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Abstract

Flexible behaviour in hum ans requires rapid choices between conflicting actions plans. 

Although much attention has focused on how  prefrontal cortex guides action under situations 

o f  response conflict, little is understood about the contribution o f  parietal cortex. In this thesis I 

explore the role o f  the parietal lobe w hen action selection requires resolution o f  com petition  

between conflicting motor programs.

C om petitive im balance betw een motor programs, resulting in disparity betw een leftward and 

rightward action plans, could  in theory lead to directional motor bias in patients with parietal 

dam age and spatial neglect.

The first three chapters reporting experim ental findings exam ine directional motor perform ance 

in right-hem isphere stroke patients, with and without neglect. U sing a m odified Eriksen flanker 

task, w e show  that right parietal dam age associated with leftward spatial neglect leads to 

paradoxical fa c ilita tio n  (speed ing) o f  rightward m ovem ents in the presence o f  conflicting  

leftward response plans. T hese findings indicate a critical role for parietal regions in action  

planning when there is response com petition. In contrast, patients with prefrontal dam age have  

an augm ented cost o f  conflict for both leftward and rightward m ovem ents. Subsequently, 

results from both m asked prime and free cho ice  tasks support a parietal role in directional 

motor processing.

T w o further chapters reporting experim ental findings investigate firstly the asym m etric basis o f  

motor programming in normal subjects and secondly motor neglect, show ing that 

underutilization o f  the left arm is associated with failure to suppress unwanted right-sided  

action plans.

Overall, the data presented in this thesis suggest that parietal cortex plays a key role in 

directional m ovem ent selection  particularly when there is com petition between potential action 

choices. Further, there is ev id en ce for at least tw o independent system s, with right parietal 

cortex being a crucial site for autom atic activation o f  com peting m otor plans and prefrontal 

regions acting in parallel to inhibit inform ation irrelevant to current task goals.
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Chapter 1: General Introduction

In this thesis I  explore a novel concept relating to the role o f  competition 

between motor programs in action selection. I  propose that competing 

responses are propagated within parietal cortex and that an imbalance in 

response competition may result in directional motor deficits in patients with 

neglect following posterior parietal damage.

1.1 Getting the hand on target: the role of posterior parietal cortex

To understand the development o f my hypothesis, it is first important to 

consider, in brief, evidence for a motor role o f posterior parietal cortex. For 

convenience, I consider aspects o f motor control serially but in reality, o f 

course, brain computations are likely to run in parallel.

1.1.1 Target selection and localisation

Initial stages o f motor planning require the subject to select a target. Posterior 

parietal cortex (PPC) is considered to play a major role in representing targets 

for action, as well as for perception (Gottlieb 2001). While only one potential 

target exists, selection on the basis o f  ‘bottom-up’ visual salience o f  the object 

may be suitable. However, when more than one potential target exists, 

competition is thought to occur both at a sensory level and between action 

plans to different target locations leading to a small delay in movement 

initiation (Eriksen and Eriksen 1974; Hodges, Lyons et al. 1997; Walker, 

Mannan et al. 2000). In this case, ‘top-down’ influence from behavioural goals 

and expectations o f rewards may bias the outcome o f such competition. In 

keeping with a role in action selection even when potential responses compete, 

representations in the PPC appear to be driven not only by stimulus salience

14



(Gottlieb, Kusunoki et al. 1998; Constantinidis and Steinmetz 2001), but also 

by task relevance and context (Gottlieb, Kusunoki et al. 1998; Stoet and Snyder 

2004; Stoet and Snyder 2007) and probability o f rewards (Platt and Glimcher 

1999; Sugrue, Corrado et al. 2004; Sugrue, Corrado et al. 2005; Yang and 

Shadlen 2007).

The importance o f PPC in choosing between competing potential targets was 

illustrated recently by Yang and Shadlen who showed that neurons within 

parietal cortex actually represented accumulating probabilities that underlie 

decision making processes (Yang and Shadlen 2007). They trained two 

monkeys to associate a set o f ten shapes with varying likelihood o f reward in a 

given direction (Fig 1.1a). At the end o f the trial, the monkeys had to saccade 

to a target that was either within or outside its receptive field. The activity 

within individual neurons in the lateral intraparietal area (LIP ) and the 

population as a whole clearly reflected the accumulating weight o f evidence in 

favour o f either a movement into or out o f its receptive field (Fig 1.1b). In 

other words, these neurons apparently carried signals related to the most 

profitable reward outcomes for the animal.

Could the neuronal activity reflect the upcoming movement decision made by 

the monkeys, rather than the pure probabilities conferred by the shapes? The 

investigators attempted to dissociate pure probabilistic activity from the 

likelihood o f making a movement in a given direction by subtracting the mean 

firing rate in each direction from the overall activity. They showed the
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Fig 1.1 Task and population data from Yang and Shadlen 2007
a) Four shapes were presented sequentially on the computer monitor near the centre 
o f gaze. After a brief delay period, the monkey made an eye movement (saccade) to 
either the red or green choice target. During neural recording, one o f the choice 
targets was in the response field o f the neuron. The shapes were selected randomly in 
each trial from a larger set o f ten (inset). The reward was determined probabilistically 
by summing the weights associated with the four shapes. The sum is the logarithm of 
the odds that the red target will be the one rewarded which is similar to the 
cumulative assigned weights o f the shapes (inset) after each shape is shown. Activity 
in individual neurons and the whole population (b) reflected the changing weight of 
evidence (log LR) as each shape was shown. The curves distinguished by different 
shades o f grey represent average neuronal activity divided into 5 quintiles according 
to the probability associated with the preceding shapes, i.e. the black curve represents 
average neuronal firing patterns following shape combinations with a very high 
probability that an upcoming movement into the neuron’s receptive field will be 
rewarded.

16



probabilistic modulation o f firing rate persisted which they propose as evidence 

that rather than coding the direction o f upcoming movement, these cells were 

purely responding to the probability o f reward associated with the shapes.

However, subtraction o f mean firing rate may not actually control for 

probabilistic changes in response decision which would be very closely related 

to the weight o f evidence associated with the shapes. In fact dissociating the 

probability o f reward from that o f the upcoming movement decision is perhaps 

not possible using their paradigm. If neurons in PPC guide behaviour, one 

might expect them to modify response choice rather than just representing the 

sum of probabilities. In summary, PPC neurons appear to represent underlying 

probabilistic decision processes that are likely to modulate target and action 

selection.

A second critical aspect o f visually-guided action is the ability to localise the 

target accurately. Such localisation may initially be in eye-centred coordinates 

but eventually requires transformation of target location to accurate motor 

commands in an effector-centred coordinate frame. Recent findings suggest 

that targets for action may be represented within parts o f the PPC in a common 

eye-centred frame o f reference (Buneo, Jarv is et al. 2002). Moreover, the PPC 

has often been considered to play a key role in sensorimotor transformations 

(Andersen and Buneo 2002; Battaglia-Mayer, Caminiti et al. 2003; Galletti, 

Kutz et al. 2003). Other studies, in awake-behaving monkeys and patients have 

implicated the PPC in updating target locations across eye or limb movements 

(Duhamel, Colby et al. 1992; Heide, Blankenburg et al. 1995; Duhamel,
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Bremmer et al. 1997; Khan, Pisella et al. 2005). More recent investigations 

using functional imaging in humans have also revealed a role for the PPC in 

remapping target locations across saccades (Medendorp, Smith et al. 2002; 

Medendorp, Goltz et al. 2003; Merriam, Genovese et al. 2003). Thus, as well 

as a role in target selection , the PPC appears to play a significant part in target 

localisation and updating spatial locations across eye or limb movements.

1.1.2 Issuing a motor command

Once the target is localised, a motor command needs to be issued taking into 

account the difference between the current position o f the hand and the location 

o f the target -  sometimes referred to as computation o f 'm o to r error' (Buneo 

and Andersen 2006). At the highest level, such a command may still be in eye- 

centred co-ordinates (Buneo, Jarvis et al. 2002). Later, it would of course need 

to be converted to signals driving the appropriate motor neurones.

A motor role for PPC has been highly controversial (Andersen 1995; Colby 

and Duhamel 1996; Colby 1998; Batista, Buneo et al. 1999; Colby and 

Goldberg 1999; Andersen and Buneo 2002; Bisley and Goldberg 2003; Cui 

and Andersen 2007) with some authors suggesting that, rather than any 

intentional coding, the PPC has an attentional role (Colby and Duhamel 1996; 

Colby and Goldberg 1999; Goldberg, Bisley et al. 2002; Bisley and Goldberg 

2003). Activity that codes motor intention within PPC has been shown in 

several studies (Andersen 1995; Bracewell, Mazzoni et al. 1996; Snyder,

Batista et al. 1997; Batista, Buneo et al. 1999; Andersen and Buneo 2002). 

Snyder and colleagues (Snyder, Batista et al. 1997) found neurons in PPC that
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were relatively more active in blocks where arm movements were required and 

other neurons that were selectively active when planning eye movements. 

Attentional and sensory requirements were the same regardless o f the effector. 

Such effector-specific m otor activity in PPC suggests an intentional role for 

this region. O f note, neurons in slightly different areas coded eye and hand 

movements; inferior LIP neurons were particularly sensitive to eye movement 

and more superior areas were associated with arm movements, leading to the 

naming of this area as the parietal reach region (see human analogue Fig 1.2 - 

PRR).

Recently Cui and Anderson tested monkeys on a paradigm w'here they were 

always instructed in which direction to move from a central start position, but 

on 50% of the trials, monkeys were free to choose whether to move their eyes 

or hands to the target (Cui and Andersen 2007). A reward algorithm and 

intermingling o f instructed w ith the free choice trials ensured that effector 

choice was well balanced. Even with these identical stimulus configurations, 

when monkeys chose to move their eyes in either direction, neurons in LIP 

w'ere selectively active, whereas when hand movements were planned, activity 

was most marked in the PRR.

Despite such evidence for the involvement o f the PPC in action selection and 

motor intention, some investigators attribute neuronal activity in PPC entirely 

to spatial attentional representation in multiple frames o f reference (Colby and 

Duhamel 1996; Colby 1998; Colby and Goldberg 1999; Bisley and Goldberg

2003). They argue that effector-specific activation in LIP occurs because
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saccade targets have a higher attentional priority than reach targets. However 

this does not explain the increased activity o f cells in PRR when a reach is 

required (Scherberger and Andersen 2007), unless one assumes that multiple 

attentional representations in different brain areas selectively prioritise visual 

signals according to the effector with which they are associated, for example, 

LIP mediates attention for eye move movements and PRR attention for arm 

movements (Bisley and Goldberg 2003).

In addition, Bisley and Goldberg show that LIP neurons are more active 

following a signal to abort (NOGO), than carry out (GO) a response plan 

(Bisley and Goldberg 2003). They suggest that this is consistent with NOGO 

signals receiving a higher degree o f attention than GO signals and therefore, 

LIP having a pure attentional role. However, NOGO signals require inhibition 

o f a planned response which could be considered as alteration in the 

competitive bias between response choices.

Overall, my view is that data from neurophysiological studies o f monkey PPC 

during response selection are in keeping with a motor role o f PPC, although 

neurons with LIP are also modulated by attentional factors.
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Fig 1.2 Cortical brain regions associated with visual neglect, motor and cognitive 
control
Neglect has been associated with damage in the inferior parietal lobe (IPL, comprising 
the angular gyrus (Ang) and supramarginal gyrus (SMG)), temporoparietal junction 
(TPJ), superior temporal gyrus (STG -  bounded inferiorly by the superior temporal 
sulcus (STS) and superiorly by the sylvian fissure (SF)) and the inferior frontal gyrus 
(IFG). Damage to the superior parietal lobe (SPL) can result in optic ataxia and 
reaching related activity in functional imaging studies has been found in the 
intraparietal sulcus (IPS) and more medial parietal regions including the precuneus, 
particularly the parietal reach region (PRR). Posterior parietal cortex (PPC not shown) 
encompasses IPL and SPL.

Putative regions involved in processing response competition include the anterior 
cingulate cortex (ACC), pre-supplementary motor areas (Pre-SMA), supplementary 
eye fields (SEF) and the frontal eye fields (FEF) as well as IFG, middle frontal gyrus 
(MFG), IPL and SPL. Other relevant anatomical landmarks include the cingulate 
sulcus (CingS), sub-parietal sulcus (SPS), transverse parietal sulcus (TPS) and the 
parieto-occipital fissure (POF)
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1.1.3 Updating motor programs

Simply issuing a command to move the limb in the correct direction, even after 

computation o f motor error, would be insufficient alone to reach appropriately 

for a target. The kinematic profile (spatiotemporal characteristics such as 

spatial path, velocity and acceleration) of the reach will be affected by both 

perceived properties o f the target and the aim of the movement (Marteniuk, 

Mackenzie et al. 1987). For example, reaching for a cup o f tea will be affected 

by the apparent volume o f liquid in the cup and whether the intention is to pick 

the cup straight up or first touch it to gauge its temperature. Even after these 

factors have been considered, the execution o f an accurate reach requires the 

implementation o f control systems that can monitor and modify the movement 

as it is performed.

To monitor the performance o f a reach the brain needs to have predicted the 

consequences of its motor commands prior to their execution (i.e. it needs to 

compute ahead the behav iour o f the arm, given a particular motor command). 

Such motor prediction is considered to depend upon ‘forward models' o f  the 

motor system within the brain (Wolpert 1997; Desmurget and Grafton 2000).

In addition, visual and somatosensory (including proprioceptive) feedback 

signals need to be integrated with copies of ongoing motor commands 

(efference copies), as well as knowledge about limb dynamics and visual 

feedback o f the hand, to produce an estimation o f the current state of the limb 

as the movement unfolds so that changes or corrections can be performed on

line (Desmurget and Grafton 2000; Wolpert and Ghahramani 2000). Finally,
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the properties of the reach (e.g. direction, trajectory and temporal dynamics) 

need to be coordinated with those o f the grasp (e.g. aperture, force, etc).

Lesion and transcranial magnetic stimulation studies in humans (Wolpert, 

Goodbody et al. 1998; Desmurget, Epstein et al. 1999; Pisella, Grea et al. 2000; 

Glover, Miall et al. 2005; Tunik, Frey et al. 2005) have provided evidence for 

an active role of the PPC in the on-line control o f reaching and grasping, for 

example, when target location or size was altered during the course of the 

movement. Moreover, different regions within the human and monkey PPC 

appear to play differential roles in directing the reach and controlling grasp 

(Rizzolatti and Luppino 2001; Battaglia-Mayer, Caminiti et al. 2003; Connolly, 

Andersen et al. 2003; Culham, Danckert et al. 2003; Galletti, Kutz et al. 2003). 

For example, imaging studies have revealed a potential analogue o f the 

monkey Parietal Reach Region or PRR (see Fig. 1.2) in the human precuneus 

on the medial surface o f the superior parietal lobe (SPL), which is activated by 

reaching movements (Connolly, Andersen et al. 2003) while part o f the 

anterior intraparietal sulcus is activated more by grasping in monkeys and 

humans (Culham, Danckert et al. 2003; Grefkes and Fink 2005). However, it 

remains unclear whether the PPC has a role in coordinating these two 

components during a reach.

Thus the evidence to date suggests that the PPC may play a critical role in 

several areas of visuomotor control, from target, and perhaps action, selection 

right through to on-line control during movement. The PPC has rich 

connections, via white matter tracts, to premotor regions in the frontal lobe,
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cerebellum and basal ganglia consistent with a role in movement planning (e.g. 

(Stein and Glickstein 1992; Rizzolatti and Luppino 2001).

1.1.4 Response competition

The PPC has both the connectivity and neuronal properties to be involved in 

response competition. One study has even demonstrated directionally-tuned 

PPC neurons with task-specific delay in activity when responses compete 

(Stoet and Snyder 2007).

Stoet and Snyder trained two monkeys to respond with either a left or a right 

reach (Stoet and Snyder 2007, Fig. 1.3). On some trials, monkeys responded 

according to the colour o f the imperative cue and on others, they responded to 

the orientation o f the stimulus. In congruent trials, both colour and orientation 

had the same response association, i.e. cued movement in the same direction, 

whereas, in incongruent trials, different responses were associated with each o f 

these features. The monkeys were slower to respond in the incongruent than 

congruent trials. Some PPC neurons were tuned both to the direction o f 

movement and the relevant task dimension (colour or orientation) and these 

neurons had the greatest delay in reaching their half-maximum activity 

following an incongruent trial, compared to a congruent trial (Fig 1.3c). In fact, 

this delay is actually greater than the behavioural incongruence delay shown by 

the monkey (Fig 1.3 b,c).

Such PPC neurons suggest an important role for task-sensitive neurons in 

converting sensory signals to motor commands particular when responses
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Fig 1.3 Paradigm and neurophysiological results from Snyder and Stoet 
2007
Trials o f two tasks were interleaved (a). In the colour and orientation tasks, 
monkeys responded to the colour and orientation of the imperative stimulus 
respectively by reaching to one o f the two white squares on the left and right side 
o f the screen. In congruent trials, both orientation and colour were associated 
with the same direction o f reach, whereas in incongruent trials, colour and 
orientation had different response associations.

Lower panels (b,c) shows onset o f neural directional response (preferred minus 
nonpreferred direction) as a function o f task selectivity and imperative 
stimulus congruency. Vertical black solid bar is the time to half maximum 
activity for congruent trials and vertical dashed line is for incongruent trials. 
Black and grey arrows indicate average saccade latencies in the congruent and 
incongruent condition respectively. Neurons with the greatest delay to reach 
half-maximum activity in the incongruent condition, compared to the congruent, 
were task sensitive. This delay shown in (c) -  32 ms -  was greater than the 
behavioural incongruent delay shown by the monkey (earliest motor response 
saccade latency is 15ms).
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compete. The fact that the delay in the PPC neurons is greater than the 

behavioural delay implies that other brain areas or neuronal types must also be 

involved in processing signal response relationships that underlie response 

selection. So the PPC forms part o f a network o f areas and, as we discuss later 

(in section 1.4), frontal regions may be involved in reducing delays that might 

occur as a result o f response competition in regions such as PPC.

Next we ask what happens to motor processing and response competition when 

the PPC is damaged.

1.2 Deficits following parietal damage

1.2.1 Monkey lesions

Relatively few studies have focussed on the effects o f parietal lesions in 

monkeys. Most commonly a misreaching deficit for the contralateral arm  in 

both hemifields has been demonstrated after lesions o f the PPC (Hartje and 

Ettlinger 1973; Faugier-Grimaud, Frenois et al. 1978; Lamotte and Acuna 

1978; Faugier-Grimaud, Frenois et al. 1985). This at first appears to contrast 

with deficits in human reach patterns following PPC damage which tend to be 

worst in the contralateral side o f  space using either arm ((De Renzi 1982) and 

see section 1.2.2 for a full discussion).

While these differing results could imply that monkey and human PPC have 

different functions, further work has suggested that the precise area o f PPC 

damaged critically alters the reaching deficit. By cooling areas of PPC to cause 

inactivation, Stein showed that lesions o f the superior parietal lobule produced
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misreaching o f the contralateral arm in all directions (Stein 1978). In contrast, 

cooling o f the inferior parietal lobe leads to misreaching with both arms in the 

contralateral field. Therefore subregions within PPC are likely to be important 

for different aspects o f reaching.

1.2.2 Neglect -  common sequela to PPC damage in humans

Damage to the right parietal lobe o f humans often results in neglect (Mort, 

Malhotra et al. 2003). Hemispatial neglect affects up to two thirds o f acute 

right hemisphere stroke patients and is associated with poor prognosis (Stone, 

Halligan et al. 1993; Buxbaum, Ferraro et al. 2004). Patients with neglect fail 

to orient themselves to stimuli on the contralesional side o f space and 

preferentially attend to ipsilesional objects (Brain 1941). Bedside clinical tests 

for neglect reflect lateralised bias, for example, patients with right hemisphere 

stroke omit left-sided objects when performing cancellation tasks, such as the 

Bells test (Gauthier, Dehaut et al. 1989) and bisect a horizontal line (Wilson, 

Cockbum et al. 1987) towards the right rather than at the centre (Fig 1.4). 

However, abnormal performance on these clinical tests does not reveal the 

cause o f the lateral bias which could result from either single or combinations 

o f underlying component deficits (Husain and Rorden 2003; Hillis 2006; 

Coulthard, Parton et al. 2007).

Left visual neglect has been documented to result from damage in several 

different brain regions (Fig 1.2) including right inferior parietal (Vallar and 

Perani 1986; Mort, Malhotra et al. 2003), inferior frontal (Husain and Kennard 

1997), superior and medial temporal (Mort, Malhotra et al. 2003; Kamath,
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Fruhmann Berger et al. 2004) cortices as well as subcortical regions such as 

basal ganglia and thalamus (Vallar and Perani 1986; Kamath, Himmelbach et 

al. 2002). Patients with lesions in these different places all have a rightward 

bias, but underlying component deficits would be expected to differ according 

to each patient’s specific area o f  brain damage (Coulthard, Parton et al. 2007). 

Although the nature o f underlying component deficits associated with different 

lesion locations is not yet fully known, neglect research has revealed 

behavioural dissociations within groups o f patients suggesting that the 

syndrome is heterogeneous (Fig 1.5 - Husain and Kennard 1997 ; Mattingley 

and Driver 1997; Husain, Mattingley et al. 2000; Malhotra, Mannan et al.

2004).

Cognitive impairments found in patients with neglect include pathological 

perceptual, attentional or representational asymmetries all o f which could 

account for bias towards the right side in patients with right brain damage 

(Bisiach and Luzzatti 1978; Heilman and Vandenabell 1980; Mesulam 1981). 

While much focus has been on sensory and attentional component deficits of 

the neglect syndrome, abnormal motor processing has also been shown 

(Mattingley, Bradshaw et al. 1992; Behrmann and Meegan 1998; Mattingley, 

Corben et al. 1998; Husain, Mattingley et al. 2000; Behrmann, Ghiselli-Crippa 

et al. 2001).

Putative motor deficits in neglect can be divided into two broad categories. The 

first affects the ipsilateral, relatively intact arm; the right arm in those
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Fig 1.4 Bells cancellation and line bisection task
Patients with left neglect tend to mark objects on the right o f the page. This lateralised 
bias is exacerbated when the scene is cluttered as shown above. Neglect patients also 
bisect a 17cm long line towards the right o f the true midline as shown.
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with right hemisphere stroke. Directional hypokinesia describes slowness to 

initiate contralesional movements in such patients. Individuals with right 

parietal neglect have been proposed to have true directional leftward motor 

initiation slowing, rather than just delay in sensory processing o f leftward 

target stimuli, although this is controversial (Mattingley, Husain et al. 1998; 

Husain, Mattingley et al. 2000; Sapir, Kaplan et al. 2007).

Slow movement execution, as well as abnormalities o f trajectory, have also 

been demonstrated when patients with right hemisphere stroke use their 

ipsilesional arm, but these are not directly investigated in this thesis and are 

discussed in A ppendix 1 (Mattingley, Bradshaw et al. 1992; Mattingley, 

Husain et al. 1998; Jackson, Newport et al. 2000).

The second major type o f motor deficit in neglect has been termed motor 

neglect, failure to move the contralateral arm or leg even when power and 

sensation are intact (Valenstein and Heilman 1981; Laplane and Degos 1983). 

Although extremely common following stroke (Siekierka-Kleiser, Kleiser et al.

2006) relatively little work has focussed on the abnormalities o f motor 

processing that actually underlie motor neglect. Even diagnosis o f the 

syndrome can be difficult as it often co-exists with hemiparesis and visual 

neglect (Punt and Riddoch 2006). Recent work has suggested that alterations in 

the competitive balance in motor planning between the two arms may 

accompany motor neglect (Punt, Riddoch et al. 2005; Punt, Riddoch et al.

2005).
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Next motor initiation deficits in the neglect syndrome are discussed in detail, 

and then the evidence that such movement abnormalities actually reflect 

deficits in motor planning rather than sensory processing is reviewed.

Fig 1.5 Modular architecture of the neglect syndrome.
Neglect may emerge from damage to a combination o f cognitive and visuomotor 
control modules, labelled A-J for illustrative purposes here. These modules are 
present in anatomically distant regions, for example, in parietal, frontal and 
subcortical regions. Stroke lesions may damage different combinations o f critical 
modules in different neglect patients. None o f the deficits that might arise from 
damage to a module need be specific to the neglect syndrome, but when critically 
combined, they may lead to the behavioural syndrome we classify as neglect. Even 
small lesions in white matter connections (marked in red) between these modules 
may suffice to disconnect or lead to widespread disruption within this architecture.
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1.2.2.1 Neglect patients slow to initiate action

Directional hypokinesia (DH) describes the slowing o f movement initiation 

towards the contralesional side in patients with unilateral brain injury (Heilman, 

Bowers et al. 1985; Harvey, Milner et al. 1994; Mattingley, Husain et al. 1998; 

Husain, Mattingley et al. 2000). In theory, this could be caused either by 

slowed perceptuo-motor processing o f objects in left space (spatial visuomotor 

deficit) or impaired programming o f movement in one direction only 

(idirectional motor deficit - Fig 1.6). Much work supports the finding o f an 

impairment o f leftward movement initiation in right-hemisphere patients with 

left neglect (Fisk and Goodale 1988; Harvey, Milner et al. 1994; Mattingley, 

Phillips et al. 1994; Behrmann and Meegan 1998; Mattingley, Corben et al. 

1998; Mattingley, Husain et al. 1998; Husain, Mattingley et al. 2000). But, the 

relative contribution o f spatial visuomotor impairment and leftward directional 

motor deficit to directional hypokinesia is still being debated and may differ 

between patients.

Heilman and colleagues tested right and left brain-damaged subjects on a task 

that required either leftward or rightward movements to be made along a fixed 

linear track (Heilman, Bowers et al. 1985). All right brain-damaged patients in 

this study had neglect and as a group they were slower to initiate movements 

leftward than rightward regardless o f whether the track was placed in the right 

or left hemispace. Although this appears to be evidence in favour o f a 

directional rather than spatial deficit, it is possible that patients visualized an 

end target in order to make the movement. So a relative left spatial deficit is 

still a possibility.
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a Directional motor deficit

¥ M ovement initiation 
(or execution) in a 
leftward direction is 
slow.

b Spatial visuomotor deficit

M ovement initiation 
(or execution) to  ta rg e ts  
on th e  left side of space 
is slow regardless of the  
direction of m ovem ent.

Fig 1.6 Directional motor verses spatial visuomotor deficits
Difficulties in reaching to a left target could be due to a directional motor deficit, 
i.e. in moving leftward (a). On the other hand, they might be due to moving the 
hand into left hemispace, regardless o f the direction o f movement (b). 
Examination o f rightward reaches to targets in left hemispace is required to 
dissociate these alternatives.
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Mattingley, Husain and colleagues studied leftward or rightward reaches to 

targets in left or right space (Mattingley, Husain et al. 1998). Importantly, by 

varying the start position o f the hand between the extreme left, centre, or 

extreme right they attempted to dissociate target location in space from the 

direction o f reach (Fig 1.7). An unusual feature o f this investigation is the 

comparison o f right parietal neglect patients with right frontal neglect patients. 

Both groups were significantly slower to initiate leftward reaches to a target in 

left space than to initiate a rightward reach to a target in right space, although 

this was more marked for right parietal patients. Critically, in parietal neglect 

patients only, initiation times for left targets improved dramatically when a 

rightward reach was required (Fig 1.7b), suggesting that in parietal patients 

much of the slowness in initiating leftward reaches was attributable to 

impairment in preparing a leftward movement, i.e. a motoric deficit.

The pattern o f performance observed for frontal neglect patients -  those with 

lesions centring on the ventral premotor cortex -  on the reaching task was very 

different to that found in the parietal patients. Frontal neglect patients were 

slower to initiate reaches to a target in left hemispace regardless o f whether the 

direction o f the reach was leftwards or rightwards. Such a pattern o f 

impairment in the frontal group is clearly not explained by a directional motor 

deficit but it might be attributed to a spatial visuomotor deficit (specifically in 

initiating movements to targets in left hemispace - Fig 1.6).
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Fig 1.7 Apparatus used to dissociate movement direction from target location 
in the study by M attingley and colleagues
Subjects Fixated the central yellow light and moved to press a button under the 
green light (in this case illuminated in left hemispace). In some trials a red 
distractor was lit on the opposite side. The start position o f  the hand was varied as 
shown. Movement initiation time was measured using the time taken to release the 
button at the start position. In the control task (which did not require any 
directional movement), the subjects pressed the button at the start position as soon 
as they could after the illumination o f the left or right targets.
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A couple o f studies challenge these findings. Recently Sapir and colleagues 

tested 52 right hemisphere stroke patients with neglect (29 with structural 

imaging available) on a similar task to that described by Mattingley and 

colleagues and found that patients with ‘true motor’ DH had lesions in the 

ventral putamen rather than the PPC. Although there are several explanations 

for this discrepancy, perhaps the most significant is that the reach required in 

their version o f the paradigm was predominantly forwards (away from the 

patient) from a button box to a computer screen and not purely leftward or 

rightward. This might reduce any directional motor effects if one assumes that 

these would be most pronounced when movement is in the direction most 

affected by hemispheric damage (towards the left in patients with right 

hemisphere damage). In addition, another study suggested no directional 

slowing at all in patients with right hemisphere stroke and neglect (Bartolomeo, 

D'Erme et al. 1998; Bartolomeo, Chokron et al. 2001). However, reaction times 

in their paradigm consisted o f both initiation and movement execution times, 

so it is not possible to dissect these two variables out separately (Bartolomeo, 

Chokron et al. 2001).

In the work described above, only patients with neglect were tested and 

therefore they do not reveal if DH is a neglect-specific deficit. In a different 

study, Mattingley and colleagues tested both left and right hemisphere stroke 

patients with or without neglect asking them to press buttons sequentially in a 

rightward or leftward direction (Mattingley, Bradshaw et al. 1992). Only 

patients with neglect had DH when performing this task. While it is difficult to 

prove that a component behavioural abnormality such as DH contributes to the
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neglect syndrome, the finding that DH occurs mainly in patients with neglect is 

consistent with this argument.

Data presented so far relate to motoric deficits with the ipsilesional arm as very 

little work has focused on motor neglect o f the contralesional arm. One study 

has investigated motor initiation slowing in a single right hemisphere patient 

with motor neglect o f the left limb (Valenstein and Heilman 1981). Valenstein 

and Heilman show that even when stimuli were non-lateralised (vertically 

aligned), their motor neglect patient was slower to initiate movement with his 

left arm than the right especially when bilateral movements were required. So 

these patients appear to have a limb specific, non-spatial motor initiation deficit. 

Component factors that may contribute to motor neglect, such as this non- 

spatial motor initiation impairment, have received relatively little attention 

despite motor neglect complicating more than one third o f stroke cases 

(Siekierka-Kleiser, Kleiser et al. 2006).

In summary, patients with neglect are slow to initiate contralesional 

movements (directional hypokinesia). Most studies o f neglect have tended to 

group together patients according to clinical syndrome. However, this is likely 

to result in clustering patients who may behave strikingly differently due to 

different lesion locations and component deficits. Therefore, insight into both 

the neglect syndrome and cognitive processes adversely affected following 

stroke may be furthered by seeking lesion-behaviour correlations within groups 

of patients with and without neglect. One study has divided patients according 

to their lesion site and suggested that DH has a directional motor component
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(worse for reaches to left-sided targets in a leftward direction only) in patients 

with isolated parietal lesions (Mattingley, Husain et al. 1998; Husain, 

Mattingley et al. 2000). In contrast, patients with frontal lesions may have a 

visuo-spatial basis for their DH, i.e. they are slow to perceptually process 

leftward target information which results in a slow reach (Mattingley, Husain 

et al. 1998; Husain, M attingley et al. 2000).

The relative contributions o f sensory and motor component deficits to the 

neglect syndrome are discussed in the next section.

1.2.2.3 Reaching deficits in neglect: perceptual or motor?

What causes the movement deficits observed in neglect patients? Many 

investigators have considered this problem from the perspective o f perceptual 

vs motor impairments. The landmark task, which requires subjects to point to 

the end of a pre-transected line that they consider to be nearest to the 

transection, has been used widely as a tool to distinguish between motor and 

perceptual contributions in neglect (Bisiach, Geminiani et al. 1990; Milner, 

Harvey et al. 1993; Harvey, M ilner et al. 1995; Bisiach, Ricci et al. 1998). It 

was proposed that if the subject has a perceptual distortion, the left half o f a 

centrally bisected line will appear shorter and the subject will respond leftward. 

Conversely, if the subject has a motor bias, he will tend to point toward the 

right o f the line regardless o f the location o f the transection.

The proportion o f patients classified as having perceptual and/or premotor 

deficits varies between the different landmark tasks perhaps because of
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variation in perceptual difficulty o f these tasks: Harvey and colleagues (1995) 

required a perceptual judgem ent o f lines prebisected at a maximum o f 5mm 

from the centre whereas Bisiach and colleagues (1998) presented shorter lines 

with bisection points 30 to 150 mm from the centre. The latter demanded a 

much easier perceptual judgem ent and this could explain why they identified a 

higher proportion o f  people with a “premotor” deficit. Thus the landmark task 

reveals predominant, rather than exclusive, motor or sensory biases, especially 

when the motor bias may manifest as slowed rather than inaccurate movement.

Several other ingenious paradigms using, for example, pulleys or epidiascopes 

(Nico 1996; Harvey, Kramer-McCaffery et al. 2002) have also been used to 

dissociate the direction o f hand movement from the perceived visual 

information. These tasks all require subjects to move a visual stimulus by 

making incongruent hand movements, i.e. in the opposite direction to the 

perceived visual stimulus (Coslett, Bowers et al. 1990; Tegner and Levander 

1991; Harvey, Milner et al. 1995; Nico 1996; Bisiach, Ricci et al. 1998). 

Therefore, subjects with lesions that cause particular susceptibility to task 

incongruity, e.g. frontal patients, might be impaired on this type o f task, 

regardless o f whether they have a directional motor deficit (See Mattingley and 

Driver 1997 for a discussion). There is little consistency across these 

perception vs motor paradigms and the correspondence between deficits on 

these tasks and impairments in simple reaching is not obvious (Harvey, 

Kramer-McCaffery et al. 2002; Harvey 2004). Nevertheless, these studies do 

reveal dissociations between patients and, again, these may relate to differences 

in lesion location, although this has not been systematically investigated.
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In other attempts to dissociate visuomotor deficits in neglect, investigators 

have looked at the effect o f  the intended purpose for which a movement is 

made on task performance. In one study patients with left-sided neglect were 

asked to point to the middle o f a rod or to grasp it at the centre (Robertson, 

Nico et al. 1995). Patients reached well to the right o f centre when pointing, 

but when required to grasp the rod, they reached closer to the centre. Different 

paradigms have revealed similar dissociations resulting in the claim that 

perhaps neglect patients have damage in areas of the visual system involved in 

perceptual judgement, but relatively spared the vision-for-action (dorsal) 

processing stream (Pritchard, M ilner et al. 1997; McIntosh, McClements et al. 

2004).

This finding is not consistent across all neglect patients with one study 

revealing that such a dissociation was lesion-dependent occurring only in a 

patient with occipito-temporal damage secondary to a posterior cerebral artery 

stroke, and not in two patients with occipito-parietal damage following middle 

cerebral artery stroke (Pritchard, Milner et al. 1997). In addition, no clear 

dissociation between spared vision-for-action and impaired vision-for- 

perception in neglect exists when neglect patients are tested using a paradigm 

in which perceptual and action conditions are carefully matched for difficulty 

(Marotta, M cKeeff et al. 2003).

