorded by a Cedrus RB-620 button-box, which was 

placed in front o f participants. This version o f the SART was written in E-prime 

version 1.1.
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Landm ark and  Line-Bisection tasks

The stimuH used in these tasks are sim ilar to those described in C hapter 5, 

above, and are described only briefly  here. M anual-line bisection required 

participants to bisect lines m easuring 100x1 mm. Each line was draw n in black ink 

against a white background and presented individually on an A4 sheet o f  paper placed 

directly in front o f  the participant. A total o f  eight stim uli were used in each session, 

averages w ere calculated from the m edian value with transections to the left o f  centre 

coded as negative, lines to the right as positive. All responses w ere m ade w ith the 

right hand.

Landm ark lines m easured 100x1 mm and w ere presented slightly off-centre, 

displaced sequentially either 10mm to the right or left. 48 lines were presented, with 

24 lines bisected centrally. Lines were additionally transected 1, 2, 3, and 4m m  to the 

left/right o f  centre (3 in each condition). Lines rem ained onscreen until participants 

m ade a response. Each line was preceded by a fixation cross (250 m s) and a visual 

m ask (250 m s) and was followed by  a 250 m s pause (blank screen), w hich buffered 

each stim ulus sequence. Participants were required to right- or left-click on a m ouse 

if  they thought the lines were transected to the right or left respectively. Stim uli were 

grey against a w hite background. All responses were m ade w ith the right hand. A 

short practice sequence o f  three stim uli preceded each session.

The landm ark task was program m ed using the application E-Prim e  

version 1.1 and presented on a Dell Latitude notebook com puter. Participants sat 

centrally  at an approxim ate distance o f  40cm  from the com puter screen.
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Prisms

Goggles were constructed from Fresnel prism s that deviated the visual field by 

10“ to the right and 10“ to the left. Control goggles constructed from  plain glass were 

precisely the sam e size, shape and weight, but did not deviate the visual field in either 

direction.

Procedure

As before, the experimental procedure involved a pre-test on the four tasks a 

(fifteen-m inute) period o f  adaptation, and a post-test on the tasks, im m ediately after 

adaptation. Testing took place over three separate days, where participants adapted to 

leftw ard-deviating prisms, rightward-deviating prism s and a plain-glass control. 

Testing sessions were strictly counter-balanced to control for possible order-effects. 

Tasks were run in the same sequence in each session, which ran as follows from first 

to last -  SART, landmark, manual line bisection. Participants were required to close 

their eyes betw een each task.

Additionally, participants completed the IQ tests on a separate day, prior to the 

first adaptation session.

IQ Testing

IQ was assessed using a four sub-test short version o f  the W echsler 

Intelligence Scale for Children (W ISC-III, W echsler, 1991) m easures o f  Picture 

Com pletion, Information, Block Design and Vocabulary. IQ testing was conducted in 

a separate session prior to the three-session prism -adaptation experim ent. The four 

m easures were adm inistered in sequence, in the same order as described above.
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Prism  Adaptation

A short pilot task (not presented here) suggested that 20 m inutes was too 

lengthy a period for participants to com plete the session com fortably and it was 

decided to shorten the adaptation to fifteen m inutes. Participants were instructed to 

point w ith the index finger o f  their right hand as quickly as they could, directly at a 

target held by the experim enter (a 5mm diam eter vertical rod). Each pointing 

response was initiated with the participant touching their right ear, thereby ensuring 

that participants could not see their finger until after the pointing response had begun. 

Perform ance was continually m onitored by the experim enter who insisted participants 

point as quickly as they possibly could, and that trajectories were not inten'upted 

‘m id-po in t’. Participants were required to point approxim ately 300 tim es at the target, 

w hich was held alternately at the participant’s m idline or to the left/right o f  centre. 

Participants w ere required to close their eyes once adaptation had been com pleted and 

to open them  only to begin the SART. In the interim , the experim enter guided the 

participan ts’ hand to the button-box, giving the participant’s no opportunity  to de- 

adapt follow ing adaptafion.

Parental consent was obtained for all children in accordance w ith ethical 

guidelines o f  St. Jam es’ Hospital, Dublin, and the D epartm ent o f  Psychology, Trinity 

C ollege Dublin. Additionally, ethical approval was also supplied by the A delaide & 

M eath H ospital, Dublin.
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Figure 7.2, Sustained Attention to Response Task. Adapted from 
Bellgrove et al. (under review). Participants were required to press to all 
digits (1-9), except the number 3.
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Figure 7.3, An example o f one cycle o f the SART. The onset-to-onset 
interval was 1150 ms. Participants were instructed to try to coincide their 
responses with the response cue.
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Results

Note on the Analyses

The intention had been to include an additional factor, adaptation order, as a 

covariate in the following series o f analyses. This factor would control for the order 

in which participants adapted to right- or left-deviating prisms. Unfortunately, 

including this factor as a covariate in a number o f the analyses negatively affected the 

parametrics o f  the experimental design and the SPSS package used to analyse the data 

failed to give an output. In order to maintain consistency in the series o f results, none 

of the analyses were conducted with the covariate included, hi the design o f  the 

experiment, order was strictly counter-balanced within and between groups, which 

minimises the need for covariation. This is confirmed by the fact that in comparisons 

where co-variation was possible, the difference with the non-covariate equivalent was 

minimal (see Appendix VII).

Analyses

A mixed model ANOVA compared scores between the control and patient 

groups. A between-group factor (Group -  Control/Patient) was loaded into a 3x2x3 

repeated-measures ANOVA. The respective factors in this ANOVA were Adapt 

Condition (Left/Control/Right), Session (Pre/Post) and Task (SART/Landmark/Line 

Bisection). As in the previous experiments (above), the critical interaction is between 

the pre/post Session and adaptation Condition factors. If  these factors do interact, this 

indicates that the difference between pre and post scores may be due to adaptation.

An effect o f session alone, on the other hand, does not exclude the possibility o f 

habituation/practice etc. across sessions.

235



A table o f  the results is presented below  (Table 7.1). It is notable that there is 

an overall group difference, suggesting that the tasks as a whole differentiate the two 

groups. Table 7.1 confirm s that there is also a Task x Group interaction, suggesting 

that the groups perform ed differently on individual tasks. A significant four-w ay 

interaction indicates that the two groups w ere affected differently by adaptation on the 

different tasks. This finding confirm s the viability o f  analysing both groups 

separately on each o f  the tasks.

It is also notable that w hile there is no overall Adapt x Session difference (i.e. 

no evidence o f  scores for all participants following rightw ard/leftw ard adaptation 

differing from plain-glass control), there is a G roup x Adapt x Session effect. This 

im plies that the control and ADHD group differ significantly  in their response to 

adaptation.

Table 7.1, 3x2x3 ANOVA, com paring Adaptation, Group, Session and Task. Relevant levels for 
respective variables are Adaptation (left-adapt, control, right adapt), Session (pre/post) and Task (SART, 
landmark and line bisection). Additionally, Group (ADHD/control) was included as a between- 
participants measure.

Source Sphericity
Type II I  
Sum of 
Squares

df Mean
Square F Sig.

ADAPTATION Sphericity
Assumed 6 2 9 1 .5 6 2 3 1 4 5 .7 8 .116 .891

ADAPTATION * 
GROUP

Sphericity
Assumed 27422.61 2 13711.31 .506 .606

SESSION Greenhouse-
Geisser 5 60 .23 1 .000 5 6 0 .2 3 .041 .841

SESSION * 
GROUP

Greenhouse-
Geisser 2 0 7 1 7 .8 9 1 .000 2 0 7 1 7 .8 9 1 .525 .228

TASK Greenhouse-
Geisser 5 5 0 9 4 0 .0 3 1 .003 5 4 9 3 3 5 .2 7 4 .6 8 4 .039*
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TASK * GROUP Greenhouse-
Geisser 490092.55 1.003 488665.03 4.167 .051-

ADAPTATION * 
SESSION

Sphericity
Assumed 18662.67 2 9331.34 .668 .517

ADAPTATION * 
SESSION * 

GROUP

Sphericity
Assumed 129623.33 2 64811.67 4.643 .014*

ADAPTATION * 
TASK

Greenhouse-
Geisser 19741.19 1.804 10940.79 .121 .867

ADAPTATION * 
TASK* GROUP

Greenhouse-
Geisser 85709.34 1.804 47501.12 .524 .577

SESSION * TASK Greenhouse-
Geisser 907.92 1.001 907.17 .022 .882

SESSION * TASK 
* GROUP

Greenhouse-
Geisser 64980.33 1.001 64926.75 1.604 .216

ADAPTATION * 
SESSION * TASK

Greenhouse-
Geisser 53054.17 1.909 27791.95 .640 .524

ADAPTATION * 
SESSION * TASK 

* GROUP

Greenhouse-
Geisser 391131.40 1.909 204890.71 4.720 .014*

Note, one control participant (N6) was excluded from further analyses, due to 

consistently poor performance on the tasks, with incorrect responses exceeding three 

times the standard deviation o f the control group on the SART. Similarly, two ADHD 

participants were not included in the final analysis (N51 and N64), both o f  whose 

responses showed abnormal scoring patterns for the SART.

Sustained Attention to Response Task -  Correct Witholds

A number o f analyses are possible in terms o f scores on the Sustained 

Attention to Response Task. First o f  all, a between-subjects ANOVA compared the 

total number o f  correct withholds to the target stimuli. The control group were 

significantly more accurate with a mean o f 14.94 as compared to a mean o f 10.23 for 

the ADHD group [F(l,29) = 11.52, p = .002], This finding confirms the viability o f
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the SART as a diagnostic tool for identifying ADHD and provides sufficient evidence 

to justify examining the effects o f adaptation on each o f the groups separately.

Control Participants -  Analysis o f  Correct Witholds

A 3x2 ANOVA was run, with Adaptation Group (Left/Control/Right) and 

Session (Pre/Post) loading as the relevant factors. There was a significant interaction 

between the Session and Adaptation Group factors [F(l,16) = 4.16, p = .025]. Post- 

hoc t-tests compared response changes following left, right and control adaptation. 

Only differences between the pre- and post- rightward adapt conditions reached 

significance [t(l,16) = 2.93, p = .01). These findings are illustrated in Figure 7.4 and 

Tables 7.3 and 7.4, below.

Table 7.3, Correct withholds for the control group before and after adaptation. The
significant interaction between Session and Adaptation is explored in Table 7.4, below.

Source Sphericity
Type III 
Sum of 

Squares
df Mean

Square F Sig.

ADAPTATION Sphericity
Assumed 85.94 2 42.97 3.909 .030*

SESSION Greenhouse-
Geisser 8.25 1.000 8.25 1.462 .244

ADAPTATION
‘ SESSION

Sphericity
Assumed 46.02 2 23.01 4.160 .025*
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Subtract - Left

13 14

Subtract - Right

-12

S ubtrac t • Cont

Comparison t Df Sig.
Pre Left Vs. 

Post Left 1.45 16 0.17

Pre Cont. vs. 
Post Cont. 1.17 16 0.26

Pre Right vs. 
Post Right 2.93 16 0.01

*

Figure 7.4, total e rro rs  before and a fte r adaptation  fo r the control group -  sub tracted . Each 
column represents an individual participant. There were significantly more errors following right 
adaptation relative to the control and left-adapt conditions. Table 6.4 (bottom right) shows that this 
difference is statistically significant at conventional levels, t(2,16) = 2.93, p = .01.
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ADHD Participants -  Analysis o f  Correct Witholds

As with the control group, a 3x2 ANOVA compared responses with 

Adaptation and Session loading as the relevant factors. A between-groups factor was 

also included however, comparing the responses o f  participants who had two copies 

o f  the 10-repeat DATl allele (high-risk group), with those who had one or none (low- 

risk group). There was no significant differences or interactions between the low and 

high-risk ADHD groups [F (l,l 1) = 0.32, p = .86]. For the ADHD group as whole, 

there is no sign o f a significant interaction between Adaptation Group 

(Left/Control/Right) and Session (Pre/Post) [F(2,l 1) = .07, p = .93].

Further Analyses on the SART

Analysis o f the SART need not be confined to the examination o f  correct 

withholds only. Other pertinent information includes errors o f omission, total errors 

(omission and commission), response variance and response standard deviation. As 

with the correct withhold analysis, above, these measures were examined using 

repeated measures ANOVA and are detailed below.

S A R T -  Total Errors

The same factors (Adaptation, Session and Group (between participants) as 

the correct withholds analysis were used. A 3x2 repeated measures ANOVA 

suggested that the two groups may be differentially affected by adaptation, as shown 

in the three-way interaction o f  Adaptation, Session and Group factors [F(2,54) = 

2.851, p = 0.067]. A highly significant F-value (1,25) o f  27.819 (p<0.001) confirms
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the difference between the control and ADHD in terms o f total errors on the SART. 

Separate post-hocs were conducted for both groups.

Table 7.5, total errors on the SART for the ADHD/control group. The relevant 
factors are Adaptation (left/control/right) and Session (pre/post). Additionally Group 
(ADHD/control) has been included as a between-participants measure. The three-way 
interaction o f  Adaptation, Session and Group is explored in post-hoc analyses, below.

Source df Mean Square F Sig.
ADAPTATION 2 41,277 0.399 0.673

ADAPTATION * GROUP 2 116.749 1.127 0,331
SESSION 1 981.806 23.301 0.000

SESSION * GROUP 1 433.070 10.278 0.003
ADAPTATION * SESSION 2 17.978 0.465 0.631
ADAPTATION * SESSION 

‘ GROUP 2 110.277 2.851 0.067
a Computed using alpha = .05

Control Group -  Total Errors on the SART

A 3 x2 repeated measures ANOVA found a significant interaction between the 

two factors Adaptation and Session [F(2,30) = 5.062, p = 0.013]. The Session and 

Adaptation factors were also individually significant [F(2,30) = 3. 888, p = .032; 

F(l,15) = 6.271, p = .024, respectively]. Post-hocs with Bonferroni adjustment for 

multiple comparisons found a difference between pre and post-sessions following 

both right- and left-adaptation, but not following for the control ‘adaptation’. 

Following both right and left-adaptation, participants made significantly more errors 

overall. This is in line with predictions made in the introduction. Figure 7.6, below, 

illustrates the change in number o f total errors for each o f  the control participants.

The relevant table, Table 7.6, is also shown.

Table 7.6, changes following adaptation for the control group. Participants made 
significantly more eiTors follow ing adaptation in either direction relative to the plain glass 
control.

ADAPTATION
(1)

SESSION (J) SESSION

Mean
Difference

(l-J) Std. Error Sig.
Left Pre Post -2.563 0.917 0,014*
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Control Pre Post 1.375 1.072 0.219
Right Pre Post -3.625 1.408 0.021*

Based on estimated marginal means. Adjustment for multiple comparisons Bonferroni.