What about the movement initiation deficit observed in neglect patients? Many 

investigators have considered this also to be explained by dissociable
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perceptual and motor deficits, which might even have separate anatomical 

bases. For example, Mesulam suggested that motor deficits in neglect result 

from frontal lesions whereas more posterior lesions involving the parietal 

cortex are associated with a predominantly perceptual variant o f neglect 

(Mesulam 1981). In principle, both types o f deficit -  perceptual or motor -  

could lead to a motor initiation deficit.

The paradigm used by Mattingley, Husain and colleagues to dissociate 

direction o f reach from target location (Fig 1.7) did reveal differences between 

neglect patients with parietal and frontal lesions (Mattingley, Husain et al.

1998; Husain, Mattingley et al. 2000). But contrary to the proposal first 

advanced by Mesulam (1981), it demonstrated that parietal neglect patients 

have a directional motor deficit. However, closer examination o f the findings 

suggests that reach direction cannot be the only determinant o f the parietal 

deficit.

In this paradigm, leftward reaches were made not only to the target on the left; 

they were also required to the target in right hemispace when the initial starting 

point o f the hand was on the extreme right (see arm position in Fig 1.7b). But 

when such a leftward reach was required to a target on the right, there was no 

increased ‘cost’ in initiation time, compared to a rightward reach to the right 

target. Thus, the parietal deficit was actually modulated by both location o f 

target in space and the direction o f reach, with the impairment being evident 

only when a leftward reach was required to a target in left hemi-space. The 

deficit might therefore be better considered to be due to an interaction o f a
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sensory, localisation deficit with a difficulty in issuing a motor command for a 

leftward movement. These factors, together with visual deficits in neglect, may 

produce directional hypokinesia.

Therefore, it is possible that a simple perceptual vs motor distinction may not 

be helpful. Directional hypokinesia could, in theory, result from predominantly 

perceptual or motor deficits, but it could also just as well arise from 

intermediate processing stages, or even damage to representations that subserve 

both perception and action. Given that parietal cortex has been shown to have a 

role in sensory and motor functions as well as sensorimotor transformations 

(section 1.1), one would expect that deficits resulting from parietal damage 

would involve both sensory and motor systems.

Most o f the data presented above relate to right hemisphere stroke. In this 

thesis, we investigate the possibility that the right PPC is involved in response 

competition and particularly allows leftward response plans to compete equally 

with right. But would we expect a similar role for the left PPC? In the next 

section, the relevance o f hemispheric lateralisation o f motor control to the 

neglect syndrome and response competition is discussed.

1.2.2.3 Distinct motor control modules in each hemisphere.

Are there equivalent, symmetrical deficits following right and left hemisphere 

stroke? Basic sensory and motor functions are represented contralaterally 

within the brain, for example, left hemisphere stroke results in right 

hemiparesis or sensory loss. However, there are well-accepted examples o f
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“higher order” functions for which one side o f the brain is dominant (Brain 

1941; Kimura and Archibald 1974; Heilman and Abell 1980; Kimura 1982). It 

has been argued that such hemispheric specialisation may have been 

evolutionarily beneficial as reduction in interhemispheric competition is 

perhaps more efficient for certain processes (Toga and Thompson 2003).

Visual neglect is more common and enduring following right than left 

hemisphere stroke (Stone, W ilson et al. 1991). One possible explanation for 

this is that right hemisphere is dominant for spatial attention or representation 

(Heilman and Abell 1980; Mesulam 1981; Pouget and Driver 2000), i.e. 

activity within the right hemisphere covers both the left and right sides o f space 

and therefore can compensate for left hemisphere damage. However, the 

reverse does not occur as left hemisphere subserves a contralateral attentional 

function only. Consistent with such a role for the right hemisphere, functional 

imaging demonstrates a right-lateralised attentional network (Mesulam 1981; 

Corbetta and Shulman 2002).

It has also been proposed recently that neglect is particularly severe after right 

brain damage because o f associated injury to right hemisphere regions involved 

in non-lateralised cognitive processes (Corbetta and Shulman 2002; Husain and 

Rorden 2003). In this case, the neglect behaviour manifest by an individual 

patient may be envisaged to be the result o f damage to several brain areas each 

subserving an individual, modular function (Fig 1.5). While impairment o f a 

module that results in a lateralised deficit may be essential for the presence o f  

neglect, damage in other areas with non-lateralised functions may determine
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the severity or longevity o f neglect. For example, impairment o f spatial 

memory, remembering the locations o f objects on either side o f space, is 

thought to interact with and perhaps exacerbate spatial bias, worsening the 

neglect syndrome (Malhotra, Parton et al. 2003; Malhotra, Mannan et al. 2004; 

Mannan, Mort et al. 2005; Ferber and Danckert 2006). Therefore, it is perhaps 

damage to several regions o f right hemisphere with distinct functions that 

results in severe neglect. Moreover, the combination o f impairments may differ 

across patients, accounting for the heterogeneity o f the syndrome.

Left hemisphere stroke often results in dyspraxia, impairment o f skilled actions, 

and speech disturbance (Kimura and Archibald 1974; Blank, Scott et al. 2002). 

Parallels between the fine motor skills required for speech and manual 

dexterity have led some authors to assert that the left hemisphere is dominant 

for motor control. Patients with left parietal lesions are impaired when single 

hand movements are required and those with left inferior frontal damage are 

slow to produce single syllables (Kimura 1982). Both groups (left parietal and 

frontal) fail to produce sequences o f hand movement or speech sounds 

normally, suggesting perhaps that they have a generalised deficit at the level o f 

motor selection.

If the left hemisphere is dominant for motor control, would we really expect 

any true motor deficits in patients with neglect following right hemisphere 

stroke? Studies investigating left hemisphere control o f movement have 

employed a range o f paradigms such as mimicking hand postures or repeatedly 

tapping fingers (Buxbaum, Kyle et al. 2006; Serrien, Ivry et al. 2006). While
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the left hemisphere does appear to be important for these types o f movements it 

is possible that the right hemisphere may be critical for motor control in other 

contexts. Evidence described above suggests a role for the right hemisphere in 

motor control, particularly in speeded responses with a leftward directional 

component (Mattingley, Husain et al. 1998; Husain, Mattingley et al. 2000; 

Sapir, Kaplan et al. 2007).

One study has investigated differential roles o f right and left parietal lobe in 

motor control by comparing activity when both self-generated and externally 

generated motion are viewed and then one is occluded so a representation must 

be maintained (Ogawa and Inui 2007). The right parietal lobe more strongly 

activated when the externally triggered motion was occluded, whereas the left 

parietal lobe responded to occlusion o f the self-generated activity. This 

suggests that the right parietal lobe may be important for visuomotor 

transformations required for guiding externally triggered movements whereas 

the left parietal lobe mediates internally generated movement.

Overall, there is evidence for motor processes occurring within human right 

and left PPC, although the nature o f these is still far from fully understood. 

Could it be that patients with PPC damage and neglect are impaired at 

representing competing response programs and this underlies directional 

hypokinesia? Next, evidence for failure o f response competition processing in 

patients with neglect is reviewed.
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1.2.2.4 Abnorm al response competition in parietal lesions and  neglect?  

Directional movements using either arm are disrupted by distracting stimuli in 

both healthy subjects and neglect patients. However, the pattern o f interference 

differs between the two groups perhaps suggesting abnormalities o f cognitive 

control in patients with neglect. In healthy individuals, right-sided distractors 

significantly slow movement with the right arm to left-sided targets -  35ms 

increment in reaction time (Hodges, Lyons et al. 1997). By contrast, movement 

o f the left arm is susceptible to interference from distractors on both sides o f 

space (43 ms increment with left sided distractors and 23 ms with right sided 

distractors). If one assumes that distractor effects in each arm reflect 

interference in processing within the contralateral hemisphere, these findings 

perhaps suggest a distinct role for the right hemisphere in the resolution o f 

competition between potential targets across space.

The performance o f individuals with right hemisphere damage in the presence 

o f distractors reveals large deficits in the early stages o f reaching consistent 

with increased susceptibility to interference during motor planning. For 

example, Behrman and Meegan (1998) found that neglect patients with right 

hemisphere lesions (both parietal and parieto-frontal) were highly susceptible 

to distraction on the right, with movement initiation times increasing by >200 

ms (compare with normal distractor costs shown above). By contrast, there was 

no significant interference from leftward distractors. Importantly, these patients 

with neglect were also more likely to make errors in the direction o f 

movement; when a target to the left was accompanied by a distractor to the 

right they were more likely to misreach towards the distractor.
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In their study, Husain and colleagues (2000) found that right parietal neglect 

patients showed interference from distractors only when reaching from far left 

(161 ms increment) or central (68 ms) starting positions regardless o f the 

position o f the distractor. When the start position was far right (Fig 1.7c), the 

distractor was always to the left o f  the start position and therefore could 

effectively have acted as a second stimulus to boost leftward target selection 

and movement initiation.

To investigate further the stage o f processing influenced by the presence o f 

distractors, Mattingley et al. examined the distractor effect on movements to 

targets which appeared in locations that were either predictable or 

unpredictable (Mattingley, Corben et al. 1998). They found that ipsilateral 

distractors prolonged reaction times for contralesional movements, but only 

when the movement was unpredictable. Thus the distractor was only influential 

when there was more than one potential response, consistent with the view that 

the distractor effects occurred only when there was competition between action 

choices.

When patients choose between two possible button-press responses to a target 

and have to ignore distractors in one or other visual field, interfering 

contralesional stimuli tend to have less impact than ipsilesional ones on 

response times (Ro, Cohen et al. 1998; Snow and Mattingley 2006). However, 

contralesional distractors can delay response in patients with neglect even 

when sometimes the interfering stimulus is not reported by the patient (Cohen,
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Irvy et al. 1995; Ro, Cohen et al. 1998). This implies that some response 

channels are activated in these patients in the absence o f visual awareness. Ro 

and colleagues suggested that contralesional interference was most marked in 

patients without damage to the temporoparietal junction (Ro, Cohen et al.

1998). Patients with temporoparietal damage showed very little effect o f 

incongruent information from the contralesional side.

While the above studies suggest that patients with neglect are abnormally 

susceptible to distraction while planning movements, it is critical to consider 

the nature o f the distraction. The distractors were different coloured lights from 

the target on either side o f space and could have interfered with the selection o f 

a target for action at several levels o f visuomotor processing including 

perceptual, attentional and motor. The potential motor program activated by a 

distractor was entirely dependent on its spatial location.

Here, we are interested in whether patients with neglect process competing 

directional motor programs normally. In order to dissociate competing motor 

programs from spatial interference, one has to present stimuli either vertically 

aligned or sequentially at a central location. Thus the response program 

activated by a stimulus would not depend on its spatial location. Examples o f 

such tasks include the Stroop task (Mead, Mayer et al. 2002), where two 

features o f the same stimulus, for example colour and text, have either 

congruent or incongruent response associations or a vertically aligned version 

o f the Eriksen flanker task with distracting flankers positioned above or below 

the target (Mattler 2006).
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Despite the fact that parietal areas are often activated in interference tasks such 

as the Stroop and Eriksen flanker paradigms in healthy individuals (Botvinick, 

Nystrom et al. 1999; Casey, Thomas et al. 2000; Bunge, Hazeltine et al. 2002), 

there have been very few studies looking at non-lateralised effects o f parietal 

lesions on conflict processing and cognitive control (Posner, W alker et al.

1984; Chieffi, Gentilucci et al. 1993; Ro, Cohen et al. 1998; Husain,

Mattingley et al. 2000; Lavie and Robertson 2001; Pujol, Vendrell et al. 2001; 

Snow and Mattingley 2006). Pujol and colleagues did investigate non- 

lateralised cognitive control function in patients with both parietal and frontal 

lesions using a Stroop task (Pujol, Vendrell et al. 2001). However, these 

patients suffered with multiple sclerosis and neglect was not documented 

within the group. The patients were classified as having predominant parietal 

or medial frontal disease or neither o f those two regions predominating for 

comparison, but inference is extremely limited as white matter lesions o f 

multiple sclerosis are scattered throughout the brain and spinal cord. Given 

these restrictions, it is interesting to note that the interference cost was reduced 

in patients with predominant parietal damage and increased in patients with 

medial frontal damage suggesting perhaps that competing responses are 

processed less when integrity o f parietal lobe is impaired.

In summary, control over interference from distractors appears to be abnormal 

in patients with neglect. While the role of the PPC may not be purely motor or 

sensory, evidence presented above suggests that parietal damage does disrupt 

conversion o f sensory signals into behaviour at some level o f visuomotor
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planning. In this thesis, the hypothesis that reaching deficits in neglect actually 

reflect failure o f response competition between directional motor programs is 

explored, but first the basis o f this hypothesis is discussed further.

1.3 Hypothesis

When multiple responses are possible, we have to choose the most appropriate 

action. Efficient action selection must be based on the current sensory 

environment, as well as ongoing goals and previous experience. Brain areas 

involved in action selection should therefore be sensitive to sensory stimuli as 

well as having task, or context sensitivity. PPC neurones code motor 

commands (Andersen and Buneo 2002) as well as sensory events (Bisley and 

Goldberg 2003) and respond differentially according to the number o f possible 

responses associated with a stimulus (Stoet and Snyder 2007). In addition, 

there are task or context dependent cells in PPC (Stoet and Snyder 2007). 

Therefore, PPC has the appropriate functional characteristics for an area 

involved in response competition.

Directional biases exhibited by patients with neglect following right 

hemisphere stroke have been difficult to explain, with some authors suggesting 

a directional motor deficit and others proposing a sensory visuomotor deficit 

(Mattingley, Husain et al. 1998; Husain, Mattingley et al. 2000; Sapir, Kaplan 

et al. 2007). Here we suggest that directional competition between action plans 

is resolved abnormally in patients with right PPC stroke and neglect.
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In normal PPC, when a decision between leftward and rightward movement is 

made, the two competing directional representations could be considered to 

inhibit each other resulting in a small delay in response (Cisek 2007). If 

competing leftward action plans are not propagated normally within the right 

parietal lobe, one would expect that patients with right PPC damage would 

manifest a rightward motor bias; rightward movements would be relatively 

disinhibited. This would result in directional hypokinesia being most marked 

when response choice is not predefined with 100% certainty, i.e., when there is 

potential response competition.

However this is not to say that PPC is the only area where response 

competition occurs. There is evidence that a network o f areas may feed 

forward to influence motor output, including regions in lateral premotor and 

medial frontal cortex (Cisek and Kalaska 2002; Cisek and Kalaska 2005; Cisek

2007). While response competition (and consequent behavioural delay) may 

occur in PPC, other regions -  perhaps in prefrontal cortex -  may selectively 

inhibit or facilitate certain responses according to behavioural goals and 

context (Botvinick, Cohen et al. 2004; Scerif, Worden et al. 2006; Sumner, 

Nachev et al. 2007). Cisek has recently suggested just such interaction, with 

both PPC and prefrontal computations converging on dorsal premotor cortex 

(Fig 1.8- (Cisek and Kalaska 2002; Cisek and Kalaska 2005; Cisek 2007)).

Cisek recorded from the dorsal premotor cortex (PMd) o f rhesus monkeys and 

found that when two stimulus-response associations were activated (Fig 1.8a), 

both were initially represented (Cisek and Kalaska 2005). Specifically, when
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A. Two-target task -  Neural data

Activity vs b a se lin e  

PMd1

PMd2

PMd3

M1

PPC

PFC"

PFC8

activity

Figure 1.8 Neural activity during a decision task and activity predicted from  
computational model Cisek 2006
Two possible targets are presented: one red, one blue (A). Then, the colour o f the 
central target indicates which one o f the targets is correct and then the GO signal 
(green circles) indicates that the monkey should reach towards the correct target. 
Neuronal activity in rostral dorsal premotor cortex (PMd) shows that two 
potential actions are specified initially with one being facilitated and the other 
inhibited. In contrast, in M l, only the appropriate action is represented at the end 
o f the decision process. Therefore, rostral PMd appears a likely site for 
integration o f signal response processing within multiple streams including PPC 
and prefrontal cortex.

B is a simulation o f this two target task. Both potential targets are represented in 
PMd and PPC.

B. Two-target task -  Simulation
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two potential targets were cued, both were represented until the target for the 

reach was specified. Thereafter, the correct response was facilitated and the 

least appropriate representation inhibited. He later modelled this activity 

suggesting that several potential action plans were simultaneously represented 

within fronto-parietal processing streams (Fig 1.9). Similar representations 

would excite each other, whereas opposing representations would inhibit one 

another (Cisek 2007). In other words, competing or conflicting response plans 

lead to mutual inhibition in such a model.

Cisek proposed that the PPC would be one site where response competition 

would occur with the population o f neurons representing both possible 

response choices (Fig 1.8b and 1.9). Although he chose to model PPC as it has 

been previously implicated in visuomotor processing, one could argue that the 

computer simulation does not provide direct evidence for the presence o f 

neurons coding multiple response choices in PPC.

However, another recent paper did directly examine the activity within PPC 

neurons when response choices between two alternatives were made 

(Scherberger and Andersen 2007). In their paradigm, Scherberger and 

Anderson trained rhesus monkeys to reach towards one o f two targets 

(Scherberger and Andersen 2007). The monkey was free to choose the targets, 

but the interval between presentation o f the two targets was altered such that 

the monkey chose evenly between the two.
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Activity within neurons o f the PPC was correlated with response choice, i.e. 

the cells were not simply responding to the presence o f the target, but the 

intention to act towards the target (Scherberger and Andersen 2007). Thus 

there is neurophysiological basis for the proposition that response choice 

competition occurs between cells in PPC.

In the next section we present evidence on how PPC and other brain areas are 

thought to be involved in response competition. Paradigms such as the Eriksen 

flanker and Stroop tasks have often been used to investigate response 

competition in humans (Botvinick, Nystrom et al. 1999; Casey, Thomas et al. 

2000; Bunge, Hazeltine et al. 2002; Botvinick, Cohen et al. 2004). In these 

tasks there is always one correct response, and the interfering information 

engenders representations o f incorrect responses that are thought to compete 

leading to delay (Eriksen 1995). Therefore, the flankers or incongruent 

interfering information can be thought o f as analogous to the incorrect response 

option in the task used by Cisek (Fig 1.8a - Cisek and Kalaska 2005) and also 

to the response plan that is not chosen in the free choice paradigm used by 

Sherberger and Andersen (Scherberger and Andersen 2007). All o f these 

paradigms require subjects to resolve competition between possible responses.
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motor output

Figure 1.9 Computational model of action selection from Cisek 2006 and 2007
Each neural layer is depicted by a set o f circles representing cells with different 
preferences for a movement parameter (e.g. direction). Thin arrows represent 
topographic connections (in most cases reciprocal) between layers involved in action 
specification. Grey polygons represent the input to and from prefrontal cortex, which is 
divided into two subpopulations each preferring a different stimulus colour. These 
projections are also topographic, but with much lower spatial resolution. Visual inputs 
are presented to the input layer, and the GO signal gates activity in primary motor corte 
Abbreviations: PPC, posterior parietal
cortex; PFC, prefrontal cortex; PMd, dorsal premotor cortex; M l, primary motor cortex
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We propose that competing action plans propagated within PPC mutually 

inhibit each other resulting in the delay in activity found when responses 

compete. Control over interference from competing responses is often thought 

to involve cognitive control systems that allow flexible adaptation o f behaviour 

and the role o f the PPC is discussed in the context o f the cognitive control 

literature.

1.4 Cognitive control: flexible action selection

Cognitive control is a broad term used to describe flexible adaptation of 

behaviour to meet current demands (Botvinick, Cohen et al. 2004). One 

problem with investigating such control processes is that we have no a priori 

knowledge o f the modules o f  control activity within the brain. When faced 

with a difficult task, one could imagine that increasing alertness, error 

monitoring, filtering o f distracting information or inhibiting inappropriate 

motor plans could all result in improved performance. Some observers have 

suggested separate systems operate for all these and other facets o f cognitive 

control, with interaction between different components essential particularly 

for say updating strategy when an error has been detected, or implementing 

rule changes that might alter which response is appropriate (van Veen and 

Carter 2002; van Veen and Carter 2005).

An alternative, but perhaps complementary, view is that there are high-order 

abstract executive control functions common to many cognitive operations 

(Norman and Shallice 1986; Duncan and Owen 2000). Carter and colleagues 

point out that monitoring and resolution o f conflict could be a process shared
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by many situations requiring cognitive control (Carter, Botvinick et al. 1999). 

For example, there is conflict when motor plans compete and a choice must be 

made (Botvinick, Nystrom et al. 1999; Liston, Matalon et al. 2006); during 

commission o f an error there is conflict between the actual and the desired 

response (Carter, Braver et al. 1998); and when rapid strategy changes are 

required there is conflict between the familiar and new responses to a stimulus 

(Liston, Matalon et al. 2006). Dissociating cognitive control processes has been 

attempted using functional imaging studies although these show brain activity 

associated with rather than critical for a particular function. Lesion studies, on 

the other hand, could reveal selective damage in cognitive subsystems and 

whether brain regions are critical for such functions. But very few have been 

designed to investigate such control deficits (Turken and Swick 1999; Swick 

and Jovanovic 2002; Swick and Turken 2002; Aron, Fletcher et al. 2003; 

Ullsperger and Yves von Cramon 2006; Sumner, Nachev et al. 2007).

It should be noted that considering ‘control’ regions within the brain is not

useful if one cannot explain how that region is activated by external stimuli and 

contextual information. Description o f control processes should not rely on 

central command, ‘ executive’, or a homunculus within our brains guiding 

behaviour (Sumner, Nachev et al. 2007).

Can we then really differentiate ‘control’ processes from any other activity 

occurring within the brain? One approach to this question is to distinguish 

between automatic or reflexive activity as opposed to flexibly implemented 

brain processes that may occur only under certain circumstances. An example
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of an automatic action is perhaps rapid gaze shift and fixation o f a salient 

visual event, sometimes considered to be a stimulus-driven or ‘bottom up’ 

response. A flexible process might be the choice to change pedals in the car 

when we see a traffic light change from red to green, a goal driven or ‘top 

down’, controlled action. But there are many similarities between these two 

processes; both are the result o f neural activity generated by a sensory 

environment in the context o f neuronal adaptation based on previous 

experience. In addition, neither action is inevitable as both can be overcome -  

even salient events can be ignored and if  a person steps out in front o f the car, 

the pedal change would be delayed.

Therefore, one might consider all behaviour as the result o f stimulus-activated 

response plans. Many channels may operate in parallel to process stimulus 

response activations, but these would need to converge to form coherent motor 

output. As we have seen in section 1.3, there is evidence that multiple motor 

plans are activated when a response is planned and that information regarding 

the action to be undertaken accumulates within premotor cortex until a decision 

threshold is reached (Cisek 2007). It would not be expected that all processing 

streams process information in exactly the same way. Competition between 

action plans may be biased differentially across brain regions according to 

distinct characteristics o f neurons within each area, for example, hypothetically, 

one brain region may have a centre-surround type inhibition where information 

at the fovea is processed preferentially, whereas another area may selectively 

propagate the most novel information.
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Therefore, rather than one neuronal group ‘controlling’ another, several

processing streams may combine and depending on the strength o f each, motor 

output is determined. Consistent with the idea o f multiple parallel motor 

processing streams, in monkeys the premotor cortex has connections to and 

from inferior and superior parietal regions, as well as medial prefrontal cortex 

(Ghosh and Gattera 1995; Rozzi, Calzavara et al. 2006). In humans, functional 

imaging has demonstrated that widespread networks o f areas, including parietal 

and frontal regions, are activated when movements are planned (Elsinger, 

Harrington et al. 2006).

For these reasons, the term ‘control’ when applied to brain processes should 

perhaps be avoided and it is used here only to be in keeping with the large body 

o f ‘cognitive control’ literature. In this thesis ‘control’ refers to processes that 

may modulate but not be critical for behaviour. The rationale for this 

distinction is pragmatic as it separates patients with hemiparesis or 

hemisensory loss from those with more subtle deficits in motor programming. 

While patients with left neglect may have a full range o f movement even with 

their left arms, under certain circumstances they may fail to move (motor 

neglect) or lose some o f their premorbid motor refinement (e.g. directional 

hypokinesia). This is in stark contrast to patients with hemiparesis who have 

damage in the primary motor pathways and are unable to move their limbs at 

all. In this case, a critical motor output pathway or combination o f pathways 

may be damaged, although multiple other areas that feed-forward to influence 

motor output and modulate behaviour in certain situations may still be in ta c t.
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In the next section we discuss experimental paradigms used to investigate 

behavioural modulation or control. These include the Eriksen flanker and 

masked prime tasks which are used in the experimental chapters o f this thesis 

and therefore discussed in detail as well as the Simon task (spatial conflict),

Stroop task and task switching experiments which are referred to only where 

pertinent. Thereafter, the cognitive control systems uncovered using these 

paradigms are discussed, divided into sections on medial and lateral prefrontal 

and posterior parietal regions.

1.4.1 Generating competition: interference paradigm s

Much of the work underlying our understanding o f flexible control o f 

behaviour when responses conflict stems from interference paradigms such as 

the Eriksen flanker task (Eriksen and Eriksen 1974; Botvinick, Nystrom et al. 

1999; Bunge, Hazeltine et al. 2002; Durston, Davidson et al. 2003; Blasi, 

Goldberg et al. 2006, e.g. Fig 1.10a). In this task subjects respond according to 

a central cue and ignore peripheral flanking stimuli. Often the central cue is an 

arrow and the flankers may be congruent with the cue (pointing in the same 

direction), incongruent (pointing in the opposite direction) or neutral, i.e. they 

don’t carry any directional information. Another paradigm widely used to 

investigate conflict is the Stroop task (MacDonald, Cohen et al. 2000; Pujol, 

Vendrell et al. 2001), where subjects are asked to report the colour o f the print 

used to type a word and the text of the word can either name the same colour 

(congruent) or a different colour (incongruent - Fig 1.10). Consistently, it has 

been shown that normal subjects are slower to respond and make more errors 

in the incongruent than congruent condition o f these two tasks.
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Reaction time delay in the incongruent condition is thought o f as the cost o f 

interference due to processing o f competing information (Eriksen 1995). In the 

Eriksen flanker task, when flanking letters are different from the target but 

have no response association, the delay is much less than when flanker letters 

are different and carry a conflicting response association (Eriksen 1995). 

Therefore, competition between motor responses rather than sensory 

representations is thought to account for most o f the incongruent response 

delay.

Not only do these interference paradigms provide a window onto modulation 

o f motor performance directly within a trial, but they also show how motor and 

cognitive control mechanisms influence behaviour according to the context on 

a longer term basis (Gratton, Coles et al. 1992). In the Eriksen flanker task, the 

size o f the incongruence reaction time cost is affected by the preceding trial 

type (Casey, Thomas et al. 2000; Scerif, Worden et al. 2006); the delay is 

reduced when an incongruent stimulus follows another incongruent stimulus 

(Gratton, Coles et al. 1992). While a proportion o f this reduction is due to 

repetition priming o f stimuli (Mayr, Awh et al. 2003), some of the adaptation 

cannot be explained by simple stimulus recurrence and is thought to reflect 

modulation o f activity in areas processing response competition (Ullsperger, 

Bylsma et al. 2005).
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Fig 1.10 Eriksen flanker and Stroop tasks
In the Eriksen flanker task (a), subjects have to respond to the central target arrow 
and ignore the peripheral flankers. Consistently, a response delay has been shown 
when the flaking arrow are incongruent (top row), compared to when they are 
congruent (middle row) or neutral (bottom row). Likewise, reading the word in the 
Stroop task (b) is delayed when the colour is incongruent (bottom two boxes).
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The nature o f these contextual control processes has been a matter o f intense 

debate. Carter and colleagues propose conflict monitoring within the anterior 

cingulate cortex to be an important component o f contextual cognitive control 

(Carter, Botvinick et al. 1999; Carter, Van Veen et al. 2001), whereas other 

observers suggest that error monitoring, selection for action or even increased 

arousal could explain their experimental findings (Posner and DiGirolamo 

1998; Braver, Barch et al. 2001; Nachev, Rees et al. 2005).

Cognitive control o f motor competition is also illuminated using another type 

of interference task, the masked prime task. Response competition in the 

masked prime task is generated by prime arrows that are not visually perceived 

because they are very briefly presented and then masked (Eimer and 

Schlaghecken 1998). Despite not being visually perceived, the masked arrow 

still affects subsequent performance when a speeded response is required to a 

target arrow (Fig 1.11a).

Critically, the effect o f the prime on the target is dependent upon the duration 

between onset o f the mask and onset o f the target (Eimer 1999; Eimer and 

Schlaghecken 2001; Eimer, Schubo et al. 2002). If the mask and target are 

separated by a short duration o f <50ms, then incongruent primes tend to slow 

and congruent primes speed performance, similar to classical priming effects 

(Fig 1.11b). However, if the prime and target are separated by a longer interval 

of ~~200ms, the reverse effect is seen. Prime arrows that point in the same 

direction as the target result in slowed reaction time to the target. This 

paradoxical slowing is called the negative compatibility effect (NCE -  Fig
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1.12c). So, for example, if  a right prime is first presented and then masked and 

then after 200ms a right target arrow is presented, the response to the target is 

slower than if the prime were either a neutral square or a left prime (Fig 1.12d).

Much investigation has focussed on the reason for the negative compatibility 

effect. Why would compatible prime arrows cause slowing? ERP data have 

suggested that in fact the primes initially cause activation in the direction o f the 

prime, but that this activation is subsequently inhibited leading to favouring o f 

the alternative response (Fig 1.11 and 1.12). This automatic inhibition is 

thought to prevent us acting on the basis o f the very short, irrelevant prime cue, 

i.e. it reflects inhibition o f motor programs that are not subsequently carried out 

(Eimer and Schlaghecken 1998; Eimer 1999; Eimer, Schubo et al. 2002; Seiss 

and Praamstra 2004; Seiss and Praamstra 2006; Sumner, Nachev et al. 2007; 

Sumner 2008). Such an inhibitory mechanism would refine movement 

resulting in only appropriate responses occurring.
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Fig 1.11 M asked prim e paradigm  and ERP responses
(a) shows a typical masked prime paradigm in which a negative compatibility 
effect (slowing when prime and target point in the same direction) is obtained. 
ERP responses following congruent, incongruent and neutral masked primes are 
shown (b). Note the change in polarity (marked by solid and unfilled arrows) for 
compatible (congruent) stimuli over time.
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Neurophysiological and lesion data suggest that the automatic inhibition is 

generated in medial frontal supplementary motor areas (Eimer, Schubo et al. 

2002; Sumner, Nachev et al. 2007). Further evidence that the inhibition occurs 

at the motor output stage o f processing comes from the finding o f effector 

specific deficits. A patient with a tiny lesion in the supplementary eye field lost 

automatic inhibition for eye, but not hand movements when performing the 

masked prime task, i.e. he had a reversal o f the NCE when using the eyes, but 

not the hands (Sumner, Nachev et al. 2007). In contrast a patient with a larger 

SEF and supplementary m otor area lesion had a reversal o f the NCE for both 

eye and hand movements (Sumner, Nachev et al. 2007).

But what triggers inhibition o f the prime? Early reports suggested that the NCE 

reflected automatic self-inhibition o f motor plans that were not being 

propagated and that such inhibition was initiated either by the onset o f the 

mask or the presence o f a motor plan in the absence of appropriate ongoing 

visual stimulation (Eimer and Schlaghecken 1998). Contrary to this, other 

accounts have suggested that perhaps perceptual factors such as mask-induced 

priming or prime-induced alteration o f the saliency o f the target may contribute 

to the NCE (Klapp and Hinkley 2002; Lleras and Enns 2004; Sumner 2007).

Most masks used in experiments where a NCE has been found comprise either 

arrows in both directions (Eimer and Schlaghecken 1998) or randomly 

generated diagonal lines . In both cases, the features within the mask that are 

not in the prime may be processed in a privileged way simply because they are 

novel and this could result in priming in the opposite direction to the prime.
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However, while a proportion o f the NCE may result from this mask-induced 

priming, even when this is controlled for there is still significant negative 

priming, suggesting that this is not the whole explanation (Sumner 2008). In 

addition, when prime and target are at different locations, a NCE can still occur, 

making perceptual priming at a given location an unlikely cause o f the NCE 

(Sumner, Tsai et al. 2006; Machado, Wyatt et al. 2007). Overall, it is 

considered that the majority o f the NCE results from activation o f a motor plan 

that is subsequently inhibited rather than perceptual interactions.

One interesting question regarding all these interference paradigms (masked 

priming, Eriksen flanker, Stroop) is whether or not they all involve the same 

cognitive operations. For example, all require selection between competing 

responses. Therefore one could consider that they were tapping into at least one 

similar cognitive process. However, it is equally possible, that brain systems 

involved in inhibition o f flanker induced response plans differ from those that 

automatically inhibit masked primes. In order to explore these possibilities, one 

could ask whether lesions in certain areas interrupt processing in similar or 

distinct manners across these different interference tasks.

Much o f the research into cognitive control has focused on activity within 

prefrontal areas. Therefore medial and dorsolateral prefrontal cortices are 

discussed separately prior to exploring the possible role o f posterior parietal 

cortex in flexible control over behaviour.
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Fig 1.12 M asked prim e parad igm  and  E R P responses
The effect o f the masked prime is dependent on the duration between the prime and the 
target (A). When the interval is short (B), incongruent arrows cause a delay, but when the 
interval is long (~200ms), congruent arrows cause a delay (C). D shows a schematic o f  brain 
activity in response to the prime (activation in the direction o f the prime), then subsequent 
inhibition (resulting in activation in the opposite direction) and then activity related to the 
target when the primes are either neutral (dashed line) or rightward (solid line). NCE = 
negative compatibility effect.
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1.4.2 Medial Prefrontal Cortex: conflict detection, response selection or 

arousal?

One medial frontal area, anterior cingulate cortex (ACC), has been the focus of 

a great deal o f research into cognitive control and in particular conflict 

processing. ACC (Fig 1.2) activation has been shown when responses conflict 

in many different fMRI studies (Botvinick, Nystrom et al. 1999; Casey,

Thomas et al. 2000; M acDonald, Cohen et al. 2000; Liston, Matalon et al.

2006). Computational modelling suggests that ACC activation in paradigms 

such as the Eriksen flanker task could be attributed to the level o f response 

conflict (Botvinick, Braver et al. 2001). However, the ACC activates in a wide 

range of cognitively demanding tasks, o f which the high-conflict, incongruent 

condition o f the Eriksen flanker task is only one (Duncan and Owen 2000). 

Clear dissociations between conflict-related activity and the influence o f task 

difficulty have not been shown. Further, one study suggested that ACC activity 

correlated with increased heart rate independently o f task requirements 

suggesting that ACC may in fact mediate the autonomic arousal associated 

with conflicting or difficult situations (Critchley, Mathias et al. 2003).