ADHD Group -  Total Errors on the SART

Analyses were carried out in much the same way as in the control group 

above, but with ADHD group (low-/high-risk) included as an additional between- 

participants factor. For the ADHD group as a whole, there was no interaction 

between the Adaptation and Session factors [F(2,22) = 1.226, p = 0.313], nor was 

evidence o f an interaction between these factors and the high-/low-risk between- 

participants factor [F(2,22) = 2.325, p = 0.121]. Between pre- and post- sessions the 

total errors in the ADHD group increased very significantly [ F ( l , l l )  = 18.837, p 

= 001]. This is not surprising given the potentially extra demands on sustained 

attention in the latter series o f each session.
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Total errors following Leftward adaptation. Pre-scores 
are subtracted from post-scores
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Figure 7.6, increase in total number of errors following rightward and leftward  
adaptation, but not control. Totals above the x-axis represent an increase in the 
number o f  total errors. Each participant’s scores are presented individually. The 
figures show that for the majority o f  participants, adaptation to a prismatic deviation, 
either to the left or right, led to an overall increase in errors. For the control ‘adapt’ 
condition there was an actual decrease in the mean num ber o f  total errors following 
‘adaptation’.
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SART-  Response Variance and Standard Deviation -  Control and ADHD groups 

The response variance o f the ADHD group w'as found to be significantly 

greater than for the control group [F(l,27) = 17.909, p < .001], There was no 

evidence, however, o f an interaction between Adaptation and Session factors for 

either group, with respective p-values o f .733 and .582 for these comparisons. This 

finding is paralleled by the significant difference in the standard deviation o f 

responses between the control and ADHD groups [F(l,27) = 17.943, p <.001], but 

with no evidence o f an interaction between Adaptation and Session for either group (p 

= .330 and .679 respectively). Similarly, there is a large between-group difference for 

omission errors alone [F(l,27) = 21.335, p < .001], but no evidence o f an interaction 

between Adaptation and Session for either control or ADHD groups (p = .324 and 

.476) respectively.
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Landmark Task Analyses

A 3x2 repeated measures ANOVA compared participant’s responses before 

and after adaptation. The two relevant factors were Adaptation Group 

(Left/Control/Right) and Session (Pre/Post). Additionally, a between-groups factor 

compared the responses o f  ADHD participants and controls. The analysis examined 

the raw count o f ‘left’ responses to lines bisected at the center (24 in total). As 

outlined above, totals o f bisections seen as transected to the left (indicative o f a 

rightward bias) were compared prior to, and following, adaptation. The initial 

ANOVA is presented in Table 7.7, below.

Table 7.7, landmark responses of control and ADHD groups before and after adaptation. The
three-way interaction between Adaptation, Group and Session factors suggests that adaptation may 
have differentially affected the groups. This possibility is explored in Tables 7.8 and 7.9, below.

Source
Type III 
Sum of 

Squares
df Mean

Square F Sig.

ADAPTATION 4 9 ,5 9 2 24 ,7 9 1,21 0 .3 0 5

ADAPTATION * GROUP 29 .92 2 14,96 0 .73 0 .4 8 6

SESSION 0 .15 1 0 .15 0.01 0 .9 0 5

SESSION * GROUP 30 .79 2 15 .39 2 .14 0 .1 2 7

ADAPTATION * SESSION 3.39 2 1.69 0 .24 0.791

ADAPTATION * SESSION * GROUP 4 5 .8 8 2 45 ,8 8 4 .4 3 0.044*

There was no significant difference between the groups in terms o f overall 

bias on the landmark task [F(l,28) = .813, p = .675]. The between-subjects factor 

does interact with the Session and Adaptation Group factors however, suggesting that 

left/control/rightward adaptation differentially affects the groups. Post-hoc analysis 

found that leftward adaptation significantly affects landmark bias, with responses 

shifting to the right. Although this is consistent with previous findings (Colent et al..
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Berberovic & Mattingley), it is true for the control group only. It should also be 

stated that because o f the relatively high number o f  post-hoc pairs (six in total), the 

“■significant’ p-value o f .033 may not be entirely reliable.

Table 7.8, com parison of the control group’s landm ark responses before and after adaptation.
Responses were found to significantly to the right following leftward adaptation.

Control Comparison Mean Std.
Deviation I Df Sig. (2- 

tailed)
Pair 1 PRELEFT - POSTLEFT -1 .82 3 .23 -2 .33 16 0 .0 3 3

Pair 2 PRECONT - POSTCONT -0.24 3 .58 -0 .27 16 0 .7 9 0

Pair 3 PRERIGHT - POSTRGT -0.82 3 .54 -0 .96 16 0 .3 5 2

Table 7.9, comparison of the ADHD group’s lan(
significant differences were found between the pre/

Jmark responses before and after adaptation. No
post adaptation sessions.

ADHD Comparison Mean Std.
Deviation I Df Sig. (2- 

tailed)
Pair 1 PRELEFT -  POSTLEFT 2.08 5.81 1.29 12 0 .222

Pair 2 P R E C O N T -P O ST C O N T -0.38 4.91 -0 .28 12 0 .782

Pair 3 P R E R IG H T -P O S T R G T 1.54 3 .15 1.76 12 0 .1 0 4

A mixed factor ANOVA compared the responses o f the low and high-risk

groups on the same factors as above (Adaptation Group and Session). There was no

difference between the sub-groups [F ( l , l l )  = 0.55, p = .47].

Line Bisection Analyses

A 3x2 ANOVA compared bisection responses before and after Adaptation for

each adapt-group. The relevant factors were Adaptation Group (Left/Cont/Right) and

Session (Pre/Post). A between-participants factor compared the control’s responses

with those o f the ADHD participants.
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As can be seen in Table 7.10, below, the ANOVA revealed that there were no 

significant interactions that accounted for post-adaptation changes. Post-hoc analyses 

were, therefore, unnecessary in this instance. There was, however, a significant 

difference between the groups in terms o f overall spatial bias, with the ADHD group 

seeming more /e//-biased than the control group. This finding runs counter to 

predictions.

Table 7.10, analysis o f responses of control/ADHD groups before and after adaptation. There 
was no evidence o f an affect o f adaptation for either group.

Line Bisection 3x2 ANOVA, with between subjects factor -  Control/ADHD Group

Source
Type III 
Sum of 

Squares
df Mean

Square F Sig.

ADAPTATION 1.93 2 0 .96 0 .27 0 .7 6 7

ADAPTATION ‘ GROUP 1.79 2 0 .89 0 .2 5 0 .782

SESSION 20 .7 5 1 2 0 .7 5 7 .53 0.010**

SESSION ‘ GROUP 2 ,47 1 2 .4 7 0 .90 0 .352

ADAPTATION * SESSION 1.38 2 0 .6 9 0 .39 0 .676

ADAPTATION * SESSION * GROUP 1.25 2 0 .6 3 0 .36 0 .7 0 0

Table 7.11, line bisection responses of the control/ADHD group. The
ADHD group tended to bisect lines further to the left relative to the control 
group, a finding that runs counter to predictions.

Line Bisection -  between group differences

Source Type III Sum 
of Squares df Mean

Square F Sig.

GROUP 110.70 1 110 .70 5.71 0.024*

A mixed factor ANOVA compared the responses o f the low and high-risk 

groups on the same factors as above (Adaptation Group and Session). There was no 

difference between the sub-groups [F( l , l l )  = 0.2, p = .91],
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Correlation Analyses

ADHD and control participants were ranked according to their score on the 

SART on a number o f scores. Separate Pearson’s-r correlation analyses were 

conducted to determine whether these scores relate to spatial bias and are presented in 

Tables 7.13 and 7.14, below. Because the n is relatively low for each group, the 

power o f these comparisons is similarly low. It is, therefore, unwise to make general 

assumptions about respective populations. The findings nevertheless provide an 

interesting compendium to previous research. Interestingly, there is a marginally 

significant correlation in the landmark and total-error SART scores for the ADHD 

sample. This is a measure o f the correlation between the proportion o f “left” 

responses on the landmark with total errors on the SART and suggests that a right 

spatial bias (on landmark) in ADHD is indicative o f  more errors on the SART overall.

Table 7.13, Pearson’s-r correlations -  SART versus measures of spatial bias for the 
control group only. The figures in the cells below are p-values.

SART
Comm

SART
0mm SART RT Total

Errors Landmark Line
Bisection

SART SD 0.984 0.371 0.247 0.314 0.772 0.868
SART

Commission
Errors 0.281 0.000*** 0.000*** 0.175 0.410
SART

Omission
Errors 0.421 0.158 0.542 0 .0 9 7 -

SART RT 0.001** 0 .0 8 8 - 0.826
Total Errors 0.110 0.724
Landmark 0.488

Table 7.14, Pearson’s-r correlations -  SART versus measures of spatial bias for the

SART SART Total
Comm 0mm SART RT Errors Landmark Line 

Bisection
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SART SD 0.854 0.018* 0.000*** 0.027 0.542 0.048-
SART

Commission
Errors 0.892 0.505 0.395 0.132 0.321
SART

Omission
Errors 0.009** 0.000*** 0.179 0.550

SART RT 0.030* 0.870 0.086
Total Errors 0.077- 0.744
Landmark 0.235



Discussion

The results o f this experiment provide a rather intriguing perspective on how 

prism adaptation relates to attentional processes. While there was little evidence that 

PA may be an effective tool in the rehabilitation o f  ADHD, findings from the non- 

clinical sample suggest that PA can affect performance on a measure o f  sustained 

attention. Previous chapters in this thesis have investigated the extent to which 

adaptation can affect different measures o f spatial processing, and found that these 

effects are wide-ranging. The current findings extend the range o f PA affects further 

still. In the control sample, the disrupfion o f sustained attention is consistent with the 

hypothesis o f frontoparietal suppression, resultant from PA. Results from the spatial 

tasks are also encouraging in their consistency with previous studies (e.g. Colent et 

al., 2000). The theoretical implications o f both sets o f findings are discussed 

separately below, while the concluding section focuses on the significance o f these 

results as a whole.

The Sustained Attention to Response Task

Disappointingly, prism adaptation did not significantly impact on sustained 

attention in the ADHD as measured by the SART. The two measures o f particular 

interest were the number o f correct withholds and the total number o f  errors. Neither 

o f these measures showed any evidence o f an interaction between the Session and 

Adaptation factors, with respective p-values o f .930 and .313. However, it is not 

necessarily the case that PA is ineffectual in manipulating errors on the SART. The 

response standard deviation o f the ADHD group across the six sessions was 179 ms.
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For the control group, on the other hand, this figure was 103 ms. There was, 

therefore, a highly significant difference in the variability o f  the responses o f each 

group. Thus, any changes in the ADHD group that may have resulted from adaptation 

were potentially masked by the relatively high-levels o f error variance. This point is 

further compounded by the finding that in all the post-adaptation sessions (including 

control ‘adaptation’), the performance o f the ADHD group significantly deteriorated. 

This finding, possibly related to the extra demands on sustained attention in the latter 

series o f each session, again suggests that possible PA effects may have been masked 

by an extraneous variable (in this instance, time).

It is, therefore, too early to completely rule out a possible role o f PA in the 

rehabilitation o f ADHD. An element o f caution should be adopted in instigating a 

repeat experiment, however. The finding that both leftward and rightward errors led 

to an overall decrement in perfonnance in the control group suggests the possibility 

that adaptation may exacerbate attentional deficits in ADHD participants. As an 

alternative, it may be instructive to examine the performance o f a hemineglect sample 

on the SART following adaptation. We already know that PA has had a beneficial 

effect on this population across a variety o f tasks, and ethical considerations would 

not, consequentially, be an issue. Moreover, on spatial tasks such as the landmark, 

the post-adaptation performance o f hemineglect and non-clinical samples has been 

shown to shift in opposite directions (Berberovic and Mattingley, 2003). It is 

similarly possible that on a task such as the SART, where the performance o f controls 

has been shown to deteriorate, that hemineglect patients may actually improve.

In terms o f determining the relationship between sustained attention and PA, 

the performance o f the control group is particularly instructive. Findings from the
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previous chapters indicated that the spatial effects o f PA may be attributable to a 

suppression o f right-hemisphere frontoparietal networks (see also Berberovic and 

Mattingley, 2003). The findings from the current data-set are consistent with this 

hypothesis, and further suggest that these effects are not confined to spatial 

components. Initial predictions were based on the hypothesis that automatic orienting 

to both left and right space is a specific function o f the right hemisphere (e.g. Corbetta 

and Shulman, 2002), and suggested that adapting to either a leftward or rightward 

prismatic deviation may instigate a performance detriment on the SART. This 

prediction is borne out by the current results.

The inclusion of a control ‘adaptation’ condition in the experimental design 

greatly increases the confidence with which such a suggestion may be made. For the 

control condition, the mean number o f errors actually decreased  following 

‘adaptation’. Though this decrease (by a mean o f  1.375 errors) was not found to be 

significant, it contrasts markedly with the mean change following leftward (2.563 

more errors) and rightward (3.625 more errors) adaptation. It is unlikely, therefore, 

that the performance differential is attributable to time-related performance decrement 

(which may be the case in the ADHD sample).

It is notable that when analysis focused exclusively on correct withholds, the 

differences between pre and post sessions were only significant following rightward 

adaptation. It is possible then, that rightward adaptation has a more pronounced effect 

on SART performance than leftward adaptation, and potential reasons for this are 

discussed below. For the correct withhold analysis, the maximum number o f errors is 

25 (i.e. there are only twenty-five 3 ’s in the digit set o f two hundred and twenty-five). 

By contrast, total error analysis, which additionally includes incorrect withholds.
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increases the range o f  quantifiable m easures to 225. As such, it steers away from the

23potential confound o f  ceiling-level perform ance .

The increase in total errors follow ing adaptation in either direction is 

consistent with initial predictions. These w ere based on the hypothesis that autom atic 

orienting to both left and right space is a specific function o f  the right tem poroparietal 

junction (e.g. C orbetta and Shulm an, 2002). W hile w earing prism -goggles, the 

participant is exposed to a ‘signalling error’ (Berberovic and M attingley, 2003), 

which m ay specifically affect the TPJ. It was proposed that adaptation to leftward- 

deviating prism s should unilaterally suppress frontoparietal attentional netw orks (via 

the TPJ), whereas adaptation to rightw ard-deviating prism s m ay additionally  affect 

netw orks in the left-hem isphere.

The current findings, o f  course, can only infer neural correlates o f  these 

effects, and again the necessity o f  neuroim aging data to confirm  or refute these 

suggestions m ust be a priority for future research. N evertheless the increase in the 

total num ber o f  errors follow ing adaptation is certainly indicative o f  a disruption o f 

right-hem isphere function. A recent Positron Em ission Tom ography (PET) study by 

M anly et al. (2003) showed a right lateralisation for processing the SA RT with 

activations in dorsolateral prefrontal cortex as well as superior and posterior parietal 

areas. Sim ilar tasks that require the m aintenance o f  endogenous arousal have also 

been shown to load on right-lateralised processes (e.g. Kim  et al., 1999). As 

discussed in detail in previous chapters, C orbetta and colleagues (e.g. 2000, 2002)

This observation in many w ays reflects previous findings in relation to prism adaptation and non- 
clinical sam ples. In particular, it brings to mind Berberovic and M attingley’s finding that the effects o f  
both rightward and leftward adaptation is determinable in extrapersonal space only. In their study, the 
behavioural effects o f  adaptation may have been m asked by parallel processes in peripersonal space.
In the current analysis, certain PA effect may have been m asked by the relative sm all range o f  
quantifiable trials. The need to develop more sensitive measures o f  attention is a point w hich is 
stressed in Chapter 7.

253



have outlined a model where TPJ is integrated into a larger frontoparietal attentional 

m echanism . W hile this m odel relates exclusively to spatial attention, the evidence o f  

extensive interactions between spatial and non-spatial attentional m echanism s is 

strong. The clinical findings o f  D obler et al. (2003), who noted consistent neglect

like deficits in an ADHD patient, and R obertson et al. (1998), who used an alerting 

tone to rehabilitate sym ptom s o f  spatial neglect, are im portant in this regard.