Nevertheless Carter and colleagues propose that the role o f the ACC is to 

monitor the degree o f conflict (Carter, Braver et al. 1998). After detecting 

conflict, rather than mediating resolution o f conflict itself, they suggest that the 

ACC recruits other regions, notably the lateral prefrontal cortex (LPFC) and 

posterior parietal cortex (PPC) that then implement changes in cognitive 

control in response to the presence o f conflict (Kerns, Cohen et al. 2004; 

Ridderinkhof, van den Wildenberg et al. 2004; Egner and Hirsch 2005).
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There are several challenges to the idea o f the ACC as a generic conflict 

monitor. The first is that both humans and monkeys with ACC lesions do not 

show deficits on all tasks requiring conflict resolution (Stuss, Bisschop et al. 

2001; Swick and Jovanovic 2002; Rushworth, Hadland et al. 2003; Rushworth, 

Walton et al. 2004; Fellows and Farah 2005). Neither were consistent changes 

in event-related electrical activity following high conflict situations 

demonstrated in a subject with an ACC lesions (Swick and Turken 2002). 

Electroencephalographic study o f one patient with a lesion o f the ACC 

revealed that the event-related potential (ERP) component, N450, which 

follows incongruent stimuli was increased, whereas, the error related ERP 

signal, error related negativity, was attenuated (Swick and Turken 2002). 

Detailed ERP studies on normal individuals have led to suggestions that error- 

related and response conflict-related activity occur in different parts o f the 

ACC (van Veen, Holroyd et al. 2004). However, if  the ACC is acting as a 

generic conflict detection centre, it should be similarly activated by both 

commission of errors and response competition.

The next major challenge comes from fMRI studies that have not shown ACC 

activation during tasks that involve conflict (Milham, Banich et al. 2003; 

Nachev, Rees et al. 2005). In one o f these studies subjects were either 

instructed or had a free choice to initiate an eye movement leftward or 

rightward (Nachev, Rees et al. 2005). On 50% of trials, a variable time after the 

onset o f the cue to initiate a saccade, subjects were instructed to change 

direction. In this high conflict, change-of-plan condition, BOLD responses
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were found in the rostral pre-supplementary areas (pre-SMA) and not in the 

ACC (Fig. 1.2). The index o f volition, the free choice condition, revealed 

activity in the caudal pre-SM A consistent with one other study suggesting a 

role for the pre-SMA in internal generation o f movement (Lau, Rogers et al. 

2004). Thus, different areas within the pre-SMA are involved in selecting 

between conflicting motor plans and volitional control o f movement. Further, 

the lack o f ACC activation means that its proposed conflict monitoring role 

does not generalise to all situations.

Rather than being a conflict monitor, the role o f the ACC may be in the 

translation o f emotional or motivational states leading to increased arousal into 

the physiological autonomic responses (Paus 2001; Critchley, Mathias et al. 

2003). The ACC has connections to motor cortical and spinal areas, 

dorsolateral prefrontal cortex (DLPFC) and limbic areas including the thalamus 

which make it well connected for mediating physiological responses to high 

arousal states (Paus 2001). High conflict situations may in fact be activating 

the ACC because o f the increased arousal associated with these stimuli.

Establishing the function o f the ACC and other regions within the medial 

frontal cortex is made more difficult by the fact the medial frontal lesions 

following stroke or tumour resection tend to be large limiting the inference that 

can be made about small sub-regions. The proximity o f areas such as the pre- 

SMA and ACC is extremely close, so individual variation can mean resolution 

o f these structures challenges most MRI scanners (Fig 1.2). However, a recent 

study investigated motor control using the masked prime paradigm in two
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patients with very small lesions, one involving the supplementary eye field 

(SEF) and the other both SEF and SMA, identified using seven tesla magnetic 

resonance imaging (Sumner, Nachev et al. 2007). In both patients, there was a 

reversal o f the NCE found in normal subjects. In the patient with just SEF 

damage, this reversal occurred only when he responded using his eyes. In 

contrast, the patient with SEF and SMA damage had the abnormality for both 

eye and hand movements.

These tiny lesions were associated with reversal o f the normal inhibitory 

processes that control movement, but it is important to note that the prime 

arrow still had an effect on performance. Motor priming still occurred, even 

though normal inhibition was lost. If  the SMA and SEF were the only areas 

normally involved in processing competing responses, one would not expect 

the prime to have any effect on the target. However, there was evidence in 

these patients with medial frontal damage o f priming, presumably occurring in 

other intact brain regions. Therefore, these lesions unmasked a second process. 

Thus there appear to be at least two and possibly more parallel processing 

streams for signal response associations.

In summary, there appears to be functional fractionation within the medial 

prefrontal cortex (Picard and Strick 2001). How such specialisation is 

organised is still unknown and can only be accurately assessed using 

techniques that allow high structural and functional resolution o f brain areas 

and paradigms that explore the appropriate cognitive process and response 

modality. Although there is evidence that the ACC cannot be acting as a
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conflict detector in all situations, it is still possible that processing conflicting 

stimuli is an intrinsically important process occurring within the cognitive 

control system.

1.4.3 Lateral prefrontal cortex mediates flexible behaviour when 

circumstances change

A meta-analysis o f frontal activation during cognitively demanding tasks 

revealed that regions o f lateral prefrontal cortex, like the ACC, are active 

during a diverse range o f activities suggesting that these areas may subserve 

operations of fundamental importance for cognitive function (Duncan and 

Owen 2000). Although lateral prefrontal cortex (LPFC), like medial prefrontal, 

is stimulated by conflicting information (Botvinick, Nystrom et al. 1999), the 

pattern of activations suggests that rather than responding purely to the 

presence of conflict, LPFC is involved in maintenance and alteration o f task 

rules (Miller and Cohen 2001; Sakai, Rowe et al. 2002). Since lateral and 

medial prefrontal areas seem to subserve different aspects o f similar cognitive 

control processes, much emphasis has been placed on the interaction between 

the two areas.

The conflict monitoring hypothesis suggests that the ACC recruits DLPFC 

after detection o f conflict (Ridderinkhof, van den Wildenberg et al. 2004). 

Trial-by-trial BOLD changes in ACC and DLPFC have shown that ACC 

activation on an incongruent trial not only predicts improved performance on a 

subsequent incongruent trial, but also increased DLPFC activity on that 

subsequent trial (Kerns, Cohen et al. 2004; Liston, Matalon et al. 2006).
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Although these results are cited as evidence for recruitment o f DLPFC by the 

ACC, in fact both regions could be independently responding to the context o f 

the task. Further, there is evidence against the need for ACC to recruit DLPFC 

as, after a conflict task has been practised and become familiar, DLPFC 

activates autonomously without the need for prior ACC involvement (Milham, 

Banich et al. 2003).

Parris et al suggested that the LPFC is actually activated by attentionally salient 

perceptual events perhaps evaluating whether such events require a change in 

the behavioural rules (Parris, Thai et al. 2007). However, it seems likely that 

the LPFC is recruited in a task-specific way. For example, using a Stroop task, 

Macdonald and colleagues showed that the left DLPFC activates when subjects 

are given the instruction to name the colour o f the text rather than read the 

word that names a colour despite the fact that these two instructions had similar 

perceptual salience (MacDonald, Cohen et al. 2000). Individuals with most left 

DLPFC activation when given the instruction had least Stroop interference 

when the trial began, suggesting more efficient performance on a task is related 

to DLPFC activation. This task-specific activation is consistent with the view 

of the lateral prefrontal region as an area in which current goals are represented 

in working memory (Miller and Cohen 2001).

While some parts of the LPFC, particularly perhaps the left DLPFC, appear to 

mediate changes in task rules, the right lateral prefrontal cortex may 

specifically have a role in inhibition o f prepotent responses (Garavan, Ross et 

al. 1999; Aron, Fletcher et al. 2003; Aron, Robbins et al. 2004). Aron and
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colleagues tested patients with right frontal lobe damage on a stop-signal 

response paradigm (Aron, Fletcher et al. 2003). In this task, 75% of the time 

subjects responded left or right according to an arrow. In 25 % o f trials, this 

arrow was followed a variable time later by a beep which instructed them to 

withhold a response. The extent o f damage in each o f their subjects was plotted 

in five different frontal regions o f interest that had been defined by previous 

functional imaging studies. Correlations between damage in each region o f 

interest with each person’s performance on this task revealed that patients with 

right inferior frontal damage were least well able to inhibit their original 

response. In support o f this, fMRI work has suggested that there appears to be a 

right lateralised network for response inhibition including the lateral prefrontal 

cortex, insular, frontal limbic and inferior parietal lobe (Garavan, Ross et al. 

1999).

In summary, fMRI studies have shown that LPFC regions are activated by 

conflict particularly in task-switching paradigms when the rules o f an 

experiment are changed and subjects have to adjust their response to familiar 

stimuli and also when subjects are required to inhibit a prepotent response to a 

stimulus (Garavan, Ross et al. 1999; Konishi, Nakajima et al. 1999;

MacDonald, Cohen et al. 2000; Swainson, Cunnington et al. 2003; Parris, Thai 

et al. 2007). Both these operations may underlie implementation o f flexible 

behaviour.
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1.4.4 Posterior parietal cortex: stimulus-response decoding and response 

inhibition

Parietal, along with medial and lateral frontal, activations have been found 

widely in functional imaging studies when responses conflict (Botvinick, 

Nystrom et al. 1999; Casey, Thomas et al. 2000; Cavina-Pratesi, Valyear et al.

2006), but little is known about the precise role o f the parietal lobe (Liston, 

Matalon et al. 2006). The focus o f this thesis is how patients with left neglect, 

who often have parietal damage, resolve competition between conflicting 

response plans. In particular, lesion data suggest that the right PPC is important 

for generating directional leftward response programs (section 1.2.2). Very 

little work has focussed on how competing directional response plans are 

processed within the parietal lobe, but some studies have investigated the role 

o f parietal cortex in competition between other types o f responses, for example 

button presses with one or both hands.

When an action must be selected from two or more possible options, the 

parietal lobe activates in neuroimaging studies (Jahanshahi, Jenkins et al. 1995; 

Botvinick, Nystrom et al. 1999; Casey, Thomas et al. 2000; Bunge, Hazeltine 

et al. 2002; Cavina-Pratesi, Valyear et al. 2006; Elsinger, Harrington et al.

2006; Lau, Rogers et al. 2006; Liston, Matalon et al. 2006; Mueller, Brass et al.

2007). In order to investigate the role o f the parietal lobe in response 

competition, one study focussed on the parietal contribution to modulation of 

conflict processing according to context (Casey, Thomas et al. 2000). Using a 

variant o f the Eriksen flanker task, Casey and colleagues compared brain 

activation when incongruent stimuli were preceded by either four incongruent
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stimuli or four congruent stimuli (Casey, Thomas et al. 2000). As has been 

shown before behaviourally (Gratton, Coles et al. 1992), reaction time costs 

reduced when incongruent stimuli followed other incongruent rather than 

congruent stimuli. Adaptation to the increased proportion o f incongruent 

stimuli suggests strategic adjustment o f cognitive control to limit flanker 

interference.

Casey et al. reported that activity in the superior parietal lobe (superior frontal 

gyrus and cerebellum too) increased when an incongruent stimulus followed 

four incongruent stimuli whereas inferior parietal (and superior temporal) 

activity reduced. They explained these findings in terms o f allocation o f  spatial 

attention. Superior parietal regions have previously been suggested to direct 

top-down distribution o f spatial attention (Corbetta and Shulman 2002). Casey 

and her colleagues proposed that the superior parietal lobe mediated strategic 

focus o f attention onto the central target after several incongruent trials. In 

contrast, they suggested the inferior parietal lobe normally broadens attention 

to include the peripheral visual field and deactivates after repeated incongruent 

stimuli to allow focus o f attention on the central target.

Mattler has challenged this interpretation o f their data by studying the effect o f 

varying the proportion o f incongruent trials on the interference costs o f 

flankers close to and far away from the central target stimulus (Mattler 2006). 

More distant flankers cause less interference cost than flankers close to the 

central cue -  the distance effect. Therefore, if a narrowed focus o f attention is 

responsible for the performance improvement in blocks with a high proportion

77



o f incongruent trials, subjects should have an increased distance effect in these 

blocks, i.e. they would have even less interference from distant peripheral 

flankers if the attentional focus was reduced. However, despite using 5 

different paradigms, Mattler found that this distance effect was if anything 

reduced in blocks with a high proportion o f incongruent trials, inconsistent 

with the attention allocation account o f Casey and colleagues.

Further investigation into the role o f the parietal lobe in response competition 

has suggested perhaps that the parietal lobe represents the selection o f possible 

motor plans o f which only one is implemented. Bunge and colleagues trained 

subjects to push a left or right-sided button in response to 4 different letters 

(Bunge, Hazeltine et al. 2002). Using an Eriksen flanker task where one o f the 

letters was the central cue and the flankers were either congruent or 

incongruent letters or neutral asterisks, they showed that regions within lateral 

prefrontal cortex activated only in the incongruent compared with neutral or 

congruent conditions. Thus these prefrontal regions appeared to be involved in 

choosing between two competing responses.

In contrast regions within the left inferior and superior parietal lobe were 

activated not only in the incongruent, but also in the congruent compared to the 

neutral condition. In the congruent condition, there were two different letters 

representing the same direction, whereas in the neutral condition only one letter 

carried any associated direction. Therefore the increased parietal activation 

perhaps represented the increased number o f stimuli that required interpretation 

or signal-response (S-R) relationships that needed decoding. However, these
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data may be confounded as the neutral condition had fewer letters than the 

other two conditions, so there is a possibility that the left parietal lobe activity 

simply reflects counting the number o f letters.

More recent work using fMRI and stimuli that were either houses or faces has 

supported this interpretation o f the left parietal lobe as the site where S-R 

relationships are decoded (Cavina-Pratesi, Valyear et al. 2006). Subjects had to 

press a button every time they saw a stimulus (simple reaction time task), 

withhold a response when they saw one o f the two stimulus types (go-nogo 

tasks) or choose one o f two buttons they had been taught to associate with each 

stimulus (choice reaction time task). These authors showed that the left parietal 

lobe was activated more in a choice reaction time task and a go-nogo task 

where there were two stimulus response associations, than the simple reaction 

time task where there were two stimuli, but only one possible response. This 

second report suggested that it was more superior regions within the left 

parietal lobe that decoded S-R relationships and perhaps represented possible 

response options.

While these two studies illuminate the function o f the left parietal lobe, many 

studies have found either bilateral (Liston, Matalon et al. 2006) or right- 

lateralised activation in the parietal lobe during tasks that require cognitive 

control (Botvinick, Nystrom et al. 1999; Garavan, Ross et al. 1999). Botvinick 

and colleagues showed that right parietal lobe is activated in the incongruent 

condition o f the Eriksen flanker task whereas bilateral inferior parietal cortices 

modulate their processing o f incongruent stimuli according to context
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(Botvinick, Nystrom et al. 1999). In the incongruent situation in the Eriksen 

flanker task, subjects must both filter the sensory information and inhibit an 

unwanted response. The latter process, response inhibition, may be particularly 

relevant to the hypothesis being tested in this thesis as, if opposing directional 

plans are assumed to mutually inhibit one another, loss o f competing leftward 

response plans would result in disinhibition o f  rightward response plans. 

Therefore loss o f a competing response can also be considered as a failure of 

inhibition.

Inhibitory control o f behaviour was investigated by Garavan and colleagues 

(Garavan, Ross et al. 1999) by presenting letters every 500ms and asking 

subjects to press one button when they saw an X and another when a Y was 

presented, but withhold a response when X and Y did not alternate. They found 

a widespread, right lateralised network o f regions -  including the angular gyrus 

o f the inferior parietal lobe as well as frontal areas -  activated when subjects 

were required to withhold a response. Thus the right parietal lobe appears to 

have a role in inhibition o f an inappropriate response perhaps mediating 

selection o f the most appropriate movement plan.

While some studies have suggested a motor role in response inhibition for the 

right PPC, Liston and colleagues propose that the parietal lobe responds to 

sensory rather than motor conflict (Liston, Matalon et al. 2006). They 

presented subjects with coloured discs overlaid with a grating. Discs were 

either red or green and each colour was assigned a button press. In addition, the 

grating was moving upward or downward and each direction was assigned one
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o f the same two buttons given to the colours. Three salience levels for colour 

and grating were created by changing the luminance o f the colour and contrast 

o f the grating. Their index o f response conflict was trials when the colour and 

grating instructed different buttons and subjects had to ignore one o f the two. 

Sensory conflict was assumed to occur when colour and grating instructed the 

same response, but the salience o f the irrelevant dimension was high. The 

strongest effects were found on “switch” trials when there was a change in 

instruction regarding the dimension to be monitored (colour or grating).

When reporting their data they highlight an anatomical dissociation with 

medial frontal regions activating to response conflict and superior parietal 

regions being sensitive to stimulus conflict. However one problem with this 

interpretation is the fact that the sensory conflict was generated by a parameter 

that had an associated response and therefore it was not purely sensory. Also, 

although they do not emphasise it, they clearly show that the inferior parietal 

lobe was also activated in their pure response conflict condition.

In summary, functional imaging data for the role o f the parietal lobe within the 

cognitive control system has been controversial. Some authors consider that the 

parietal lobe controls allocation o f spatial attention in response to conflict 

(Casey, Thomas et al. 2000; Botvinick, Cohen et al. 2004). However, more 

recent data suggests that the parietal lobe may be involved in response 

selection perhaps by representing all possible responses (Bunge, Hazeltine et al. 

2002; Cavina-Pratesi, Valyear et al. 2006). There appear to be differences 

between the roles o f the left and right parietal lobe in some paradigms with the
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left parietal lobe perhaps decoding complex signal response relationships while 

the right parietal lobe has a role in inhibition o f potential response plans.

So far we have reviewed evidence for motor deficits in patients with neglect 

and found particularly that neglect patients are slow to initiate contralesional 

movement, directional hypokinesia. In addition, parietal cortex activates in 

functional imaging studies during situations o f response conflict, when motor 

programs compete. The hypothesis to be tested in this thesis is that competing 

leftward responses are propagated within right PPC and that damage to the 

right PPC leads to a reduction in response competition from leftward motor 

programs resulting in relative disinhibition to the right.

1.5 Outline of thesis chapters

The remainder of this thesis investigates the possibility that motor deficits and 

cognitive control impairments occur in patients with visual and motor neglect 

perhaps contributing to the lateralised bias. Behavioural performance is directly 

related to lesion location using lesion-symptom mapping techniques.

Chapter 2 provides details o f experimental design, technical information on 

behavioural and lesion mapping methods, and patient recruitment. In chapter 3, 

a variant o f the Eriksen flanker task is run on right parietal and frontal patients 

with and without neglect, as well as on individuals with left parietal lesions and 

healthy controls. This task examines directional responses and the effect of 

irrelevant flankers on response competition. The findings reported in this
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chapter suggest that the right PPC may have a crucial role in representing 

competing leftward response plans.

This is further investigated in chapters 4 and 5. Chapter 4 describes right 

hemisphere stroke patients’ performance on a masked prime task where 

directional primes are invisible but nevertheless have an effect on subsequent 

congruent or incongruent action plans. By contrast, chapter 5 uses a free choice 

paradigm, where directional responses also compete but are not visually 

represented since participants freely choose to move in one direction or another.

To investigate whether there might be asymmetries o f conflict processing in 

the normal brain, healthy subjects are tested using a variant of the Eriksen 

flanker task in chapter 6. Chapter 7 focuses on motor neglect (lack o f use o f the 

contralesional arm) and provides new insight into behavioural deficits and 

neuroanatomy of this disorder. Finally, the findings o f all sections o f the thesis 

are summarised and discussed in chapter 8.
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Chapter 2: General methods

2.1 Subject recruitment

All subjects gave informed consent and the consent form had been approved by 

the relevant hospital ethics committee.

2.1.1 Patients

Patients were recruited from the National Hospital for Neurology and 

Neurosurgery, Charing Cross, St Thomas’ and St M ary’s hospitals. These 

patients were either recruited from the wards by me from 2004-2007 or had 

already been screened by other members o f the laboratory and were identified 

from the neglect database held by the cognitive neurology group at the Institute 

o f Cognitive Neuroscience. Hence there was some variability in the time since 

event and this is clearly documented for all patients.

The vast majority o f patients had suffered a stroke, either infarction or 

haemorrhage. Very occasionally patients with tumours were also tested and 

this is clearly documented in the text. Right-handed patients o f any age were 

included in the study. Exclusion criteria were: inability to comply with 

behavioural testing; bilateral lesions on imaging performed at the time o f the 

clinical event; bilateral clinical syndrome and limited comprehension such that 

task instructions were not understood.

2.1.2 Control subjects

Right-handed age-matched control subjects were recruited from the Agewell 

centre in Hammersmith which provides fitness, dancing and writing courses for
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over 50s. Subjects all performed normally on Bell’s cancellation and line

bisection tasks (see next section) and were excluded if  they had any history o f 

intracranial pathology or were on medication that could interfere with cognitive 

processing. Each group o f age-matched controls was chosen from a pool in 

order that the group average age was close to that o f the patients being tested.

2.2 Behavioural assessments

2.2.1 Visual neglect

Patients were identified as suffering from visual neglect if they showed a 

behavioural asymmetry on the Bells cancellation or line bisection tasks 

(Chapter 1, (Ferber and Kamath 2001)) such that they crossed at least 3 more 

Bells on the right than the left side o f the cancellation task or had a 5mm or 

greater average rightward deviation on the line bisection task (average o f three 

17cm lines). These two tests are thought to identify slightly different groups o f 

neglect patients, with the Bells cancellation as perhaps the more sensitive test 

o f lateralised bias (Ferber and Kamath 2001) and the line bisection being 

particularly abnormal in those with more posterior lesions (Rorden, Fruhmann 

Berger et al. 2006). However, this distinction is far from clear-cut and therefore 

both tests were used to identify as may patients as possible which then allowed 

within-group comparison o f behavioural performance, neglect severity and 

lesion location.

Non-neglect control groups were defined either as those who had never had 

neglect or those who showed no neglect at the time o f the experimental testing
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depending on the critical comparison sought. This will be clarified in each 

experimental protocol.

The age-matched control subjects were also tested for neglect using the Bells 

cancellation and line bisection. Normal performance was considered to be no 

evidence o f lateralised bias on the cancellation task and in addition, normal 

subjects were expected to cancel at least 90% o f Bells across both sides. Less 

than 5mm deviation from the centre o f the 3 lines was considered normal 

performance on the line bisection task.

2.2.2 M otor neglect

Motor neglect can be difficult to differentiate from hemiparesis (Punt and 

Riddoch 2006). Therefore for experimental testing, we excluded patients who 

had weakness on neurological examination at the time o f testing. All patients 

with motor neglect reported symptoms of failure to use the left arm or leg. In 

addition all patients had breakdown o f movement when rapid alternating hand 

movement were required. A novel test for motor neglect was also carried out 

on all patients. This is described in detail in the Chapter 7.

Motor neglect patients were also screened for visual neglect and personal 

neglect (Cocchini, Beschin et al. 2001).

2.2.3 Dyspraxia

Ideomotor dyspraxia was assessed clinically by asking patients to copy three 

hand gestures and also mime tooth and hair brushing (Goldenberg 1999).
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2.3 Stimulus presentation

All experiments were programmed using Presentation software (Albany, USA) 

software and presented on a Sony Vaio laptop with a 15” screen (PCG-5A1M). 

Subjects were instructed to fixate centrally for all experiments and eye 

movements were monitored by the experimenter. Importantly all experiments 

were programmed so that new trials did not start until after the subject had 

responded in the previous trial. This was to limit the impact o f impaired 

sustained attention that could cause right hemisphere stroke patients to miss 

events (Rueckart and Grafman 1996; Robertson, Manly et al. 1997).

2.4 Response devices

In some experiments, a joystick was used to make left or right directional 

responses. The desktop joystick was custom built by Traxsys (Ringwood, 

United Kingdom) and with a 6cm pole. It was fitted with a spring which 

automatically centred the pole. The dead-space was 1% of total movement and 

the joystick was polled every 10ms during movement. The critical reading was 

the time to move out o f the deadspace either leftward or rightward (movement 

initiation time). The output file from Presentation software recorded the trial- 

type, movement initiation time and the direction o f movement. Importantly, the 

polling o f the joystick began after stimulus presentation, therefore data were 

not recorded during the stimulus presentation and the duration o f the stimulus 

was added to the movement initiation time for all subjects. This did not affect 

the validity o f the data as the longest stimulus presentation time was 200ms, 

any movement within this time would conventionally have been considered 

anticipation and excluded anyway.
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In other experiments, where manual button presses were required, a Cedrus 

button USB box (San Pedro, USA) was used.

2.5 Experimental Design

Each experiment was divided into blocks and block length was established 

according to the different experimental questions with the constraint that it 

should not last more than 3 minutes to ensure that patients could easily comply 

without losing concentration. Instructions were given both verbally and in 

writing on the screen. A practice o f 1 block was given to all subjects. Data 

from this block were not recorded. Unless otherwise stated, trial types were 

pseudorandomised with the constraint that each trial type should be presented 

the same number o f times per block.

2.6 Behavioural data -  statistics

All statistical tests were performed SPSS 11.0 (Chicago, Illinois), unless 

otherwise stated. Individual statistics are described in each chapter. The 

Kolmogorov-Smimov normality test with Lilliefors correction was performed 

on each dataset to establish suitability for parametric tests (p>0.05). When data 

are presented graphically, error bars represent standard error o f the mean unless 

otherwise stated.

2.7 Lesion mapping -  MRICro

All patient lesions were acquired using MRICro software available at 

www.mricro.com and a touch sensitive tablet (Wacom, Saitama, Japan). The

http://www.mricro.com


source image was generally routine clinical imaging, either CT or MR, unless a 

high resolution MR performed for research purposes was available. The default 

yaw, pitch and roll were used and lesions were plotted on the CH2 template to 

create an ROI (region o f  interest) on the axial images at Z coordinates: 56, 61, 

66, 69, 75, 85, 88, 92, 96, 102, 108, 120 (Fig 2.1). Since the pitch o f the source 

images varied and differed from that o f the template in some cases, subcortical 

and cortical landmarks were used to maximise the accuracy o f copying the 

images. Individual lesions for each chapter are all displayed in Appendix 2.

The images were then either overlaid or subtracted in MRICro to show regions 

of brain damaged in a group o f patients or the region specifically associated 

with a particular behaviour. Voxel based tests o f statistical significance were 

performed using M RlCron software.

2.8 Lesion mapping - M RICron

Lesion studies are useful because, unlike neuroimaging techniques such as 

functional MRI, they reveal regions o f the brain critical for certain processes. 

However, there are many factors that may influence the degree to which one 

can confidently infer that damage in one area leads to a particular behavioural 

abnormality.

Most strokes are large and encompass several brain areas that subserve many 

modular functions. Strokes leading to neglect often result from infarction in the 

middle cerebral artery territory and these patients will have a stereotyped 

pattern o f damage with certain voxels being more commonly affected than

89



Figure 2.1 Axial planes used for lesion mapping
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others. Therefore, if  one takes a group o f patients who all behave in a certain 

way and looks for the commonest area to be damaged in these individuals, it 

will not be possible to differentiate those areas most susceptible to damage 

from those critically associated with behavioural abnormality.

In order to identify critical areas for a given process, a control group o f patients 

can be used who do not show a behavioural deficit but have stroke in a similar 

territory. They would therefore be expected to share lesion overlap in areas 

susceptible to damage, but not those critical for a given function (Kamath and 

Perenin 2005).

A second problem with lesion-sym ptom  mapping is that behavioural data from 

affected and control groups are often not parametrically distributed, for 

example, the control group could be performing optimally, whereas, the 

affected group have impaired performance leading to a skewed distribution. 

Further, in order to divide subjects into affected and unaffected groups, one has 

to decide on a cut-off point, for example, neglect and non-neglect patients may 

be separated on the basis o f  their performance on standard clinical tests. 

However, many o f the patients who take part in research have performed these 

tests many times, are highly motivated to optimise their performance and have 

leamt strategies for completing tasks following previous feedback during 

physiotherapy and neuropsychology rehabilitation. Therefore, these tests may 

be insensitive to lateralised bias in some cases.

91



The Brunner Munzel rank order test overcomes many o f these problems 

(http://www.sph.sc.edu/comd/rorden/mricron) (Rorden, Kamath et al. 2007). In 

this non-parametric test, continuous behavioural data are ranked at each voxel 

and regions associated with relatively low score (impairment) on a given test 

are identified. Thus no division o f patients according to behavioural 

performance or lesion location is required. In addition no assumptions are 

made about the underlying distribution o f the data. The Brunner Munzel 

statistic is described by:

/n/nir-t — r i I
'b m   ------------------— ?------------------ —

, /i i  +  n 2 1 v  « |.v j +  nis~

where ni and n2 denote the number o f observations in each group and n refers 

to the group’s mean rank within the pooled sample. This test is applied at each 

voxel under consideration and the two groups are those who have a lesion at 

this point compared with those who do not. The output o f MRICro is a z-score 

at each location that is equivalent to the t statistic calculated above.

This Brunner Munzel test is more robust than a t-test when the assumptions o f 

normality are violated (Rorden, Bonilha et al. 2007). Correction for multiple 

comparisons can be achieved using conventional Bonferroni correction, the 

false discovery rate or permutation testing (Rorden, Bonilha et al. 2007; 

Rorden, Kamath et al. 2007). In this thesis, Bonferroni correction is used as it 

is likely to be the most conservative o f the three methods and post correction 

significance level o f 0.05 is applied. Only voxels where 3 or more subjects
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have lesions are included in the analysis. In addition, single significant voxels 

are disregarded and clusters o f significant voxels are sought. This is because a 

single voxel may be significantly associated with behavioural abnormality by 

chance as the output o f the Brunner Munzel test in MRICron is a z score with a 

normal distribution. Thus after correction for multiple comparisons, even if no 

areas are significantly associated with a behavioural effect, a small number o f 

voxels may fall within the tails o f the distribution and appear significant. 

However, these voxels would not be expected to cluster.

It is important to note that there are still some major limitations with this 

method of lesion mapping. Firstly, the lesions are drawn by hand from clinical 

CT or MR scans onto templates in MRICro, thus introducing observer error. In 

addition different clinical scans, even within the same hospital, produce images 

sliced at slightly different pitches. In this thesis, the compromise o f using the 

default MRIcro pitch was chosen after some experimentation. Further, there are 

major differences in the sulcal landmarks between individuals and even 

heterogeneity in anatomical location o f different functional units within the 

brain (Mesulam 1985). For these reasons, although precise coordinates at the 

centre o f significant regions are given, lesion localisation is discussed in broad 

terms that cover many voxels, for example, posterior parietal vs inferior frontal 

cortex.

Finally, the influence o f lesion volume on lesion symptom mapping can be 

difficult to interpret. In theory, lesion volume can be looked for as an 

independent variable predicting an effect or used as a covariate with
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behavioural abnormalities. However, recent data suggest that lesion volume is 

not truly independent as it is related to lesion location (Husain and Nachev 

2007); smaller lesions tend to affect subcortical central areas whereas larger 

lesions stretch out into the periphery. Therefore, behavioural abnormality 

associated with either larger or smaller lesions could actually be due to damage 

in a particular cortical or subcortical area respectively. With this caveat, lesion 

volume is calculated using MIPAV software (version 4.0.1, NIH, Bethesda, 

Maryland) and correlations are sought between lesion volume and behavioural 

performance where appropriate.
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Chapter 3: Control over conflict during movement preparation: 

Role of posterior parietal cortex

3.1 Introduction

Successful behaviour requires animals to select appropriate actions in highly 

variable situations. If  the response is invariantly defined by the stimulus or 

environmental context, there is no difficulty for selection. Frequently, however, 

there is more than one possible action choice. Under these circumstances, there 

is potential conflict between response plans and it is necessary for brain 

mechanisms to select the best response to achieve the animal’s goal.

Although most studies have focused on the role o f prefrontal regions (Gehring 

and Fencsik 2001; Ullsperger and von Cramon 2001; van Veen, Cohen et al. 

2001; Garavan, Ross et al. 2003; Botvinick, Cohen et al. 2004; Ridderinkhof, 

Ullsperger et al. 2004; Rushworth, Walton et al. 2004; Egner and Hirsch 2005; 

Nachev, Rees et al. 2005), it is clear that conflicting potential responses evoked 

by the stimulus environment are also associated with parietal activity (Bunge, 

Hazeltine et al. 2002; Liston, Matalon et al. 2006; Stoet and Snyder 2007). 

However, the role o f posterior parietal cortex (PPC) in situations o f conflict has 

not been extensively studied. Indeed, because previous studies have examined 

only activity in intact PPC, and not what occurs following lesions to this region, 

it remains to be established if the PPC is necessary for behaviour under these 

circumstances.

The hypothesis being tested in this thesis is that the PPC plays an important 

role in the selection o f  action under situations o f response conflict, when
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stimulus-evoked responses activate conflicting action plans. In humans, 

damage to the PPC, most prominently in the right hemisphere, often leads to 

the syndrome o f unilateral neglect in which patients tend to be unaware o f 

objects to their left (Humphreys and Jane Riddoch 2001; Doricchi and 

Tomaiuolo 2003; Mort, M alhotra et al. 2003; Robertson 2003; Hillis, Newhart 

et al. 2005; Bartolomeo, Thiebaut de Schotten et al. 2007). In addition to 

perceptual and attentional factors that contribute to neglect o f leftward items 

(Duncan, Humphreys et al. 1997; Driver and Mattingley 1998; Mesulam 1999; 

Husain and Rorden 2003), some investigators have also reported directional 

motor deficits resulting in delayed reaching to contralesional objects -  

directional hypokinesia (DH) -  in patients with neglect following either 

parietal or frontal lesions (Ladavas, Umilta et al. 1993; Behrmann and Meegan 

1998; Mattingley, Husain et al. 1998; Coulthard, Parton et al. 2006; Sapir, 

Kaplan et al. 2007). However, the role o f the PPC in motor control has been 

highly contentious and no clear consensus has emerged from studies in either 

humans or monkeys. Thus while some authors have presented data in support 

o f a key role in programming spatially directed action (Milner and Goodale 

1995; Snyder, Batista et al. 1997; Wascher, Reinhard et al. 1999; Battaglia- 

Mayer, Caminiti et al. 2003; Rushworth, Johansen-Berg et al. 2003; Gail and 

Andersen 2006), others have argued that these findings may be explained by 

the visual or attentional functions o f the PPC (Colby and Goldberg 1999; 

Wardak, Olivier et al. 2004; Goldberg, Bisley et al. 2006; Gottlieb 2007).

To investigate the hypothesis that one important role o f the PPC might be 

selection o f action when stimulus-evoked responses activate conflicting action
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plans, the effect o f response conflict on directional movement in PPC patients 

with neglect was explored. Many studies o f conflict in healthy individuals use 

variations o f the Eriksen flanker task (Eriksen and Eriksen 1974; Botvinick, 

Nystrom et al. 1999; Bunge, Hazeltine et al. 2002; Ullsperger, von Cramon et 

al. 2002; Ullsperger and von Cramon 2004; Scerif, Worden et al. 2006; 

Ullsperger and Yves von Cramon 2006) in which responses to a central cue, 

e.g. an arrow instructing one movement, are delayed if  it is flanked by 

incongruent stimuli, e.g. arrows in the opposite direction (Fig. 3.1). This 

increase in reaction time is considered to index interference from competing 

neural responses evoked by cue and flankers in sensorimotor representations, 

where sensory cues (in this case, arrows) map to motor responses (movement 

direction) (Eriksen 1995).