W hile right hem isphere netw orks m ay be critical to m aintaining sustained 

attention, a recent finding by this laboratory (Fassbender et al., 2004) indicates that a 

concurrent left-lateralised netw ork m ay also be required to m aintain task set during 

the SART. This includes left parietal activations in the precuneus, inferior parietal 

lobule and supram arginal gyrus and left precentral gyrus. Right hem isphere 

activations in the same study included the pre-m otor cortex, superior parietal lobule 

and prefrontal cortex. Previous studies have also im plicated left DLPFC in task set 

m aintenance and right-lateralised structures for response inhibition (M acD onald et al., 

2000; Caravan et al., 2002).

It is possible, therefore, that perform ance decrem ent follow ing adaptation m ay 

be attributable to a suppression o f  bilateral netw orks involved in processing the 

SART. The above section highlighted the fact that only follow ing rightw ard 

adaptation did participants evidence a decrease in the num ber o f  correct w ithholds. 

This m ay be because rightward adaptation leads to a greater disruption o f  

perform ance on the SART, due a suppression o f  left and right hem isphere processes^"^. 

This suggestion does not underm ine earlier conclusions that m aintaining sustained 

attention is prim arily the function o f  a right-fronto parietal netw ork. Rather, it

It is also notable that in terms o f  overall errors, rightward adaptation resulted in 3 .625 m ore  errors, 
whereas leftward adaptation resulted in a mean o f  2 .563 more errors.
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suggests that the sustained attentional effects o f rightward adaptation may also be 

indicative o f a disruption o f an auxiliary process such as the maintenance o f  task set.

It is important to reserve a note o f caution in interpreting such changes 

following rightward adaptation, however, insofar as the pre-adapt measures o f 

sustained attention were lower for the right-adapt condition, both in terms o f total 

errors and commission errors. It was possible to co-vary these analyses for the order 

in which each participant adapted to right/left prisms and comparisons p-values 

remained stable with this adjustment (see Table VII.I, Appendix VII). It is 

nevertheless possible, though unlikely, that these changes may be attributable to 

statistical anomaly, and this possibility can only be refuted through replication.

Measures o f  Spatial Attention

Again, differences between the control and ADHD groups were apparent. A 

most unexpected finding is that the control group was more right-biased than the 

ADHD group, who tended to misplace transections further to the left on the line 

bisection task. This finding is at odds with that o f  Voeller and Heilman (1988), who 

found that ADHD children showed a greater right bias on a cancellation task. The 

disparity between these results again brings up the point that pseudoneglect as 

measured by line bisection shows up a considerable degree o f between-participant 

variance. Thus, while large-scale analyses such as those o f Jewell and McCourt 

(2000) and van Vugt et al. (2000) may highlight an overall bias towards left 

hemispace on bisection tasks, this pattern may not necessarily be replicated by 

relatively small experimental samples. Again, a healthy scepticism is advised in 

temis o f  estimating the prevalence o f pseudoneglect in the general population. A
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similar note o f caution should be sounded in interpreting findings which highlight the 

attenuation o f pseudoneglect in ADHD patients.

In terms o f the effects o f prism adaptation, a significant difference was found 

with the landmark task in the control group only. As with the SART data, above, it is 

possible that a higher degree o f error variance in the ADHD group may, at least 

partially, account for these effects not being evident in the clinical sample. For the 

control group, the finding that only leftward adaptation affects response in near space 

is consistent with previous studies (e.g. Colent et al., 2000; Berberovic & Mattingley, 

2003) and also with a right TPJ activation hypothesis. In these previous studies, 

participants were seen to be initially left-biased to begin with, with responses shifting 

rightwards post-adapt (i.e. towards the centre). In the current results, participants 

were initially right-biased and responses shifted further  to the right. This is 

encouraging because it is clearly not the case that responses are regressing towards 

the mean or improving with practice. The right-shift following adaptation in the 

current set-up is actually indicative o f a performance decrement. This finding alone is 

important in ruling out extraneous factors in accounting for prism effects on non- 

clinical samples.

Correlational Analysis

There is little evidence from the current sample that measures o f  spatial 

attention correlate with those o f  sustained attention. This is inconsistent with 

previous research with an ADHD sample that has shown an association between a 

bias in left space (as measured by the landmark) and poor perfonnance on the SART 

(Bellgrove et al., under review, personal communication). For the ADHD group, the 

only spatial measure that correlates with errors on the SART is landmark line
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bisection. In this instance, a rightward bias on the landmark is indicative o f a larger 

number o f total errors on the SART. While the n for this group is too small to draw 

any robust conclusions from this finding, it is worth noting that it is consistent with 

previous findings (e.g. Bellgrove et al., under review).

High and Low-Risk ADH D groups

There is very little in the results to suggest any differences within the ADHD 

sub-groups. Given the large error variance in responses on these tasks, it is obvious 

that a much larger representative sample is required to draw any definitive 

conclusions either in terms o f spatial or sustained attention. Ongoing research from 

this laboratory has begun to shed some light on potential differences between these 

sub-groups and findings from Bellgrove et al. (under review) have suggested that 

ADHD children with two copies o f the DATl allele may be have an attenuated left 

bias.

Conclusions

To this author’s knowledge, this is the first demonstration that prism 

adaptation can affect performance on a measure o f sustained attention. Only the 

control group were seen to have a performance decrement attributable to prism 

adaptation and it is unlikely, given the nature o f  the experimental design (i.e. repeated 

measures), that similar results are replicable in an ADHD sample. Error variance in 

the ADHD group was too high to be able to differentiate session effects with those 

potentially induced by adaptation.

The finding that both left- and right-deviating prisms increased total errors on 

the SART in the control group is consistent with the hypothesis o f  PA disrupting
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right-lateralised frontoparietal networks. Results from the ERP study (Chapter 4, 

above) suggested that processes beginning in the right-hemisphere and responsible for 

spatial attention are affected by adaptation (though this was found for leftward 

deviation only). In the current paradigm both right and left-deviating prisms were 

found to disrupt performance on the SART, a finding that may be attributable to the 

different processing requirements o f this non-spatial task. Thus, a recent fMRI 

(Fassbender et al., 2004) study that showed bilateral activations for SART processing.

An unexpected finding was that o f a rightward bias on the spatial tasks for the 

control group. I have previously remarked on the evidence for significant individual 

variation in relation to studies o f pseudoneglect and suggested that the prevalence o f 

this phenomenon may have been overstated. Certainly, results o f large-scale analyses 

(e.g. van Vugt et al., 2000, n = 650; Jewell & McCourt, 2000 -  meta-analysis o f 

2,191 participants over 73 studies) suggest a significant bias towards the left in the 

general populafion. Findings from the current data set as well as the previous 

chapters suggest that within this populafion, there is a great degree o f individual 

variafion; a suggestion acknowledged by Van Vugt et al. (2000) and Jewell & 

McCourt (20002) in their analyses. This does not imply, o f course, that there is a 

large degree o f  variance within participants on measures o f standard measures o f 

spatial attenfion. Rather this variability is observed between participants -  measures 

such as landmark and line bisection are consistent and relatively stable in test-retest 

situations.

In terms o f future directions, it is certainly o f theoretical interest to examine 

whether other measures o f rehabilitating hemineglect can impact on tasks o f sustained 

attention such as the SART. It is likely that an intervention such as tone alerting
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would facilitate performance. Other techniques such as limb may also provide some 

theoretical insights into the processes underlying both spatial and sustained attention.
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Chapter 8

General Discussion
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It is attention, more than any difference between minds and men. In this is the source 

ofpoetic genius, and o f  the genius o f  discovery in science. It was this that led Newton 

to the invention offluxions, and the discovery o f  gravitation, and Harvey to fin d  out 

the circidation o f  the blood, and Davy to those views, which laid the foundation o f  

modem chemistry.

Brodie, F.M. (1995). No Man Knows My History.

Two principle objectives formed the core around which the preceding series o f 

experiments were centred. On one level, I had hoped to reach a broader 

understanding o f the nature o f attention, and how it is manifested in the human brain. 

On a much more specific level, 1 had hoped to gain an insight into how attentional 

processes can be affected by prism adaptation. It was, o f course, inevitable that 

neither o f these objectives would be fully realised, but some valuable insights were 

gained, which should build towards the realisation o f  these goals. In this concluding 

chapter I will summarise what I feel were the most notable contributions to satisfying 

these initial intentions, and suggest new directions that should resolve hitherto 

unanswered research questions.

Possible Mechanisms o f  Prism Adaptation

The most pertinent question to arise from this thesis asks what exactly happens 

when a participant adapts to a prismatic deviation? While the experiments and 

discussions throughout this thesis have examined various hypotheses, an explicit 

conclusion must be that the question remains unanswered. It is not however.
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unanswerable, and the accumulation o f sound experimental will inevitably move us 

towards a resolution.

A review  o f  Experimental Chapters two through seven

Chapter 2 sought to examine whether spatial bias, as measured by the 

landmark task, could be manipulated by prism adaptation. The five-minute adaptation 

period adopted in the experimental design was, however, insufficient to produce 

discernible behavioural effects, and thus little light was shed on possible processes 

underlying PA. The results did bear out a finding that was to become a prominent 

theme in the current research, and that was the large response variance in participants’ 

responses on spatial measures. This theme is discussed in greater detail in the 

sections below, where the need for more sensitive measures o f spatial attention is 

stressed.

The landmark task was also the focus o f Chapter 4, though in a much more 

expanded format. Additionally, the adaptation period was doubled from five to ten 

minutes in an effort to elicit discernible behavioural effects. It was found that 

adapting to leftward-deviating prisms shifted judgements o f a line’s centre to the 

right, but that this shift ameliorated quickly over the course o f  the 240-trial session. 

The finding that left but not rightward adaptation shifts responses to the right on the 

landmark in peripersonal space has since been replicated by Colent et al. (2000) and 

Berberovic and M attingley (2003).

In tandem with the behavioural data. Chapter 4 also provided 

electrophysiological measures, which provided the first clues as to the neural 

processes involved in adaptation. ERP recordings, taken during landmark evaluation, 

highlighted a large N2 waveform over posterior electrode sites for performing this

262



task. This component was larger and earlier in the right hemisphere. This result 

mirrors a similar finding by Foxe et al. (2003), which also identified the N2 

component over posterior electrode sites as critical to landmark processing. 

Furthermore, the application o f a 128-electrode array allowed the authors to use 

source analysis to identify potential the cortical sources responsible for this effect. 

C hief among them was the TPJ.

Chapter 4 also showed that following adaptation, a latency difference was 

found for the N2 component in posterior regions. This difference was only evident 

over the right-hemisphere, and was only observed following leftward adaptation.

This finding suggests that the time taken to evaluate and categorize the landmark 

stimuli is increased following adaptation to leftward deviation. Again, the TPJ may 

be at the root o f  this effect. Corbetta and colleagues (e.g. 2000, 2002) presented a 

series o f studies, which show that the TPJ is activated by the appearance o f  a sdmulus 

at an uncued, novel location. The process o f  adaptation, where the participant’s 

pointing response appears at such an unexpected, novel location certainly marks it out 

as a candidate site for prism effects. This hypothesis is explored in further detail 

below.

In Chapter 5, PA was explored on an expanded battery o f spatial tasks.

Results from a number o f  these tasks found that both rightward and leftward 

adaptation affected participants’ responses. One very interesting finding was that on 

the mental number line task, ‘transections’ shifted significantly to the right following 

adaptation in either direcfion. This finding is reminiscent o f findings by Berberovic 

and Mattingley (2003), who found that in extrapersonal space, the judgem ent o f a 

line’s centre shifted to the right following adaptation to left and right prisms. 

Berberovic and Mattingley suggested that adaptation in either direction may suppress

263



right hemisphere attentional functions, though these effects may be masked by 

parallel processes in peripersonal space. The findings from the number line task are 

consistent with this interpretation, as the completion o f this task does not (necessarily) 

recruit any motor/pre-motor processes. Such processes in peripersonal space may 

dilute or enhance behavioural aftereffects attributable to a change in spatial attention. 

On the visual search task, both right and left adaptation also contributed to a speeding 

o f reaction times to right space, which provides another important demonstration o f 

PA effects to adaptation in either direction.

Chapter 6 followed up this finding with an extended version o f the number 

line task. A number calculation task was also conducted. Adaptation was found to 

have a negligible effect on the calculation task, but did affect performance on the 

mental number line. This suggests that prism effects are not attributable to a general 

disruption o f networks involved in number processing. Rather, the effects are more 

likely to be attributable to the spatial component o f the number line task. Again, the 

results showed that rightward adaptation shifted ‘transections’ to the right. Leftward 

adaptation did not have a significant effect on responses when the proportion o f 

right/left responses was analysed. Analysis o f the raw mean o f the shift, however, 

suggested that responses also shifted to the right following leftward-adaptation.

In Chapter 6, the adaptation methodology was also changed. Previous 

findings that both right and left-adaptation shifted responses in the same direction 

(e.g. the number line task) suggested that PA effects may have been attributable to an 

extraneous variable such as practice or fatigue. To counter this, an additional 

‘adaptation’ condition was included, where participants ‘adapted’ while wearing 

plain-glass goggles. No significant changes were observed following ‘adaptafion’ in
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this condition, which provides a very important comparison to the rightward/leftward 

adaptation conditions.

A plain-glass control was also incorporated into the methodology o f the final 

experimental chapter, where prism adaptation was investigated as a potential 

rehabilitation treatment for ADHD. Performance on a measure o f sustained attention, 

the sustained attention to response task (SART) was compared before and after 

adaptation. Two spatial tasks, perceptual and manual line bisection, were also 

examined. The results were rather disappointing in terms o f rehabilitation, as no 

differences following adaptation were apparent between the plain-glass control 

conditions and the right/left-adapt conditions. However, a high level o f variance in 

the ADHD group may have masked any potential differences attributable to 

adaptation, and on the basis o f  this finding, PA should not be ruled out as a potential 

treatment for ADHD.

In the same study, the performance o f a control group was also evaluated 

before and after adaptation. Intriguingly, adaptation to both right and left-deviating 

prisms led to significant increases in the total number o f errors on the SART. By 

comparison the plain-glass ‘adaptation’ condition led to a mean reduction in the 

number o f total errors. This finding is consistent with the hypothesis o f suppression 

o f a frontoparietal networks, and provides further evidence o f an integration o f spatial 

and non-spatial attentional processes. Bisection judgm ents on the landmark were also 

found to shift to the right following leftward adaptation, a finding that is 

encouragingly similar to previous studies (e.g. Colent et al., 2000; Berberovic and 

Mattingley, 2003).

Overall then, this thesis presents a number o f findings that suggest that PA can 

have a significant impact on non-clinical participants’ performances on a wide variety
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o f tasks. These findings provide an interesting compendium to rehabihtation studies 

w'ith hemineglect patients, and some o f the lessons learned should be applicable to 

rehabilitation research. Thus, differential findings with, for example, the landmark 

and number line tasks suggest that post-adaptation effects may have both an 

attentional and non-attentional component. Attentional effects may be more evident 

in tasks that do not require a motor response such as the number line. Bisection tasks, 

on the other hand, may be influenced by the operation o f a motor aftereffect which 

may dilute the attentional effects o f rightward adaptation. If this dual-component 

model is borne our by further research, it should facilitate rehabilitation in 

hemineglect patients, who may benefit from a more intensive focus on attentional 

aftereffects.