Most discussions o f this phenomenon consider the reaction time ‘cost’ as a 

feature that should optimally be suppressed if subjects are to make rapid 

responses. In predictable circumstances, simple ‘rules’ might be applied at 

early stages o f processing to eliminate the effect o f competing responses 

between the central cue and peripheral, irrelevant flankers in the Eriksen task. 

However, although the cost evoked by flankers is modifiable (Mayr, Awh et al.

2003) it is never to our knowledge completely eliminated, suggesting 

competition is a robust process or even perhaps hardwired to occur within our 

nervous systems.

Movement delay, therefore, is the result o f competition between alternative 

responses. But rather than considering this simply as an inevitable cost, the
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delay evoked by conflict might actually also be functionally important, 

allowing selection between competing action choices before the response is 

made. For an animal, it might be worth paying the penalty o f a small increase 

in reaction time (evoked by such conflict) to ensure that the most appropriate 

response is made. Even if some potential action choices are often irrelevant, 

there may be occasions when they represent the best response particularly in 

natural, unpredictable environments. For example, a sudden change in the 

luminance o f the visual scene may require very different responses depending 

upon the cause: if  it is simply due to shadows cast by clouds we may be able to 

ignore this and continue with the task at hand, but if it is due to falling masonry 

or bricks we need to take aversive action rapidly. Here two action plans are 

potentially in conflict and the brain has to make a decision, based on prior 

probabilities and accumulating evidence, on which to select. Thus although the 

competition evoked by flanker stimuli in the Eriksen paradigm are always 

irrelevant, this would not invariably be the case for stimuli in the real world.

According to this view, therefore, both relevant and irrelevant competing 

stimulus-response association signals propagate in the brain, mutually 

inhibiting each other and leading to a reaction time delay. Indeed, many current 

decision-making models o f response choice involve accumulation o f evidence, 

in distributed brain regions, for each competing choice until decision 

thresholds are reached (Glimcher 2003; Smith and Ratcliff 2004; Rorie and 

Newsome 2005; Cisek 2007). From this perspective, competition between 

conflicting responses is a crucial process for action selection, analogous to 

models that propose competition to be a key part o f selection for sensory



attention (Desimone and Duncan 1995; Duncan, Humphreys et al. 1997). O f 

course, the eventual response is likely to be based on the outcome of 

competition biased by many different aspects o f an animal’s state (e.g., 

previous experience, reward contingencies, and task-set) as well as changes in 

the environment (e.g., new information that alters the weight given to a 

particular stimulus).

From this perspective, different brain regions might play distinctively different 

roles in situations o f response conflict. While some may be the site o f 

competition between responses activated by environmental stimuli, other brain 

regions might act selectively to enhance or reduce the impact o f particular 

stimuli, for example, by applying ‘top-down’ mechanisms (Corbetta and 

Shulman 2002) to reduce the effect o f information from flanker locations in the 

Eriksen task (Casey, Thomas et al. 2000). The eventual reaction time would be 

the net result o f influences on motor output from several brain regions involved 

in processing stimulus-response associations. One might consider that PPC is 

involved in selection for action when stimulus-evoked responses conflict, 

whereas, frontal regions act to modulate the effect o f irrelevant stimuli.

To investigate the possible role o f the PPC in processing conflicting 

information for directional motor control, four different groups o f subjects with 

unilateral brain lesions were tested on a modified Eriksen flanker task, with 

stimuli presented vertically in the midline to remove any confounding 

lateralised perceptual bias (Fig. 3.1).
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3.2 Methods

3.2.1 Participants

Patients were recruited from stroke and neurological units with local ethics 

committee approval. Initially we tested 7 stroke patients with neglect and 

damage in the angular gyrus o f the PPC (mean age: 64, range: 41-78). This is 

the PPC neglect group. Then we recruited three control groups: 7 neglect 

stroke patients without damage in the angular gyrus o f the PPC (mean age 66 

range (36-67) which we refer to as the non-PPC neglect group, 7 non-neglect 

right brain damage controls (mean age 62, range 31-80; 2 tumour excisions; 5 

stroke) and 7 stroke patients with left hemisphere damage (mean age 59, range 

44-68); see Table 3.1 for patient demographics. All subjects with right 

hemisphere stroke used their right hands to perform the task and those with left 

hemisphere stroke used their left hands as some has patients had contralesional 

hemiparesis.

Fourteen age-matched normal control subjects completed the conflict task 

using their right hand (mean age 57.8 range 23-76). Subsequently, 8 further 

normal controls performed the task using their left hands to act as controls for 

the left hemisphere patients who also used their left hands due to the high 

incidence o f right hemiparesis. All subjects tested were right-handed and gave 

written consent according to the Declaration o f Helsinki.

3.2.2 Behavioural assessm ents

Visual neglect was assessed using a battery o f tests (Malhotra, Greenwood et al.

2004). All patients diagnosed with neglect showed behavioural neglect in
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everyday activities and also showed neglect on the Bells cancellation task 

and/or line bisection on 17 cm lines. Neglect was identified by rightward 

asymmetry o f 3 or more targets found on Bells cancellation task or a rightward 

line bisection deviation o f 5mm or more.

3.2.3 A pparatus and stimuli

Subjects moved a custom-built Traxsys (Ringwood, United Kingdom) desktop 

joystick with a 6cm pole. The position o f the joystick was polled every 10ms. 

The joystick was fitted with a spring which automatically centred the pole. 

Deadspace was 1% o f total movement (0.45 degrees). Stimuli were presented 

in the vertical midline using Presentation (Albany, USA) software onto a Sony 

Vaio laptop (PCG-5A1M ) for 200ms (Fig. 3.1). Interstimulus interval was 2s 

after initiation o f the response. Arrow stimuli were designed so that the 

directional information would be available to patients even if they had a 

hemianiopia or object-based neglect; each arrow comprised two chevrons 

pointing in the same direction and subtended approximately 3 x 2  degrees 

visual angle. Neutral cues comprised the arrows rearranged so that they carried 

no directional information; they formed a square (Fig 3.1).
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Table 3.1 Clinical information for patients performing modified Eriksen

flanker task

Age
(years)

Time
since
stroke
(months)

Bells
R-L
Cancellation
score

Line 
bisection 
(mm to the 
right)

PPC Neglect right hemisphere
73 94 4 24
78 1 14 20
41 0.1 3 5
66 0.1 1 6

41 0.3 13 0

42 0.2 4 9

64 0.3 5 8

M edians: 64 0.3 4 8

Neglect non-PPC right hemisphere
36 0.2 0 7
67 1.8 4 22
66 0.1 10 7.
64 0.2 7 7
66 0.3 3 4

66 0.7 4 10

64 0.8 14 4

M edians: 66 0.3 4 7

Non-neglect right hemis phere
74 0.7 -1 -4
31 0.1 0 0
62 1 -1 -1
70 0.2 0 0

53 0.3 1 -2

80 0.6 1 0

57 60 0 2

M edians: 62 0.3 0 0

Left hemisphere
68* 26 -2 1
58* 1 0 9
69* 24 -2 -2
34 28 1 -4

68* 90 -1 -2

64 0.3 0 0

62 25 -2 -2

M edians: 64 25 -1 -2

* = evidence o f significant apraxia on copying gestures or miming actions
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3.2.4 Conflict task

Subjects sat at approximately 100cm from the 15” laptop display and were 

required to move the joystick as fast as possible leftward or rightward in 

response to centrally placed arrows. Above and below the target arrow were 

flankers (separated from target arrow by approximately 3 degrees) which were 

congruent, incongruent or neutral (Fig. 3.1). The stimuli were randomly 

presented with the constraint that each condition appeared the same number o f 

times per block. There were 8 blocks each containing 24 trials giving a total o f 

32 trials per condition. A short practice session (< 2mins) took place before the 

start o f  the first block.

CONGRUENT = 200m s 
1 /3  trials

»»»
FIXATION = >2S

INCONGRUENT = 200ms 
1 /3  trials

«»«
FIXATION = >2S

NEUTRAL = 200ms 
1 /3  trials

»tim e

Figure 3.1 Directional Eriksen Flanker task using vertical arrays

Subjects made a speeded response left or right using a small joystick  placed centrally. Central 
arrows were flanked by arrows in the sam e (congruent) or opposite (incongruent) direction or 
by squares (neutral condition). The order o f  stimuli was pseudorandom ised with the constraint 
that the sam e number o f  each condition occurred in each block. After each response, there was 
a delay o f  2 seconds before the next stim ulus was presented ensuring that the interstim ulus 
interval was at least 2s.

103



Subjects were instructed to keep their gaze on the laptop display and eye 

position was monitored by the experimenter. It was explained that there were 

no visual targets for them to aim for and that they should move the joystick as 

quickly as possible to its end-stop (25mm lateral movement).

3.2.5 D ata analysis

Initially RTs in 6 conditions were compared (incongruent, congruent and 

neutral flankers for rightward and leftward movements) in neglect PPC patients 

and normal controls. Median RTs were used as reaction time data tended to be 

positively skewed particularly in the patient groups. This limited the amount of 

data trimming to only response times less than 200ms (anticipations) and 

greater than 1500ms; responses with these RTs were excluded from any part o f 

the analysis. The higher boundary was greater than 3 standard deviations away 

from any individual’s average reaction time and reflected trials where the 

subjects had failed to respond without instruction. The programme was 

designed to move into the next trial only after a response from the subject to 

ensure that the patients were alert throughout.

Congruent and incongruent RTs were compared to neutral RTs and expressed 

as a cost or benefit which was then converted to proportion o f the neutral RT to 

account for differences in response time between the groups, i.e. (median 

incongruent RT minus median neutral RT)/median neutral RT). Repeated 

measure ANOVAs were performed separately on the cost/ benefit data which 

fulfilled criteria for parametric statistics (response direction as a within subject 

factors and subject group as a between subject factor). In order to investigate
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the nature o f leftward movement slowing, directional hypokinesia, paired 

sample t-tests comparing leftward and rightward median RTs for each 

condition in each group were carried out. Since all PPC neglect patients 

appeared to perform faster in the right incongruent condition, a single-sample t- 

test was performed on the incongruence cost data with zero as the reference 

sample to see if  there was significant facilitation within this group.

Error data were not normally distributed and therefore nonparametric statistics 

were used for the analysis. Friedman test was applied to the proportion o f 

errors for leftward and rightward movements in congruent, incongruent and 

neutral conditions. In addition we calculated an error cost o f incongruence 

analogous to the RT cost o f incongruence described above for leftward and 

rightward movements ((error inCon- error neu) / error neu). Since several subjects 

made no errors, in order to carry out this calculation, the data were transformed 

by adding a single extra trial considered to be half error and half correct 

(Snodgrass and Corwin 1988); the total number o f trials in each condition was 

increased by 1 (approximately 3%) and the total number o f errors was 

increased by 0.5 (approximately 1.5%).

Since we were concerned to rule out the possibility o f significantly increased 

error rate selectively for the right incongruent condition in patients with PPC 

neglect, uncorrected W ilcoxon signed rank test was performed on the error data 

despite the risks o f obtaining a false positive result. This showed no suggestion 

o f a directional difference and even when incongruent -  congruent errors are 

considered ((error jn c o n -  error con)/ error con), there is no difference between left
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and right errors rates within the PPC neglect groups (Wilcoxon signed rank 

score 0, p= l).

Similar analyses were carried out for each control group. Repeated measures 

ANOVAs were used to compare each control group to the PPC neglect group 

and a subsidiary analysis compared the controls groups to the age-matched 

control group. Further t-tests were used to investigate specific hypotheses 

regarding directional speed differences.

3.2.6 Lesion p lotting

Lesions were plotted from routine clinical CT or MR scans (18 MR, 10 CT) 

onto a standard CH2 template using MRICro software available at 

www.mricro.com. Overlays and 3D renderings were carried out in MRICron 

(www.sph.sc.edu/comd/rorden/mricron/) after conversion o f ROIs to VOIs. 

Permuted Brunner-M unzel rank order statistic was performed on the right 

incongruent cost and lesion data for the whole stroke group using MRICron 

software and non-parametric mapping (NPM for windows also available 

mricron website). Only areas affected in at least 3 individuals were included in 

the analysis. Bonferroni corrections were performed automatically using the 

MRICron NPM software. Further lesions analyses again used the Brunner- 

Munzel rank order statistic and all 21 stroke patients, but different behavioural 

data; left incongruence data (Left incongruence cost)*(-l) was used as a 

measure o f general susceptibility to incongruence and (Left -righ t median 

RT)*(-1) for each individual was the index used for investigation o f leftward 

movement slowing. Lesion volume was estimated using MIPAV software 

(Centre for Information Technology, Bethesda, Maryland). Lesion volumes
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were then compared between groups using independent samples t-tests and 

correlated with behavioural performance where appropriate.

3.2.7 Visual distraction by neutral flankers -  subsidiary experiment 

Since the neutral flankers were visually different from the arrow stimuli, we 

conducted a further experiment to look for the effects o f neutral flankers on RT 

in six normal subjects. The setup was exactly as for the conflict paradigm 

except that either left or right target arrows were presented alone (2/3 o f trials) 

or in association with neutral, square flankers (1/3 o f trials). The proportions 

were chosen to mimic exactly the proportion o f neutral trials in the conflict 

experiment. 300 trials in total were performed (50% right. 50% left). RTs were 

compared in the no flanker and the neutral flanker conditions.

3.3 Results

Using a central joystick, subjects made a speeded response leftward or 

rightward to a central target arrow flanked vertically either by congruent or 

incongruent arrows, or neutral shapes (Fig. 3.1). The incongruent flanking 

arrows are normally considered to activate competing motor plans thereby 

causing a delay in response initiation. In this task, the neutral cue consisted o f a 

square symbol (made up o f two o f the arrows used as direction cues, but 

rotated so they no longer carried any directional information). Seven patients 

with neglect, all with damage to the angular gyrus o f the right PPC, were tested 

(Fig. 3.2 and Table 3.1) along with 14 age-matched controls. All subjects were 

right-handed and used their right hands to perform the task.
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Figure 3.2 Comparison of lesion overlay for PPC, non-PPC neglect groups and right brain 
damage stroke controls.

Area o f  m axim um  overlap in Neglect PPC group in the angular gyrus shown both on axial in axial 
slices (a) and 3 D  rendering (b).

Neglect non-PPC patients had more anterior dam age with a focus o f  overlap in the insular and 
inferior frontal w hite matter (c).

Patient without neglect (non-neglect) had significantly smaller lesions and they were more 
scattered throughout the right hem isphere (d). The white arrow head with red border points to the 
area o f  m axim um  overlap for the PPC neglect patients for comparison. Areas where tw o or more 
patients are affected are shown.
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3.3.1 Facilitation for rightw ard movement in P P C  neglect patients under 

response conflict

In stark contrast to the performance o f normal subjects, the neglect patients 

with PPC damage were actually faster in the incongruent (conflict) condition 

than the neutral or congruent conditions for rightward movements only (Fig 

3.3a). Since there is variability in RT between the two groups, we calculated a 

corrected cost ((Incongruent RT- neutral RT)/neutral RT) for each direction in 

each subject (Fig 3.3b). Repeated measures ANOVA on the cost data for these 

two groups revealed a significant interaction between side and group 

(F(l,19)=9.031, p<0.01). One sample t-test on the incongruence cost data for 

rightward movements o f  the PPC neglect group confirmed that was significant 

facilitation (speeding) in the right incongruent condition (t=3.226, p<0.05).

Thus both groups -  healthy controls and PPC neglect patients -  had a cost for 

leftward movements on incongruent trials, but this cost in the conflict condition 

was lost in the PPC neglect patients for rightward movements. In fact, all 

patients with PPC damage were actually faster to move rightward when the 

flankers pointed leftward than when they were neutral, i.e., they had rightward 

incongruence facilita tion  rather than the normal cost in the conflict situation 

(Fig 3.3b). Importantly, response times to congruent and neutral flankers did 

not differ significantly in either direction, for either group. However, it is 

interesting to note that normal subjects had significant asymmetry in their 

leftward and rightward incongruence costs (paired t-test t=3.21, P<0.05). This 

suggests an asymmetry in conflict processing in the normal brain and this is 

investigated further in C h ap te r 6.
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PPC neglect patients (n -7 )  
Age-matched normal controls (n»14)
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Figure 33  Median response times for PPC neglect patients and age-matched normal controls 
(a) and corrected costs of incongruence (conflict) for all PPC neglect patients (b)
Age-m atched normal subjects show  a reaction time cost in the incongruent (conflict) condition for 
both leftward and rightward m ovem ents. H owever, patients with PPC damage and neglect were all 
faster to m ove rightward in the incongruent condition than when the flankers are neutral or 
congruent. Interestingly, normal subjects have a lower incongruence cost for rightward than leftward 
movements, suggesting an asym m etry o f  conflict processing in the normal brain.

Every patient with PPC dam age and neglect was faster to m ove right when the flanker were 
incongruent than when they were neutral (or congruent -  not shown here (b)). All but one of the
patients had a cost o f  incongruence for leftward m ovem ents. The one patient with facilitation for 
leftward m ovem ents had an unusual multifocal lesion due to carotid stenosis, but since it involved  
the right PPC and there was no evidence o f  any left hem isphere damage, he was included in the 
analysis.
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To our knowledge, no previous flanker study has shown speeding in the 

incongruent condition compared to neutral, in any subject group. We therefore 

sought an explanation within our data for this remarkable finding. First we 

asked if  rightward facilitation could be the result o f a generalised failure of 

patients with neglect and PPC damage simply to process leftward arrow stimuli. 

Paired sample t-test (uncorrected) on the median RT data showed no difference 

between leftward and rightward responses in the neutral or congruent 

conditions making this an unlikely explanation (Fig. 3.3a).

Attentional requirements and/or spatial selectivity (i.e., selection o f responses 

directed by the central cue and not by the peripheral flankers) were also the 

same for both left and right incongruent conditions in our flanker task, so these 

factors cannot account for the directional facilitation we found either. However, 

attentional factors could explain the generalized slowing found in PPC neglect 

patients even though they were using their spared, ipsilesional arm (Fig 3.3). 

Such generalized slowing is a well described finding particularly in patients 

with right hemisphere damage and may relate to failure o f non-lateralized 

sustained attention (Howes and Boiler 1975; Husain and Rorden 2003). Finally, 

note that participants made ballistic movements with the joystick without 

having to locate a spatially lateralized target. Therefore, pure attentional or 

visual localization accounts for directing movements to a visual target, also 

cannot readily explain the directional difference found in our PPC neglect 

group.
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Could a speed-accuracy trade off explain the rightward facilitation we observed 

in the response conflict or incongruent condition? If this were the case, one 

would expect that the error rate in the patients would be disproportionately 

raised in the right incongruent condition. However, this is not what we found. 

There were no significant differences in error rate between the flanker types in 

the PPC neglect group (Fig. 3.4a). In contrast there were significant difference 

between conditions in the error rates in the normal control group (chi-square 

=22.02, p<0.001). Healthy subjects made significantly more errors in the 

incongruent condition, whereas, as a group, the PPC patients show only a non

significant trend towards this tendency with some patients actually 

demonstrating the reverse effect (i.e., fewer errors in the incongruent 

condition).

In addition, we investigated a speed accuracy trade-off by calculating an error 

cost o f incongruence analogous to the RT cost described above (see methods). 

Again there was no suggestion o f a raised error rate in the right incongruent 

condition ((Z=-0.314, p=0.753) Fig 3.4b). These error data rule out a speed- 

accuracy trade off as the cause for the speeded right movement in the 

incongruent condition. Rather, our data suggest a deficit at the level o f motor 

preparation in PPC neglect patients which manifests when there is conflict 

between possible action plans.
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Figure 3.4 Error rates in normal control subjects and PPC neglect patients

a) Normal subjects have increased errors in the incongruent condition. Even w hen the error cost o f  
incongruence is calculated (b). there is no trend for right PPC neglect patients to show  an increased  
error rate for rightward incongruent com pared with leftward incongruent m ovem ents. N ote that 
although error rates appear higher in the right than left incongruent condition, this effect is not 
consistent, with 3 o f  7 PPC neglect subjects show ing the reverse pattern.
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Can rightward facilitation when there is such competition between actions 

plans also account for any directional motor deficit -  directional hypokinesia 

(DH) -  in PPC neglect patients? Note that in our group, there was no

directional slowing in response initiation in either neutral or congruent 

conditions (Fig 3.6 and see above). However, these patients were significantly 

faster to move right than left only in the incongruent, conflict condition 

(t=4.115, p<0.01). These findings show that directional motor asymmetry 

occurs in patients with PPC damage and neglect selectively when there is 

competition between alternative responses. Importantly, this DH results not 

from leftward slowing but from rightward facilitation under situations o f 

response conflict.

Next, we investigated whether rightward incongruence facilitation occurred 

only in neglect patients with right PPC damage. To do this, three further 

control groups were recruited. Right hemisphere stroke patients with neglect 

but without damage in the angular gyrus (non-PPC neglect, n=7) were tested 

to establish whether or not rightward incongruent facilitation occurred in all 

patients with neglect, or was lesion-specific. We examined a second control 

group, this time non-neglect right hemisphere patients (n=7), to see if  deficits 

were neglect-specific.

Finally, left hemisphere patients (n=7), with or without parietal damage, were 

assessed to explore whether there were analogous abnormalities following left 

PPC damage.
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3.3.2 Neglect patients without PPC damage have increased con flict costs 

Seven right hemisphere patients with neglect, but without any damage within 

the angular gyrus were tested (Table 3.1). The area o f maximum overlap for 

this patient group was within the white matter o f the inferior frontal gyrus and 

insula (Fig 3.2c), distinctly different from the previous PPC neglect group. 

Apart from lesion location, non-PPC neglect patients were well-matched with 

the PPC neglect group in terms o f age, lesion volume and severity o f neglect 

(independent samples T-tests showed no significant difference between the two 

groups). Performance on the flanker task revealed that these non-PPC neglect 

patients did incur a cost o f incongruence for rightward movements, unlike PPC 

neglect patients (Fig 3.5). Repeated measures ANOVA on the cost data for 

non-PPC neglect and the PPC neglect patients showed a significant 

interaction o f group and side (F( 1,12)=16.223, p<0.005). The non-PPC neglect 

patients also differed significantly from normal controls in that they had a 

greater intrusion by incongruent flankers onto performance that was similar for 

both leftward and rightward movements (Between subjects effect: 

F(l,19)=5.891, p<0.05; Fig. 3.5).
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Figure 3.5 Reaction times across conditions
All groups showed a reaction tim e cost in the incongruent (conflict) conditions for both 
leftward and rightward m ovem ents, except the PPC neglect group who demonstrated 
facilitation (faster RTs than neutral) in the conflict situation for rightward movements 
only (when the rightward cue w as flanked by leftward arrows).
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Is there directional response asymmetry, directional hypokinesia (DH), in this 

non-PPC neglect group? And is it affected by flanker type as in the PPC 

neglect group? We expected that neglect patients with more anterior damage 

might be more susceptible to visual distraction rather than a motoric initiation 

deficit as seen in the patients with PPC damage (Husain and Kennard 1997; 

Mattingley, Husain et al. 1998). In our paradigm, the neutral flankers appear 

more visually arresting than the arrow flankers and so any directional 

differences due to visual distraction should be greatest in this neutral condition.

Evidence in support o f these neutral flankers being visually distracting is 

provided in the subsidiary experiment where normal subjects are significantly 

delayed when neutral squares flank target arrows compared with when there 

are no flankers at all. Paired sample t-test on this data revealed a significant 

delay in the neutral compared with the no flanker condition (t=4.7, p<0.005). 

The average delay was 15ms with 4 o f the 6 subjects having a within-subject 

significant delay in the neutral flanker condition.

Non-PPC neglect patients were significantly slower to move left than right 

only in the neutral condition (paired sample t-tests o f leftward and rightward 

median RTs : t = 4.761, p<0.005; Fig 3.6). Therefore, non-PPC neglect 

patients were particularly susceptible to this distraction when planning a 

leftward movement. Taken together, the results suggest there might be two 

distinctly different forms o f DH or motor initiation deficit: PPC neglect 

patients have relative facilitation o f rightward movements during conflict, 

whereas non-PPC neglect patients with more frontal lesions demonstrate DH
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in the neutral, most visually distracting condition, with slowing o f leftward 

movement initiation.

Given that in this non-PPC neglect group there were significant differences 

between left and right RTs in the neutral condition, a subsidiary analysis was 

performed to ensure that the bilateral difference in incongruence cost found 

between these PPC neglect patients and normal subjects was independent o f 

directional difference in the neutral RTs. To do this we again calculated a cost 

o f incongruence for each subject, but this time using the congruent RT as 

baseline ((Incongruent-congruent RT)/congruent RT) as leftward and rightward 

congruent RTs did not significantly differ. Again there were significant 

between group differences across both left and right movements ((F( 1,17)=6.1, 

p<0.05: average cost normal subject = 5.2% (SE 1.5%) vs non-PPC neglect =

14 % (SE 2.8 %)) and no significant interactions with direction o f movement.

3.3.3 Patients without neglect have normal response costs in the flanker task 

Next we ask if right hemisphere patients without neglect have either reduced or 

increased costs o f incongruence. Seven further right hemisphere patients were 

tested, now with no evidence o f neglect either in terms o f symptoms or 

performance on standard clinical tests (Table 3.1 and Fig 3.2d). As with all 

other control groups, non-neglect patients did not show facilitation by conflict 

for rightward movements (repeated measures ANOVA on the cost
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Figure 3.6 Directional hypokinesia for each flanker condition 
PPC neglect patients were significantly slower to m ove left than right, but only in the 
incongruent condition when there are com peting motor plans. Non-PPC neglect patients 
were significantly slow er to m ove left than right, but only in the neutral condition which  
was visually most distracting. C: congruent; I: incongruent; N: neutral.
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data for PPC and non-neglect patients revealed a significant interaction o f 

group x side (F(l,12)=4.895, p<0.05) revealing again that PPC neglect patients 

are distinctly different). The non-neglect patients did not significantly differ 

from normal controls in their rightward or leftward incongruence costs (Fig 

3.5), and neither did they show any significant directional difference in RT or 

DH (Fig 3.6).

3.3.4 Is there an equivalent effect o f  lesions o f  the left hemisphere?

Seven patients with left PPC damage following stroke were also tested (Fig 

3.7a) using their left hands to perform the task (because o f paresis o f their right 

limbs). Their performance was compared to a different group o f age-matched 

controls (n=8) who also used their left hands. All seven o f the left hemisphere 

group had lesions in the region o f the angular gyrus o f the PPC. Unlike the 

right PPC group, this left PPC group had a significant cost o f incongruence for 

both leftward and rightward movements (Fig 3.7b). Repeated measure 

ANOVA comparing the incongruence costs data from these left hemisphere 

patients with that o f age-matched controls using their left hand showed no 

significant difference between the groups. Thus patients
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Figure 3.7 Lesion overlay and behavioural perform ance for left hemisphere patients.
Three o f  the subjects had dam age in the angular gyrus o f  the left PPC (a). Left 
hemisphere patients were slow er in the incongruent condition for both leftward and 
rightward m ovem ents (b).
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with left PPC damage do not show the analogous deficit to those with right 

PPC damage when processing response conflict.

Four o f these seven left PPC patients had apraxia when tested clinically 

suggesting motor control deficits within the group (Table 3.1). Yet they 

displayed normal flanker interference patterns consistent with intact selection 

for action when two directional responses compete. This implies different roles 

for left and right PPC in action selection, with left PPC patients manifesting 

difficulties in motor control when complex manipulations and functional object 

use are required (Kimura and Archibald 1974; Kawashima, Yamada et al.

1993; Buxbaum, Kyle et al. 2006).

3.3.5 Refining the anatom ical locus associated with abnorm al response to 

conflict

The data presented show that neglect patients with right PPC damage have a 

reduced incongruence cost for rightward movements whereas patients without 

damage in the PPC tend to have increased RT slowing when movement cues 

conflict. Lesion overlap maps such as those in Fig 3.2 do not differentiate 

between loci o f damage associated with abnormal behavioural performance 

and those areas most likely to be damaged by vascular insult in a particular 

territory.

Therefore to investigate further the precise brain regions damaged in patients 

w ith a low rightward incongruence cost (or facilitation), a permuted Brunner- 

Munzel rank order analysis was performed on the continuous right
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incongruence costs combining data from all 21 right hemisphere patients (PPC  

neglect, non- PPC neglect and non-neglect; Fig 3.8a). The advantages o f 

using the Brunner-Munzel rank order statistic are, first, that it is robust in the 

face o f violations o f normality and, second, the use o f a continuous dataset 

containing all three o f our right hemisphere groups meant division o f group 

according to either lesion location or behaviour was not required prior to 

running the statistic (Rorden, Bonilha et al. 2007). Therefore this test provides 

a relatively assumption-free measure o f whether or not damage at each voxel is 

associated with a reduced right incongruence cost (or facilitation by conflict).

Only voxels where 3 or more subjects had lesions were tested. Even after 

Bonferroni correction for multiple comparisons, right angular gyrus was the 

only area highly significantly associated with a low/negative rightward 

incongruence cost (Fig 3.8a and b). The most affected area lay within the 

cortex o f the right angular gyrus reaching a Z score o f 45, with Z scores o f 

>4.62 indicating a highly significant association with low rightward 

incongruence cost. This region o f angular gyrus is just inferior to the 

intraparietal sulcus where neurons coding motor intention have been reported 

in monkeys (Andersen and Buneo 2002; Stoet and Snyder 2007). However, 

activations within the angular gyrus in humans during response conflict have 

been shown in fMRI studies (Botvinick, Nystrom et al. 1999; Liston, Matalon 

et al. 2006). This discrepancy may reflect differences between human and 

monkey PPC. An alternative explanation is that the area
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Figure 3.8 Lesion loci associated with abnormal performance

a) Dam age to right angular gyrus was highly significantly associated with a reduced incongruence cost (facilitation). 
The highest Z score is 45 (M NI coordinates o f  this area o f  damage: 38, -55 , 24). Z scores over 4 .62  are significant 
after Bonferroni correction at p<0.05 level.

b) Three-dimensional rendering o f  the overlay show ing the locations o f  areas significantly associated with a reduced  
or negative incongruence cost.

c ) Right insula and inferior frontal gyrus dam age significantly correlate with increased left incongruence cost. The 
highest Z score is 6 .55  (M NI coordinates o f  this area o f  damage: 34, 14, 20). Z scores>4.62 are significant after 
Bonferroni correction at p<0.05 level.

d) Lesions o f  the right insula are significantly associated with leftward directional hypokinesia (black circle). The 
highest Z score is 9.05; M NI coordinates o f  this area o f  damage: 34, -18 , 20 . Z scores>4.62 are significant after 
Bonferroni correction at p<0.05 level.
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identified in our analysis also includes white matter fibres, whose origins may 

include the intraparietal sulcus.

Using the Brunner-Munzel rank, we next asked whether there was a brain 

region which when damaged rendered subjects more susceptible to irrelevant, 

competing stimulus-response activations, i.e. greater costs during conflict. We 

have already seen that a reduced right incongruence cost associates with PPC 

damage. Because all subject groups shared a positive conflict cost for leftward 

movements we used the left incongruence data as a general measure o f 

susceptibility to conflict. Again all right hemisphere patients’ scans were 

assessed (21 in total) and voxels affected in three or more individuals were 

probed to see if  they were associated with a high leftward incongruence cost 

(Fig 3.8c and d). Brunner Munzel analysis revealed that anterior insula and 

inferior frontal white matter were both significantly more likely to be affected 

in those with an increased incongruence cost, again even after Bonferroni 

correction. The maximum Z score o f 6.55 occurred in the inferior frontal gyrus 

(Z scores > 4.62 being significant). Thus damage to these frontal areas was 

associated with greater reaction time costs in situations o f response conflict.

Lesion volume was also assessed as a possible predictor o f patient performance. 

Lesions in the two neglect groups were larger than in the non-neglect group 

(mean volumes: PPC neglect vs non-PPC neglect vs non-neglect = 9920 mm3 

(SE 3515) vs 12024 (SE 2814), vs 2585 (SE 601)). However, behavioural 

performance did not correlate with lesion volume either for the right 

incongruence cost (when all patients are tested together spearm an's rho = 0.179,
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p=0.439 or when just PPC neglect and non-neglect patients are compared 

spearman’s rho = -0.446, p=0.110) or for the left incongruence cost (all 

patients spearman’s rho = 0.123, p=0.594).

3.3.6 Which brain areas are associated with leftward slowing -  directional

hypokinesia?

Thus far the analyses have identified two types o f DH: the first is relative DH 

due to rightward facilitation  during conflict; the second DH due to leftward 

slowing, occurs when flankers are neutral suggesting that it is due to visual 

distraction while movement planning. Both conventional lesion overlap 

analysis (Fig. 3.2a) and Brunner-Munzel rank order analysis (Fig. 3.8a) show 

that the first type o f DH is associated with right angular gyrus damage. The 

final lesion analysis aimed to identify areas o f brain most likely to be damaged 

in any o f the 21 right hemisphere patients who showed the second type o f  DH, 

reflected by a slower RT for leftward compared to rightward movements when 

flankers were neutral. Note this is different from the analysis which examined 

brain areas associated with increased costs for leftward movements in the left 

incongruent condition (i.e., Fig. 3.8c,d).

We ran a Brunner Munzel rank order analysis, this time using the ((LEFT 

neutral RT) minus (RIGHT neutral RT))X(-1) as a measure o f leftward slowing 

for each of the 21 subjects with right hemisphere damage. Even after 

Bonferroni correction, the area most associated with leftward directional 

slowing in the neutral condition was the right posterior insula (Fig 3.8d). The 

highest Z score was 9.05 (significance reflected by Z >4.62). Therefore
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subjects with damage in the insula are significantly more susceptible to 

distraction from neutral flankers when planning leftward compared to 

rightward movements. Thus both conventional behaviour-lesion overlap 

correlation within each group and analyses performed on the combined data 

sets across all our right hemisphere patients provide a consistent pattern o f 

results for this complex data set.

3.4 Discussion

Used a modified Eriksen flanker task, with all stimuli presented in the vertical 

midline, the effect o f unilateral lesions on processing conflicting directional 

cues was investigated. Paradoxically, patients with neglect following right PPC 

damage were actually faster  in the incongruent (conflict) condition than on 

neutral trials, but only for rightward movements. For leftward responses, they 

showed the normal pattern o f reaction time costs in the presence o f rightward 

flankers (Fig. 3.3). To the best o f our knowledge, focal lesion studies have not 

previously identified any brain region which when lesioned leads to direction- 

specific facilitation, using the Eriksen protocol as a probe o f response conflict 

(Ullsperger and Yves von Cramon 2006). Analogous effects were not observed 

following left hemisphere (including extensive left parietal) lesions. In contrast 

neglect patients with right frontal damage were generally much slower and had 

a disproportionate increase in reaction time in the incongruent condition 

bilaterally. Thus these individuals incur a significantly higher cost during 

response conflict but this effect is not directionally specific.
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How can we account for such a reversal o f the RT cost (facilitation) from 

incongruent flankers in our PPC neglect group? Careful analysis o f our data 

excluded several possible explanations. First, we ask if the neglect patients 

with right PPC damage simply do not process the leftward arrow stimulus 

normally, i.e., they experienced difficulty recognizing leftward arrows as a 

signal to move left and therefore took longer to respond. This is made highly 

unlikely by the finding that when a leftward target arrow was presented 

centrally with neutral or congruent flankers, these individuals were able to 

initiate leftward responses with similar latencies to rightward movements. 

However, this possibility is investigated further in chapter 5 where response 

conflict is generated without visual cues, in a free choice paradigm.

Next we considered an explanation based on visual attention, e.g., that perhaps 

PPC neglect patients had an exaggerated, narrow ‘spotlight’ o f attention on the 

central target and thus automatically filtered the flanker information more than 

normal individuals (Casey, Thomas et al. 2000). However, the attentional 

requirements were identical for both leftward and rightward movements and it 

is evident that a cost was incurred in the leftward incongruent condition, but 

not the right. Since the abnormal finding was unidirectional, an explanation 

based solely on attention is precluded. Could rightward conflict facilitation in 

the PPC neglect group reflect a spatial deficit for left-sided stimuli? The 

flanker task was specifically designed to exclude the possible confound o f 

spatial bias: all stimuli were presented in the vertical midline and subjects 

responded using a central joystick making ballistic movements without needing 

to identify or localize a lateralised visual target. Therefore, none o f these
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accounts -  perceptual, attentional or spatial -  explain these findings, although 

it is important to stress that this does not mean that abnormalities in each o f 

these domains do not occur in neglect patients.

Thus it appears that direction-specific facilitation in the incongruent condition 

in PPC neglect patients is best explained by a m otoric deficit that occurs 

selectively when response plans compete. Specifically, leftward flanker- 

induced response plans do not appear to be activated commensurately in 

neglect patients with right PPC damage when they are in competition with a 

target-induced rightward response plan. Such limited inhibition o f rightward 

movements may effectively lead to over Mmpulsivity’ towards the right in 

situations o f response conflict in these individuals.

3.4.1 Independent parieta l and fron ta l responses to conflict 

But while failure to represent response alternatives in PPC neglect patients 

might explain loss o f the incongruent reaction time cost, remarkably, our 

patients with parietal damage actually showed significant facilitation  for 

rightward movements in the presence o f leftward flankers, i.e., faster responses 

than in the neutral condition. To account for the paradoxical facilitation 

observed in this group, the action o f a second system must be involved, this 

time in the frontal lobe, which is proposed to act simultaneously with the PPC 

(Botvinick, Nystrom et al. 1999; Carter, Botvinick et al. 1999; MacDonald, 

Cohen et al. 2000; Botvinick, Braver et al. 2001; Botvinick, Cohen et al. 2004). 

In this schema, PPC and prefrontal regions interact with premotor or motor
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regions to influence response choice and movement initiation when conflicting 

responses compete for selection ( F i g  3 .9 ) .

»«»

FRONTAL C O R T EX  

F l a n k e r s  I n h i b i t e d
S P E E D IN G

P R E M O T O R /M O T O R -► M O T O R  O U T P U T

PPC
F l a n k e r s  a n d  t a r g e t  

c o - a c t i v a t e d

DELAY

Figure 3.9 Schem atic o f interaction between parietal, prefrontal and prem otor 
regions in response selection

When tw o responses conflict such as in the incongruent condition o f  the Eriksen flanker 
task, both possible responses (evoked  by target cue and flankers) are activated within the 
parietal lobe. T hese responses m utually inhibit one another causing response delay. In 
contrast, the frontal cortex enhances the target and/or inhibits the flankers se lectively  to 
speed response initiation. Each o f  these areas influences the decision threshold reached in 
the premotor cortex. D am age to the PPC reduces the response delay, but the intact 
prefrontal cortex still boosts the target response thus producing facilitation observed in 
our neglect PPC patients.
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According to this proposal, part o f the response delay in situations o f response 

conflict such as the flanker task is attributable to competition between partially 

activated stimulus-evoked response associations (for target and flankers) within 

the PPC. In contrast to the parietal role, prefrontal cortex may selectively 

enhance target information and/or inhibit flankers. Indeed, previous imaging 

and behavioural work suggests that prefrontal cortex may selectively suppress 

flanker-induced (or irrelevant prime-induced) activity and enhance target 

processing purely on the basis o f the ‘rule’ that information at flanker locations 

is irrelevant to the task goal (Casey, Thomas et al. 2000; Egner and Hirsch 

2005; Sumner, Nachev et al. 2007). Thus, these more anterior regions 

potentiate the target response and hasten the initiation o f movement in the 

direction o f the dominant motor plan (target arrow in the flanker task).

Critical to this proposal is the idea that PPC and prefrontal responses are 

activated independently by the stimulus conflict in the environment (target vs. 

flankers in our experimental situation). In patients with damage to the PPC, the 

incongruence delay is lost -  or at least greatly reduced -  because competition 

between partially activated stimulus-evoked response associations is reduced. 

But the key point is that prefrontal regions remain intact in these individuals. 

They therefore continue to enhance the response to the target and/or inhibit that 

to the flankers, regardless o f whether the PPC is ‘off-line’. Without any 

competition in the (lesioned) PPC which normally contributes to the reaction 

time delay, the net result o f such prefrontal activity would be relative 

facilitation, i.e., response times that are faster than neutral, as we observed in 

our PPC neglect patients. Conversely, when prefrontal regions are damaged,
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the delay due to competition within the PPC still occurs, but now without the 

potentiation (speeding) o f target responses from more anterior areas. Thus 

incongruent responses are disproportionately slow as in our neglect patients 

with anterior white matter and insula damage.

It is evident, however, that the facilitation observed in our right PPC neglect 

group was only for rightward movements (with leftward flankers). Is there a 

system in the left parietal lobe mirroring processes occurring in the right PPC? 

Functional imaging studies have demonstrated bilateral parietal activation 

during response conflict tasks (Bunge, Hazeltine et al. 2002; Cavina-Pratesi, 

Valyear et al. 2006; Liston, Matalon et al. 2006). However, behavioural data 

from our left hemisphere patients did not reveal any directional specific 

facilitation. One possible explanation for this is that the right PPC has a 

bilateral function in resolving motor competition, whereas, the left hemisphere 

fulfils a unidirectional role promoting competing rightward movements only. 

This would be analogous to the bilateral allocation o f spatial attention within 

the right inferior parietal lobe thought to explain the higher incidence o f 

unilateral neglect following right compared with left hemisphere strokes 

(Heilman and Vandenabell 1980; Mesulam 1981). Therefore, the right PPC 

compensates to some degree for the loss o f the left PPC in our left hemisphere 

patients, but the reciprocal compensation after right PPC damage cannot occur.

It is important to note that patients with right parietal and frontal lesions are 

still able to make leftward and rightward movements with the right hand, but 

that there are distinctly different abnormalities o f motor programming in these
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two patient groups. The different findings in these groups suggest that, 

normally, parallel processing streams must be activated and be capable to some 

extent o f independent activity. Recent evidence suggests these processing 

streams may influence motor output via a final common pathway involving 

premotor cortex (Fig 3.9) where information on action choices accumulates 

until a decision threshold is reached (Passingham 1993; Cisek and Kalaska 

2002; Glimcher 2003; Cisek and Kalaska 2005). Note that although we 

consider parietal and frontal systems are activated independently by response 

conflict, we would not suggest that interactions between these systems do not 

normally occur; clearly, there are massive parieto-frontal connections which 

mediate such traffic. Our scheme simply proposes that regions within the PPC 

and frontal lobe may be activated in parallel by response conflict and damage 

to one system does not preclude activation in the other.

3.4.2 Directional motor deficits in parietal and frontal neglect 

Finally we consider the directional motor deficits found in neglect patients and 

their anatomical localisation, a topic that has been highly controversial 

(Heilman, Bowers et al. 1985; Bartolomeo, D'Erme et al. 1998; Mattingley, 

Husain et al. 1998; Mesulam 1999; Bartolomeo, Chokron et al. 2001; Harvey 

2004; Coulthard, Parton et al. 2006; Sapir, Kaplan et al. 2007). Slowing o f 

leftward movement initiation -  directional hypokinesia -  has been reported 

following both parietal and frontal lesions (Mattingley, Bradshaw et al. 1992; 

Mattingley, Husain et al. 1998). In our study, we have shown two clear cut 

patterns o f directional hypokinesia, both o f which could exacerbate the neglect 

syndrome. Neglect patients with PPC damage had directional imbalance due to
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rightward facilitation only in the incongruent condition when competing 

response plans are activated. Thus the directional deficit in PPC neglect was 

due to faster  rightward responses (i.e., relative leftward slowing) when there 

was conflict or competition between motor plans, analogous to models that 

propose competition to be a key part o f selection for sensory attention 

(Desimone and Duncan 1995; Duncan, Humphreys et al. 1997).

In contrast, neglect patients with damage in the right posterior insular 

demonstrated directional hypokinesia only in the neutral condition which is 

most visually distracting, suggesting these individuals struggle to filter the 

intrusive effects o f visual distraction when planning a left compared to a 

rightward movement. Moreover, the directional hypokinesia in these cases was 

due to slowing o f leftward responses, not speeding o f rightw ard ones as in the 

PPC patients. Thus the experiments reported here have demonstrated a 

dichotomy between parietal and more anterior neglect patients in their 

directional response speeds depending on the context o f the instructed 

movements. This dissociation may explain the heterogeneity in previous 

studies which have reported patients grouped according to their clinical 

syndrome without necessarily distinguishing between cases according to their 

lesion anatomy.

Previous studies o f conflict related brain activity have largely focussed on the 

way the brain acts to minimise intrusion from (unwanted) conflicting 

information. However, in my view, it is critical for optimal control over 

behaviour for conflicting information (cueing alternative movement plans) to 

be processed and evaluated before an action choice is made. Here a system
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involving the PPC which activates competing motor plans in response to 

conflict has been identified and may underlie the response delay observed 

when we respond to incongruent information. The interaction between this 

parietal system, which appears to play a key role in competition for action 

selection, and the prefrontal system, which may limit interference on 

performance, may be essential for flexible control o f behaviour in an 

environment which presents rapidly changing situations o f response conflict.
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Chapter 4: Masked priming

4.1 Introduction

In Chapter 3, we propose that patients with PPC damage fail to process 

competing leftward action plans. Such weak activation o f leftward motor 

programs occurred in patients with neglect and PPC damage. However, while 

this deficit may exacerbate symptoms o f neglect, it may not be neglect-specific. 

Patients with PPC damage who perhaps have recovered from, or never had, 

neglect could in theory still fail to propagate leftward motor plans, but the 

impairment may not be accompanied by other component deficits that lead to 

manifestation o f neglect (Husain and Rorden 2003).

To investigate this further, in this chapter, patients with a range o f right-sided 

brain lesions, with and without neglect, are tested using a masked prime 

paradigm (see introduction). In this paradigm, briefly presented prime arrows 

are subsequently masked rendering them imperceptible (Eimer and 

Schlaghecken 1998; Eimer 1999). Masked primes activate response plans 

without the directional information reaching visual awareness (Eimer and 

Schlaghecken 1998; Eimer 1999). Since these prime arrows are not acted upon, 

one could consider that they induce a competing response program similar to 

the flankers in the Eriksen flanker task used in chapter 3, but not consciously 

perceived.

In normal elderly subjects masked primes presented approximately 200ms 

before a target cue cause a delay if the prime and target point in the same 

direction and a speeding o f response if they point in the opposite direction
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(Sumner, Nachev et al. 2007). This effect is the reverse o f classical priming 

effects where congruent stimuli speed reactions and is known as the negative 

compatibility effect (NCE). The NCE is thought to be generated as a result o f 

automatic inhibition o f response plans that are not subsequently carried out. 

Presumably this function is critical for allowing information in favour o f one 

response plan to accumulate and pass the threshold for action execution (Cisek 

and Kalaska 2002; Cisek and Kalaska 2005; Cisek 2007).

Masked primes have been used to probe motoric, rather than visual processing. 

Evidence that motor systems are selectively activated by such primes comes 

from experiments where different primes are associated with movements o f the 

right or left hand or the foot (Eimer, Schubo et al. 2002). A prime that specifies 

a response using the hand does not modulate reaction times when the target 

indicates the foot should be moved, although the hand prime does interfere 

with subsequent target-activated hand movements. Despite the shared 

directional association o f left foot and left hand (and right foot and right hand) 

primes, there is no cross-over between effectors. Further, a small lesion in the 

supplementary eye field has been shown to reverse masked priming o f eye, but 

not hand, movements, whereas a large lesion o f the supplementary motor areas 

reverses automatic inhibition o f both eye and hand movements (Sumner,

Nachev et al. 2007). Therefore, inhibition o f the primes appears to occur in an 

effector-specific manner, most likely at the motor output stage o f processing.

In this chapter we use a masked prime task where all stimuli are presented in 

the vertical midline and responses are required using a centrally placed joystick.
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The aim of the study was to investigate whether parietal damage impairs 

processing o f leftward action plans, engendered by the prime, and secondly 

whether automatic inhibition is intact in these patients with right hemisphere 

stroke with and without neglect.

4.2 M ethods

4.2.1 Participants

17 patients with right hemisphere stroke (12 neglect - Table 1)) and 12 age- 

matched healthy controls (7 female, all right-handed, average age 63.5 years) 

were recruited.

Table 4.1 Clinical information for all patients

Age (years) Time
since
stroke
(months)

Beils
R-L
cancellation
score

Line
bisection 
(mm to the 
right)

All 3 SOAs 
Y/N

Neglect
7 7 6 3 - 2 Y
4 6 2 3 6 N
7 6 9 9 4 8 Y
6 7 4 8 1 2 Y
6 6 * 0 . 4 1 5 Y
6 1 1 8 9 Y
4 1 2 4 8 Y
6 8 2 1 2 1 0 N
4 5 1 7 1 0 N
3 9 2 1 0 1 8 N
6 3 * 1 3 1 Y
Median 62 2 4 8
Non-neglect
6 8 7 0 - 2 N
6 6 * 1 0 1 Y
4 2 0 . 5 -2 0 Y
5 7 2 2 4 N
6 7 3 2 4 N
5 6 4 8 2 4 Y
Median 61.5 2.5 1 2.5

* blue text indicates significant reversal o f  the NCE
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4.2.2 Apparatus and experimental paradigm

Patients were positioned approximately 100cm from a 15” Sony Vaio (PCG- 

5AIM ) laptop screen where stimuli were presented centrally using Presentation 

(Albany, USA) software (Fig 4.1).

Initially subjects fixated a central box that disappeared 200 ms prior to prime 

onset (Fig 4.1). The prime was presented for 32 ms (2 screen refreshes) and 

followed immediately by a mask consisting o f 30 randomly oriented lines that 

was presented for 100ms. Then a blank screen was shown for 100ms before a 

target arrow was presented for another 100ms (i.e. SOA =200ms). Subjects 

were required to respond as fast as possible to the target arrow using a centrally 

placed joystick and were instructed to keep their gaze on the laptop display. 

With an SOA of 200ms, many previous experiments have shown that there is a 

reaction time cost, negative compatibility effect, when the prime and target 

point in the same direction compared with when they point in opposite 

directions or the prime is neutral (no directional association) (Sumner 2008).

Masking rendered the prime imperceptible. To ensure the prime had been 

successfully masked, all subjects were asked to describe what they saw after 

the first block and, at the end o f the experiment, subjects were asked if they 

saw any arrows other than the ones following the hashed lines, and none did. 

Inter-trial interval was 2s after initiation o f the response. Eye position was 

monitored by the experimenter. A short practice session (< 2mins) took place 

before the start o f the first block.
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Figure 4.1 Masked prime paradigm
Subjects respond using a centrally placed joystick to the target arrow. This arrow is 
preceded by a prime that is not visually perceived as it is masked. The SOA 
(stimulus onset asynchrony) is 200ms (times between onset o f mask and onset o f 
target).

Arrow stimuli were designed so that the directional information would be 

available to patients even if  they had a hemianopia or "object-based’ neglect; 

each arrow comprised two chevrons pointing in the same direction and 

subtended approximately 1.5 x 1 degrees visual angle. Neutral primes 

comprised the arrows rearranged so that they carried no directional 

information; they formed a square (not shown) and covered the same area as 

the arrow stimuli.

There were 12 blocks o f 24 stimuli and stimulus presentation was randomized 

with the constraint that each condition occurred the same number o f times per 

block. There were six different trial types (Table 4.2).
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Table 4.2 Trial types

Prime Target Trial type

L eft L e f t L ef t  c o n g r u e n t

R ig h t L e f t L ef t  i n c o n g r u e n t

N e u t r a l L ef t L e f t  n e u t r a l

Left R ig h t R ig h t  i n c o n g r u e n t

R ig h t R ig h t R ig h t  c o n g r u e n t

N e u t r a l R ig h t R ig h t  n e u t r a l

4.2.3 Data analysis

Repeated measures ANOVA was performed on raw median RT data for each 

subject group separately and also jointly with subject group as a between 

subjects factors and direction and prime type as within subjects factors. Post 

hoc pairwise comparisons were performed with bonferroni correction where 

appropriate.

Previous work has suggested elderly people who respond slowly have a 

reduced NCE (Schlaghecken and Maylor 2005). Therefore to control for 

differences in reaction time and possible generalised failure to process masked 

primes, subsequent data are considered firstly as a proportion o f the neutral 

reaction time for each individual and secondly only lateralised differences (in 

prime direction) are considered in the next analysis. Since we are suggesting

141



that failure to process competing leftward prime is a lesion-specific rather than 

neglect-specific disorder, the right hemisphere patients, neglect and non

neglect, are considered together except where stated.

The hypothesis was that patients with PPC damage would propagate leftward 

directional programs less well than rightward. Therefore the magnitude o f the 

effect o f the left prime compared to the right prime was the subject o f the next 

investigation. The magnitude effect o f the left prime was calculated as: 

((|LC-LN|)/LN)+((|RN-RI|)/RN) 

and the effects o f the right prime:

((|RC-RN|)/RN)+((|LN-LI|)/LN)

where RC = median right congruent RT, RI = median right incongruent 

reaction time, RN=median right neutral reaction time, LC = median left 

congruent RT, LI = median left incongruent reaction time and RN=median left 

neutral reaction time.

The magnitudes o f the left and right prime effects were compared in normal 

subjects and the right hemisphere stroke groups using Wilcoxon signed rank 

test as data were non-parametrically distributed. Correlations were sought 

between reduced magnitude o f left prime effects and neglect severity using 

spearman’s non-parametric correlations and left prime effects in right 

hemisphere patients with and without neglect were compared using the Mann 

Whitney test.
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Next possible impairments o f non-lateralised inhibitory processes, automatic 

inhibition leading to the NCE, were investigated. Some patients, who may be 

old or slow, are expected to have little impact o f the prime at SOA 200ms 

(Schlaghecken and May lor 2005). Therefore specific interest lies in any 

patients who might show significant within subject reversal o f the expected 

NCE. Incongruent and congruent RTs were compared using an independent 

sample T-test o f  each patient’s data.

4.2.4 Lesion mapping

All patients’ lesions were plotted using MRICro software (available at 

www.mricro.com ) from routine clinical imaging, either CT or MR, on the 

CH2 template to create an ROI (region o f interest) on the axial images at Z 

coordinates: 56, 61, 66, 69, 75, 85, 88, 92, 96, 102, 108, 120. Brunner-Munzel 

rank order test (NPM for windows www.sph.sc.edu/comd/rorden/mricron/) was 

used to establish which areas were associated with relatively reduced 

magnitude o f  left prime effects (Magnitude o f  left -  magnitude o f right prime 

effects). The statistic was calculated only at regions where at least 3 or more 

subjects were affected and bonferroni correction was applied (post-correction 

significance level o f p<0.05). Lesion volume was calculated for each patient 

using MIPAV software (version 4.0.1, NIH, Bethesda, Maryland) and 

correlation was sought between lesion volume and relative impairment o f left 

prime processing using spearman’s rho as lesion volume data were not 

normally distributed.
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4.3 Results

As expected normal subjects were slower to move leftward or rightward when 

a congruent prime preceded a target i.e. they demonstrated a NCE at SOA 

200ms (Fig 4.2). Repeated measures ANOVA on the raw median RT data 

revealed a main effect o f prime type (F(2,22)= 14.909, p<0.005) and no 

interactions. Post hoc pairwise comparisons showed significant differences 

between congruent and both neutral and incongruent RTs (P<0.05 after 

Bonferroni correction), but no differences between neutral and incongruent 

RTs.

Neither neglect nor non-neglect patients displayed a NCE. In addition, there 

was variability within these groups (Fig 4.2). Repeated measures ANOVA on 

the raw RT data revealed no main effect o f prime type in the patient groups and 

when compared to the normal controls, there was an interaction o f prime type 

and subject group (F(4,52)=3.167, p<0.05). Post hoc testing showed that this 

resulted from a NCE in normal subjects, but none consistently in stroke 

controls. There was a significant between subjects difference in raw RT 

(F(2,26)=4.47, P<0.05) with post hoc tests showing that the neglect patients 

were generally slower than either o f the other two groups. Figure 4.2 suggests a 

trend toward neglect subjects moving more slowly for leftward than rightward 

movements, but ANOVA on the RT data shows that this is only a general trend 

that does not reach significance and there is no significant interaction with 

prime type (p>0.1). The prediction is that stroke patient performance will 

depend critically upon lesion location. Thus variability within the group was
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expected. In the following analyses, specific hypotheses generated following 

the conflict chapter are investigated.
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Figure 4.2 Median RTs
Age-matched healthy controls are slower when primes are congruent than when 
they are incongruent or neutral. This pattern does not occur in stroke patients with 
or without neglect. Conditions in which there is a left prime are circled.
Note that the trend toward neglect patients responding more slowly for left than 
rightward movements across all three conditions (neutral, congruent and 
incongruent) is not significant.
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4.3.1 Magnitude o f  the effect o f  the left primes reduced in patients with PPC  

damage

Conflict data presented in chapter 3 suggested that patients with PPC damage 

fail to process competing leftward response programs which in this paradigm 

may be activated by left primes. In that case one would expect relatively less 

intrusion o f the left than the right prime on performance as the competing 

action plan generated by the left prime would not be propagated with parietal 

lobe. A value for the relative magnitude o f the effect o f the left prime was 

calculated for each individual in the study (Fig 4.3).

In contrast to normal subjects, the right hemisphere stroke group processed 

leftward primes significantly less effectively than rightward primes (Wilcoxon 

signed rank Z = 2.1, p<0.05 in right hemisphere stroke patients compared with 

Z=1.3, P= NS in normal subjects - Fig 4.3). Note that in the masked prime task, 

inhibition o f a prime -  leftward or rightward -  results in facilitation o f the 

alternative movement direction. The prime effect measure we have used probes 

the relative balance between leftward and rightward motor programs. Hence it 

is the within individual difference between left and right prime effects rather 

than the absolute magnitude o f prime effects that is important. Thus we make 

no claims about absolute differences between control and patient groups, but 

simply note that the balance between processing left and right primes in the 

patient group is biased against leftward direction cues.
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Figure 4.3 Left prime effects: relative magnitudes

In normal subjects, the magnitude effects are similar for both leftward and rightward 
primes. However, there is a significant difference between leftward and rightward 
prime effects in patients with right hemisphere stroke such that rightward primes are 
favoured. These data show the relative balance o f the effects o f directional primes. 
The relative magnitude o f the effect o f the left prime is used for subsequent lesion 
analysis and this is calculated as: left prime effects minus right prime effects.

Within the patient group, there was variability with only some o f the patients 

processing the leftward primes less effectively than right. Therefore we 

investigated brain regions associated with under representation o f the left prime 

(low value when the magnitude o f right prime effects is subtracted from that o f 

left prime effects). Brunner Munzel analysis showed a significant association 

between damage in the PPC and parietal and occipital white matter and under 

representation for leftward movement plans following leftward primes (Fig 

4.4). There was no correlation between the magnitude o f left prime 

representation and lesion volume (Spearman’s rho = -0.047, NS) and neither
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the presence nor the severity o f neglect correlated with this measure (Pearson 

correlation = 0.23, NS).

We also asked if reduction in the left prime magnitude could be associated with 

the presence o f neglect. Spearman non-parametric correlation did not suggest a 

correlation between neglect severity and reduced processing o f the left prime 

(Spearmans rho = 0.261, NS). Further, direct comparison o f neglect and non

neglect patients showed no different in the relative leftward prime effects 

between the groups (Mann Whitney U Z= -0.949, p=0.383). Thus the effect is 

lesion-specific rather than neglect-specific.

Figure 4.4 PPC associated with relatively poor activation of leftward compared 
to rightward motor programs.

Damage in the areas (highlighted by the red circle) is in the white matter underlying 
the angular gyrus and the supramarginal gyral white and grey matter. This region is 
significantly associated with diminished processing o f leftward, but not rightward 
primes. The coordinates for the most significantly affected area is x= 34, y= -52, z= 
40 with Z scores 5.77 respectively. Z scores above 4.72 are significant after 
Bonferroni correction (p<0.05).
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4.3.2 Reversal o f  NCE in 3 patients

So far, the lateralised directional differences within patients have been 

considered. However, unlike normal controls, patients as a group did not show 

a NCE in this task in either direction. Is this just because the effect o f the 

primes in general is reduced due to the age and relatively slow responding o f 

the stroke subjects (Schlaghecken and Maylor 2005), or are there patients 

within this group who have a significant within-subject reversal o f the NCE? In 

order to establish this, those patients with significant within subject reversal o f 

the NCE were sought.
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Figure 4.5 Three patients with significant reversal of NCE
Reversal was assessed by comparing incongruent and congruent reaction times 
within each individual. Only 3 patients showed significant reversal.
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Independent sample t-test on each individual’s RT data revealed significant 

slowing in the incongruent compared to the congruent condition in three stroke 

patients (blue text in Table 4.1, Fig 4.5). Two of these patients had neglect and 

the third had recovered from neglect by the time of testing. Two of these 

patients had watershed infarcts including inferior and middle frontal gyri and 

underlying white matter and one had a discrete thalamic haemorrhage 

extending into the basal ganglia (Fig 4.6). Importantly these patients were not 

slower than either the rest o f the stroke patients or the normal controls. Error 

rates in one o f these patients were extremely high consistent with abnormal 

intrusion of incongruent information onto performance (Fig 4.7). Note that the 

lesion volume in these patients (5075, 1914 and 1369 voxels = mm3) was 

relatively low when compared to the whole group (mean 13589 voxels, SE 

3510, range 1369-52346 voxels).

Figure 4.6 Lesion overlay for three patients with significant reversal of NCE

O f the 3 patients with a significantly reversed NCE i.e. who were slower to move 
in the incongruent than the congruent condition, two had lesions in the inferior and 
middle frontal white matter and the third had a thalamic haemorrhage that 
extended slightly into the globus pallidus.
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Figure 4.7 Error rates for three patients with significant reversal of NCE compared to other 
stroke patients and normal subjects
Error rates as well as RTs were markedly higher in the incongruent than congruent or neutral 
conditions in one patient with frontal damage.

151



4.4 Discussion

Using a masked prime paradigm, 17 right hemisphere stroke patients were 

investigated for failure to process irrelevant leftward directional primes when 

either leftward or rightward movements were performed using a joystick. 

Normal subjects showed the expected NCE, response slowing when prime and 

target point in the same direction. There was variability in performance within 

the right hemisphere stroke group which comprised patients with multiple 

different lesion sites, including PPC. Brunner Munzel rank order lesion 

analysis demonstrated that PPC damage was specifically associated with 

failure to process the leftward, compared to rightward, primes. Such 

asymmetry o f prime processing did not correlate with neglect severity and nor 

was it specific to the neglect group.

Further analysis on this data revealed three patients in whom the NCE was 

completely reversed (for both left and right primes and direction o f movement). 

Therefore variability within the neglect group was contributed to by at least 

two factors: relative failure to process leftward primes and generalised reversal 

o f priming effects. As discussed above, the first abnormality was commoner in 

patients with PPC lesions, implicating this region in processing leftward 

competing response programs. In contrast, patients with a reversal o f the NCE 

all had more anterior damage either in the frontal white matter or thalamus and 

basal ganglia.

Relatively diminished processing o f unconscious leftward response plans did 

not correlate with neglect severity and nor was it specific to the neglect group
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of patients. Therefore there is no evidence from this study that such failure to 

process leftward primes is associated with functional impairments. However, it 

is important to note that several o f the patients in the non-neglect group had 

recovered from neglect. It is possible that while neglect on standard clinical 

tests is no longer present in these patients, they still manifest some of the 

component deficits. Failure to process competing leftward motor programs 

may be one component deficit, present both in patients with and without 

neglect. Only when such a deficit is accompanied by one or more other 

component deficits, such as lateralised attentional bias or failure to sustain 

attention, might neglect be manifest in these patients.

The Brunner Munzel analysis presented here uses a continuous dataset to probe 

lesion-behaviour correlations in the presence o f specific hypotheses. This is 

unlike conventional statistical techniques where differences are sought between 

groups pre-selected for a certain clinical syndrome, behaviour or lesion 

location. The advantage o f this technique is that all patients can be included 

even those with large lesions or those who learn strategies to appear normal on 

pen and paper tasks, and therefore may not fulfil the criteria for neglect despite 

a lateralised bias. Also, the Brunner Munzel statistic is a rank order test and is 

robust when the distribution o f data is non-parametric (Rorden, Bonilha et al. 

2007).

One possible weakness o f this approach is that the behavioural data from the 

patient group considered as a whole does not necessarily reveal a distinct 

pattern o f abnormality or differ from normal subjects because, for example,
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there can be at least two patterns o f performance within the patient group. 

Therefore, the lesion-symptom mapping has to be considered in the context o f 

the specific hypotheses generated in the C hap ter 3. Specifically, patients with 

PPC damage were found to have a reversed incongruence cost for rightward 

movements only, suggesting that competing leftward response programs are 

normally propagated within parietal lobe. Data presented here are consistent 

with such a role for the PPC.

Why do three patients have a significant reversal of the NCE? One important 

thing to note first o f all is that this is not likely to reflect a general age or speed- 

related phenomenon. These patients were not particularly slow when compared 

either to the patient or normal control groups and neither were they different in 

terms o f age or time since stroke. Lesion volume was lower than the average 

for the group, so one cannot attribute this reversal to large lesions generally 

slowing response speed or inhibitory process. All these patients had had or still 

had neglect, but so did many o f the other patients. So this deficit is not neglect- 

specific.

These three patients all had relatively anterior brain lesions with damage either 

in frontal white matter or thalamus (Fig 4.6). Such lesions may well interrupt 

the network that is critical for automatic inhibition o f prime arrows. Recently, 

tiny lesions in medial frontal cortex involving the supplementary motor areas 

have been shown to disrupt automatic inhibition leading to a reversal o f the 

NCE (Sumner, Nachev et al. 2007). Both thalamic and white matter areas 

damaged in these patients have rich connections to medial frontal cortex
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(Nakano, Hasegawa et al. 1993; Schmahmann, Pandya et al. 2007). In context, 

these data suggest that automatic inhibition of primes involves a network o f 

areas including the thalamus and possibly other prefrontal areas and disruption 

to this network leads to failure o f automatic inhibition. One other possible 

explanation for such a reversal o f the NCE, particularly in the patients with 

inferior white matter damage, is that they have damaged areas that normally 

filter irrelevant information (Garavan, Ross et al. 1999; Aron, Fletcher et al. 

2003). This might perhaps explain the huge error rates for incongruent primes 

in one o f the patients with the reverse NCE.

In the next experiment the time course o f the abnormal processing o f masked 

primes is investigated. The aim is to discover whether abnormalities found in 

experiment 1 represent delaying o f the normal response or reduced/reversed 

processing.
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4.5 Experim ent 2

Eleven o f the stroke subjects, including all three with the reversed NCE, went 

on to perform the masked prime paradigm at SOAs of 100 and 300ms along 

with 9 and 11 normal controls respectively (Table 4.1). The rationale for using 

these further two SOAs was to investigate the time course o f abnormalities 

found earlier. In experiment 1, patients with relative failure to process the left 

prime were shown to have damage in PPC. If such lesions delayed processing 

the left prime, but the eventual amplitude o f the left prime-induced action was 

normal, we expected that the relative magnitude o f the effect o f the left prime 

for the patients would be larger at SOA 300ms than at SOA 200. In other 

words, the effect o f the left prime would start to kick in later, around 300ms 

perhaps, whereas the effect o f the right prime would already be declining. 

However, if  the left prime processing is truly diminished rather than just 

delayed one would expect the magnitude value to be the same or less at SOA 

300ms than 200ms.

4.6 M ethods

The paradigm was similar to that above except that in one session the SOA was 

100 ms and in a second session the SOA was 300ms. The order o f the sessions 

was counterbalanced across individuals and sessions were all at least 1 day 

apart.

Again the magnitude score was calculated for each individual at each SOA. In 

addition, for the 3 patients who had significantly reversed NCEs in experiment 

1, the non-lateralised effect o f the primes at the three SOAs was calculated.
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4.7 Results

Normal subjects did not have a significant NCE at either o f these two SOAs 

(Fig 4.8). Overall in the patient group, the effect o f  the left prime did not 

significantly differ between SOAs (Fig 4.9). O f the 11 patients who performed 

both the 200 and 300 ms task, six had a slightly increased effect o f the left 

prime between 200 and 300 ms (3 with PPC damage) and five had a reduction 

(3 with PPC damage). Therefore there is no evidence o f a systematic increase 

in the effects o f the left prime between SOA 200 and 300 in patients with right 

hemisphere stroke as would be expected if the processing o f the left prime 

were just delayed compared with the right.
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Figure 4.8 Incongruence costs at 3 SOAs
Normal subjects had a significant NCE at SOA 200ms only. All patients who 
had a significantly reversed NCE at 200ms also had the reversed effect at 
100ms SOA. One o f  the three then developed a significant NCE at 300ms. The 
other two still had a non-significant reversal o f the NCE at 300ms. * indicates 
significant effect
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Figure 4.9 Relative effect of left primes compared to right across three SOAs
The effect o f the left prime did not significantly differ across all 3 SOAs. Error 
bars represent standard error o f group mean.

Next we investigated the loss o f NCE found in the three patients with inferior 

frontal damage at SOAs o f 100 and 300ms (Fig 4.8). All three patients also 

showed a significantly reversed NCE at 100ms. In contrast, one o f the patients 

had a significant NCE at 300ms whereas the other two just had non-significant 

reversal o f the NCE.

4.8 Discussion

There is no evidence o f delayed processing o f left primes in patients with 

neglect. Therefore, it appears perhaps likely that in patients with right 

hemisphere stroke, the effect o f the left prime is relatively reduced rather than 

just delayed.
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In contrast, there was evidence in at least one o f the patients with a watershed 

infarct, affecting predominantly the anterior white matter, o f delay in NCE 

rather than pure reversal. This patient had significantly reversed NCE at SOAs 

of 100 and 200 ms but developed a significant NCE at SOA 300ms.

4.9 G eneral discussion

Sixteen patients with right hemisphere stroke and twelve age-matched controls 

were tested on a masked prime paradigm in which prime arrows were never 

visually perceived, but did influence subsequent reaction times to a target 

arrow in normal subjects, such that congruent prime-target pairs resulted in 

reaction time slowing (Eimer and Schlaghecken 1998; Eimer 1999; Sumner, 

Nachev et al. 2007). Lesion-symptom correlation within the stroke group 

suggested that prime-activated competing leftward motor plans are processed 

less effectively than rightward in patients with right PPC damage. Investigation 

o f the time course o f this effect using 3 SOAs indicated that there is likely to be 

relative reduction rather than delay in processing leftward plans. In addition we 

found three patients out o f a group o f seventeen who showed the reverse effect 

o f primes from that in normal controls i.e. congruent primes speeded and 

incongruent primes slowed responses to the target. One o f these patients 

subsequently developed normal interference o f the primes at SOA 300ms 

suggesting perhaps that automatic inhibition in this patient was delayed rather 

than absent.