The findings from Chapters 2, 4 and 7 in particular also highlight the need for 

an extended adaptation period in producing robust behavioural effects. In Chapter 2, 

five minutes o f adaptation was insufficient to produce significant PA effects in the 

non-clinical sample. In Chapter 4, the adaptation period was doubled, and leftward 

PA was found to elicit significant effects, shifting judgments o f a line’s centre to the 

right. Extending this adaptation period to twenty minutes again produced behavioural 

effects on the landmark task (as well as the SART). The direction o f  this effect was 

the same as that in Chapter 4 and was also only produced following leftward 

adaptation. This finding also replicates previous findings by Colent et al. (2000) and 

Berberovic and Mattingley (2003), all o f which indicate that PA effects are robust, 

consistent and replicable.

The results o f Chapter 7 were also instructive in terms o f understanding the 

broader dimension o f attention itse lf Previous studies, such as those by Dobler et al. 

(2003) and Robertson et al. (1998), have been instrumental in their demonstration o f
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the integration o f  various networks o f attention. The finding that prism adaptation, a 

treatment previously associated only with the spatial aspect o f attention, can also 

affect a measure o f  sustained attention is significant in this regard. The deterioration 

in performance following PA to both right and left-deviating prisms is consistent with 

the hypothesis o f  suppression o f right-hemisphere function. Such a suppression, it 

would seem, is not confined only to spatial effects, and is maintained across the 

attentional spectrum. This point also holds true for the visual search task o f Chapter 

5. Although visual search is often used as a specific measure o f spatial dysfunction 

(i.e. hemineglect), the selective nature o f visual search sets it aside from tasks such as 

bisection, which can also be symptomatic o f motor dysfunction (i.e hemianopia). 

Ferber and Kamath (2001) have shown that visual search may be a more sensitive 

measure o f ‘attention’. Thus, the evidence is consistent that post-adaptive changes 

following PA do specifically relate to attention (rather than cuing etc.), and that PA 

effects are wide-ranging across attentional components.

Throughout this thesis, the suppression o f frontoparietal networks has been 

emphasised as a possible locus o f the attentional shifts following adaptation. More 

specifically the TPJ, particularly in the right-hemisphere, has been implicated as an 

integral factor in this suppression. The ERP data from Chapter 4 certainly implicated 

PA-related effects in this area following adaptation, but further analysis, possibly 

utilising fMRI and TMS imaging techniques are necessary to confirm/falsify this 

hypothesis. It should be pointed out, however, that an hypothesis o f inhibition of 

frontoparietal areas is unlikely account for all o f the behavioural changes resultant 

from adaptation. The notion o f  a dual-component post-adaptation effect was 

suggested in earlier chapters (and above). Potential neural correlates o f  this second 

(non-attentional) component did not fall within the range o f previous discussions, but
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remains an important part o f  the model, and consequentially needs to be fleshed out. 

The following section examines a number o f studies which place the cerebellum as 

the foremost candidate as a neural correlate o f this second component. Though an 

analysis o f  cerebellar function was not a specific theme o f this thesis, it is important 

insomuch as it relates to the overall adaptive process. The following section examines 

the potential role that the cerebellum plays in the adaptation process, with a specific 

emphasis on how this relates to an integration o f attentional effects.

The cerebellum and prism  adaptation (PA)

The cerebellum contains about half the neurons o f  the nervous system (Kolb 

and Wishaw, 2003) and is critical in the acquisition o f motor skill. Its role in the 

control o f  movement may be crudely divided into two key functions -  timing 

precision and motor accuracy (Doyon, Penhune and Ungerleider, 2002). It is the 

second o f  these functions that most relates to PA. Thach et al. (1992) examined the 

accuracy o f  a group o f  cerebellar-damage (CD) patients before, during and after 

adaptation with wedge prisms. Relative to a control group, the CD patients were 

relatively accurate on a pre-adapt condition dart-throwing task. Unlike the control 

group however, the CD patients did not adjust to the prismatic shift, with accuracy 

consistently misplaced in the direction o f the prismatic deviation. Similarly, in the 

post ‘adaptation’ condition, the CD patients showed no aftereffect, with responses 

immediately returning to baseline levels o f accuracy. The controls meanwhile, 

initially erred in the direction opposite the prismatic deviation upon removing the 

prism goggles. This experiment, which has been replicated (e.g. Kono, Hasebe, 

Ohtsuki, Kashihara and Shiro, 2002), demonstrates the importance o f the cerebellum
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to PA. Figure 8.1, illustrates a circuitous model o f how the cerebellum corrects motor

errors.

Cortex

Error
Correction

Corticospinal
tracts

Spinocerebellar
tract

Cerebellum

Feedback 
from actual 
movement

Inferior olivary 
nucleus sends 

copy of 
instructions

Movement 
instructions reach 

spinal chord

F igure 8 .1 , a feedback  c ircu it that a llow s the cereb ellu m  to correct 
m ovem ents, adapted from K olb and W ishaw, 2003. The cerebellum  
receives information from the instructions sent to motor neurons via the 
olivary nucleus. The cerebellum  receives information about the actual 
m ovem ent through a sensory pathway, the spinocerebellar tract. 
Comparing the m essages o f  intended and actual m ovem ent enables the 
cerebellum  to send an error m essage to the cortex.

As Figure 8.1, above, illustrates, the cerebellum must necessarily send and 

receive information to/from the cerebral cortex in order for motor movements to be 

corrected/evaluated. This may be accomplished by established reciprocal connections 

between the cerebellum and parietal lobe, where afferent and efferent connections are 

manifold (Schmahmann, 1998).

A study by Clower et al. (1996) sought to identify the cortical underpinnings 

o f prism adaptation. Positron Emission Tomography (PET) scans o f  seven 

participants were taken in a trial where participants adapted to right and left-deviating 

prisms. Goggles were constructed where one lens shifted the visual field by 17° to 

the left and one lens shifted the visual field by 17° to the right. Participants
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alternately looked through either the right or left eye, which they opened/closed with 

every four reaching m ovem ents. They were, therefore, in a state o f  ‘perpetual’ 

adaptation. A  control error-correction task required participants to look through clear 

lenses and point tow ards a target that shifted to the left or right once reaching had 

been initiated. Subtracting the control from the PA condition highlighted a highly 

focal region o f  posterior parietal cortex on the lateral bank o f  intraparietal sulcus 

(IPS), contralateral to the reaching hand. This area, known as PEG, has been 

associated w ith eye-hand coordination (Perenin and V ighetto, 1988). Less 

specifically, the posterior parietal cortex has been im plicated in visually  guided 

reaching (G rafton et al., 1992), m ovem ent selection (Deiber, 1991), im agery (Parsons, 

1995) and visuospatial attention (Pardo et al., 1991). As discussed in the chapters 

above, the intrapartietal sulcus has been identified by C orbetta and colleagues (1998, 

2000, 2002) as integral to voluntarily orienting attention.

W hile it is not surprising to find posterior parietal activation in response to 

prism  adaptation, it is surprising that the authors found no evidence o f  a cerebellar 

com ponent with their subtraction. The authors claim  that the expected cerebellar 

activation m ay have been reflected in the error-correction control, and this is possibly 

the case (see, for exam ple, Doyon, Penhune and U ngerleider (2003) for a discussion 

o f  the role o f  the cerebellum  in m otor sequence learning).

Thus, the experim ental requirem ent to continually shift betw een left and right 

deviations m ay have corrupted the data in the sense that the scans do not reflect the 

refinem ent o f  the m otor response. If  this is the case, then it is equally likely that the 

parietal activations do not fully reflect the cortical com ponents involved in PA. In the 

m ore recent instillations o f  prism  studies, a requirem ent has been for participants to 

adapt at least 75 tim es in one direction at a time. It m ight be the case, therefore, that
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the type o f  activation ehcited by Clower et al.’s (alternating sequences o f 4 successive 

movements with each prism) study is methodologically incompatible with prism 

studies such as those pioneered by Rossetti and colleagues. There is clearly a 

necessity for the implementation o f  neuroimaging research into PA to clarify this 

proposition. Unfortunately the ERP study in Chapter Four o f  this thesis lacked the 

localisation power to answer many o f these questions.

In Rossetti et al.’s initial prism/neglect paper, the authors suggest that an 

interaction between the PPC and cerebellum may explain the dramatic improvements 

following adaptation to rightward deviating prisms. Understandably equivocal on 

how these structures might interact, they suggest that recovery may be explicable by 

one o f two hypotheses (or indeed both). First o f all, a general plasticity induction, 

which may “favour the neural restoration o f the right-hemisphere functions when they 

have been impaired by a lesion”. Secondly, recovery o f function may relate to an 

error-signal, which indicates a discrepancy between expected and actual location o f 

the patient’s hand relative to a target. “This signal precisely indicates to the subject 

that his actual action is biased towards the right as compared with his intention. The 

lateralized infomiation introduced by prism exposure may break the biased coherence 

and introduce a signal useful for stimulating the correction o f left neglect” . This 

suggestion is reminiscent o f  Corbetta et al.’s (2002) ‘circuit-breaker’, which may have 

an origin in the temporoparietal junction (as referenced in the discussions o f chapters 

two through seven).

In a recent study, Pisella, Michel, Grea, Tilikete, Vighetto and Rossetti (2004) 

have refined these proposals, suggesting possible means by which parietal and 

cerebellar networks may interact to ameliorate hemineglect. Thus, the cerebellum 

may be conceived as a structure that is integral to the recalibration o f sensori-motor
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correspondences, leading to a “global topological realignment likely to generalise to 

untrained regions and produces robust aftereffects, indicating a difficulty in returning 

to the original visuo-motor mapping even with cognitive awareness o f  the change 

(Bedford 1993)” . This implies that the cerebellum functions as a “sensori-motor 

correlation storage area” . As such, the cerebellum should be responsible for the 

manifestation o f the post-adaptation aftereffect, as recently ‘stored’ sensori-motor 

correlations must necessarily undergo further recalibration (i.e. de-adaptation) upon 

the removal o f  glasses. This hypothesis is consistent with models o f cerebellum that 

emphasise its role in and short term and long-term visuo-motor learning (e.g. Gilbert 

and Thach, 1977; Ito, 1989; Friston et al., 1992; Martin et al., 1996; Imamizu et al., 

2000).

The primary function o f the PPC, on the other hand (in terms o f PA), may be 

in sensorimotor and multisensory integration. The authors distinguish between the 

cerebellum’s putative role in visuo-motor learning, and the PPC in re-aligning visual 

and proprioceptive coordinates. The cerebellum, they hypothesise, may be function 

as the ‘adaptive’ component in adaptation, the role o f the PPC, meanwhile, may be 

more ‘strategic’.

To confirm this hypothesis, Pisella et al. compared the adaptive performance 

o f a patient, IG, who presented with bilateral optic ataxia, with a group o f four 

controls. IG had bilateral lesion to the PPC, illustrated in Figure 8.2, below. In spite 

o f  the extensive lesions in PPC, the patient was able to adapt to the rightward- 

deviating wedge prisms. This was evidenced by the demonstration o f  a post-adapt 

aftereffect equivalent to that o f  the controls (5.0°, as compared with 7.2°, 2.7°, 7.3° 

and 10.2° respectively).
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40/

Parietal subdivisions as defined by 
Brodmann (1909), above, and by Eidelburg 
and Galaburda (1984), below.

Figure 8.2, from Pisella, Michel, Grea, Tilikete, Vighetto and Rossetti (2004). Patient IG 
had PPC lesions, but showed preserved adaptation to rightward deviating prisms.

The paper also examined intermanual transfer of the aftereffect from the right 

to the left hand following adaptation (all participants adapted with their right hand). 

Interestingly, IG showed an intermanual transfer rate that was high relative to the 

controls (54% as opposed to 23%, 18%, 8% and 10%). This very interesting statistic 

is interpreted as evidence of a difference between parietal and cerebellar components 

in adaptive processing. Commenting on this phenomenon, the authors conclude 

“This abnormal transfer in patient I.G. suggests in turn that the PPC may participate 

in the adaptation. I f  the lesion o f the PPC reduces the strategic component in this 

patient, adaptation would consequently be mostly achieved by recalibration processes 

(true adaptive component), hence more likely to be generalised. ”

Thus, cerebellar and parietal components are viewed as dissociable networks, 

fulfilling separate functions, one to do with adaptation, and one to do with strategy.
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This conclusion is consistent with the finding that when normals do not notice the 

deviation (i.e. if  it is small, ^ ° ) ,  longer aftereffects are observed (Jakobson and 

Goodale, 1989). Pisella and colleagues point out that hemineglect patients are less 

likely to ‘notice’ prismatic deviations, and speculate that a resultant lack o f  strategy 

may make for more durable adaptive effects -  (results) “suggest that the lack o f 

cognitive compensation facilitates the development o f the true adaptive component” .

This is a very interesting conclusion, and is largely consistent with findings 

from the preceding chapters in this thesis. In Chapter 4 it was observed that 

adaptation to left-deviating prisms shifted (initially) to the right and that leftward 

adaptation led to a latency increase o f the N2 waveform over posterior electrode sites 

(ERP methodology did not facilitate the analysis o f  the cerebellum). It may be that 

the right-lateralised N2 delay was the result o f a right hemisphere activation, as the 

reaching finger was to the left o f target. The lack o f  effect for the right-adapt 

condition may have been due to the rightward error-signal providing insufficient 

ipsilesional activation in right posterior areas.

This hypothesis is also consistent with the finding that post-adapt effects on 

the various spatial tasks were more evident when the period o f adaptation was 

increased. If  participants adapt very quickly to prismadc deviations, why should this 

be the case? It is possible that where cerebellar (adaptive) plasticity is relatively 

quick to engender, PPC (strategic) plasticity may require a longer time period. The 

slower rate o f  intermanual transfer in the controls (Pisella et al., above) may have 

been a reflection o f  the lengthier interval required for strategic processes to ‘adapt’.

This hypothesis would also account for Berberovic and M attingley’s (2003) 

suggestion that two process -  one related to the adaptive aftereffect (adaptive?) and 

one related to right-hemisphere dominance for spatial processing (strategic?) -  may
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be active following PA (see Figure 6.10, Chapter 6, above). This would explain why 

adaptation shifts responses to the right following rightward or leftward adaptation^^. 

As I shall discuss below, the hypothesis is also consistent with both right and left 

adaptation disrupting (sustained attention) performance on the Sustained Attention to 

Response Task (SART).

Pisella and colleagues seem, then, to have provided a theory that nicely 

accounts for much o f the behavioural data from neglect and normal studies in recent 

years. While this hypothesis does facilitate interpretation o f many o f the results from 

this thesis, a certain amount o f  caution should be reserved in terms o f drawing 

inferences. This cautionary note is sounded for a number o f reasons.

The most obvious reason is that many o f these findings o f the Pisella et al. 

study are based on the case study o f one patient only. As can be seen from the data o f 

the control participants in the same study, participants without cortical damage can 

demonstrate quite substantial between-subject variations. Thus, aftereffects following 

rightward adaptation ranged from 2.7° to 10.2° for the four controls. Similarly, the 

intermanual transfer o f aftereffects ranged from 8% to 23%. Clearly, if  we are to 

make generalisations from studies o f this kind, the number o f controls will have to be 

elevated substantially. Correspondingly, it is also highly preferable to include more 

than one clinical patient in case reports, though o f course this is not always possible.

A second source o f  potential concern with regard to the Pisella et al. (2004) 

study, is the location o f the lesion sites in patient IG, which as Figure 8.2 indicates, 

does not affect the entire IPS, nor does it impinge upon the TPJ. Neuronally, the PPC 

covers an extensive area o f cortex in the human brain and, as such, a discussion o f the

A dm ittedly, the right-shift on the mental number line was not entirely consistent for left-adaptation  
for Chapters 4 and 5. The above com m ent only holds strictly for the results from Chapter 4. In chapter 
5, how ever, when the total magnitude, as opposed to the proportion, o f  responses were considered, a 
shift to the right was observed for both right an d  left conditions relative to the plain glass control. See  
A ppendix V , Table V.III.
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potential role o f  PPC in adaptation, will inevitably be rather vague. This point is 

especially pertinent given that the lesion site does not extend the entirety o f  the PPC. 

Neuroimaging studies such as those by Corbetta (e.g. 1998) have gone some way 

towards differentiating diverse roles o f  structures within the PPC and have 

highlighted the need to be much more specific when discussing the potential function 

o f cortical networks. Thus, while Pisella et al. may be correct in concluding that the 

PPC and cerebellum are intrinsic to prism adaptation, there is a definite requirement 

to be much more specific in proposing the putative neural underpinnings o f  PA.

On a related point, even if  we are to approach adaptation under the large 

umbrella o f PPC and cerebellar (dys)function, Pisella et al. have provided few clues 

as to how (or indeed, if) these structures interact. Unfortunately, the majority o f 

recent studies into PA have remained largely silent in this regard, as well. This 

silence is understandable given the relative dearth o f neuroimaging data relating to 

adaptation, thereby necessitating conjecture in the absence o f hard facts. No doubt 

the next few years will witness the accumulation o f  imaging data relevant to PA, and 

it is important to acknowledge that these studies should be guided by falsifiable 

hypotheses. In the course o f  this thesis I have expounded a proposition where 

attentional effects o f  PA may be localised to the TPJ and subsequent interactions with 

the IPS. 1 have examined this hypothesis in relation to the findings from chapters, 

four, five, six and seven, and it is possibly wise to avoid regurgitating at this stage.

Identifying Themes from  Prism Adaptation Research

While the neural correlations o f prism adaptation have not been fully 

expounded in the literature to date, two consistent themes can be identified. These 

state that (i) prism effects may take the form o f dissociable ‘higher’ and ‘lower’ levels
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o f cognitive function and (ii) that ‘higher-level’ spatial representations may have 

involve posterior parietal areas.

An excellent study by Frassinetti and colleagues (2002) provides a convincing 

confirmation o f  the first o f  these proposals. The authors were interested in examining 

whether extensive training with rightward-deviating prisms could generate long-term 

improvements in a group o f  seven neglect patients. The patients were required to 

adapt for approximately twenty minutes, twice daily, over a period o f two weeks 

(twenty sessions in total). Relative to a control group, the improvement o f the prism 

group was dramatic, and was maintained five weeks after training and, anecdotally, 

seventeen weeks post-training. This long-term amelioration o f neglect symptoms (the 

specific tasks are discussed below) contrasts with the decay o f the aftereffect which 

averaged only twelve hours. Furthermore, the decay o f the aftereffect decreased 

incrementally from -2 .7° immediately post-adaptation to -1 .4° six hours after training 

and -1 .3 °  twelve hours after training. After eighty-four hours, the aftereffect was -1°, 

not significantly different from baseline. Completely contrary to the deterioration of 

the aftereffect was the increase in task performance. In many cases participants 

improved in the one and five week intervals after training. A similar recovery was not 

observed in the control group. These findings clearly suggest that the ‘higher order’ 

processes required for completing tasks such as reading and locating objects in a room 

are dissociable from low-level (cerebellar/adaptive?) motor responses following 

adaptation.

With regard to the second trend, improvement on tasks such as reading and 

cancellation do suggest the involvement o f parietal networks (see Behrmann, Geng 

and Shomstein, 2004). While higher-level spatial reorganisation is possibly the most 

likely candidate o f prism affects, Frassinetti et al. identify alternative explanations
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that are viable. The authors point out that treatments such as caloric vestibular 

stimulation (Cappa et al., 1987; Vallar et al., 1990), which produces a temporary 

amelioration o f neglect, also produces eye deviations towards the neglected side. 

Frassinetti and colleagues also highlight a finding by Meador et al. (1987) where a 

patient was asked to describe a familiar geographical location (the street to his house). 

Symptoms o f neglect abated when the patient rotated his eyes to the left, thereby 

showing that even in a representational task, eye movements can affect neglect. This 

‘ocular system ’ hypothesis also explains why patients were seen to improve after one 

and five weeks post training, because the requisite facilitation to re-explore left space 

might proceed domino-like as the patient is increasingly stimulated by stimulus in left 

hemispace.

One study that directly examined patients’ eye movements before and after 

adaptation was a chimeric faces task conducted by Ferber, Danckert, Joanisse, Goltz, 

and Goodale (2003). A case study was presented where the proportion o f the 

patient’s saccades towards left hemispace increased from a baseline o f 25.9% to 

79.7% post adaptation. Interestingly, the patient’s behavioural performance on this 

task did not mirror the dramatic reversal o f eye explorations. In both pre and post 

sessions, fully 91.67% o f the chimeric faces were interpreted as smiling on the right 

side. Ferber et al. interpret this as evidence that PA does not necessarily reorganise 

higher levels o f  spatial representation. However, as Beversdorf and Heilman (2003) 

point out in a related article, this finding could equally be due to the comorbidity o f 

hemianopia^^.

One o f  the most convincing pieces o f evidence that prisms do affect higher 

order cognitive functions comes from a finding by Maravita, McNeil, Malhotra,

The Ferber et al. study does not indicate whether the patient presented with hem ianopia, and in the 
absence o f  such information this is, by O ccam ’s razor, the sim plest explanation (and most consistent 
w ith other studies).
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Greenwood, Husain and Driver (2003), who found that a ten minute adaptation to 20° 

rightward-deviating prisms reduced tactile inattention in a group o f  four neglect 

patients. Tactile perception was examined using electromagnetic which delivered 

deliver single unseen 100-ms taps on the index finger pad o f either hand. For the 

duration o f the experiment, patients sat with their hands in their lap and fixated on a 

cross centred in front o f them. One patient (participant 4, Table 8.1, below) was 

additionally assessed prior to and following leftward adaptation, which did not have 

the same effect on responses. Improvement in tactile perception was accompanied by 

improvement on standard clinical tasks such as cancellation and bisection. An 

important manipulation was the requirement to fixate for the duration o f the 

experiment. Presuming all patients complied with this instruction, the significant 

improvements cannot be attributed to saccade generation. Again, the most plausible 

explanation seems to be that higher-level multimodal representations, most likely 

associated with parietal networks, were activated. Findings from the current thesis 

highlight the TPJ and IPS as potentially critical correlates o f  theses higher-level 

effects. This finding provides strong evidence for the efficacy o f PA as an effective 

rehabilitation methodology in neglect rehabilitation.

Table 8.1, p 
bilateral prt
2003. All pa 
correctly ide 
leftward ada

erceiitage of correctly reported left tactile stimuli on 
‘sentations, before and after PA, from Maravita et al., 
tients showed a substantial increase in the proportion o f  
ntified stimuli. Patient 4 showed no improvement following 
Dtation.

Pre Right Adapt Post Right 
Adapt % Change

Participanl % Correct 
(bilateral stimuli)

% Correct 
(bilateral stimuli)

Post Adapt -  Pre 
Adapt

1 25 46 +21
2 11 28 +17
3 54 71 + 17

4(a) 22 44 +22
4(b) 11 28 + 17

Pre Left Adapt Post Left Adapt Post Adapt -  Pre 
Adapt
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4(c) 22 22 0
4(d) 16 11 -5

This conclusion is substantiated by numerous other studies. Fame, Rossetti, 

Toniolo and Ladavas (2002), for example, showed that a single 5-7 minute adaptation 

period (60 reaching trials) to 10° rightward-displacing prisms ameliorated symptoms 

on an extensive battery o f visuo-motor (cancellation, line bisection) and visuo-verbal 

(visual scanning, object-naming, word and non-word reading) measures. Again, this 

improvement was not reciprocated by a comparative augmentation o f  the aftereffect, 

which declined steadily in the hours/days post-adaptation. Improvement in 

performance on tasks that do not require a hand movement again implicate higher- 

order representational improvement. Fame and colleagues stress that the extension o f 

the PA paradigm to the amelioration o f phenomena such as neglect dyslexia, is a

27hugely encouraging portent for the advancement o f neglect rehabilitation .

In a similar vein. Rode, Rossetti and Boisson (2001) found that PA reduced 

left neglect on a mental imagery task. Girardi, McIntosh, Michel, Vallar and Rossetti 

(2004) found that PA ameliorated haptic symptoms o f neglect. Dijkerman, Webeling. 

TerWal, Groet and van Zandvoort (2004) found PA reduced proprioceptive neglect. 

Angeli, Benassi and Ladavas (2004) found that PA increased the frequency o f  left

sided letter explorations. Similarly, Angeli, Meneghello, Mattioli and Ladavas (2004) 

found PA increased left-sided explorations on a reading task.

This point is particularly salient on an anecdotal level. The sudden curtailment o f  function follow ing  
R BD  can negatively affect mortality rates, recovery o f  motor function and return-to-work figures 
(Paolucci, 1996a,b). Often the patient may be bed-ridden for an extended period, and confined to a 
w heelchair for the duration o f  their life. The solace provided by books, both inspirationally and 
recreationally, can have a very positive impact on the patient’s life-quality. The am elioration o f  
neglect dyslexia is, for this reason alone, h ighly significant.
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Together, these findings strongly implicate the operation o f higher-order 

cognitive networks in PA. This rather vague term ‘higher-order cognition’ has been 

used frequently to differentiate effects o f adaptation that may be related to motor 

function (i.e. functional utility o f the adapted arm) and aftereffects, which are seen to 

decline post-adaptation. ‘Higher-order’ implies the integration o f multi-sensory 

(attentional) networks. Thus, adaptation to a visual stimulus can ameliorate tactile 

extinction, facilitate spatial representation, and lead to long-term improvements that 

are entirely dissociable from post-adapt aftereffects. Potential neural correlates o f this 

‘higher-order’ cognition have been explored in previous chapters.

Two Components in Non-Clinical Samples

Is this dissociation between higher and lower cognitive function borne out in 

the results from the experimental chapters o f this thesis? Although findings were 

somewhat difficult to interpret at times, I will contend that post-adaptation changes 

observed in this thesis are largely consistent with those studies discussed above. 

Pisella et al. (2004) suggested the operafion o f two interacting behavioural 

components o f  PA -  strategic and adaptive. Both components are thought to underlie 

error reduction, through parietal and cerebellar networks respectively. Are these 

components equally relevant to non-clinical samples?

The first clue that prisms may operate in a similar dual-component manner can 

be determined from the results o f a study by Berberovic and M attingley (2003).

These authors found that for prismatic adaptation in peripersonal space, only leftward 

adaptation was found to shift judgements o f a landmark line’s centre to the right. In 

extrapersonal space, both left and right adapt conditions shifted responses to the right. 

As Figure 6.10 shows (Chapter 6, above) Berberovic and Matfingley rationalised this
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result by adopting a dual-component model o f PA. This model bears a very close 

theoretical resemblance to that o f Pisella et al. (2004, above). Thus, when a normal 

population sample adapts to a leftward visual displacement, there is a low-level 

aftereffect to the right. Conversely, rightward adaptation induces a (motor) aftereffect 

that shifts responses to the left. These aftereffects may be particularly pertinent in 

peripersonal space, because it is the space within which motor functions operate.

It is, o f course, by definition, not possible to make motor movements in 

extrapersonal space^*. For this reason, motor aftereffects may be less relevant in this 

domain. High-level {strategic!) PA effects, on the other hand, may be tangible in 

both personal and extrapersonal space. Berberovic and Mattingley propose that both 

right and left-deviating prisms may lead to a suppression o f  right-dominant (parietal?) 

networks. This model accounts for the finding that following leftward adaptation, 

responses shift to the right in both left and right space. Following rightward 

adaptation, however, adaptive effects may be in conflict in peripersonal space, but not 

so in extrapersonal space

Dual-component models account for many o f the behavioural results o f 

Chapters 5 and 6. Participants’ responses shifted to the right following left and right- 

adaptation (inconsistencies in these findings are discussed immediately below). On 

the visual search task in Chapter 5, participants were quicker to respond to sfimuli in 

right hemispace following leftward and (marginally) right adaptation. Visual search 

tasks have been considered a more effective marker o f  spatial attention than line 

bisection (Ferber and Kamath, 2001). Number line responses shifted to the right 

following adaptation in either direction. Both left and rightward adaptation affected 

responses on the Sustained Attention to Task (SART). Landmark responses in

A lthough, interestingly, Berti and Frassinetti (2000) found that extrapersonal and can be reprocessed  
as peripersonal space w hen an extending tool is used to reach into extrapersonal space.
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Chapter 4 and 7, meanwhile, shifted right following adaptation to leftward-deviating 

prism only.

There are however, some inconsistencies between the results from these 

various chapters. M ost apparent is that number line responses were found to have 

shifted to the right following right and left-adaptation in Chapter 5, but only following 

rightward adaptation in Chapter 6^ .̂ I have noted many times on the large degree o f 

individual variation in participants’ responses to tasks o f this nature, and this may 

explain some o f the inconsistency. An obvious way around this is to greatly expand 

the number o f participants in each experiment. Time pressures necessitated the use o f 

small-scale sampling in the research above. An important next step will be to expand 

the sample size o f studies o f this kind, which will make them more resilient to the 

fickleness o f individual variation.

In Chapter 5, responses shifted to the left on the line bisection task, following 

rightward adaptation. This finding is also explicable by the dual-component theory o f 

PA, where performance on this (manual) task may have been determined by low-level 

adaptive effects. Puzzlingly, leftward adaptation should have produced a rightward 

shift, but this was not found. Colent et al., (2000) found no evidence o f  behavioural 

shifts following adaptation in either direction. Michel et al. (2003) found that left- 

adaptation shifted responses to the right. Thus, not only are there inconsistencies in 

the current studies, but in the literature in general. In this regard it is possibly best to 

follow the advice o f  Ferber and Kamath (2001), who found that manual line bisection 

is not an ideal measure o f spatial attention. I have discussed this point in greater 

detail below.

H ow ever, in chapter five, when leftward adaptation was not show n to shift responses rightwards in 
the proportional condition, it did shift responses significantly to the right when on ly  the magnitude o f  
errors were considered
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Possibly the most convincing piece o f evidence that adaptation does 

suppresses frontoparietal function is apparent in Chapter 7. Because o f  the very large 

variability in their responses, the ADHD group did not provide experimentally robust 

data, making meaningful interpretation somewhat unfeasible. The scores o f  the 

control participants, on the other hand, were robust, and revealed that following both 

right and left adaptation, the number o f total errors increased by means o f 2.563 and 

3.625 respectively. Moreover, the inclusion o f a plain-glass control negated the 

possibility that the deterioration in performance may have been due to a non-specific 

factor such as fatigue. In the plain-glass condition, performance actually improved 

from pre to post ‘adapt’ session, participants making 1.375 fewer errors in total. This 

finding potentially expands the range o f ‘higher-order’ cognitive functions affected by 

adaptation and provides further evidence o f the integration o f different attentional 

components (e.g. Bellgrove et al., 2004).