Patients with right PPC damage fail to process leftward compared with 

rightward competing prime-induced motor plans, at least relative to other
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patients. In other words, left primes influenced performance relatively less than 

right primes in patients with PPC damage. Calculation o f the magnitude left vs 

right prime effects controlled for movement direction; left prime effects for 

both leftward and rightward movements were considered and likewise for the 

right prime (see M ethods). So this measure is a true reflection o f how 

competing motor programs, engendered by the primes, are processed. Using 

such a measure was important to discover how motor programs that are never 

acted upon, and therefore must be inhibited, are processed in patients with 

stroke.

Our findings here, that patients with PPC damage selectively fail to process 

leftward prime-induced competing motor programs, is consistent with that 

found in chapter 3 when leftward flankers (visually perceived) induced the 

competing motor plans (Botvinick, Nystrom et al. 1999; Casey, Thomas et al. 

2000; Botvinick, Cohen et al. 2004). Only patients with PPC damage and 

neglect actually had facilitation in the right incongruent condition, suggesting 

perhaps that failure to process leftward flanker-induced competing motor 

programs was neglect-specific. In this chapter, the patient with the largest 

asymmetry favouring right over left prime-induced response plans did not have 

neglect. Thus this deficit does not appear to be neglect-specific, but rather 

relates to lesion location, and is perhaps one o f many component deficits that 

when combined lead to manifestation o f neglect as measured on standard 

clinical tasks.
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One important question stemming from C hap ter 3 is whether or not the PPC is 

truly implicated in motor, rather than sensory, processing. In other words, 

could the failure to process left primes be due to the abnormal representation or 

decoding o f leftward sensory information or is it really generation o f the 

competing leftward motor plan that is lost when the PPC is damaged?

Most observers consider that masked primes activate motor plans that are 

subsequently inhibited (Eimer, Schubo et al. 2002; Sumner 2008). However, 

there is some data that suggest the NCE seen in masked prime paradigms may 

be due to mask-induced activation o f stimulus response associations opposite 

from the prime stimulus. Thus it would not be the prime that is automatically 

inhibited, but the opposite stimulus response association, activated by the mask, 

that inhibits subsequent target stimuli pointing in the same direction as the 

prime. Modulation o f mask features (removing components opposite to the 

prime) reveals that mask-induced activations cannot explain the whole o f the 

NCE, but they do contribute to the effect (Sumner 2008). Therefore, it is 

possible that patients with PPC damage fail to generate the second, mask- 

induced response plan following a left prime perhaps because o f abnormalities 

in sensory encoding. Although unlikely that such a primary perceptual deficit 

would produce directionally lateralised findings, it is hard to exclude 

absolutely using our data.

Even if one assumes that it is the prime and not the mask that is processed 

abnormally in patients with PPC neglect, there is still the possibility that such 

patients fail to decode the leftward prime stimulus i.e. even though they are not
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expected to ‘see’ the prime, it still has to be decoded or given it’s leftward 

meaning. Such a signal-response decoding role for the PPC has been suggested 

by previous functional MRI work (Bunge, Hazeltine et al. 2002; Cavina-Pratesi, 

Valyear et al. 2006). Since there was no significant difference between 

leftward and rightward response times overall in the patient group, there 

appears to be no problem decoding target leftward stimuli, but the possibility 

remains that patients with PPC fail to decode leftward prime arrows. 

Distinguishing a true motor from a stimulus response decoding role can only be 

achieved perhaps if PPC patients fail to generate competing leftward response 

plans in the absence o f directional visual stimuli. This is further investigated in 

Chapter 5.

Three patients in our study did show significant non-lateralised reversal o f the 

NCE at SOAs of 100 and 200ms. This effect has been described once before, 

but those patients had damage to the supplementary motor area and 

supplementary eye fields (Sumner, Nachev et al. 2007). In that study, the 

response required was either a right or left button press or rightward or 

leftward eye movements and the reversal occurred only for eye movements in 

the patient with SEF damage and for both eye and hand movements in the 

patients with a slightly larger SMA lesion. In the data described above, 

directional movements were required using only the right hand. The different 

loci o f injury in the patients described here could reflect damage to an effector- 

specific region concerned with directional arm movements. However, since 

there was no area o f overlap between all 3 patients, this seems unlikely.
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Instead, it is possible that the regions damaged in these patients are normally 

connected to the SMA forming a network. This is a plausible explanation as 

one lesion involves the thalamus that is well connected to the medial frontal 

cortex (Nakano, Hasegawa et al. 1993) and the other two patients have damage 

within frontal white matter that could be relaying information to or from the 

SMA. Another possible account o f these data is that there is damage to regions 

that normally fdter irrelevant information. In two of the patients the inferior 

frontal white matter is infarcted and this could lead to increased intrusion and 

delay following incongruent primes reversing the NCE (Garavan, Ross et al. 

1999; Aron, Fletcher et al. 2003). Such intrusion o f irrelevant information may 

result in an increase in RT in the incongruent condition, thus overwhelming the 

effects o f automatic inhibition (overall RT would be a composite effect o f the 

two systems). This could explain the huge error rate found in one o f these 

patients when primes were incongruent.

Finally, it is interesting that one o f the patients with a reversed NCE at SOA 

200ms actually developed a significant NCE at SOA 300ms. This patient could 

be considered to have inhibitory delay. Normal subjects have classical priming 

effects (facilitation when the prime and target point in the same direction) 

when there is a very small separation between the prime and the target (0-50ms 

SOA) (Eimer 1999). They then develop a NCE (cost when prime and target 

point in the same direction) at around 100ms which lasts for 100-150 ms before 

the effect o f the prime is diminished. This patient with a watershed infarct on 

the right side affecting mainly prefrontal white matter displayed a similar 

pattern o f facilitation followed by inhibition, but it was delayed by
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approximately 200ms. Such a delay in automatic inhibition in this patient 

perhaps reflects partial damage to the white matter connecting regions involved 

in automatic inhibition and consequent slowing o f response inhibition.

In summary, although there was great variability within the stroke patient 

group, it does appear that right PPC processes information necessary to activate 

leftward directional motor programs. Further, it is possible for patients with 

intact medial frontal cortex to have reversed NCE suggesting automatic 

inhibition requires several intact brain regions. In particular, damage to white 

matter tracts leading to SMA may lead to a slowing o f the inhibition whereas 

perhaps thalamic or inferior frontal lesions abolish inhibitory processes that 

normally occur following activation o f an unwanted motor program.
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Chapter 5: Free choice

5.1 Introduction

Several questions are raised by the finding that patients with neglect and PPC 

damage selectively fail to process competition from leftward information when 

planning rightward movements (Chapter 3). One important issue is whether or 

not the deficit observed in individuals with PPC damage is truly motoric or 

whether it might result from perceptual or attentional factors. There were 

several internal controls against these accounts within the conflict paradigm 

used in Chapter 3; since the stimuli and response device were in the vertical 

midline and the abnormal finding was for one direction only, spatial and 

attentional explanations for the abnormal conflict processing were unlikely.

Previous functional imaging studies have provided evidence that the parietal 

lobe has a role in decoding  stimulus-response relationships (Bunge, Hazeltine 

et al. 2002; Cavina-Pratesi, Valyear et al. 2006). This possibility was also 

considered as an explanation for the result in Chapter 3, but the patients were 

able to interpret leftward target (central) arrows, making a general failure to 

process stimuli with a leftward response association also unlikely. Nevertheless, 

it still remains a possibility that PPC damage impairs stimulus-response 

processing o f competing  leftward arrows only, i.e. leftward signals are decoded 

normally when they are dominant (in the target location), but not encoded 

normally when they are flanking (in a peripheral, competing location).

In the next experiments, the possibility that failure to represent competing 

leftward motor plans observed in right-hemisphere neglect patients is truly a
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motor deficit is investigated. In addition, the potential relevance o f lateralised 

competitive bias to the manifestation o f neglect is explored since it remains 

unclear whether the deficit in processing leftward competing cues is related to 

neglect severity.

Both paradigms used in this chapter require patients with PPC damage to make 

a ‘free’ choice between two possible alternatives. Subjects are forced to make a 

choice, but crucially there is no visual information to guide their decision. In 

this ‘underdetermined’ response situation, the two motor plans -  leftward and 

rightward -  are considered to be maximally in conflict because there are only 

two alternatives and neither is favoured by any external factors, such as visual 

cues (Botvinick, Braver et al. 2001; Nachev, Rees et al. 2005).

Much emphasis has been placed on the difference between self-generated or 

underdetermined actions, such as those performed in our free choice paradigm, 

and instructed movements, where the stimulus environment describes only one 

possible action choice (Frith, Friston et al. 1991; Lau, Rogers et al. 2004; 

Nachev, Rees et al. 2005; W aszak, Wascher et al. 2005; Lau, Rogers et al.

2006; Procyk and Goldman-Rakic 2006; de Jong and Paans 2007; Milea, Lobel 

et al. 2007; Mueller, Brass et al. 2007; Nachev, Wydell et al. 2007; Sumner, 

Nachev et al. 2007). There are several contrasting interpretations o f how 

different brain regions may interact to generate action under different 

conditions. It has been proposed that action selection is mediated by inhibition 

o f unwanted action plans in both lateral and medial prefrontal regions (Garavan, 

Ross et al. 1999; Aron, Fletcher et al. 2003; de Jong and Paans 2007). Lateral
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prefrontal cortex has been found to inhibit action in general (stop movements) 

whereas medial prefrontal selectively inhibits certain actions (facilitates 

movement selection) (Garavan, Ross et al. 1999; Aron, Fletcher et al. 2003; de 

Jong and Paans 2007).

Some authors argue for functionally and anatomically distinct networks for 

internally and externally generated action with frontostriatal circuits mediating 

internally-selected action, whereas externally-guided action requires lateral 

premotor and parietal areas (Waszak, W ascher et al. 2005; Keller, W ascher et 

al. 2006; Brass and Haggard 2007). However, an alternative view is that all 

motor programming is built on automatic activation o f action plans in response 

to a combination o f environmental stimuli and contextual knowledge based on 

memory o f past experience and ongoing goals (Sumner, Nachev et al. 2007).

So rather than there being absolute differences between self-generated and 

externally driven action, differences lie only in the degree to which stimulus 

driven ‘external’ or goal-driven ‘internal’ processing streams are recruited 

(Jahanshahi, Jenkins et al. 1995).

When action is relatively ‘underdetermined’ or internally generated, most 

authors consider that medial frontal regions are involved in movement 

selection. There has been debate as to whether the cingulate (Mueller, Brass et 

al. 2007) or pre-SMA (Lau, Rogers et al. 2004; Lau, Rogers et al. 2006) is the 

critical area for such ‘internally generated’ movement. This discrepancy 

probably reflects the different requirements o f each paradigm. In functional 

imaging studies, parietal areas are also active when subjects are required to
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make internally generated actions (Jahanshahi, Jenkins et al. 1995; Lau, Rogers 

et al. 2004; Elsinger, Harrington et al. 2006; Mueller, Brass et al. 2007; Ogawa 

and Inui 2007) with one study showing parietal activation to be correlated with 

the number o f possible response choices (Lau, Rogers et al. 2004).

In the experiments described below, underdetermined responding is used as a 

tool to investigate movement choice bias in patients with PPC damage and 

neglect. In the first experiment, we devised a choice task, in which on half the 

trials subjects were asked to freely select between making leftward or 

rightward movements as quickly as possible; whereas on the other 50% of 

trials they were instructed  which way to move (Fig. 5.1).

The stimulus to freely choose left or right comprised two squares which carried 

no directional information (the neutral cue in the conflict paradigm used in 

chapter 3). Therefore, there are neither rightward nor leftward visual cues in 

this condition. Importantly, subjects respond using a centrally placed joystick 

and fixate centrally at all times. Therefore perceptual, spatial or attentional 

factors should not interfere with performance.

We hypothesized that patients with right parietal damage would have a bias 

toward making rightward movements under such free choice conditions 

because leftward motor plans would not compete equally with rightward ones. 

We also considered that a rightward motor choice bias may be associated with, 

and perhaps contribute to, more severe neglect.
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5.2 Experiment 1

5.2.1 Methods

Sixteen subjects with neglect and 8 without neglect following right hemisphere 

stroke were tested along with 14 normal controls (Table 5.1). Again, subjects 

moved a centrally placed joystick left or right as quickly as possible. Stimuli 

similar to those used in the conflict task (Chapter 3), presented in the vertical 

midline, were either congruent arrows all pointing in the same direction 

(,instructed condition; 50% o f trials) or neutral flankers with no central target 

(choice condition; remaining 50% trials); see Fig. 5.1. On choice trials, 

subjects were instructed to move as fast as possible either left or right. They 

were explicitly told to move with their first instinct and not to make a plan in 

advance about their direction o f movement. Instructed cues were included to 

make it harder for subjects to form a plan in advance about which way to go. 

Stimuli were presented pseudo-randomly with the two constraints that each 

condition appeared the same number o f times per block and that the same 

stimulus was presented no more than twice in a row. Four blocks o f 48 trials 

were performed giving a total o f 196 trials. A short practice session (< 2mins) 

took place before the start o f  the first block.
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Figure 5.1 Free choice task
Participants had to choose to move either left or right using a joystick as fast as 
possible on choice trials (50%). In the other 50% of trials, subjects were 
instructed to move either left or right by arrow cues. Trials were pseudo
randomised with the constraint that the same number o f each trial type 
occurred in each block and that no more than 2 free choice trials in a row were 
presented.
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5.2.1.1 Behavioural data analysis

Response choice was analysed using a one-way ANOVA performed on the 

direction choice data in the free choice conditions for normal controls and 

stroke patients (with and without neglect). The dependent variable for this was 

the percentage o f rightward movement choices (degree o f lateralised bias) in 

the free choice condition for normal controls, neglect and non-neglect stroke 

controls. In order to assess the relevance o f directional choice to the 

manifestation o f neglect, correlations were sought between the Bell’s 

cancellation score and the percentage o f rightward movement choices (number 

o f right bells -  number o f  left bells cancelled). In addition a line bisection 

measure o f  neglect severity was also used -  each subject bisected 3 lines o f 

17cm long and the deviation rightward (in mm) was correlated with rightward 

bias in the experimental task. Shapiro Wilk statistic and inspection o f the Bells 

behavioural data suggested that it was not normally distributed (Table 5.1). 

Therefore Spearman’s Rho, non-parametric correlation was used. Only the 

neglect group was used for this correlation as non-neglect patients by definition 

would cluster around zero on the Bell’s cancellation measure.

Next cumulative binomial probabilities were calculated for each individual 

(Sheskin 2007). The aim o f  this statistic is to give the probability that each 

individual’s number o f  rightward choices would have occurred by chance if 

they were entirely unbiased on each trial. In other words, if there was actually a 

50% chance at each trial o f the subject moving right, what is the probability 

that any individual would move rightward say 57% o f the time?
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The cumulative binomial probability was used as interest lay not in the chance 

o f moving right exactly 57% o f the time, but in the probability that the subjects 

would move right 57% or more o f the time. This statistic makes the assumption 

that each trial in the experiment is completely independent which is perhaps 

unlikely, but since left or right instructed or chosen movement could precede 

any choice decision, it is unlikely there was systematic bias by preceding 

action. Significance testing o f the cumulative binomial probability function 

relies on the fact that the binomial function resembles a normal distribution 

when sample sizes are large. Therefore for the probability o f an event 

occurring a certain number o f times by chance to be statistically insignificant, 

it must be less than 0.05/2 =0.025, i.e. half the standard value for rejection o f 

the null hypothesis.

Since a response bias in at least some o f the neglect patients was anticipated, 

possible inference from lateralised reaction time data is limited. This is because 

response bias may confound reaction time variation as rarely made movements 

would be expected to be slower than frequently made movements. With these 

considerations, lateralised reaction time data for choice and instructed 

conditions were analysed together using repeated measured ANOVA with the 3 

groups as between subjects variables. Post hoc testing was performed using 

Bonferroni correction where appropriate. Further, in order to investigate 

whether a rightward choice bias was associated with generalised leftward 

movement initiation slowing, a paired t-test was performed comparing leftward 

and rightward median response times in the instructed condition for each 

neglect subject who chose to move right more often than left.
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5.2.1.2 Lesion analysis

Next, the Brunner-Munzel rank order statistic on the continuous behavioural 

((number o f R- number o f L responses) x -1) and lesion data was performed to 

show areas selectively affected  in patients with a rightward bias. Only areas 

affected in at least 3 individuals were included in the analysis. Importantly we 

included all patients with right hemisphere stroke in this analysis (neglect and 

non-neglect). This was because 4 o f the non-neglect group had recovered from 

neglect and it was a possibility that they still had a rightward bias not detected 

on standard clinical tasks (Table 5.1).

This lesion analysis is post hoc and based on the hypothesis generated in 

Chapter 3 that a relative rightward bias would be most marked in patients with 

PPC damage. By way o f validation o f this technique for exploring lesion 

symptom correlations, we conducted a subsidiary analysis by dividing the 

patient group into those with damage in the angular gyrus o f the PPC and those 

without and comparing the rightward response bias o f the two groups using an 

independent samples t-test.

5.2.2 Results

Sixteen neglect patients, 8 non-neglect stroke controls and 14 normal controls 

performed the task (Table 5.1). Overall, neglect patients moved rightward 

slightly more often than leftward (right 53.2% (SE 3.4) vs left 46.8% (SE 4.1) 

Fig 5.2a), but there was considerable variation between individuals, with some 

showing a bias to make rightward movements and others selecting equally 

from both directions (Fig. 5.2b).
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The first question investigated was whether or not rightward motor choice bias 

was associated with the neglect syndrome. One-way ANOVA on the 

percentage o f rightward choices for age-matched control, stroke control and 

neglect patients showed no significant differences between the groups. When 

cumulative probability scores were calculated for each stroke subject, only one 

non-neglect and 3 neglect subjects were significantly more likely to move right 

than left (Fig 5.3). So, rightward bias occurs in both neglect and non-neglect 

subjects -  although it might be important to note that the subject without 

neglect who had a significant rightward bias was one o f this group who had 

recovered from neglect on standard clinical tasks rather than never having had 

neglect.

We next asked if within the neglect group, rightward bias in movement choice 

correlated with neglect severity using the lateralised bias on the Bells 

cancellation as a standard neglect measure (Fig 5.4). Spearman’s Rho o f  0.528, 

P<0.05 suggested a significant relationship between the motoric rightward 

choice bias and the manifestation o f left neglect on this cancellation task. 

However, this relationship was not found when line bisection rightward 

deviation was used as a measure o f neglect severity. Previous studies have 

reported dissociation between performance on cancellation vs. line bisection 

tasks in neglect patients with some authors arguing that cancellation deficits 

may be better measure o f neglect behaviour (Ferber and Kamath 2001).
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Table 5.1 Patient information for experiment 1

Age
(years)

Time since
stroke
(months)

Bells
R-L

Line
bisection 
(mm to the 
right)

Current 
(neg), 
recovered 
or never 
neglect

78 1 14 20 neg
58 35 3 -2 neg
41 0.06 3 5 neg
66 0.09 1 6 neg
41 0.3 13 0 neg
42 0.2 4 9 neg
64 0.3 5 8 neg
36 0.2 0 7 neg
47 1.5 1 20 neg
67 1.8 4 22 neg
66 0.09 10 7 neg
66 0.25 3 4 neg
66 0.68 4 10 neg
46 1.5 14 28 neg
69 1.13 3 8 neg
46 0.68 8 18 neg

Median 61 0.5 4 8

74 0.68 -1 -4 never neg
31 0.09 0 0 never neg
24 2.58 0 0 recovered
63 58.87 0 4 recovered
70 0.16 0 0 never neg
53 0.19 1 -2 never neg
67 0.58 1 3 recovered
71 2.32 0 4 recovered

Median 65 0.6 0 0
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Figure 5.2 Proportion of rightward responses across groups
a) In the choice task, subjects chose to respond left or right on 50% o f trials. There 
were no overall significant differences in group performance.
b) There was variation between subjects with some moving right more often than left 
(rightward bias) whereas others selected from both movement directions.
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Since rightward movement choice bias has been shown in patients with neglect 

and at least one patient not manifesting neglect on standard clinical tasks, the 

next question asked was whether or not rightward bias might be due to damage 

in one particular area o f brain, regardless o f whether they had neglect at the 

time o f testing. Brunner-Munzel rank order statistic was performed on all 

patients ’ lesion data  (i.e. n=24) and the percentage o f rightward action choices 

for each individual. Relative rightward bias in the right hemisphere stroke 

patients was significantly associated with damage to the inferior parietal and 

occipital white matter (p<0.05 after Bonferroni correction - Fig 5.5a). Thus 

rightward bias has an anatomical basis, specifically with the right PPC and 

underlying white matter.
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Figure 5.3 Cumulative binomial probabilities for neglect and non-neglect subjects
Using conventional significance testing, only 3 neglect and 1 non-neglect subject wouk 
be considered to have a significant rightward bias (indicated by dots below the horizonta 
axis).
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Figure 5.4 Correlation between neglect severity and movement choice bias
Patients who tended to choose to move right in the free choice condition also tended to 
have the most severe neglect when tested using the Bells cancellation task (Spearman’s 
rho = 0.523, p<0.05).
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In a subsidiary analysis, patients were divided into two groups, regardless o f 

whether they had neglect, according to whether or not they had damage in the 

angular gyrus o f the PPC (n= 11 with damage in PPC, n=13 without damage in 

PPC Fig 5.5b). There was a significant difference in percentage o f rightward 

responses chosen between those patients with PPC damage and those without (t 

= 2.3, p<0.05); PPC patients went right 57 % (SE 2.8) o f the time on average 

compared to 46% (SE 4.0) in the patients without PPC damage. Therefore the 

post-hoc lesion symptom mapping using the Brunner Munzel statistic (Fig 

5.5a) and a more conventional technique dividing patients according to their 

lesion anatomy (Fig 5.5b) both implicate PPC as important for resulting in a 

rightward motoric bias. But the effect need not be neglect-specific

Repeated measures ANOVA on the reaction time data revealed a main affect of 

instruction type (Fig 5.6): all subject groups were slower to move when 

choosing than when instructed to move (F( 1,35)—87.7, p<0.001). In addition 

there was an interaction between instruction type and subject group 

(F(2,35)=8.95, p<0.001). Post hoc ANOVA comparing each group with the 

normal subjects revealed that this interaction was due to the performance o f the 

neglect patients who differed from the age-matched normal control group 

(F( 1,28)= 17.950, p<0.001), but the stroke control group did not significantly 

differ from either the neglect or age-matched healthy controls (Fig 5.6). So 

neglect was associated with a choice cost, although this effect was not 

directional.
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Figure 5.5 Lesion analysis for neglect patients in free choice task
a) Using the Brunner Munzel rank order statistic, cortex o f the angular gyrus and 
surrounding white m atter are shown to be significantly associated with a rightward 
bias, even after Bonferroni correction for multiple comparisons (p<0.05). The 
coordinates o f the centre o f the significant area on this slice are x=50, y=-64, z=24. 
A Z score o f greater than 4.745 suggests significance after Bonferroni correction.

b) Subtraction showing areas damaged in patients with lesion o f the PPC (patients 
with PPC damage minus those without). Colour bar shows the percentage damaged 
in PPC group and not in non-PPC group e.g white colour shows that 100% o f PPC 
patients had damage in this area and 0% of non-PPC patients.

180



Do patients with a rightward choice bias tend to initiate leftward movements 

more slowly than right even when the movement is instructed? Subgroup 

analysis o f the patients with neglect who chose to move right more often than 

left showed no significant difference in the reaction times to leftward verses 

rightward arrows (paired t-test). Median reaction times for the subgroup of 

neglect patients who moved right more often than left were 695 ms (SE 33) 

rightward and 660 ms (SE 38) leftward, with 5 patients initiating leftward 

movements more slowly than rightward and the other 3 moving right more 

slowly than left. In summary, although right PPC damage was associated with 

a bias to choose rightward movements more than leftward ones, there was no 

asymmetry in instructed reaction times.

5.2.3 Discussion for Experiment 1

In this first paradigm, subjects were forced to choose rapidly between 

rightward and leftward movements with the right hand without any directional 

visual information being provided. There was variability within the neglect 

group with a non-significant trend towards these patients making a higher 

proportion o f rightward choices than healthy age-matched controls or right 

hemisphere stroke controls. W ithin the neglect group, the tendency to choose 

to move right rather than left was associated with more severe neglect when 

measured using the Bells cancellation, a standard clinical test for neglect.

When neglect severity was assessed using line bisection, no such relationship 

to directional response bias was shown. Such dissociations between these two 

measures, line bisection and cancellation, are well known in neglect patients, 

with cancellation considered by some to be a more sensitive measure o f neglect
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Figure 5.6 Reaction times for left and right instructed and freely chosen 
movements
Neglect patients were disproportionately slowed by the choice condition for boi 
leftward and rightward movements. There was a trend towards this tendency too i 
the non-neglect patients. Error bars shown standard errors o f the mean.
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(Ferber and Kam ath 2001), although there may also be a lesion location 

association (Rorden, Fruhmann Berger et al. 2006). Crucially, parietal and 

occipital white matter damage was more common in patients with a rightward 

motor bias (in terms o f  making significantly more rightward movements) in the 

free choice condition (Fig 5.5), consistent with a competitive advantage for 

rightward movement plans in patients with PPC damage.

Not all patients with neglect chose to move right more often than left in the 

choice condition. Indeed, studies o f eye movements during visual search in 

neglect have also revealed that patients may make as many left saccades as 

rightward ones (Niem eier and Kam ath 2000; Mannan, Mort et al. 2005). A 

possible explanation for the rightward motoric bias in our experiment is that it 

is not a critical component in all neglect patients, but perhaps affects a 

subgroup o f patients with neglect who have PPC damage. This is consistent 

with the view that neglect is a modular disorder comprising critical 

combinations o f individual deficits that may also exist singly in patients 

without neglect on standard clinical tasks (Coulthard, Parton et al. 2007).

It is important to note that there are also other factors in our experiment that 

may have meant that rightward movement choice bias was underestimated in 

this free choice paradigm. The patients were instructed to move as fast as 

possible in one direction or another without making a plan in advance, with the 

aim that the movement was as automatic as possible and reflected competition 

between motor programmes. However, the experimenter is not privy to the 

decision processes that may be occurring within the patient. All the patients
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had been informed o f their diagnosis o f neglect and would at some point have 

received therapy where they were prompted to use the left side or take into 

account objects on the left. This background may well have influenced the 

decisions made by neglect patients; it is possible they may have been actively 

trying to avoid making too many rightward movements.

Since this competitive bias in neglect patients with right PPC lesions occurred 

in the absence o f any directional visual cues or lateralised spatial information, 

these data are consistent with a motoric deficit in these individuals. However, 

despite the central location o f the stimuli, the response device and fixation, it is 

still possible that these patients with PPC damage manifest an attentional bias 

towards the right. Attentional processes have previously been thought to 

influence m otor control (Punt, Riddoch et al. 2005). Thus one might argue that 

a covert attentional bias to the right influenced motor choice in patients with 

PPC damage.

However, if attentional bias to the right favours rightward motor programming, 

one might expect to see a directional speed difference in the instructed 

condition such that leftward instructed movements were slower than rightward 

in patients with a rightward movement choice bias. Contrary to this, there was 

no significant delay in initiating leftward movements in neglect patients with a 

rightward choice bias. In fact, three o f these patients moved more quickly 

leftward than rightward in the instructed condition (Fig 5.6).
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To probe further the motoric basis o f the lateralised competitive bias found in 

patients with PPC damage, we used masked primes to modulate response 

choice in Experiment 2. Since, to a large extent, masked prime arrows are 

thought to influence m otor rather than perceptual processing (Eimer, Schubo et 

al. 2002; Sumner, Nachev et al. 2007), if  the lateralised response choice bias 

found in neglect patients is modulated by the presence o f primes, one might 

have a stronger case that the basis o f the rightward bias is motoric in neglect 

patients with damage to the areas o f the PPC identified here (Sumner 2007).

5.3 E xperim en t 2

In this experiment, we specifically assessed neglect patients with PPC damage 

along with 10 normal controls using a masked prime paradigm (Eimer and 

Schlaghecken 1998) in order to gain further understanding o f the basis o f  any 

directional bias in neglect patients. Interest lay in whether or not the directional 

bias was affected by interference from m otor priming. Masked prime arrows 

are not visually perceived, but are thought to affect subsequent motor 

programming (for further details see C h a p te r  1 and (Eimer and Schlaghecken 

1998; Eimer 1999)).

The effect o f prime arrows on a subsequent target is critically dependent on the 

interval between their presentation (stimulus onset asynchrony - SOA) (Eimer 

and Schlaghecken 1998; Eimer 1999). At short SOAs (<50ms), congruent 

prime arrows (those pointing in the same direction as the target), speed 

response initiation to the target. However at SOAs o f around 150-200ms, there 

is paradoxical slowing o f a target response when it is preceded by a congruent
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prime, the negative compatibility effect (NCE). The NCE is though to result 

from automatic inhibitory mechanisms that prevent action on the basis o f the 

irrelevant prim e-induced response plan.

Evidence that such inhibitory processes act on motor programs rather than 

sensory representations comes from the finding o f effector-specific prime 

effects. Eimer and colleagues have shown that left foot priming will not lead to 

inhibition o f left hand movement (Eimer, Schubo et al. 2002). Further, a tiny 

medial frontal lesion that involves the supplementary eye fields but spares the 

rest o f the supplem entary motor area selectively interrupted inhibition o f eye, 

but not hand m ovem ents (Sumner, Nachev et al. 2007). In contrast, a larger 

lesion involving more o f  the supplementary motor area, reversed automatic 

inhibition o f both eye and hand movements (Sumner, Nachev et al. 2007).

Recent work has suggested interference from masked primes when subjects 

choose between two underdetermined response options, i.e. masked primes can 

bias ‘free’ choice (Schlaghecken and Eimer 2004; Kiesel, Wagener et al. 2006). 

The pattern o f interference in the study by Schlaglacken and Eimer 

(Schlaghecken and Eimer 2004) was such that primes encouraged movement 

choice in the opposite direction, i.e. healthy subjects were more likely to 

choose to move right if  the (previous) prime arrow pointed leftward and vice 

versa.

This paradoxical result occurred only when the mask and free choice stimulus 

were separated by 150ms and not when they were separated by 0ms. Such a
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finding is the response choice analogue o f the negative compatibility effect 

(NCE) found when subjects are required to respond to a target arrow following 

a prime (Eimer and Schlaghecken 1998; Eimer 1999). Thus, given enough time 

between prime and action cue, the brain has a bias for the alternative 

movement to that associated with the prime.

In the following experiment, subjects were asked to freely choose to move 

either right or left when they viewed a circle (Fig 5.7). The circle followed a 

masked prime that could be a rightward or leftward (arrow) or neutral prime 

(square). The separation o f mask and prime was 200ms, an SOA found in 

previous studies to lead to a negative compatibility effect in the elderly 

population (Sumner, Nachev et al. 2007). It was expected that normal subjects 

would choose to move left more often than right when the free choice cue 

(circle) followed a rightward prim e , and vice versa.

Five neglect patients, all with PPC damage, were tested on this paradigm. We 

expected that the pattern o f prime interference on movement choice would 

illuminate the basis o f a rightward bias, motor or sensory/attentional. Before 

further presentation o f the task, we consider the possible outcomes o f this 

experiment.

First, it was possible that the primes would have no effect on response choice 

in the patients with neglect. Previously it has been suggested that masked 

primes may not cause negative compatibility effects in elderly subjects who are 

slower to respond (Schlaghecken and Maylor 2005). Secondly it was possible
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that directional bias in patients would be modified such that they made 

relatively fewer rightward movements when rightward primes precede the 

choice cue. This would be a similar pattern o f behaviour to that expected in 

normal subjects, but perhaps with an alteration in baseline such that the 

patients made more rightward than leftward movements overall. This would 

not differentiate between attention and motoric causes o f a rightward bias.

A third possible pattern o f performance in the PPC neglect subjects would 

result from failure o f the leftward motor plan to compete normally with the 

rightward motor plan, i.e. failure to inhibit rightward motor plans when 

activated by a right prime. This would be in keeping with the hypothesis 

generated in previous chapters that right PPC is critical for generation o f 

competing m otor programs, particularly leftward motor programs that inhibit 

rightward plans. In this case, one would expect more rightward movements to 

be made when a right prime precedes the choice cue, but no analogous leftward 

response bias with left primes. Such a pattern o f interference in patients with 

PPC damage, or any reversal o f the response choice NCE, would suggest that 

visuomotor prime processing relies on the PPC.

5.3.1 M ethods

5 patients with neglect (T able 5.2), all with PPC damage, were tested along 

with ten normal controls on a free choice masked prime paradigm (Fig 5.7).
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Age (years) Time Bells Line
since R-L bisection
stroke cancellation (mm to the

________________(months) score_________ right)______
Neglect
73 96 4 26
78 3 4 15
58 38 3 -2
41 0.3 6 0
64 0.5 5 9

Table 5.2 Clinical information for free choice masked prime patients
Patients in red did not display rightward bias in neutral free choice condition

Subjects responded to a target stimulus that following a mask by 200ms (SOA 

200ms) using the joystick. Pilot work and previous data has shown that elderly 

subjects have a negative compatibility effect at this SOA (Sumner, Nachev et 

al. 2007). There were 250 trials containing 5 different trial types in this 

paradigm. In 40% o f trials, the target was an arrow stimulus that instructed the 

subjects to move left (20%) or right (20%), following a neutral (square) prime. 

These were the instructed trials. In a further 60% o f trials, the target was a 

circle and subjects were free to move either left or right as fast as possible. In 

1/3 o f these trials, the prime was an arrow pointing left, in 1/3 the prime was a 

prime was an arrow pointing right and in 1/3 the prime was a neutral square. 

The instructed trials were included to limit the ability o f the subjects to make a 

plan in advance about their direction o f movement and also because previous 

work has suggested that unless prime arrows are relevant to the current ‘task 

set’ they will not influence performance (Schlaghecken and Eimer 2004).
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FIXATION

BLANK = 200ms

PRIME = 32ms

SOA = 200ms

»
BLANK » 100ms

TARGET = 100ms

time

Figure 5.7 Free choice masked primes paradigm
Subjects were instructed to choose to move left or right as fast as possible when the 
circle target was presented (60% trials). This circle was preceded by either a left, right 
or neutral prime arrow. In the remainder (40%) o f trials, subjects were instructed to 
move either left or right and the prime was neutral.

190



Circles were used as free choice symbols because they were symmetrical and 

carried no response association. Circles were chosen in preference to squares as 

the squares were already used as neutral primes preceding arrow stimuli in the 

instructed condition trials. Therefore, it is possible that on a trial-by-trial basis, 

the neutral cues carried a response association depending on the direction o f 

the most recently viewed target arrow. Pilot investigation showed that prime 

arrow stimuli were not visible; subjects were unaware o f their identity or 

presence. In addition, all subjects who participated in the final experiments 

were asked at the end o f the practice block to describe what they had seen on 

the screen. Then again, at the end o f the testing, subjects were asked if  they had 

seen any arrows other than the ones following the hashed lines. None o f the 

participants were aware o f the arrow primes.