Does this imply that hemineglect patients should also evidence deterioration in 

sustained attention? Certainly, the improvements evident post-adaptation are not 

consistent with a disruption o f sustained attention. Robertson and colleagues’ (1998) 

finding that an alerting tone ameliorated spatial inattention provides convincing 

evidence that spatial attention and sustained attention are positively associated. It 

may be the case, as in the neglect/pseudoneglect literature, that prism adaptation can 

have a differential affects on different populations. Again, this is another potentially 

fruitful avenue to explore, in terms o f  the future direction o f  prism research.
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Overall compatibility o f  prism studies with neglect and normal samples

One o f  the key aims outlined in the introduction was to examine whether PA 

with non-clinical samples could inform research into neglect rehabilitation. The 

current results, as well as previous experimental findings, suggest that this indeed a 

legitimate enterprise. The findings from the task battery in Chapter 5, for example 

provided good confirmation o f dual-component models o f PA. Results from the 

number line tasks verify findings with neglect patients that space representation  can 

be manipulated by adaptation. On a related theme, the failure to find significant 

effects on a calculation task, suggests that an improvement in general number 

processing cannot convincingly explain PA. The final finding, where PA was found 

to disrupt a measure o f sustained attention suggests that prism effects do not 

necessarily relate to spatial attention. This discovery highlights the interrelation o f 

different forms o f attention, and suggests that hitherto unexplored dimensions in 

prism research may yet prove highly productive.

Testing Pseudoneglect

One consistent theme throughout these chapters has been the solipsistic nature 

o f  pseudoneglect. Perhaps the most obvious conclusion that can be reached with 

regard to actually measuring pseudoneglect, is that it is a far from uniform cognitive 

phenomenon. The most common tools that have been utilised to examine 

pseudoneglect have been various forms o f the line bisection paradigm. A general 

trend in studies o f  this kind is that non-clinical samples tend to bisect horizontal lines 

towards left hemispace. This trend has been interpreted as evidence o f the dominance 

o f  right-hemisphere networks for processing spatial attention. The findings from the
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current set o f experiments have been that attentional models o f pseudoneglect cannot 

entirely account for the variance o f  this pseudoneglect. Rather, it would seem to be 

the case that phenomenon may be am amalgamation o f both cognitive and 

behavioural functions. This conclusion is based largely on the high proportion o f 

between-participant variance.

Between-Participant Variance

Chapters two, four and five included landmark measures with non-clinical 

adult samples. In all o f these chapters, it was noted that although participants’ 

individual scores were highly consistent over pre-adapt sessions, between-participant 

comparisons were highly variable. Revisiting the pre-scores o f each participant 

across these three studies explicates this point nicely. O f the 39 participants who 

participated in these studies, only 21 exhibited a leftward bias. 17 participants were 

biased to the right, and one participant showed no discernible bias. Overall, the 

respective means using the M ilner et al. (1992) and Colent et al. (2000) 

methodologies were -0.069 mm and -0.075mm. Thus the overall directional bias was 

in the respective direction, but only 53.85% o f participants actually evidenced this 

bias.

These figures contrast sharply with those o f Spiers et al. (1990). The authors 

were interested in examining hemispheric dominance for processing while 

undertaking a letter cancellation task. 48 consecutive patients with epilepsy 

underwent preoperative intracarotid amobarbital tests. The results unequivocally 

implicated the right hemisphere as dominant for spatial, and this dominance was 

consistent for right- and left-handers and even those who were right-hemisphere 

language-dominant. Ahem et al. (1998) and Na et al. (1998) presented similar
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findings. Also consistent with Spiers et al.’s results is the finding that contralesional 

neglect is common after right hemisphere injury but rare after left hemisphere injury 

(Mesulam, 1981; Heilman et al., 1985; Weintraub and Mesulam, 1987). Clearly then, 

for a large majority o f people, the right hemisphere is dominant for spatial attention.

Why then does only 53.85% o f the current sample show evidence o f 

pseudoneglect? Are we to conclude that the 43.59% o f participants whose mean 

response bias was towards left hemispace were left-dominant for spatial attention? 

Patently such a conclusion would be erroneous and necessitates the conclusion that 

line bisection patterns are affected by variables which are not attentional. This 

conclusion is supported by the meta-analysis o f Jewell and McCourt (2000).

Jewell and M cCourt’s meta-analysis spanned 73 studies and included 2191 

participants. For the population as a whole, the random sampling error accounted for 

only 24.9% o f variance. O f the 55 visual bisection studies, (n =1745), random 

sampling error was 21.2%, while the four forced-choice paradigms (n = 240) had a 

random sampling error o f  22%. The authors identified 26 performance factors that 

can affect bisection performance. In Chapter 2 in particular, a marked attempt was 

made to control for as many o f these factors as possible, yet 38% o f the sample still 

evidenced a rightward bias. Even with strict control, therefore, there is a mismatch 

between the proportion o f  participants that show pseudoneglect and those that are 

right-hemisphere dominant for spatial attention.

In Chapters 4 and 7, landmark performance was seen to shift to the right 

following adaptation to leftward-deviating prisms. Are we to conclude, then, that this 

shift was not necessarily due to a shift in spatial attention? While, this is a very real 

possibility, I would contend that attention has indeed shifted. This contention is based 

on a number o f observations.
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O f all the factors identified by Jewell and McCourt, none o f these changed 

from pre to post-test. Thus, participants were sitting in the same posture, were 

viewing the same stimuli, were the same age and gender (etc.) from pre- to post-test^°. 

The only difference between pre and post-test was the intervening ten/twenty minutes 

o f adaptation. Thus, while factors such as line length and distance from the stimulus 

do clearly affect the manifestation o f pseudoneglect, these factors were consistent 

across sessions. While utilising a within-participants design may have largely 

controlled for extraneous factors, there is still the question o f whether prism 

adaptation affects are specifically attentional, or related to factors such as the 

realignment o f  motor responses (Morris et al., 2004). As I shall discuss below, the 

results from the number line experiment in particular, seems to weight the argument 

in favour o f spatial attention.

A new measure o f  pseudoneglect?

If pseudoneglect does seem to vary so much from participant to participant, 

one must question the functional utility o f incorporating it in experimental design. 

There are perhaps two principle reasons. First o f all, line bisection is a classic 

measure o f neglect in right-brain damage patients. Writing in 1980, Schenkenberg et 

al. remarked that line bisection had been used (at the time) for over seventy years to 

clinically evaluate left-sided neglect. Resultant from this has been the compilation o f 

a large database o f  neglect symptoms, very often in terms o f bisection scores^’. The 

development o f  such a database has no doubt been aided by the ease by which line

While this observation may seem  rather facile, it is the case in other prism/pseudoneglect studies 
(e.g. Colent et al. (2000), Berberovic and Mattingley (2003) this was not necessarily true. Unlike all 
the experiments in this thesis, these studies were not within-participants designs. Given that reported 
shifts in pseudoneglect tend to be fractional, this may have been be a potentially large confound.

Typing the key terms ‘neglect’ and bisection into the search engine pubmed, for example, returns a 
total o f  247 results from the period 1980-2004 (though admittedly some o f these results are, no doubt, 
erroneous).
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bisection tasks can be administered, requiring literally only a paper, pencil and the 

presence o f an experimenter. Pseudoneglect, as the name suggests is supposedly the 

non-clinical equivalent little brother o f hemispatial neglect. Thus, while hemispatial 

neglect is thought to be the result o f damage to the dominant right-hemisphere, 

pseudoneglect is often considered to be the opposite manifestation, that is the right- 

dominant predisposition towards left space (e.g. Heilman et al., 1985, 1987). In order 

for comparisons between the phenomena to be valid, therefore, it is obvious that 

measures o f neglect and pseudoneglect need to be equivalent.

A second reason for adopting line-bisection, or the perceptually equivalent 

landmark, relates directly to the first, and that is consistency. As Jewell and 

M cCourt’s meta-analysis has highlighted (73 studies prior to 1999), an extensive 

literature has now developed around pseudoneglect and line bisection. As line 

bisection has become a classic demonstration o f neglect, so too has it become the 

classic test for pseudoneglect. For this reason alone, it is likely to continue to be a 

classic measure o f spatial attention in non-clinical samples. The results from 

Chapters 2, 4 and 5 suggest that clinging to such conventions is potentially misguided. 

This (admittedly stark) conclusion is supported by a number o f recent studies.

Ferber and Kamath (2001) compared the performance o f a group o f  35 

patients with left-sided visuospatial neglect on a standard line bisection task and a 

standard letter cancellation task. They found that while the cancellation task failed to 

identify the presence o f neglect in 6% o f these patients, a massive 40% were missed 

by the line bisection task. The authors conclude that line bisection may not be 

fundamentally associated with spatial neglect but “rather may be evoked by 

disturbance o f other sensory and cognitive processes”. These other factors may 

include visual field defects, hand used to perform the bisection, and sex. This does
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not suggest that bisection requires no attentional component, but rather that it 

compares poorly against other measures o f spatial attention. Its continued existence 

as a diagnostic measure o f  hemineglect must necessarily, be seriously reconsidered.

Similarly, the same conclusion can be drawn in relation to pseudoneglect. If 

bisection performance is a poor measure o f attention in neglect patients with severe 

attentional problems, it cannot seriously be proposed as a good measure o f attentional 

dominance in a population where attentional differentials are comparatively 

miniscule. Thus, while line bisection may have specifially attentional dimensions, the 

intrusion o f other “sensory and cognitive processes” may negatively affect it as an 

effective measure o f spatial attention.

It is, o f course, rather futile to make such a definitive conclusion on the 

efficacy o f line bisection as a diagnostic tool, without proposing a viable alternative.

In terms o f the current thesis, the task that most consistently identified a leftward bias 

in these non-clinical samples was the mental number line. 68% o f participants 

evidenced a leftward bias between both tasks (these figures are for the forward 

condition only). While this figure is admittedly still far from ideal, it does compare 

favourably with the landmark statistics, and begs the conclusion that future research 

into the number line as a measure o f  pseudoneglect is definitely warranted. As with 

bisection tasks, however, number line responses can be affected by factors such as 

reading habits (see, for example, Nicholls and Roberts, 2002), and cautious 

interpretation is evidently justified. Vuilleumier et al. (2004) made a similar 

observation with a sample o f hemineglect patients. In two number line reaction time 

(RT) tasks, responses to the “left” stimulus was 150 ms slower that responses to the 

“right” stimulus in 70% o f patients (but none o f the controls). None o f the neglect
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patients showed any significant bias on a representational map description measure 

(Bartolomeo et a!., 1994; Rode et al., 1995; Ortigue et al., 2001). Thus, the mental 

number-line seems to be a more sensitive o f spatial representation and may similarly 

prove to be a robust measure o f  spatial attention in general.

The greyscales task

Mattingley et al. (2004) compared the performance o f 78 right-hemisphere- 

damage (RHD) patients, 20 left-hemisphere-damage (LHD) and 20 controls on a 

measure similar to line bisection, known as the greyscales task (see Figure 8.3, 

below). 76 o f the RHD showed evidence o f a right bias on this task. From the LHD 

group, 16/20 patients showed a left-sided bias. These results suggest that the 

greyscales may be a more sensitive measure o f spatial bias than line bisection 

(compare, for example, with Ferber and Kamath (2001), above). Moreover, the 

design o f the greyscales is such that it is reasonably analogous to line bisection, or 

more specifically the landmark (i.e. patients must make a perceptual judgm ent o f a 

horizontal line).

In terms o f pseudoneglect, the efficacy o f the greyscales task may be less 

pronounced. Thus, in the study above, a mean asymmetry o f -0.213 was found for the 

control group. Within this, group, however, responses were dispersed across the 

spectrum, which ranged from +1.00 to -1 .00  luminance units. Similarly, Nicholis, 

Bradshaw and Mattingley (1999) found that a group o f 20 non-clinical participants 

had a mean bias towards left hemispace, only 68% o f participants showed evidence o f 

this left-lateralised bias.

Clearly, these results are far from optimal, yet they do at least mark a small 

step in the direction o f  quantifying spatial attention in both clinical and non-clinical
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groups. In terms o f future studies, the use o f  measures such as the number line and 

greyscales to assess spatial attention are strongly recommended. In addition, there is 

an apparent need to develop a new task that reliably reflects the right-hemisphere 

dominance for spatial attention. Ideally, this task will not load heavily on motor 

function and will be resistant to contaminants such as handedness and reading habits.

F igure 8 .3 , sam p le stim u li from  a greysca les task . From M attingely et al. (2004). “The task 
requires participants to judge which o f  tw o left-right mirror-reversed brightness gradients 
(greyscales) appears darker overall. For each stimulus pair, one o f  the greyscales is shaded 
from black on the left to white on right, and the other is shaded in the reverse direction (see 
Fig. 1). B ecause the stimuli are aligned vertically, one above the other, participants’ choices  
(top versus bottom) are orthogonal to the direction o f  the brightness gradients, thus reducing 
the potential influence o f  response biases”. The two rectangles in the above exam ple are equal 
in overall brightness.

Spatial attention in the right-hemisphere

While measures o f pseudoneglect have not been hugely consistent in 

highlighting a leftward bias in the normal population, the evidence would seem 

irrefutable that humans are right-hemisphere dominant with regard to spatial attention. 

I have stressed this point above in relation to the Spiers et al. (1990) study, as well as 

clinical studies into deficits following right, as opposed to left, hemisphere lesion. 

With normals, behavioural data has been variable, but direct measures o f  brain 

function have been more consistent. Fink et al. (2000, 2001, 2002, 2003) have 

consistently highlighted a dominance in right parietal cortices for processing line- 

bisection stimuli. Similarly, Foxe et al. (2003) implicated the right temporoparietal 

junction as a potentially critical site in line bisection judgments. The current ERP
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study (Chapter 4) is consistent with these results, showing an earher and larger N2 

response over right posterior electrode sites for the processing o f landmark stimuli^^. 

These findings affirm the conclusion that people are attentionally right-hemisphere 

dominant, but behaviourally variable.

Concluding Remarks

Ultimately, the final goal into all this research with prisms is to develop an 

effective rehabilitation program for treating hemineglect. As was emphasised in the 

introduction, the manifestation o f neglect symptoms following right-hemisphere 

stroke are correlated with higher mortality rates, poorer recovery o f motor function 

and lower retum -to-work figures (Paolucci, 1996a,b). Treatments such as caloric 

stimulation, neck proprioceptive stimulation and scanning have, with a few 

exceptions, been largely disappointing (these treatments are discussed in chapter one). 

PA interventions, on the other hand have provided extremely encouraging results. 

Thus, Fam e et al.’s finding (2002) that a single 5-7 minute adaptation session could 

noticeably ameliorate neglect symptoms on a wide battery o f visuo-manual and visuo- 

verbal tasks is hugely significant from a rehabilitation perspective. This is all the 

more impressive when one considers the continued (and expanded) amelioration o f 

symptoms in an 84-hour follow-up. Findings from Frassinetti et al.’s (2002) two- 

week PA training period are similarly impressive. Moreover, evidence (albeit 

anecdotal) that amelioration o f  symptoms is evident seventeen weeks post-training 

indicates that PA can positively affect long-term functional recovery. In concluding 

their 2002 paper. Fam e and colleagues remark

The finding that prism adaptation can disrupt the latency o f  the response to these stimuli in the 
predicted direction at the predicted sites further affirms the conclusion that ‘higher’ cognitive function 
is affected by  adaptation. B y  this, it is meant that adaptation effects are not com pletely explicable by a 
shift in motor function. This point is discussed in greater depth below .
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In light o f  the magnitude, duration, and w idespread effects o f  PA on 

hem ispatial neglect, we suggest that this m ethod may becom e a p rio rity  tool fo r  the 

rehabilitation o f  this debilitating syndrome.

The recent propensity o f pubhcations relating to PA research suggests that it 

has indeed become something o f a priority. Clearly, the next step in this process is 

towards taking prisms from the research laboratory to hospitals and homes. Unlike 

many treatments o f  neglect, PA is completely non-invasive. It does not require the 

presence o f  a clinician or therapist and is remarkably easy to administer. Ultimately, 

the responsibility for promoting PA as an effective treatment lies with the researchers, 

and with sufficient energy and enthusiasm on our part, lessons learned from studies 

such as this can be put to good use.
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Appendix II

EDINBURGH HANDEDNESS INVENTORY

Surname................................................... Date o f B irth.......................

Given Nam es...........................  G ender..............................................

Please indicate your preferences in the use o f hands in the following activities 

by putting + in the appropriate column. Where the preference is so strong that you 

would never try to use the other hand unless absolutely forced to, pu t ++. If  in any 

case you are really indifferent pu t + in both columns.

Some o f the activities require both hands. In these cases the part o f the task, 

or object, for which hand preference is wanted is indicated in brackets.

Please try to answer all the questions, and only leave a blank if  you have no 

experience at all o f the object or task.

LEFT RIGHT

1 Writing

2 Drawing

3 Throwing

4 Scissors

5 Toothbrush

6 Knife (without fork)

7 Spoon

8 Broom (upper hand)

9 Striking Match (match)

10 Opening box (lid)

i Which foot do you prefer to kick with?
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I Which eye do you use when using only one?
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Landmark Task Instructions

Shortly, I will ask you to focus on the centre o f the screen in front o f you. It is 

important that you focus with both eyes on the centre, and that you make no 

movements with your eyes or head once the experiment has begun.

When I click the mouse, a small cross will appear near the centre o f the 

screen, try to stay focused on the area where the cross appears at all times, even when 

the cross is absent.

The cross will disappear after 250 ms and be replaced by a digit from 2-9.

Your first task is to verbally report that number, once it appears. The number will 

remain onscreen only briefly, so it is important that you stay focused on that location.

Once the number disappears it will be replaced by a black-and white pattern, 

which again will appear and disappear very quickly. This is not important for the 

purpose o f the experiment and can be largely ignored.

The pattern is followed by a long horizontal line, which again appears for a 

very short period o f  time. The line is crossed, near its centre, by a short vertical line. 

Your task is to estimate if  the short vertical line is closer to the left or the right o f the 

longer horizontal line. If  you feel the short line is closer to the left then say “ left” out 

loud. Similarly, if  you feel the line is close to the right then say “right” out loud. You 

must chose left or right.

Remember, the lines and numbers appear very quickly, so it is important that 

you remained focused on the appropriate area. A number o f practice trials will 

precede the experiment proper. If you have any questions, please do not hesitate to 

ask.
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Excel form ula fo r  approxim ating a m illimeter equivalent fo r  landmark responses to 

centrally bisected lines:

=(($AE$3-$AC$3)*(AD4-AF4)*($AC$3)/(AE4-AC4)/($AC$3-$AE$3))-(($AE$3-

$AC$3)*(AD4)/(AE4-AC4))+(($AE$3-$AC$3)*(AE4)/(AE4-AC4))-($AE$3)

Each participant’s responses were inserted into individual rows. Participant I ’s 

responses were in row 4 (below), participant 2 ’s in row 5 etc. The same formula was 

used for responses that were rightward biased, but where AD3 = +1.5 and AE3 = +3.

AC3 = 0 (Line bisected at centre)

AD3 = -1.5 (line transected 1.5mm to left)

AE3 = -3 (line transected 3mm to the left)

AC4 = Percentage o f  the participants response to the left for centrally bisected lines.

AD4 = Percentage o f  the participants responses to the left for lines -1 .5m m  off-

centre.

AE4 = Percentage o f  the participants responses to the left for lines -3m m  off-centre.
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Appendix IV

Participant Consent Form (2)

Thank you for agreeing to take part in this study. Below is a brief description 
of the testing procedure. Please note that any personal details you may give 
are confidential and inaccessible to anyone other than the principle 
researchers. You are free to withdraw from the experiment at any time.

Research Title:

A Comparison of Evoked Potentials Prior to and Following Adaptation to a 
Prismatic Shift.

Researchers:

Investigators 
Position 
Department 
Office Address 
Office Tel. 
E-mail

Procedure:

The experiment is divided into three blocks. Blocks are separated by a break 
in which you will be required to adapt to a prismatic shift.

In each block you will see a series of long horizontal lines, presented on a 
computer screen. Each line is crossed near the centre by a short vertical line. 
Your task is to determine whether the vertical line is closer to the left or to the 
right of centre. You will be required to respond by clicking a mouse. Prior to 
the appearance of each line, you will be required to maintain focus at the 
centre of the screen. Each block consists of 240 lines, so remember to pace 
yourself.

Once you have completed the initial tasks you will be asked to wear special 
glasses that shift your angle of vision either to the right or left. The 
experimenter will hold a target in front of you and you will be asked to point

John Connolly
Post-graduate
Psychology
PY 1.39
01-6083909
joconnol@tcd.ie

Richard Roche
Post-graduate
Psychology
PY 1.08
01-6083907
rocher@tcd.ie

Prof. Ian Robertson 
Project Supervisor 
Psychology 
PY 1.41
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towards it a number of times while wearing the prismatic glasses. Because 
your angle of vision is shifted, you may have problems pointing correctly 
towards the targets.

Throughout the session you will be required to wear an ERP cap. This cap 
records electrical activity on your scalp, which allows us to determine areas of 
the brain that may be responsible for executing a given task. The electrical 
activity on your scalp can be affected by eye movements and blinks, so 
please try to keep eye movements and blinks to a minimum. The ERP cap 
records potentials coming from you brain and, as such, is non-invasive and 
constitutes no known health risks. It will be necessary, however, to squirt gel 
into your hair to facilitate recording from the scalp. Again, this poses no 
health risk, but you may feel a slight discomfort.

The purpose if this experiment is to compare active brain areas in the brain 
before and after adaptation to a prismatic shift.

Duration:

The duration of the experiment will be approximately 90-120 minutes.

Reimbursement:

Participation in this experiment is on a voluntary basis and you will not be 
reimbursed for your time.

Freedom to Discontinue:

Participation in the experiment is entirely voluntary. You are free to withdraw 
your consent at any stage in the procedure.

Risks:

There are no known health risks associated with these procedures. If you 
begin to feel uncomfortable or distressed at any stage, please inform the 
experimenter immediately.

Confidentiality:

Your identity will remain confidential. Your name and personal details will not 
be published and will not be available to anyone other than the principle
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investigators. Your personal information file will be stored in a secure location 
in the department and will not leave the department’s premises. Under the 
Freedom of Information Act, 1997, you are free to access your personal 
information file.

Declaration:

I have read and understand the procedures involved in this experiment. I 
hereby consent to participate in this study and realise that I may withdraw my 
consent at any time during the experiment.

Participant’s name (please print):

Signed;_______________________________  Date:

Witnessed by: 

Experimenter’s name:

Signed:_______________________________  Date:
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ERP Task Instructions

Shortly, 1 will ask you to focus on the centre o f the screen in front o f you. It is 

important that you focus with both eyes on the centre, and that you make no 

movements with your eyes or head once the experiment has begun. When you click 

the mouse, a small cross will appear near the centre o f the screen, try to stay focused 

on the area where the cross appears at all times, even when the cross is absent.

Immediately after the cross a black-and white pattern will appear very quickly 

-  this is not important for the purpose o f the experiment and can be largely ignored. 

The pattern is followed by a long horizontal line, which again appears for a very short 

period o f time. The line is crossed, near its centre, by a short vertical line. Your task 

is to estimate if  the short vertical line is closer to the left or the right o f the longer 

horizontal line. Click left on the mouse if  you think the short line is toward the left 

and right if it you think it is towards the right. You must choose either left or right.

The technique we use to record electrical brain activity is very sensitive to 

interference from things like head, neck and facial movements, eye-movements and 

blinks, and large movements o f limbs. For this reason, we need you to make yourself 

as comfortable as possible, so you w on’t feel the need to fidget or move around 

during the experiment. We ask you to keep your face, head and neck as still as 

possible -  try not to speak, wince, raise your eyebrows or furrow your brow. Finally, 

if  you do have to blink, can you try to do so only between trials; that is, after you 

press the button for one stimulus and before the next trial begins.

Thank you again for your cooperation
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Excel form ula fo r  calculating the area between curve and x-axis

The latency is between cell values A2:A92. B2:B92 are the respective 

amplitude values at each given latency, and represent the response o f  an individual 

participant. The nest participant’s recordings would be entered in the cells C2:C92 

and so on.

-(SUM PR0D UCT($A $3:$A $92, B2:B91 )-SUM PRODUCT($A$2:$A$91, 

B3;B92)+($A$92*B92)-($A$2*B2))/2
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Figure IV.I, Distribution of electrodes on the skull, which faces forward
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Appendix V

Chapter 5 -  Forwards Number Line (sample)

First Second Real Mid R esponse Displace Left/Right

5 17 11

25 33 29

3 9 6

4 8 6

12 16 14

11 19 15

25 27 26

27 29 28

3 9 6

4 8 6

32 54 43

48 66 57

54 72 63

63 85 74

78 96 87

85 97 91

32 48 40

46 64 55

55 77 66

64 86 75

77 91 84

89 97 93
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Chapter 5 -  Backwards Number Line (sample)

First Second Real Mid Response Displace Left/Right

15 3 9

31 27 29

8 2 5

7 3 5

18 14 16

14 12 13

29 21 25

29 25 27

8 2 5

7 3 5

51 37 44

67 43 55

73 55 64

85 69 77

96 74 85

99 83 91

57 35 46

65 47 56

77 61 69

88 66 77

91 75 83

93 87 90
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Other Analyses 

Table V.I, number-line scores as analysed the raw mean o f  each participant’s 

response. Scores parallel the proportional data in the main text.

Table V.I, num ber line responses shift to the right when analysed by the 
m agnitude of the raw  mean of responses (i.e. when proportions are not 
considered). This finding is consistent with the proportional data in the main 
text, above.

Adaptation Session Session
Mean 

Difference (l-J) Std. Error SIg.
Left-Adapt Pre Post -6.459 2.838 0.044
Right-Adapt Pre Post -5.375 2.028 0.023

* Based on estimated marginal means
The mean difference Is significant at the .05 level.
a Adjustment for multiple comparisons: Bonferronl.

Table V.II, landmark scores as analysed by Milner et al.’s methodology. As in the 

main text, there is no evidence o f  an effect o f  adaptation.

Table V.II, repeated m easures ANOVA of landm ark  responses. Relevant 
factors are Task (landmark freeview/time-limited), Session (pre-post) and 
Adaptation (left/right). The adaptation factor is not significant, nor does it 
interact with the other factors.

Source df
Mean

Square F SIg.
Task 1 0.033 1.789 0.223
Session 1 0.001 0.005 0.947
Adaptation 1 0.004 0.144 0.715
Task * Session 1 0.023 0.291 0.606
Task * Adaptation 1 0.018 0.564 0.477
Session * Adaptation 1 0.002 0.061 0.812
Task * Session * Adaptation 1 0.000 0.002 0.983
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Appendix VI

Number Line Instructions

You will hear two num bers read aloud. Y our task is to tell me w hich num ber 

is the m iddle o f  these num bers. For exam ple, if  I read out the num bers three and five, 

the m iddle num ber is four. Sim ilarly, i f  I read out the num bers two and ten, the 

m iddle num ber is six. Do you understand? (wait for response).

It is im portant that you do not explicitly calculate the correct num ber, but 

rather that you choose the num ber that seem s the m ost appropriate. It m ay help if  you 

visualise the num bers along a line when trying to choose the m iddle. Do you 

understand? (wait for response).

W e will start with a num ber o f  exam ples. You are required to close your eyes 

for the duration o f  this session. If  you wish to discontinue, please tell the 

experim enter, w ho will im m ediately term inate the trial.

Right, let us start w ith an exam ple. P lease close your eyes, (check that eyes 

are closed). W hat is the m iddle digit betw een 22 and 24? (continue on with 

exam ples). Excellent, the next series o f  num bers represent the experim ent proper, 

please keep your eyes closed until testing is finished.
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Number Line s tim u li (Chapter 6)

One of six number-line stimuli sets. All six sets contained equivalent digit pairs 
in term s o f  num ber size, congruency and line ‘length’.

FORWARDS BACKWARDS
Lowest Digit: First Digit Second Digit Lowest Digit: Second Digit First Digit

Units 2 8 Units 7 1
Teens 14 18 Teens 16 12
First Tens 21 27 First Tens 27 21
Teens 15 17 Teens 16 14
First Tens 23 27 First Tens 26 22
Teens 16 18 Teens 19 17
Units 7 9 Units 8 6
First Tens 21 29 First Tens 29 21
Units 1 9 Units 9 1
First Tens 23 25 First Tens 24 22
Units 1 9 Units 9 1
Teens 11 19 Teens 19 11
Teens 13 17 Teens 19 15
First Tens 21 29 First Tens 29 21
Units 2 4 Units 3 1
Teens 11 19 Teens 19 11
First Tens 24 26 First Tens 27 25
Teens 11 17 Teens 18 12
First Tens 21 25 First Tens 28 24
Teens 12 18 Teens 19 13
Units 5 9 Units 8 4
Units 3 9 Units 9 3
Units 1 5 Units 6 2
First Tens 23 29 First Tens 28 22
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Outlying responses

Figure VI.I, below shows a boxplot of responses on the number line task. Participants 

24 and 7 are consistently coded as outliers and were subsequently excluded from the 

overall analysis.

O

■X24 j(yA
t O 2  017

0.0

- . 2-

-.4-

- . 6-

N = 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21

Figure VI.I, outlying responses. Participants 7 and 24 responses were 
consistently at odds with the sample. Each column represents a factor in the 
analysis of variance.

Figure VI.II, below, shows a boxplot of reaction times to the 

exact/approximate task. Participants 4 and 24 are consistently coded as outliers and 

were subsequently excluded from the overall analysis.
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Figure VI.II, outlying responses. Participants 4 (participant 7, above) and 24 
responses were consistently at odds with the sample. Each column represents a 
factor in the analysis of variance.
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Crossover effect on the mental number line
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Figure V I.lll, small numbers are ‘bisected further to the left on the mental 
number line. This finding is consistent with predictions.
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Backwards Number Line

Table VI.I, responses to the mental number line, backwards conditions -  2x3x2x2

ANOVA

Table VI.I, analysis of responses on the backwards number line. Responses may have been somewhat 
tainted by the instruction to reverse the number-line, which explains their presentation in the Appendix only. 
Relevant factors include Session (pre/post), Adaptation (left/right/control), Number Size (small/medium/large), 
and line ‘Length’ (long/short).