5.3.1.1 Data analysis

In the free choice conditions, subjects could choose either leftward or 

rightward movements. These data are represented as the percentage o f 

rightward movements for comparison between groups. First an independent 

samples t test was performed on the movement choice data when primes were 

neutral for normal subjects versus neglect patients.

Thereafter, attempts were made to correlate neglect severity with rightward 

bias. As in the previous experiment, again Spearman’s Rho non-parametric 

statistic was used.
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Variation in response bias in leftward and rightward prime conditions was 

investigated using repeated measure ANOVA with the subject group as a 

between subject factor. Paired sample t-tests on the left vs right movement 

choice data for both groups were also performed.

Finally, median RT across all conditions was calculated for each subject. PPC 

neglect patients and normal controls were compared using an independent 

samples t-test as well as repeated measure ANOVA for leftward and rightward 

movements in 3 free choice conditions (prime types) and the instructed 

condition.

5.3.2 Results

Ten age-matched normal subjects and 5 patients with neglect and damage in 

the PPC completed this task (Fig 5.8). One normal subject was excluded from 

the analysis as she went left on >90% of all free choice trials, although apart 

from a leftward bias, she showed the same pattern of prime interference as all 

the other control subjects.

Figure 5.8 Lesion overlay for PPC neglect
All 5 patients had damage in the PPC with the maximum area of overlap 
being in the parietal white matter (yellow/white area).
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The first question asked was whether or not neglect patients with PPC damage 

displayed a rightward directional motor choice bias. In the free choice 

condition with neutral primes, the healthy control subject group chose to move 

right 49.6% (SE 4.2%) o f the time, whereas neglect patients with PPC damage 

moved right 54.4% (SE 11.4%) o f the time. These were not significantly 

different and again there was considerable variability within the neglect group.
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Figure 5.9 Percentage o f rightward response choices when primes were 
neutral

Only 3 patients tended to move right more often than left. Due to the small 
numbers, the patients are considered as one group for further analysis.
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Three out o f 5 patients with PPC damage tended to move right more often than 

left in the free choice condition with a neutral prime (Fig 5.9). Although 

inferential statistics on such small groups ( 2 vs 3 subjects) have limited 

validity, patient demographics show that there was overlap in age and time 

since stroke between those who had a lateralised movement choice bias and 

those who did not (Table 5.2). Spearman’s Rho correlation test o f  Bells Score 

(R-L cancelled) with right lateralised bias showed a trend towards a positive 

correlation (rho = 0.62, p=0.13, one-tailed).

Normal subjects were significantly more likely to choose to move left after a 

right prim e  and vice versa (paired-samples t-test on % rightward movements 

in left vs right prime conditions, t= 3.99, p<0.005). In other words, they 

displayed a response choice analogue o f the NCE, with the prime movement 

direction being relatively inhibited.

Next we investigated whether motor priming in patients with neglect and PPC 

damage differed from that o f normal controls (Fig 5.10). Repeated measures 

ANOVA revealed a highly significant interaction between subject group and 

prime type (F(l,13)=24.361 p<0.001). Thus rightward and leftward primes 

affect response choices differentially in PPC neglect patients (paired sample t- 

test significant difference between percentage rightward choices in right and 

left prime conditions t=3.807, p<0.05). Moreover, they affect results in the 

reverse pattern o f priming from normal controls, i.e. consistent with lack o f 

inhibition - but bilaterally (Fig 5.10). In patients, a right prime does not 

facilitate leftward choices -  and vice versa -  as in controls. Instead, right
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primes increased the number o f rightward  response choices. Thus they do not 

show the normal inhibitory effect on response choices induced by directional 

primes.

LEFT RIGHT
PRIME PRIME
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Normal su b jects  (n = 10) 
PPC n eg lec t patients (n = 5 )

Figure 5.10 Percentage of rightward movements when primes were left or right 
arrows
Normal subjects choose to move right more often than left after a left prime and vice 
versa. Every single PPC neglect patient showed the reverse pattern o f interference. So a 
right prime favoured a rightward movement whereas a left prime favoured a leftward 
movement.
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One possible explanation for the difference between patients and normal 

controls could be that the patients are generally slower than normal controls 

and therefore the normal inhibitory mechanisms impact at a later stage o f 

motor preparation (thus facilitating rather than inhibiting). However, 

independent sample t-test on the overall RT data showed no significant 

difference in response times between the PPC groups and the normal controls 

(t=0.604, NS Fig 5.11). In addition, repeated measure ANOVA on the median 

RT data showed no main effects o f instruction type or interactions of 

instruction type and subject group.

800 -i

750 - 

700 - 

650 

600 A

o  550

c
03
-a

500 - 

450 -J 400 -
CO
55 350 - 

°  300

0

•  Normal control subjects (n=9) 
O PPC neglect subjects (n=5)

Figure 5.11 Median RTs for the normal controls and PPC neglect group
Overall, the patients were not significantly slower than the healthy control group.
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5.3.3 Discussion of experiment 2

In this experiment, we tested neglect patients specifically with right PPC 

damage along with age-matched control subjects on a masked prime free 

choice task (Fig 5.7). Patients with PPC damage and neglect showed the 

reverse pattern of m otor priming from normal subjects (Fig 5.10). Masked 

primes are thought to activate motor programs that are subsequently inhibited 

(Eimer, Schubo et al. 2002; Sumner, Nachev et al. 2007). Thus it appears that 

inhibition o f prime-activated response plans does not occur normally in 

patients with PPC damage.

Can we tell why the effect o f the primes is reversed in these patients? Data 

presented in chapters 3 and 4 have implicated the right PPC in processing of 

leftward directional m otor programs selectively. However the findings reported 

here suggest that motor inhibition is abnormal for both rightward and leftward 

primes; rightward prim es promote rightward response choices whereas 

leftward primes favour leftward response choices, the opposite pattern to 

normal controls. Therefore, evidence presented here suggests right PPC 

damage causes a non-lateralised motor deficit such that inhibition o f the prime- 

activated plans does not occur whether they be rightward or leftward.

Such a reversal of prim e-induced inhibition in patients with PPC damage is 

unlikely to result from attentional impairment, as attentional requirements are 

the same regardless o f prime direction and the motor priming deficit is 

bidirectional, whereas attention in patients with neglect tends to be biased 

towards the right.
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Is it definitely the m otor program rather than the sensory representation that is 

inhibited abnormally in PPC neglect patients? Much previous work has 

suggested that automatic inhibition following masked primes occurs at the 

motor output stage o f processing. As discussed earlier, this is because 

inhibition has been shown to be effector-specific (Eimer and Schlaghecken 

2001; Eimer, Schubo et al. 2002; Sumner, Nachev et al. 2007). However, other 

accounts suggest that a proportion o f the NCE results from mask-induced 

sensory representation opposite to that o f the prime (Lleras and Enns 2004).

Could it be that patients with PPC damage and neglect actually have a 

perceptual deficit such that they fail to activate mask-induced sensory 

representations? Recent work demonstrates that prime-mask interactions, 

leading to mask-induced representation o f the information opposite to the 

prime direction, account only for a small proportion o f the NCE (Sumner 2008). 

In that case, contrary to the findings presented here, one would expect that if 

prime-mask interactions alone were impaired in PPC neglect patients, the 

patients would manifest the same pattern o f behaviour as normal controls, but 

with a smaller magnitude. Another argument suggesting that the sensory 

representation o f the prime was relatively preserved in these patients is that the 

primes did influence performance. Primes must have been processed and their 

meaning decoded, at least to some extent since patients’ performance 

distinguished between right and left primes. Thus a sensory deficit in 

representation o f the primes or the mask in our patients with PPC neglect 

appears unlikely.
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It is also important to note that these patients were not any slower than normal 

controls overall. So we cannot explain the reverse pattern o f prime effects in 

terms o f generalised slowing o f brain activity and a delay in automatic 

inhibition. Therefore these data imply that PPC is critical for normal automatic 

inhibition o f competing motor programs when response choices must be made.

Here, a reversal o f the expected NCE has been demonstrated in all five neglect 

patients with PPC damage when they make response choices. One further 

interesting question is whether or not these PPC neglect patients all have a 

reversed effect o f priming when responses are instructed, such as in the 

paradigm presented in Chapter 4, rather than freely chosen. All the patients in 

this study also performed the instructed masked prime task (Chapter 4), always 

within a week o f completing this free choice task. One patient had a significant 

reversal o f the NCE when the target instructed the direction o f movement, 

similar to the abnormality in response choice in this experiment (Fig 5.12). 

However, another patient, who had reverse prime effects in the free choice task 

(reverse NCE), was found to have a significant NCE when action was 

instructed, with the rest o f the PPC neglect group having non-significant prime 

effects. In other words, all patients had a reverse effect o f the primes when 

choosing a response, but the analogous, reverse NCE RT effect was not 

consistently present when responses were instructed.

How can we account for this discrepancy between prime effects in the 

instructed (C h ap te r 4) and free  choice conditions in PPC neglect patients? 

Neither prime visibility nor response speeds can explain the difference in
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patient performance between these two paradigms. It is possible that the 

performance o f patients with right PPC damage actually indicates an important 

role for the parietal lobe in response selection when choices have to be made. 

Such a parietal function appears to be critical mainly when the response choice 

is underdetermined (free choice condition). This suggestion is consistent with 

functional imaging data showing parietal activations when responses are freely 

chosen, particularly when there are larger number o f response choices 

(Jahanshahi, Jenkins et al. 1995; Lau, Rogers et al. 2004; Elsinger, Harrington 

et al. 2006; Mueller, Brass et al. 2007). They are also in line with the findings 

o f a recent monkey neurophysiological study which demonstrated effector 

specific PPC neuronal activity when monkeys choose which responses they 

make (Cui and Andersen 2007).
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Figure 5.12 NCE data from chapter 4 for 5 PPC neglect patients
In contrast to response choice bias which was reversed in all PPC neglect 
subjects, there was greater variability in the RT following prime stimuli in the 
experiment described in chapter 4. One patient had a significantly reversed NCE 
whereas another had a significant *NCE*.
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However, these data perhaps are at odds with recent evidence suggesting that 

right PPC mediates visually guided action whereas left PPC is involved in self

generated activity, which at first sight seems analogous to our free choice 

condition (Ogawa and Inui 2007). It is important to note that in our experiment, 

patients with right PPC damage were actively making a choice between two 

directions whereas in the work o f Ogawa and Inui (Ogawa and Inui 2007), the 

left PPC appeared important for monitoring self-generated activity in a 

direction instructed by the experimenter. In any event, the data presented here 

raise the possibility o f a role o f the right PPC in response selection.

5.4 G eneral discussion

The two experiments in this chapter sought to answer two questions: firstly 

whether or not the lateralised deficits found in neglect patients may be 

contributed to by a directional motor bias in response choice, and secondly 

whether the parietal lobe is critical for processing directional motor plans.

In neither experiment was there an overwhelming response choice bias to the 

right in patients with neglect, with or without PPC damage. However, in both 

experiments, there was a general trend towards rightward response bias in 

patients with neglect. In addition, rightward response bias correlated positively 

with the severity o f neglect in experiment 1 (Fig 5.4). This suggests that a 

motoric bias to move rightward in preference to leftward could contribute to 

the neglect syndrome. However, it is clear that such a bias can still occur even 

in patients without neglect (Fig 5.3). Therefore it is likely that a rightward 

movement choice bias is only one component that may need to be accompanied
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by other deficits, lateralised or non-lateralised, for a patient to manifest neglect 

on standard clinical tests.

Does parietal damage lead to a directional motor bias? Despite having many 

patients with large fronto-parietal lesions, the lesion analysis for experiment 1 

suggested that posterior parietal cortex and white matter was damaged 

particularly in those patients with a rightward motor bias (Fig 5.6). While there 

was no significant rightward bias in the 5 patients with PPC damage and 

neglect in experiment 2, their response choices were abnormally perturbed by 

masked primes (Fig 5.10), which are considered to activate motor programs.

There are likely to be many factors that influence response choice even when 

subjects are instructed to move as automatically as possible without making a 

plan. Some patients may actively try not to move right too often as they have 

been told to avoid it during therapy sessions. Even normal subjects may impose 

criteria whereby, for example, they attempt to balance the overall proportions 

of leftward and rightward movements. Given this, it is remarkable how 

consistent the effect o f the masked primes is within subject groups. In contrast 

to normal subjects, evety single patient with PPC damage and neglect made 

more rightward movements following a right than a left prime (Fig 5.10).

Motor priming appears to be one factor among many modulating response 

choice. PPC damage reverses the normal pattern o f motor priming when 

subjects make a response choice. Therefore, overall, it does appear that the 

parietal lobe has a role in processing o f directional motor choices and it is 

likely that PPC damage leads to a relative directional motor bias.
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The functional role o f the parietal cortex, whether motoric or purely sensory or 

attentional, has been controversial (Andersen and Buneo 2002; Bisley and 

Goldberg 2003). These data provide evidence for a role o f the PPC in 

generation o f motor programs, but there are also well described attentional, 

salience and stimulus-decoding properties within the PPC (Gottlieb, Kusunoki 

et al. 1998; Cavina-Pratesi, Valyear et al. 2006; Goldberg, Bisley et al. 2006). 

It may be that sub-regions o f PPC subserve different functions (Rushworth, 

Krams et al. 2001; Husain and Rorden 2003) and act as an interface between 

perceptual inputs, coded in sensory frames o f references, and outputs that 

directly activate distinct motor programs. Such a function is supported by the 

multiple frames o f reference found in neurophysiological studies as well as 

responses modulated by perceptual, attentional, motoric and reward-based 

factors (Andersen 1995; Colby and Duhamel 1996; Andersen 1997; Colby 

1998; Rushworth, Ellison et al. 2001; Andersen and Buneo 2002; Battaglia- 

Mayer, Caminiti et al. 2003).

In summary, we have shown that PPC damage leads to relative rightward 

directional motor bias even in the absence o f  directional visual cues. Thus one 

component deficit within the neglect syndrome appears to be rightward 

directional motor bias, although this deficit is not exclusive to neglect. Further, 

in patients with PPC damage and neglect, the effect o f motor priming on 

response choice is reversed when compared to normal controls. This implies 

that the PPC normally subserves a motoric function, perhaps generating 

directional motor programmes that are subsequently inhibited, if not required.
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Chapter 6: Asymmetric conflict adaptation in healthy subjects

6.1 Introduction

Using a variant o f the Eriksen flanker task in chapter 3, a functional role for the 

right PPC in representing competing leftward response plans was identified. 

However, patients with left PPC damage did not show analogous deficits. They 

appeared able to represent competing rightward motor programs normally 

suggesting that there might be asymmetric representations for visuomotor 

control within the brain.

One possible explanation for such a difference between patients with left and 

right PPC damage is that the right hemisphere normally mediates both left and 

rightward motor programming, whereas the left hemisphere has a unilateral 

rightward function only. Therefore the right hemisphere can compensate for 

damage on the left side, but not vice versa. This would be analogous to 

proposals for the asymmetric control o f spatial attention which has been 

suggested to be bilaterally represented in the right hemisphere, while the left 

hemisphere covers only the right side o f space (Mesulam 1981). An alternative 

explanation is that leftward and rightward motor programs are processed 

identically, but the anatomical site o f processing differs between hemispheres. 

For example, the right PPC may perform an analogous function to the left 

inferior frontal cortex.

Further evidence for an asymmetry in competing response programming comes 

from normal control data presented in chapter 3. While healthy subjects had
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incongruence costs for both leftward and rightward movements, there was 

some asymmetry in the magnitude o f these costs. Normal participants tended to 

have a greater cost for leftward  than for rightward movements. This was 

significant when subjects used their right hands and trended toward significant 

even when using their left hands, suggesting the effect is direction, rather than 

effector, specific.

If leftward and rightward competing response plans are indeed represented 

asymmetrically in the brain, with two representations o f competing rightward 

but not leftward plans, one might expect there would be differences in 

incongruence costs also with adaptation to one direction o f movement. In other 

words, normal subjects may behave differently on incongruent trials in the 

context o f predominantly left movement compared with when they move right 

repeatedly.

Here normal subjects performed a vertical variant o f the Eriksen flanker task 

using only their right hands under three different conditions. In one condition, 

80% of movements were leftward; in the second condition, 80% o f movement 

was rightward; and in the third condition leftward and rightward movements 

were divided equally (50% each).

Previous variations o f the Eriksen flanker task have varied the proportion o f 

incongruent stimuli and shown that interference from incongruent information 

is dependent on context (Casey, Thomas et al. 2000; Scerif, Worden et al.

2006). When an incongruent stimulus is preceded by another incongruent
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stimulus, the reaction time cost is less than when the preceding stimulus is 

congruent (Mayr, Awh et al. 2003). This reduction still occurs even when 

stimulus repetition is controlled for and therefore represents adaptation to the 

presence o f response competition (Ullsperger, Bylsma et al. 2005). In this 

experiment, the proportion o f movements in a given direction, rather than the 

proportion o f incongruent stimuli, is varied in order to investigate how 

response competition may be modulated as a result o f adaptation o f neurons 

involved in visuomotor processing o f one direction.

The specific hypothesis tested here is that repeated movements in one direction 

lead to alteration in the activity o f neurons involved in sensorimotor 

representation o f that direction. Therefore when 80% of movements are left, 

adaptation and perhaps attenuation o f the neuronal response following leftward 

arrows would be expected, whereas rightward arrows would be relatively novel. 

Under these circumstances, incongruence costs due to rightward flankers (in 

the left incongruent condition) would be expected to be greater than those 

generated after leftward flankers (in the right incongruent condition).

In addition, if leftward and rightward competing response plans are represented 

asymmetrically in the brain -  with two representations o f competing rightward 

but not leftward plans -  one might expect the reduction in incongruence costs 

due to adaptation to be less for leftward flankers (when 80% of movements 

left) than rightward flankers (when 80% of movement right).
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6.2 Methods

Ten healthy subjects were recruited to participate in this variation o f the 

Eriksen flanker task (all right-handed, 6 female, average age 61.7, range 29 -  

76 years). The paradigm was similar to that used in chapter 3 except that the 

proportion o f rightward and leftward movements varied between sessions. 

Subjects responded using a centrally placed joystick either leftward or 

rightward according to a central target arrow. All stimuli were in the vertical 

midline.

In this paradigm the proportion o f movements in each direction was modified 

between testing sessions (Fig 6.1). In the predominantly left session 80% of 

movements were left (consisting o f 70% neutral flanker, 5% incongruent 

flanker, 5% congruent flanker trials). The rest o f the trials (20%) were 

rightward movements (consisting o f 10% neutral flanker, 5% incongruent 

flanker, 5% congruent flanker trials).

In the 50/50 session there were equal numbers o f leftward and rightward 

movements (1/3 neutral, 1/3 incongruent and 1/3 congruent).

In the predominant right session 80% o f movements were rightward (70% 

neutral flanker, 5% incongruent flanker, 5% congruent flanker) and 20% were 

left (10% neutral flanker, 5% incongruent flanker, 5% congruent flanker).

Note that these proportions mean that even when there were far more 

movements in one direction than another, the same number o f incongruent and
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congruent trials occurred in either direction. Figure 1 displays the trial types 

and their percentages graphically.

In the 50/50 condition, subjects performed 6 blocks with 36 trials in each 

giving 36 trials in each condition. For the predominantly left and right 

conditions, the subjects performed 18 blocks o f 40 trials giving 36 trials in the 

incongruent and congruent conditions for each direction and 504 neutral in the 

predominant direction and 72 neutral in the non-predominant direction. 

Therefore congruent and incongruent reaction times are used for directional 

comparisons with neutral data provided for reference only.

The order o f the testing sessions was counterbalanced across individuals and 

each session was separated by a week to avoid any hang-over priming effect.

6.3 Results

As expected, subjects were slower in the incongruent than neutral or congruent 

conditions for both rightward and leftward movements across all three 

conditions. Repeated measure ANOVA on the median RT data with condition 

(80% left vs 80% right vs 50/50), direction o f movement (left vs right) and 

flanker type (incongruent vs congruent) as within subject factors showed a 

significant reaction time cost with incongruent flankers (main effect o f flanker 

type F( 1,9)= 19.588, p<0.005, incongruent significantly slower than congruent 

overall, pairwise comparisons mean difference incongruent vs congruent = 

65ms, P<0.05, Fig 6.1).
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There was also a main effect o f predom inant direction  condition, i.e., whether 

subjects were making leftward and rightward movements equally or 

predominantly leftward or rightward (F(2 ,18)= 10.446, p<0.005). Reaction 

times in the 50/50 condition were faster than those in the other two conditions 

(post hoc pairwise comparisons show significant difference between 50/50 and 

both other conditions: mean difference 35.5ms (p<0.01) and 35.6ms (p<0.05) 

after Bonferroni correction for 80% left and 80% right conditions respectively). 

However, there was no main effect o f movement direction; overall rightward 

and leftward directional response times were similar.

Incongruence costs varied with the proportion o f movements in each direction. 

They were greater for leftward movements when 80% o f actions were left- 

directed and greater for rightward movements when 80% o f movement were 

right-directed compared to the 50/50 condition. In addition baseline response 

speed (neutral and congruent conditions) tended to be faster in the predom inant 

direction. The ANOVA revealed a 3-way interaction between predominant 

direction, direction o f movement and flanker type (F(2,18) = 13.3, p<0.001). 

Next the source o f this interaction is investigated.

From Figure 6.1 it can be seen that the increase in incongruence costs in the 

predom inant direction  was symmetrical.1 However, crucially, there was a

1 It should be noted that this does not simply result from a reduction in the baseline 
(congruent) RT in the predominant direction (repeated measure ANOVA on the 
incongruent RTs alone for the predominant direction and the 50/50 condition leftward 
and rightward revealed a main effect o f experiment type -  incongruent RTs were slower 
in the predominant direction (whether that is leftward or rightward) than for the 
corresponding direction in the 50% condition (F(l,9)=13.2, P<0.005) -  no interactions).
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Figure 6.1 Median RT data in all three conditions
Median RTs in the 50/50 condition revealed a cost o f incongruence, similar for both 
leftward and rightward movements. If  one first looks at the congruent and neutral reaction 
times in the 80% left and 80% right conditions, it is obvious that subjects were generally 
slower in the uncommon direction. If then incongruent RTs are considered, they are all 
similar except the right incongruent RT in the 80% left condition (red arrow). Leftward 
flankers engender the incongruence in this trial-type. Therefore, repeated movements 
leftward cause neuronal adaptation such that the leftward flankers no longer interfere with 
the rightward RT. However, the same adaptation does not occur for the rightward flankers; 
the incongruent RT is similar in the 80% right condition both leftward and rightward.
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significant asymmetry in the effect o f the incongruent flankers in the 

uncommon direction (denoted by the red arrow figure 1).

Repeated measures ANOVAs with flanker type and direction as within-subject 

factors on the data for the uncommon direction (left in the 80% right condition, 

and right in the 80% left condition) and the predominant direction were 

performed separately. The ANOVA on the uncommon direction data revealed 

an interaction between flanker type and side (F(l,9)=6.981, p<0.05). This 

shows that incongruent (left) flankers were far less intrusive for rightward 

movement when 80%  o f  all movements were left (average 20ms cost), than 

incongruent (right) flankers were for leftward movement when 80% o f  all 

movements were right (average 51 ms cost). There was no such interaction 

when just the predom inant direction was considered.

In summary, when 80% o f movements were leftward, the incongruent RT due 

to leftward flankers w as reduced compared with the incongruent RT due to the 

rightward flanker (paired samples t-test t= 2.687, p<0.05). However, when 

80% of movements were rightward, the incongruent RT was similar for both 

leftward and rightward flankers (t=0.41, p=0.968). Therefore the adaptation 

effect o f repeatedly moving in a given direction affects leftward flankers 

significantly more than rightward flankers.
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6.4 Discussion

Ten healthy subjects were tested on a modified Eriksen flanker task. In one 

session they were required to move left 80% o f the time; in a second session, 

they moved in each direction an equal number o f times; and in a third session 

they moved right 80% o f the time. We showed that varying the proportion o f 

movements in a given direction not only affected baseline response times, but 

also modulated the impact o f incongruent flankers. Crucially, that effect 

differed according to whether the flankers were leftward or rightward.

While the impact o f leftward flankers was reduced by repeated leftward 

movement, the incongruent RT for rightward flankers was not significantly 

affected by repetition (Figure 1). This suggests that rightward and leftward 

competing motor programs are indeed processed differently in the brains o f 

normal individuals. It appears that rightward competing motor plans are far 

more robust than leftward, in keeping with the finding in chapter 3 o f larger 

incongruence cost for leftward than rightward movements in normal subjects.

Alternatively one could suggest that lack o f modulation o f right flanker effects 

implies that right arrows or motor programs do not have a distinct processing 

channel. However, this is made very unlikely by the finding that when no 

adaptation had taken place (the 50/50 condition), the reaction time costs were 

similar for rightward and leftward flankers suggesting that both right and left 

flankers were processed distinctly from incongruent target arrows. Therefore, 

rightward flankers are processed, but it appears that neurons processing
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rightward flankers do not ‘fatigue’ in the same way as those propagating

leftward visuomotor representations.

This is consistent with the suggestion that rightward response plans are 

represented in both leftward and rightward parietal cortices, whereas leftward 

response plans are represented only in the right PPC. These data make it very 

unlikely that rightward and leftward competing response plans are processed in 

exactly the same way. However, they do not distinguish the possibility that 

rightward competing response plans are represented in the left PPC and 

somewhere other than left PPC (e.g. right PPC) from the possibility simply that 

the way in which rightward and leftward response plans are processed is 

mechanistically different.

Is the change in RTs following repeated movements in a given direction due to 

sensory or motor adaptation? When 80% o f movements are left, the subjects 

make four times as m any movements to the left as to the right. In addition 

subjects see leftward arrows in either the target or the flanker position on 85% 

o f trials and rightward arrows on only 25%. Therefore the results here could 

reflect either sensory or m otor adaptation. Possible future experiment could 

distinguish between these two possibilities by using an arbitrary response 

association (e.g. coloured square) to indicate leftward or rightward in the 

neutral condition. That way, the number o f leftward and rightward arrows seen 

would be balanced in the 80% left and 80% right conditions as they would only 

be viewed in the incongruent and congruent conditions.
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Why are rightward and leftward competing response plans represented 

differently? Could it be that the asymmetry is somehow protective: one 

inhibits movements leftward with the right arm more than those that rightward 

because leftward movements could result in a collision with one’s own body? 

This is possible, but a similar asymmetry trend was also suggested by the data 

collected from normal controls using their left hands where a leftward 

movement would actually be away from the body (chapter 3). Alternatively, it 

could be defensive -  rapid rightward movements with the right hand may more 

commonly be required to protect the body.

Although any explanation for this asymmetry is speculative, three different 

data sets presented in this thesis -  the Eriksen flanker paradigm performed by 

normal subjects, the right and left PPC Eriksen flanker data and the effect o f 

priming by repeated movements described above -  all suggest that competing 

rightward motor programs are processed differently from leftward in the 

human brain.

Perhaps such asymmetry is not surprising given the large body o f evidence 

suggesting hemispheric specialisation for motor control (Serrien, Ivry et al. 

2006). It has been proposed that hemispheric lateralisation may be 

evolutionarily beneficial to prevent interhemispheric competition for simple 

processes that need only one site (Toga and Thompson 2003). Here we have 

found evidence for asymmetry in processing competing directional motor 

programs. Data presented in chapter 3 suggests that right PPC is critical for 

resolving competition between directional visuomotor plans and previous
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functional imaging work has shown right inferior parietal activation when 

responses compete (Botvinick, Nystrom et al. 1999; Casey, Thomas et al. 

2000). However, lesions o f right PPC reduced the impact o f leftward 

competing motor programs only leading to the proposal that rightward motor 

programs are also represented elsewhere. Such redundancy in the nervous 

system is perhaps the outcome o f lateralisation o f functions that were bilateral 

and symmetrical in primitive animals. While one structure may adapt to 

perform a bilateral function, there may be some residual activity in the other 

hemisphere subserving a unilateral function only.

However, although asymmetry is well described, it is the left rather than the 

right hemisphere that has previously been considered dominant for motor 

control (Kimura and Archibald 1974; Buxbaum, Kyle et al. 2006). Patients 

with lesions involving the left hemisphere have difficulties with skilled 

movements, apraxia, as well as speech disturbances (Kimura and Archibald 

1974; Blank, Scott et al. 2002; Buxbaum, Kyle et al. 2006). Left hemisphere 

dominance for speech and motor control is thought to be closely linked to right 

handedness (Serrien, Ivry et al. 2006). In contrast, unilateral spatial neglect and 

motor neglect o f the contralesional limb are common in patients with right 

hemisphere damage and ipsilateral motor control deficits following right 

hemisphere stroke are less obvious clinically ( (Buxbaum, Ferraro et al. 2004) 

see introduction). The findings in this thesis suggest that while the left 

hemisphere may well subserve some aspects o f skilled movement, the right 

hemisphere is dominant for resolution o f competition between ballistic 

directional motor plans. Perhaps only by focussing on specific subcomponents
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o f motor processing under defined circumstances can such hemispheric 

specialisation be identified.
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Chapter 7: Motor neglect associated with loss of action 

inhibition

7.1 Introduction

Motor neglect, underuse o f one side o f the body not explained by weakness or 

sensory less, occurs either in isolation or as part o f the neglect syndrome 

(Valenstein and Heilman 1981; Laplane and Degos 1983), complicating around 

36% of all stroke cases (Siekierka-Kleiser, Kleiser et al. 2006). Attempts to 

understand and successfully treat the condition have been hampered by 

diagnostic difficulty as it often coexists with hemiparesis (Punt and Riddoch

2006). Indeed, to the best o f our knowledge, there are no reports o f behavioural 

studies conducted on this disorder beyond clinical, observational descriptions.

Neurophysiological evidence implicates failure to modulate inhibition o f the 

primary motor cortex in patients with motor neglect. Transcranial magnetic 

stimulation (TMS) at 1.5 times the resting motor threshold leads to a silent 

period o f approximately 180 ms in the surface electromyography (EMG) of 

tonically activated small hand muscles. This silent period, which is considered 

to be due to cortical processes, is prolonged in the ipsilesional small hand 

muscles o f stroke patients with motor neglect (Classen, Schnitzler et al. 1997). 

However, the behavioural impact o f these findings has never previously been 

investigated.

Here we probe the inhibitory processes involved in motor neglect 

behaviourally using a masked prime task which offers an important window
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onto automatic inhibitory control (Eimer 1999). This paradigm has recently 

been deployed to probe deficits in Parkinson’s disease as well as focal lesions 

o f supplementary m otor areas (Seiss and Praamstra 2004; Sumner, Nachev et al.

2007). In this task, prime arrow stimuli are presented for less than 50ms and 

then masked (Fig 7.1). Normal observers are not able to report having seen the 

prime. However, the prime influences performance when a subsequent target 

arrow requires a response (Eimer, 1999).

Unlike classical priming effects where similarity (congruence) between prime 

and target speeds response, if the interval or stimulus onset asynchrony (SOA) 

between mask and target is 100-200ms, there is a paradoxical delay in reaction 

time (RT) when the prime and target are congruent -  so-called negative 

compatibility effect. Thus motor programs evoked by the prime are inhibited if 

they do not continue to response initiation within -  100ms. Further, at these 

crucial SOAs (100-200 ms), there is facilitation when prime and target point in 

different directions (incongruent condition).

Why does automatic inhibition o f response plans occur? At any one time, we 

are confronted by a host o f  possible response alternatives to stimuli in the 

environment. In fact, remarkably, simply looking at an object may be sufficient 

to automatically and unconsciously activate motor plans to grasp it 

(Humphreys 2001). Such 'prim ing’ is useful when we need to act quickly, but 

what if we don’t want to perform the primed action? Clearly, flexible control 

over our actions requires the ability to inhibit action priming so that we can
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make other choices. Such flexible control may paradoxically occur 

automatically (Sumner, Nachev et al., 2007).

The negative compatibility effect is thought to probe brain mechanisms 

responsible for automatic inhibition o f unwanted action plans. In the masked 

prime task, such unwanted, but automatic response plans are generated by 

prime arrows. Exactly how these plans are classified as “unwanted” is unclear 

(Eimer 1999), but one possibility is that primed action plans are automatically 

inhibited if they do not develop further towards movement execution within 

100-200 ms. Such inhibition allows alternative action plans to be made, 

permitting flexible control over behaviour. In fact, the mask prime task shows 

that at 100-200 ms after a prime (say right arrow), the alternative or 

incongruent movement (left response) is actually facilitated. Here we ask 

whether this is also the case in patients with motor neglect.

A possible analogy could be drawn between the negative compatibility effect 

and inhibition o f  return described in the visual attention domain, where 

orientation o f attention back to areas recently visited is delayed (Posner, Rafal 

et al. 1985). In normal individuals, inhibition o f return has been suggested to 

ensure efficient visual search, preventing returns to previously searched 

locations. Lateralised breakdown o f inhibition o f return has been shown in 

patients with visual neglect (Lupianez, Decaix et al. 2004). We investigated 

whether deficits in automatic action inhibition might underlie motor neglect.
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We hypothesized that motor planning for the left arm is intruded upon by 

conflicting movement plans for the right arm in right hemisphere patients with 

motor neglect. In other words, we expect that in patients with left m otor 

neglect, irrelevant right primes will slow -  not facilitate -  movements o f  the 

left arm. In addition we investigate which parts o f the brain are associated with 

such asymmetric motor inhibition and motor neglect.

7.2 Methods

Seven patients with and six without motor neglect following right-hemisphere 

stroke were examined along with ten age-matched healthy controls (Table 7.1). 

All subjects gave informed consented with local ethics committee approval.

Motor neglect was diagnosed clinically on the basis o f subjective complaint by 

the patient or care-giver o f under-use o f the left side in the absence o f 

significant sensory loss, weakness, apraxia or ataxia. Since it can be difficult to 

differentiate limb weakness from motor neglect, we specifically excluded 

patients with weakness on formal neurological examination at the time of 

experimental testing.

Note that for our purposes we make the pragmatic distinction between motor 

neglect and paralysis on the basis o f clinical examination. It is possible that 

severe motor neglect may manifest as paralysis but this study specifically did 

not include such patients. In addition, motor neglect patients all displayed 

breakdown o f alternating hand movements, i.e. they were particularly impaired 

when asked to open one fist as they closed the other repeatedly.
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We also developed an objective clinical measure o f motor neglect severity 

based on the number o f times each patient opened and closed his fist in one 

minute using each hand separately, and both hands simultaneously with eyes 

closed (Table 7.1).

Patients were positioned approximately 100cm from a 15” Sony Vaio (PCG- 

5A1M) laptop screen where stimuli were presented centrally using Presentation 

(Albany, USA) software. A central prime stimulus was presented (32 ms) and 

subsequently masked, rendering the prime imperceptible (Fig. 7.1). A speeded 

button press response with either the left or the right hand (Cedrus button-box, 

San Pedro, USA) was required to the target arrow that followed the mask after 

200 ms (SOA). To ensure the prime was successfully masked, all subjects were 

asked firstly to describe what they saw after the first block and then, at the end 

of the experiment, if they saw any arrows other than the ones following the 

hashed lines (mask), and none did.

There were 12 blocks o f 24 stimuli each containing 6 different trial types 

randomised with the constraint that each trial type occurred the same number 

o f times per block. Therefore there were 48 data points for each trial type.