Source df
Mean

Square F Sig.
Session 1 0.101 2.440 0.134
Adaptation 2 0.011 0.318 0.730
Number Size 2 0.474 4.557 0.016
Length' 1 1.620 21.232 0.000
Session * Adaptation 2 0.024 0.727 0.490
Session * Number Size 2 0.001 0.045 0.956
Adaptation * Number Size 4 0.038 1.436 0.230
Session * Adaptation * Number Size 4 0.021 0.740 0.568
Session * 'Length' 1 0.048 1.255 0.276
Adaptation * 'Length' 2 0,006 0.155 0.857
Session * Adaptation * 'Length' 2 0.120 2.663 0.082
Number Size * 'Length' 2 0.328 5.288 0.009
Session * Number Size * 'Length' 2 0.042 1.682 0.199
Adaptation * Number Size * 'Length' 4 0.036 1.175 0.328
Session * Adaptation * Number Size * 'Length' 4 0.073 2.338 0.062
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Post-hoc analyses not included in the main text -  M ental Number Line task

Table VI.II, responses to the forwards number line -  responses analysed by the raw 

mean o f  responses. The relevant respective factors o f  this 2x3x3x2 AN O V A are 

Session (pre/post), Adapt Condition (Left/Control/Right), Number Size 

(small/medium/large) and line length (small/large).

Table VI.11, Analysis of M ental N um ber Line by m agnitude of response. As with the proportional 
analysis, the Session and Adaptation factors interact, suggesting a significant difference in at least on of the 
adaptation conditions between pre and post-adapt session. This suggestion is investigated in Table VI.Ill, 
below.
Source df Mean Square F Sig.
Session 1 0.029 0.267 0.612
Adapt Con 2 0.229 2.327 0.113
Number Size 2 1.346 4.986 0.013
Line 'Length' 1 0.026 0.110 0.745
Session * Adapt Con 2 0.484 5.185 0.011*
Session * Number Size 2 0.031 0.397 0.675
Adapt Con * Number Size 4 0.047 0.446 0.775
Session * Adapt Con * Number Size 4 0.047 0.721 0.580
Session * Line 'Length' 1 0.018 0.263 0.615
Adapt Con * Line 'Length' 2 0.145 1.486 0.241
Session * Adapt Con * Line 'Length' 2 0.607 8.591

ooo

Line 'Length' * Number Size 2 0.747 3.311 0.049*
Session * Line 'Length' * Number Size 2 0.124 2.448 0.102
Adapt Con * Line 'Length' * Number Size 4 0.074 0.836 0.507
Session * Adapt Con * Line 'Length' * Number Size 4 0.122 2.094 0.091
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Mental Number Line, analysis by raw mean o f  responses (i.e. not converted to 

proportional data).

Table VI.Ill, responses to the forwards number line -  post-hoc analysis to the Session 

by Adaptation interaction, above. Following both rightward and leftward adaptation 

responses were found to shift to the right, though the p-values o f such effects were 

only marginally significant

Table V I.I ll, post-hoc analysis o f the interaction o f Session and 
Adaptation conditions (above). Responses following both right and leftward 
adaptation shift to the right relative to the control.

Mean
D ifference
(l-J) Std. Error Sig.

ADAPT (1) PR E PO ST (J)  PR E PO ST
Left Pre P ost -0 .063 0 .0 4 0 0 .0 6 4
Control Pre P ost -0 .024 0 .0 5 0 0 .6 3 6
Right Pre P ost -0 .032 0 .0 3 3 0 .0 7 2
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List o f  stimuli used in the exact/approximate task, from Stanescu-Cosson et al. (2000).

In the choice columns, the exact solution is a number displayed to left 50% o f  

the time, and on the right 50%>. Similarly, for the approximate condition, the closest 

approximation o f  the correct answer occurs to the left or right at a 50%> frequency.

Large
Problem s

Approximate
Choice

Exact
Choice

Small
Problem

Approximate
Choice

Exact
Choice

6+9 14=10 15=17 2+4 5=9 6=8
8+7 10=16 13=15 4+3 8=2 7=5
8+5 17=12 11=13 4+2 5=9 6=8
7+6 18=12 11=13 2+1 4=8 3=4
7+9 15=11 16=15 5+2 3=8 9=7
9+5 11=15 16=14 3+5 2=7 6=8
6+8 13=19 14=12 5+4 8=3 9=7
7+8 16=10 15=13 4+2 9=5 8=6
7+5 19=11 14=12 3+2 4=8 5=7
6+7 18=12 11 = 13 2+5 3=8 9=7
5+6 10=18 11=13 3+4 8=2 7=5
5+7 11=19 12=14 1+2 4=8 3=4
5+6 10=18 11=13 5+1 9=7 4=6
9+8 11=18 15=17 4+3 2=8 5=7
5+8 12=17 13=11 1+4 6=2 5=3
5+6 18=10 13=11 3+5 7=2 8=6
6+9 14=10 15=17 2+3 4=8 5=7
6+5 18=10 13=11 3+1 3=8 4=2
6+7 12=18 13=11 2+1 8=4 4=3
7+8 16=10 15=13 4+1 2=6 3=5
5+8 12=17 13=11 5+2 8=3 7=9
5+9 15=11 14=16 1+2 8=4 4=3
5+9 11=15 16=14 5+4 3=8 7=9
5+7 19=11 14=12 1+4 2=6 3=5
5+9 15=11 14=16 2+4 9=5 8=6
8+6 19=13 12=14 5+1 7=9 6=4
8+9 11=18 15=17 5+3 7=2 8=6
5+8 17=12 11=13 1+5 7=9 6=4
7+9 15=11 16=15 1+5 9=7 4=6
6+7 12=18 13=11 2+5 8=3 7=9
6+8 19=13 12=14 4+5 3=8 7=9
7+9 11=15 15=16 3+4 2=8 5=7
6+8 13=19 14=12 4+5 8=3 9=7
8+9 18=11 17=15 5+3 2=7 6=8
7+8 10=16 13=15 4+1 6=2 5=3
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6+9 10=14 17=15 2+3 8=4 7=5
9+6 10=14 17=15 3+2 8=4 7=5
9+7 11=15 15=16 3+1 8=3 2=4
8+9 18=11 17=15 1+3 3=8 4=2
5+7 11=19 12=14 1+3 8=3 2=4
5+7 11=19 12=14 4+1 6=2 5=3
7+9 15=11 16=15 5+1 9=7 4=6
5+6 18=10 13=11 1+5 7=9 6=4
6+9 14=10 15=17 4+5 3=8 7=9
8+9 18=11 17=15 3+2 4=8 5=7
7+8 16=10 15=13 5+3 7=2 8=6
8+9 18=11 17=15 1+3 3=8 4=2
7+6 18=12 11 =  13 5+4 8=3 9=7
6+7 18=12 11=13 2+4 9=5 8=6
8+5 17=12 11=13 2+5 3=8 9=7
7+9 15=11 16=15 2+1 8=4 4=3
8+6 19=13 12=14 5+2 8=3 7=9
5+9 15=11 14=16 5+1 7=9 6=4
6+8 19=13 12=14 4+3 2=8 5=7
5+6 10=18 11=13 4+2 5=9 6=8
5+8 12=17 13=11 1+4 2=6 3=5
6+7 12=18 13=11 3+5 2=7 6=8
9+5 11=15 16=14 2+4 5=9 6=8
5+6 10=18 11=13 3+2 8=4 7=5
5+7 19=11 14=12 3+5 7=2 8=6
6+5 18=10 13=11 4+3 8=2 7=5
7+9 11=15 15=16 2+1 4=8 3=4
6+9 14=10 15=17 2+5 8=3 7=9
5+8 12=17 13=11 4+5 8=3 9=7
5+9 11=15 16=14 3+4 8=2 7=5
7+8 10=16 13=15 4+1 2=6 3=5
8+9 11=18 15=17 2+3 4=8 5=7
6+8 13=19 14=12 3+4 2=8 5=7
6+7 12=18 13=11 1+3 8=3 2=4
9+8 11=18 15=17 1+2 4=8 3=4
8+7 10=16 13=15 3+1 3=8 4=2
9+7 11=15 15=16 2+3 8=4 7=5
7+8 16=10 15=13 5+4 3=8 7=9
5+9 15=11 14=16 1+5 9=7 4=6
5+7 11=19 12=14 5+3 2=7 6=8
7+5 19=11 14=12 1+4 6=2 5=3
6+8 13=19 14=12 3+1 8=3 2=4
9+6 10=14 17=15 1+2 8=4 4=3
6+9 10=14 17=15 5+2 3=8 9=7
5+8 17=12 11=13 4+2 9=5 8=6
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Post-hoc analyses, not included in the main text - Calculation tasks

Table VI.IV -  Session x Task interaction

Reaction times are significantly quicker post-adaptation for both approximate 

and exact conditions, though the effect is larger for the approximate condition.

Table VI.IV, comparison of reaction times before and after adaptation in all directions 
(including control) for exact and approximate conditions.

TASK
(1)

SESSION
(J)

SESSION

Mean
Difference

(l-J) Std. Error Sig.
Exact Pre P ost 38.33 6.83 0.000
Approximate P o s t Pre -38.33 6.83 0.000
Exact Pre P ost 61.24 8.56 0.000
A pproxim ate P o s t Pre -61.24 8.56 0.000

Table VI.V -  Condition x Task:

Participants were consistently quicker on the exact task for left, right and control 

conditions. Post-hocs did not reveal any significant interactions between the two,

however.

Table VI.V, Comparison of differences between adaptation groups for exact and 
approximate tasks. No significant differences were found.

TASK (1) CONDITION (J) CONDITION

Mean
Difference

(l-J) Std. Error SIg.
Exact Left Adapt Control 15.22 16.14 1.00

Right Adapt -1.49 11.02 1.00
Control Left Adapt -15.22 16.14 1.00

Right Adapt -16.71 17.30 1.00
Right Adapt Left Adapt 1.49 11.02 1.00

Control 16.71 17.30 1.00
Approximate Left Adapt Control 37.48 20.99 0.28

Right Adapt 9.56 12.61 1.00
Control Left Adapt -37.48 20.99 0.28

Right Adapt -27.91 24.48 0.81
Right Adapt Left Adapt -9.56 12.61 1.00

Control 27.91 24.48 0.81

Table VI.VI -C ondition x Number Size:
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Participants had faster reaction times to smaller numbers for left, right and control 

conditions. There were, however, no significant interactions between any o f  these 

conditions and raw number size.

T ab le  VI.VI, p ost-hoc analysis o f  the C on d ition  x N u m b er S ize in teraction . Reactions 
tim es to smaller numbers were quicker in all conditions.

SIZE (!) CONDITION
(J)

CONDITION

Mean
Differenc

e(l-J) Std. Error Sig.
Small Numbers Left Adapt Control 28.18 12.88 0.13

Right Adapt 6.94 9.48 1.00
Control Left Adapt -28.18 12.88 0.13

Right Adapt -21.24 13.02 0.36
Right Adapt Left Adapt -6.94 9.48 1.00

Control 21.24 13.02 0.36
Large Numbers Left Adapt Control 24.52 24.58 1.00

Right Adapt 1.13 18.12 1.00
Control Left Adapt -24.52 24.58 1.00

Right Adapt -23.39 27.93 1.00
Right Adapt Left Adapt -1.13 18.12 1.00

Control 23.39 27.93 1.00

Table VI.VII, post-hoc analyses.

Left and Right Adaptation quicker in left hemispace relative to the control.

T able VI.VII, p ost-hoc analysis o f  the T ask  x A d aptation  x S ession  x L atera lity  in teraction .
Relative to the plain-glass control, responses were quicker in left hem ispace fo llow ing right and 
leftward adaptation.

EXACTAPP LEFTRGHT
(1)
SUBADAPT

(J)
SUBADAPT

Mean
Difference (1-
J) Std. Error Sig.

1 1 1 2 -6.408 11.741 1.000
3 37.987 23.504 0.373

2 1 6.408 11.741 1.000
3 44.395 24.806 0.274

3 1 -37.987 23.504 0.373
2 -44.395 24.806 0.274

2 1 2 -41.526 37.160 0.838
3 -22.658 21.515 0.921

2 1 41.526 37.160 0.838
3 18.868 30.520 1.000

3 1 22.658 21.515 0.921

320



2 -18.868 30.520 1.000
2 1 1 2 -63.776 16.696 0.004

3 2.684 21.729 1.000
2 1 63.776 16.696 0.004

3 66.461 16.292 0.002
3 1 -2.684 21.729 1.000

2 -66.461 16.292 0.002
2 1 2 -3.829 26.016 1.000

3 34.013 21.575 0.400
2 1 3.829 26.016 1.000

3 37.842 19.434 0.205
3 1 -34.013 21.575 0.400

2 -37.842 19.434 0.205
Based on estimated marginal means
* The mean difference is significant at the .05 level.
A Adjustment for multiple comparisons: Bonferroni.
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Appendix VII

ANOVA o f  responses where covariance was possible

T able  VII.I, sam ple  ANOVA w here  covariance w as possible. The order o f whether participants 
adapted to right or left-deviating prism s was the relevant covariate. Factors include A daptation 
(left/control/right), Session (pre/post), Task (SART/landm ark, bisection) and Group (ADHD/control). As 
in Table 7.1, above, important interactions such as Task x Group, A daptation x Session x Group and 
Adaptation x Session x Task x Group are all significant.

Source df
Mean

Square F Sig.
Adaptation 2 3 7 1 4 6 .1 1 3 1.389 0 .258
Adaptation * Group 2 1217 8 .9 6 6 0 .4 5 5 0 .637
Session 1 1 .795 0 .0 0 0 0.991
Session * Group 1 2 0 7 8 9 .3 2 0 1 .474 0 .2 3 6
Task 3 8 0 2 1 .0 6 4 0 .2 0 3 0 .8 9 4
Task * Group 3 1 6 8 4 8 2 .2 7 9 4 .2 5 7 0 .0 0 8
Adaptation * Session 2 9 6 3 3 .5 5 7 0 .6 7 7 0 .5 1 2
Adaptation * Session * Group 2 66068 .941 4 .6 4 5 0 .0 1 4
Adaptation * Task 6 36873 .861 1 .367 0.231
Adaptation * Task * Group 6 1 270 4 .3 4 6 0.471 0 .8 2 9
Session * Task 3 14.907 0.001 1 .000
Session * Task * Group 3 21734 .281 1 .550 0 .2 0 8
Adaptation * Session * Task 6 8 7 2 7 .8 3 4 0 .6 1 9 0 .7 1 5
Adaptation * Session * Task * Group 6 6 6 3 6 7 .9 5 7 4 .7 1 0 0 .0 0 0

Between-group comparisons -  ADHD versus control group

T able VII.II, B etw een g roup  com parisons -  ADHD versus con tro ls. ADHD participants made 
significantly m ore errors in total, with differences in the frequency o f  com m ission and om ission errors 
both significant. The ADHD participants also dem onstrated a significantly higher response standard 
deviation. There were no significant differences between the groups in terms o f  reaction tim es (RT).

Sum of Squares df Mean
Square F Sig.

Commission
E rrors

Between Groups 190 .697 1 190 .697 10 .794 .003

Within Groups 5 4 7 .6 7 8 31 17.667

Total 7 3 8 .3 7 5 32

Omission
Errors Between Groups 1027 .006 1 1 027 .006 10 .578 .003
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Within Groups 3009.809 31 97.091

Total 4036.815 32

Correct RT Between Groups 2730.124 1 2730.124 .287 .596

Within Groups 294404.491 31 9496.919

Total 297134.615 32

Overall RT Between Groups 2613.686 1 2613.686 .281 .600

Within Groups 288700.727 31 9312.927

Total 291314.413 32

Correct SD Between Groups 49441.449 1 49441.449 22.699 .000

Within Groups 67521.321 31 2178.107

Total 116962.770 32

Total Errors Between Groups 2610.158 1 2610.158 29.700 .000

Within Groups 2724.446 31 87.885

Total 5334.604 32
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