The Brunner-Munzel rank order test (www.sph.sc.edu/comd/rorden/mricron/) 

was used to investigation brain areas associated with abnormal behaviour. This 

is a relatively assumption free lesion analysis method in which continuous data 

are used to identify brain regions where damage correlates with impaired
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performance (Fig 7.4b and c). This test was performed on lesion maps taken 

from the routine clinical imaging o f all 13 stroke patients. At a given voxel, the 

average ranking on the behavioural measure in question of patients with lesions 

was compared to the ranking o f those without damage at that voxel.

In order to increase statistical power, only voxels where at least 3 subjects had 

a lesion were included in the analysis. This technique was used to identify 

areas associated firstly with abnormal performance in our experimental test and 

secondly with increasing severity o f motor neglect (combined motor neglect 

score). Bonferroni correction was applied (post-correction significance level o f 

p<0.05).
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Description of 
symptoms

Age Time
since
stroke
(months)

Bells
score
*

Line
bisection 
score (mm 
rightward)

Personal
neglect
score
**

Tactile
neglect
N/Y

Combined
motor
neglect
score

Family n o t ic ed  lack 
of m o v e m e n t  on 
left s id e  during  
daily ac tiv i t ie s

53 2 0 2 0 N 4 1 .4

Difficulty w alk ing  
d u e  to  ' le a v in g  left 
leg b e h in d ' .  Finding
a rm  h a n g in g  in 
u n c o m f o r ta b le  
p o s i t io n s  a n d  n o t  
b e ing  involved  in 
activ ity  par t icu la r ly  
m obile  p h o n e  u s e  
a n d  e a t in g

67 0 .5 2 4 0 N 5 3 .7

A bso lu te ly  no 
s p o n t a n e o u s  
ac tiv ity  in left a rm  
u n le s s  p ro m p te d .  
Also g r e a t  difficulty 
w alking a n d  w hee l 
ch a ir  u s e  
d a n g e r o u s  a s  
fo rg e ts  to  u s e  o n e  
a rm .  A n osognosic .

61 1 5 15 2 (left 
s ide)

Y 9 9 .8

Difficulty with tw o-  
h a n d e d  ac tiv ity  
par t icu la r ly  e a t in g  
a n d  fa ilure  to  m o v e  
left h an d  n o te d  by 
p h y s io th e ra p i s t

69 1 0 3 0 N 2 2 .8

C lu m s in es s  
r e p o r te d  by p a t i e n t  
an d  fr iend. Limited 
s p o n t a n e o u s  
m o v e m e n t  of han d  
no ticed  w h en  
writing.

66 1 0 0 0 N 1 2 3 .8

C o m p le te  failure to  
u s e  th e  left han d  
e x c e p t  w h en  
p ro m p te d .

78 2 6 18 0 Y 1 6 .1

Avoided using  left 
h a n d  e x c e p t  w h en  
p ro m p te d .  Difficulty 
with m a k e - u p  
re p o r te d  by p a t ien t .

36 2 0 -2 0 N 2 0 .7
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Table 7.1 Subjects details

Motor neglect was assesses by uni- and bimanual motor neglect scores 
(summed to give the combined motor neglect score) that reflect the difference 
between the number o f left and right-handed movements in each condition:

(R-L)xlQO
(R+L)

where R=number o f right hand movements and L =number o f left hand 
movements. Fist opening is defined as > 90° movement o f the long axis o f the 
second phalanx). Non-m otor neglect patients: performance range on combined 
motor neglect score -17 to 6.69 (average -1.71, SD 8.96); mean age 53.5 (range 
44-71 years), none had significant weakness. It is important to note that there 
has been confusion in the literature about the term motor neglect, with some 
authors using it to describe other movement deficits following stroke including 
directional impairments with the ipsilesional limb. However, many 
investigators now use the diagnostic label “motor neglect” to refer to the 
syndrome described here o f  under-use o f the contralesional limb.

* Bells cancellation score (number o f right-sided -  left-sided cancellations)
** Personal neglect - M odified fluff test (Cocchini, Beschin et al. 2001) (8 
post-it notes attached to patient’s body while blindfolded, patient was required 
to remove all post it notes, score reflects number missed).
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FIXATION

BLANK = 200m s

PRIME = 32ms

SOA = 200m s
MASK = 100ms»

BLANK = 100ms

TARGET « 100ms

tim e

»

Figure 7.1 Masked prime paradigm
Subjects performed a masked prime task (a). Arrow stimuli subtended 
approximately 1.5 x 1 degrees. Neutral primes comprised the arrows 
rearranged forming a square that carried no directional information (not 
shown). 12 blocks o f 24 stimuli contained six different trial types 
randomized with the constraint that each condition occurred the same 
number o f times per block. Hands were covered during the experiment to 
prevent visual guidance o f movement. Subjects were instructed to fixate the 
laptop display centrally and eye position was monitored by the 
experimenter. A practice session (< 2mins) took place beforehand.
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7.3 Results

Our primary aim was to investigate the effect o f incongruent primes, 

specifically selective intrusion o f right hand motor plans (evoked by the 

prime) onto left hand movements (right prime followed by left target arrow = 

left incongruent condition). Secondly, we explored whether congruent 

primes resulted in RT slowing for left and right hand movements in patients 

with motor neglect, as expected in normal subjects.

As hypothesized, every single patient with motor neglect was delayed when a 

right prime preceded a leftward movement, i.e., in the left incongruent 

condition (Fig 7.2). In contrast, age-matched and stroke control groups 

showed the expected standard small benefit o f incongruent primes bilaterally 

and no significant effect o f the prime respectively (3 way interaction: subject 

group X response side X prime type (F(4,40)= 4.772, p<0.005). Thus, motor 

neglect patients showed a complete reversal o f the incongruent prime 

interference pattern found in normal controls for left hand movements only.

Motor neglect patients were slower than either control group even with the 

ipsilesional limb. Critically, however, there was no significant difference 

between the left and right hand overall response speeds in the motor neglect 

group. Therefore, the lateralized inhibitory deficits do not simply result from 

left-sided slowing. Generalised slowing is a well-described finding in 

patients with right hemisphere stroke, potentially explained by attentional 

failure (Howes and Boiler 1975). Patients without motor neglect may have 

performed
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Figure 7.2
Only motor neglect patients showed significant RT delay when a right prime 
preceded a movement with the left hand (red circle). So right hand motor plans 
significantly intrude on left hand movement, but not vice versa, in motor 
neglect patients only.
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faster perhaps because either their lesions were relatively small or did not 

include regions involved in attentional processing.

What about the effect o f congruent primes? Normal subjects had a standard 

negative compatibility effect (slower RT when prime and target arrow 

pointed in the same direction) with a significant average cost o f congruence 

(F(2,18)=32.539, p<0.001; Fig 7.2). Neither stroke group showed any 

consistent or lateralized effect o f congruent primes suggesting that while 

automatic prime inhibition remained intact in some patients, it was lost in 

others, but that this did not correspond to the behavioural syndrome under 

consideration, motor neglect, as the variability occurred in both stroke groups.

Right- Left incongruence costs were used for further analysis as they 

reflected lateralized  difference in performance, controlling for factors such 

as age or slowness that could affect prime interference bilaterally (Seiss and 

Praamstra 2004). This experimental measure correlated significantly with the 

behavioural motor neglect severity score (Spearman’s Rho 0.555, p<0. 05 - 

Fig 7.3).

Brunner Munzel analysis on the (Right -  Left) incongruence cost for all 13

patients showed that right putamen and subcortical white matter were 

significantly more likely to be damaged in patients with intrusion o f right 

hand motor plans onto leftward movements (Fig 7.4b). Indeed, two o f our 

motor neglect patients with small strokes involving the putamen both 

demonstrated a cost o f incongruence for left movements only, just like
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Figure 7.3 Correlation between motor neglect severity and left 
incongruence cost.
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patients with larger lesions. In addition, close inspection o f individual lesions 

revealed that all patients with motor neglect had lesions that involved the 

putamen, although the area o f putamen involved differed between individuals.

We were also interested in how many patients with motor neglect had lesions 

involving the thalamus. Thalamotomy, a procedure used to treat dyskinesia, 

has previously been shown to result in motor neglect (Vilkki 1984). Two o f 

our patients had lesions that incorporated much o f the thalamus and one 

patient had a lesion that encroached onto the ventral part o f the thalamus.

Further lesion analysis looking at areas associated with behavioural motor 

neglect was performed using the Brunner Munzel test, this time on the 

combined neglect severity score (Table 7.1). Several small regions were 

significantly associated with motor neglect including a region close to the 

putamen similar to that described above (Fig 7.4c). Given the relatively 

small number o f patients in the analysis and scattered areas associated with 

severe motor neglect, we feel inference from this lesion analysis should be 

cautious.
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Figure 7.4 Lesion subtraction and Brunner Munzel statistic
Lesions were plotted using MRICro software (www.mricro.com) from either CT 
or MR. Lesion subtraction (patients with motor neglect minus those without) 
shows frontal white matter selectively affected in patients with motor neglect (a), 
(b) Brunner Munzel statistic revealed that right putamen and subcortical white 
matter were significantly associated (Z scores > 4.47) with abnormal 
performance in the masked prime task using the left, but not the right hand, (c) 
Severity o f motor neglect is significantly associated (Z > 4.49) with damage at 
several discrete areas within the right hemisphere (including white matter near 
the putamen, inferior frontal gyrus, rolandic operculum and parietal 
supramarginal gyrus).
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7.4 Discussion

This brief study reveals an impairment in the ability to inhibit ipsilesional 

limb motor plans in motor neglect. Specifically, patients with left motor 

neglect fail to inhibit partially activated right motor plans (evoked by the 

prime), which then intrude abnormally on left hand action planning, slowing 

down initiation o f movement with the left hand. Our experimental finding 

correlated with the severity o f motor neglect, suggesting that such a 

mechanism might be causative in the manifestation o f motor neglect (Punt, 

Riddoch et al. 2005).

Consistent with our findings, one previous study revealed that monkeys with 

motor neglect following frontal lesions fail to inhibit their ipsilesional limb 

(Heilman, Valenstein et al. 1995). Such intrusion o f rightward incongruent 

primes onto leftward movement occurs despite intact automatic inhibition o f 

congruent primes following masked prime presentation, at least in some 

patients. We note also that asymmetries in performance on the masked prime 

task may be the result o f  asymmetric interactions between disrupted 

inhibition and response to target arrows, not simply inhibition failure alone 

(Sumner, Nachev et al. 2007).

Asymmetric intrusion o f competing motor plans affecting left hand 

movements occurred particularly in patients with damage to the putamen and 

surrounding white matter, an area well connected to motor association and 

medial prefrontal regions. Interestingly, damage to the putamen has been 

associated with difficulty initiating movement in Parkinson’s disease,

232



another condition where neglect-like phenomena occur in conjunction with 

inhibitory deficits (Playford, Jenkins et al. 1992; Ebersbach, Trottenberg et al. 

1996). Dopaminergic therapy alleviates, to some extent, the inhibitory 

abnormalities found in patients with Parkinson’s disease (Berardelli, Rona et 

al. 1996), raising the possibility o f pharmacological intervention in motor 

neglect.

All patients also reported underutilisation o f the contralesional limb.

However, since there is no standard clinical test for motor neglect, we 

developed a severity score for motor neglect patients. This score reflects 

failure to move the contralesional limb during either bimanual or unimanual 

conditions, deficits sometimes referred to as motor extinction and motor 

impersistence respectively. The aim o f the score was to provide an objective, 

simple bedside clinical test that might suggest the presence and severity o f 

motor neglect. However, it should be noted that abnormal performance could 

result from other disorders, including unilateral Parkinson’s disease, and so 

have to be interpreted appropriately in the clinical context.

When the severity score was compared to the lesion anatomy, several small 

motor association and subcortical brain regions significantly associated with 

increasing motor neglect severity were revealed, all consistent with previous 

anatomical descriptions o f the condition (Laplane and Degos 1983; Triggs, 

Gold et al. 1994; von Giesen, Schlaug et al. 1994). TMS and PET activation 

studies also support the suggestion that while primary motor cortex tends to 

be intact in patients with motor neglect, it is damage to the motor association
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areas that leads to the disorder (von Giesen, Schlaug et al. 1994; Classen, 

Schnitzler et al. 1997).

We propose that motor neglect results when breakdown in part o f this motor 

association network, including the putamen, causes intrusion o f right 

movement plans (due to failure o f inhibition) onto left-sided action planning.

In summary, the findings reported in this chapter show that lateralized 

inhibitory deficits might be important in the genesis o f m otor neglect. We 

should highlight the fact that motor inhibition is likely to be a complex 

process involving interactions between multiple brain areas and we may have 

illuminated only one part o f this network. Future work may investigate these 

complexities and in turn perhaps provide evidence for targeted therapeutic 

interventions to restore the inhibitory balance between the hemispheres such 

as TMS to the contralesional hemisphere, restraint therapy, used with some 

success in hemiparesis (W olf, W instein et al. 2006), or pharmacological 

intervention.
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Chapter 8: General discussion

In this thesis I set out to explore the role o f competition between motor 

programmes in action selection, and the contribution o f the PPC to this 

process. Until recently, much o f the focus o f investigations into response 

competition or conflict has been on the role o f frontal areas. However, as 

discussed in the Introduction, the PPC has both the connectivity and neuronal 

properties to be involved in response competition. For example, 

neurophysiological studies in monkeys have demonstrated activity within 

PPC related to response choice under situations o f competition (Scherberger 

and Andersen 2007; Stoet and Snyder 2007). Moreover, a recent model has 

considered PPC, as well as premotor cortex, to be a key locus for the 

representation o f conflicting action choices (Cisek 2007).

I considered the possibility that competing responses are propagated also in 

human PPC and that an imbalance in response competition may result in 

directional motor deficits in patients with neglect following posterior parietal 

damage. I tested the hypothesis that when there is competition between 

leftward and rightward response programmes, patients with right posterior 

parietal damage do not process leftward responses normally. Failure to 

represent competing leftward responses could result in the tendency o f 

patients with right parietal damage to favour rightward movement. Such 

imbalance in resolving competition between response plans might contribute 

to the lateralised deficits found in the neglect syndrome.
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8.1 Response competition in the human PPC

In order to investigate this hypothesis, patients with PPC damage and neglect 

were tested on a vertical variant o f the Eriksen flanker task (Chapter 3). 

Subjects moved leftward or rightward as fast as possible using a small 

joystick according to a central target arrow. The target was flanked by arrows 

that were congruent (pointing in the same direction), incongruent (pointing in 

the opposite direction) or neutral (squares).

In stark contrast to normal subjects, patients with neglect following right 

PPC damage were actually faster to move rightward when the flanking 

arrows were leftward, i.e. in the right incongruent condition, than in the 

neutral condition (Fig 3.3). In other words, they showed facilitation  for 

rightward movements when flankers were incongruent. However, these 

patients had the expected cost o f incongruence for leftward movements, 

similar in magnitude to the cost found bilaterally in normal subjects. Such a 

directional bias toward rightward movement implies that patients with PPC 

damage and neglect do not process leftward response plans (evoked by 

leftward flankers) in the same way as rightward ones. However, it is 

important to note that this lateralised abnormality occurred only when left 

and right response plans competed, i.e. in the incongruent condition. When 

there was no conflict between response plans (neutral and congruent 

conditions), leftward movements were as fast as rightward.

Next we considered whether this finding was specific to neglect patients with 

PPC damage. Facilitation for rightward incongruent movements did not
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occur in a group o f patients without significant PPC damage who also had 

neglect (Fig 3.5). In fact these patients were slower than patients with PPC 

damage in all conditions and had a disproportionately increased cost o f 

incongruence bilaterally. Lesions for this non-PPC neglect group overlapped 

in inferior frontal white matter (Fig 3.2). Such susceptibility to incongruence 

was consistent with previous functional imaging work which has suggested 

that frontal regions may be important for reducing delays due to flanker 

interference by mediating ‘cognitive control’ (MacDonald, Cohen et al. 

2000).

Two further control groups -  patients with right hemisphere damage without 

neglect and those with left PPC damage -  had normal incongruence costs, 

both leftward and rightward. There were no patients with PPC damage in the 

group o f patients without neglect as it is our experience that the vast majority 

o f patients with PPC damage have neglect if tested early enough (Mort, 

Malhotra et al. 2003). Therefore, this first experiment supports a specific role 

for the right PPC in propagation o f leftward flanker-induced competing 

response programs.

A subsidiary analysis o f the flanker data was performed to investigate 

directional slowing in patients with neglect (Fig 3.6). Previous work on 

patients with neglect following right hemisphere stroke revealed a tendency 

to initiate leftward movements more slowly than rightward -  leftward 

directional hypokinesia (DH) (Mattingley, Bradshaw et al. 1992; Behrmann 

and Meegan 1998; Mattingley, Husain et al. 1998; Husain, Mattingley et al.
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2000). Mattingley and colleagues suggest that leftward DH resulted from a 

motor deficit in planning leftward action in patients with right PPC damage, 

whereas patients with frontal damage had a spatial visuomotor deficit for 

objects on the left side o f space (Fig 1.6) (Mattingley, Husain et al. 1998; 

Husain, Mattingley et al. 2000).

We found patients with PPC neglect were slower to move leftward than 

rightward only in the incongruent condition, whereas patients with right 

insular damage were slower to move left than right selectively in the neutral 

condition. Therefore two forms o f directional hypokinesia occur in patients 

with neglect. Patients with PPC damage and neglect have relative leftward 

slowing only when response plans compete -  in the incongruent condition. 

This reflects failure to propagate competing leftward response plans in the 

right incongruent condition, thus making this condition significantly faster 

than the leftward incongruent condition. In contrast, when neglect is the 

result o f anterior damage, directional hypokinesia occurs perhaps because 

patients are more distracted by the “pop-out” effect o f  neutral squares when 

planning leftward movements. Thus patients with frontal damage are 

susceptible to visual distraction while planning leftward movement. In 

support o f this, a further experiment in normal subjects confirmed that the 

neutral squares did cause delay compared with a no flanker condition.

8.2 Directional masked primes

Next, we investigated whether such a deficit in processing competing 

leftward motor programs occurs when masked (invisible) primes, rather than

238



flankers, induce the competing response plans (Chapter 4). In the masked 

prime paradigm, the primes are not visually perceived (Eimer and 

Schlaghecken 1998; Eimer 1999). Despite this, masked primes still affect 

the speed o f reaction to a subsequent target arrow (Eimer and Schlaghecken 

1998; Eimer 1999; Sumner, Nachev et al. 2007). All previous studies of 

masked primes have investigated the relative effects o f incongruent verses 

congruent primes (Schlaghecken and Eimer 1997; Eimer and Schlaghecken 

1998; Eimer 1999; Seiss and Praamstra 2004; Seiss and Praamstra 2006; 

Sumner and Husain 2007; Sumner, Nachev et al. 2007; Sumner 2008). 

However, in this chapter we investigate the magnitude o f the effect of 

leftward compared with rightward  primes.

In patients with right hemisphere stroke, unlike normal controls, the effect of 

the left prime was significantly less than that o f the right across both 

movement directions (Fig 4.3). However, there was variability within the 

patient group. Using the Brunner Munzel rank order statistic, we showed that 

patients who processed the left prime least had right PPC damage (Fig 4.4). 

Therefore, in this second paradigm PPC damage was again associated with 

failure to propagate competing leftward response programs.

Taken together, data from both Chapters 3 and 4 suggest that patients with 

PPC damage manifest a directional imbalance whereby leftward action plans 

are not activated as strongly as rightward action plans, particularly when 

there is competition between responses. However in both these paradigms 

decoding o f an arrow stimulus is required. Even though the masked prime

239



arrows are not visually perceived, the fact that leftward and rightward prime 

arrows differentially affect movement speeds suggests that prime arrows 

undergo some level o f signal-response transformation. Therefore, it is 

possible that patients with PPC damage have a directional deficit at the level 

o f stimulus decoding, that is, they fail to decode leftward, but not rightward 

response stimuli when the two are visually activated (Bunge, Hazeltine et al. 

2002; Cavina-Pratesi, Valyear et al. 2006). In the next chapter we probed 

further whether patients with PPC damage have a deficit at the level o f signal 

response transformations only, or whether they could be considered to have a 

true directional motor deficit.

8.3 F ree choice and  response com petition

In the free choice paradigm employed in Chapter 5, subjects had to choose to 

move leftward or rightward as quickly as possible when two, vertically 

aligned squares were presented. Since, there was no directional visual 

information to guide subjects’ choice, rightward and leftward response plans 

can be considered to compete maximally with one another and the decision 

to move leftward or rightward is the result o f  this competition. Both Brunner 

Munzel analysis and more conventional statistics, where patients are divided 

in advance according to lesion site, suggested that right PPC damage was 

associated with the tendency to choose to move right rather than left (Fig 

5.5). Therefore even without visual signals that required decoding, patients 

with PPC damage appear to have a motoric rightward bias such that leftward 

response plans do not compete equally with rightward.
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Can this rightward bias be influenced by masked primes? Previous work has 

shown a negative compatibility effect on response choice using masked 

primes (Schlaghecken and Eimer 2004). This was replicated in normal 

subjects in the second free choice paradigm in Chapter 5. In contrast 

patients with PPC damage showed the opposite pattern o f performance, 

tending to make more rightward choices following a rightward prime. While 

this could be consistent with failure o f patients with right PPC damage to 

inhibit the motor programs activated by a rightward prime, there was 

considerable variability between patients in overall response bias and further 

work examining patients with and without PPC lesions would be required to 

illuminate this further.

8.4 Asymmetries in normal individuals during response conflict

Chapter 6 reports investigations concerning asymmetries in response conflict 

in normal subjects. Although the main focus o f this thesis is to investigate the 

effects o f right hemisphere damage on motor processing, the results o f the 

Eriksen flanker task used in Chapter 3 suggested that normal subjects had 

greater incongruence costs for leftward than rightward movements.

Therefore we asked whether leftward and rightward competing responses are 

processed differentially in normal subjects.

Again we used a variation o f the Eriksen flanker task, but this time the 

proportion o f  movements in each direction was varied -  movement

proportions across three sessions were 50% in either direction, or 80% 

leftward, or 80% rightward. In other words, in one session, there were equal
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proportions o f rightward and leftward movements, while in two other 

sessions 80% o f responses was either rightward or leftward. When 80% o f 

movements were in one direction or the other, the incongruence cost was 

greater in the more frequent direction. This imbalance can be explained by 

the relative novelty o f leftward flankers, say, when 80% of movements were 

rightward, thereby leading to greater slowing when such leftward 

incongruent flankers were present. The converse o f a novelty effect is the 

adaptation demonstrated in the frequently moved direction, i.e. attenuation o f 

the effect o f the very commonly presented stimulus {rightward in this 

example). Such adaptation could occur either at the level o f stimulus 

presentation or motor programming or both.

Importantly, the relative adaptation in the frequently moved direction was 

asymmetric. We found that the incongruence reaction time was greater for 

leftward movements (with rightward flankers) when 80% o f movements 

were rightward, than in the rightward direction (with leftward flankers) when 

80% of movements were left (Fig 6.1). Therefore, there is greater adaptation 

and consequent attenuation o f the effect o f leftward arrows than rightward in 

normal individuals.

How can this be explained? One possibility is that at some stage there are 

completely different processing streams for the two directions, although, 

both would have to lead to a common output pathway. Alternatively, perhaps 

there are bilateral representations o f rightward, but not leftward response
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plans (so it is easier to reduce the effect o f left flankers by adaptation because 

they are processed in only one rather than two locations).

This latter explanation could explain why there were no response 

competition deficits found after left PPC damage in the Eriksen flanker task 

(Chapter 3). If right PPC neurons represent both leftward and rightward 

response plans whereas left PPC has only rightward representations, right 

PPC would be able to compensate for left PPC damage to some extent. Such 

a proposal is analogous to the argument that spatial neglect is particularly 

prominent following right hemisphere stroke because the right hemisphere is 

dominant for spatial representation and covers both the right and left sides of 

space, whereas, the left hemisphere only mediates spatial attention toward 

the right (Mesulam 1981; Mesulam 1999).

8.5 Motor neglect

The final experimental chapter investigated motor neglect, where patients fail 

to use their contralesional limb, despite normal power and sensation. 

Although many patients with motor neglect will also have spatial neglect and 

hemiparesis, we were able to study some patients without significant 

hemiparesis who had m otor neglect and varying degrees o f spatial neglect. 

Seven patients with motor neglect and six without performed a masked prime 

task using left and right hands (signalled by left and right arrows 

respectively). When masked prime and target are separated by 200ms, 

normal subjects are slower to move in response to the target arrow when the 

prime and target point in the same direction (Sumner, Nachev et al. 2007). 

This is known as the negative compatibility effect.
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In contrast to this, neither right-hemisphere patient group had a negative 

compatibility effect. There was a distinct pattern o f performance found in the 

patients with motor neglect only (Fig 7.1). These individuals were 

particularly slow when a right prime preceded a left hand movement 

suggesting that they were susceptible to interference from right arm response 

programs when planning leftward movements. This perhaps helps to explain 

why they favour use o f the right over the left arm. Such an asymmetric 

deficit in the motor neglect patients was particularly associated with lesions 

within the putamen, perhaps implicating the region as an important node 

within the network for bimanual motor planning.

8.6 Conclusions

The first conclusion reached is that PPC in humans does have a role in 

propagation o f leftward motor programs for the right arm, most evident when 

there is competition between motor programs. In other words, people with 

right PPC damage are able to move their right arms in either direction, but 

under situations o f response conflict rightward responses are favoured over 

leftward movements. The first evidence for this emerged in the conflict 

experiment o f Chapter 3 when a selective deficit for processing competing 

leftward motor programs occurred in patients with right PPC damage. The 

findings reported in Chapters 4 and 5 suggest that even when the competing 

motor programs were not visually perceived (masked primes) or entirely self

generated (free choice), such patients still favoured rightward over leftward 

motor programs.
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Throughout this thesis, I also sought to investigate whether or not right PPC 

truly had a motoric role in addition to the well described sensory and 

attentional functions (Gottlieb, Kusunoki et al. 1998; Cavina-Pratesi, Valyear 

et al. 2006; Goldberg, Bisley et al. 2006). Perhaps the most compelling 

evidence o f a motor role for PPC comes from the free choice paradigm 

(Chapter 5), where choice was made between leftward and rightward action 

without visual stimuli to suggest the direction. Patients with right PPC 

damage still chose right more often than left implicating PPC in 

programming the directional response choices. Such data suggest that PPC is 

involved in motor planning, but this is not to say that the role of PPC is 

purely motoric. Clear cut sensory and attentional PPC functions have, o f 

course, previously been shown (Corbetta 1998; Corbetta and Shulman 2002). 

It is possible that specific sub-regions within the human PPC are more 

involved in the motoric processes considered here. However, the resolution 

and limitations o f lesion mapping do not permit a great deal o f speculation 

on this count (for further discussion see Husain and Nachev 2007).

How does PPC process motor information? Patients with PPC damage fail to 

process directional information particularly when there is competition 

between action choices. In the incongruent condition o f the directional 

flanker task (Chapter 3), patients with right PPC damage lost the normal 

incongruence cost for rightward movements (with leftward flankers). 

Therefore it appears that activation o f response choices within PPC normally 

leads to a delay in response. We propose that multiple response alternatives
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may be activated within PPC and mutually inhibit one another, thereby 

slowing propagation through the motor control system. But what is the point 

o f such a delay?

Most discussions o f the incongruence ‘cost’ (reaction time delay) observed in 

the Eriksen flanker task consider it to be a feature that should optimally be 

suppressed if  subjects are to make rapid responses. In predictable 

circumstances, simple ‘rules’ might be applied at early stages of processing 

to eliminate the effect o f competing responses between the central target cue 

and peripheral, irrelevant flankers. However, although the cost evoked by 

flankers is modifiable it is never to our knowledge completely eliminated, 

suggesting competition is a robust process or even perhaps hardwired to 

occur within our nervous systems.

M ovement delay, therefore, is the result o f  competition between alternative 

responses. But rather than considering this simply as an inevitable cost, the 

delay evoked by conflict might actually also be functionally important, 

allowing selection between competing action choices before the response is 

made. For an animal, it might be worth paying the penalty o f a small increase 

in reaction time (evoked by such conflict) to ensure that the most appropriate 

response is made. Even if  some potential action choices are often irrelevant, 

there may be occasions when they represent the best response particularly in 

natural, unpredictable environments. For example, a sudden change in the 

luminance o f the visual scene may require very different responses 

depending upon the cause: if it is simply due to shadows cast by clouds we
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may be able to ignore this and continue with the task at hand, but if it is due 

to falling masonry or bricks we need to take aversive action rapidly. Here 

two action plans are potentially in conflict and the brain has to make a 

decision, based on prior probabilities and accumulating evidence, on which 

to select. Thus although the competition evoked by flanker stimuli in the 

Eriksen paradigm are always irrelevant, this would not invariably be the case 

for stimuli in the real world.

According to this view, therefore, both relevant and irrelevant competing 

stimulus-response association signals propagate in the brain, mutually 

inhibiting each other and leading to a reaction time delay. Indeed, many 

current decision-making models o f response choice involve accumulation of 

evidence, in distributed brain regions, for each competing choice until 

decision thresholds are reached (Cisek and Kalaska 2002; Glimcher 2003; 

Smith and Ratcliff 2004; Cisek and Kalaska 2005; Rorie and Newsome 

2005; Cisek 2006; Cisek 2007). From this perspective, competition between 

conflicting responses is a crucial process for action selection, analogous to 

models that propose competition to be a key part o f selection for sensory 

attention (Desimone and Duncan 1995; Duncan, Humphreys et al. 1997). O f 

course, the eventual response is likely to be based on the outcome of 

competition biased by many different aspects o f  an animal’s state (e.g., 

previous experience, reward contingencies, and task-set) as well as changes 

in the environment (e.g., new information that alters the weight given to a 

particular stimulus).
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While the data in this thesis do not directly investigate this issue, it is 

possible that propagation and inhibition o f response programs within parietal 

lobe are also biased by other spatial or sensory characteristics o f the stimulus 

activating the response or contextual stimuli. An example o f this would be 

that perhaps objects with novel features would be propagated more strongly 

and lead to greater inhibition o f competing potential responses. Therefore 

response programming could be constantly updated according to the sensory 

environment.

How does activity within PPC interact with motor processing known to occur 

within other more anterior brain areas? Evidence from Chapter 3 suggests 

that visuomotor signals are processed in at least two partially independent 

streams: one inactivated by damage to inferior frontal white matter and the 

other requiring intact right PPC. Patients with damage in the more anterior 

stream, were generally slow to respond and were disproportionately 

distracted by conflicting information. In contrast to the patients with parietal 

damage who, as discussed above, failed to process competing leftward motor 

programs and were consequently much less susceptible to distracting 

leftward information when planning right movements.

The schematic shown in Figure 8.1 illustrates how parietal and prefrontal 

processing streams may interact based on the findings presented in Chapter 3. 

Neurophysiological studies in monkeys have suggested that multiple 

programming streams may converge in premotor cortex where the action
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signal is consolidated leading to a motor response (Cisek and Kalaska 2002; 

Cisek and Kalaska 2005; Cisek 2006; Cisek 2007). The graphs on the right 

hand o f Figure 8.1 are simplistic representations o f activity in premotor 

cortex. The assumption is that when neural activity passes a threshold, a 

response will occur.

W hen there is no conflict (a), the stimulus leads to a response o f a given 

latency. However, when conflict occurs, both competing responses (left and 

right) will propagate within PPC and mutual inhibition between them will 

lead to a delay in output (red line on graph). In contrast, prefrontal regions 

act to boost the target response and speed output, perhaps by inhibiting 

flanker responses due to their location -  so-called ‘cognitive control’ in 

current parlance (Botvinick, Nystrom et al. 1999; Botvinick, Braver et al. 

2001; Botvinick, Cohen et al. 2004; Ullsperger, Bylsma et al. 2005). The net 

result o f these two subsystems is the small delay in response that occurs in 

normal individuals.

When the PPC is damaged, no delay ensues, but the independent, intact 

prefrontal system still boosts and consequently speeds the response (c). This 

would explain the facilitation (below the neutral baseline) we observed in 

patients with PPC damage. If right PPC damage leads to selective loss o f 

leftward motor programs, then facilitation would occur for the right 

incongruent condition only. In contrast, when prefrontal regions are damaged, 

the delay is longer (d), as it was in the patients with more anterior damage in 

Chapter 3. This delay was bilateral perhaps because prefrontal regions have a
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Figure 8.1 Schematic of parietal and frontal system s activated by conflict

a) R e s p o n s e  w h e n  t h e r e  is  n o  c o n f l i c t .  B lu e  l in e  s h o w s  h y p o t h e t i c a l  r i s e  in 
n e u r a l  a c t i v i t y  t o  a  t h r e s h o l d  le v e l  f o r  m o t o r  i n i t i a t i o n  ( c l a s h e d  h o r i z o n t a l  
l in e )

b) W h e n  t h e  f l a n k e r s  a r e  i n c o n g r u e n t ,  t h e  a c t i v a t i o n  o f  c o m p e t i n g  m o t o r  
p l a n s  in t h e  p a r i e t a l  l o b e  l e a d s  t o  a  d e l a y  in r e s p o n s e  ( r e d  l i n e ) .  T h i s  
d e l a y  is m i n i m i s e d  b y  p r e f r o n t a l  r e g i o n s  w h i c h  a c t i v e l y  in h ib i t  u n w a n t e d  
f l a n k e r - i n d u c e d  r e s p o n s e  p l a n s .  T h e  r e c i p r o c a l  e f f e c t  o f  t h i s  f l a n k e r  
in h i b i t i o n  is e n h a n c e m e n t  o f  t h e  t a r g e t  r e s p o n s e .  T h e  n e t  r e s u l t  o f  t h e s e  
t w o  s y s t e m s ,  p a r i e t a l  a n d  f r o n t a l ,  is a  s m a l l  d e l a y  c o m p a r e d  t o  t h e  
n e u t r a l  c o n d i t i o n  ( g r e e n  l i n e ) .

c) W h e n  t h e r e  is p a r i e t a l  d a m a g e ,  a u t o m a t i c  a c t i v a t i o n  o f  m o t o r  p l a n s  
d o e s  n o t  o c c u r  a n d  t h e r e  is  n o  d e l a y .  H o w e v e r ,  t h e  i n t a c t  p r e f r o n t a l  
s y s t e m  st il l  e n h a n c e s  t h e  t a r g e t  r e s p o n s e  a n d  t h e r e  is f a c i l i t a t i o n  o f  
r e s p o n s e  c o m p a r e d  w i t h  t h e  n e u t r a l  c o n d i t i o n  -  t h e  p a t t e r n  o b s e r v e d  in 
o u r  p a t i e n t s  w i th  p a r i e t a l  d a m a g e .

d) I n  t h e  c a s e  o f  d a m a g e  t o  p r e f r o n t a l  a r e a s  o r  t h e i r  c o n n e c t i o n s ,  t h e r e  is 
a u t o m a t i c  a c t i v a t i o n  o f  a l t e r n a t i v e  p l a n s  in t h e  i n t a c t  p a r i e t a l  l o b e  a n d  
c o n s e q u e n t  d e l a y .  B u t  in t h i s  c a s e ,  t h e  s y s t e m s  w h ic h  n o r m a l l y  i n c r e a s e  
in h i b i t i o n  o f  f l a n k e r - i n d u c e d  r e s p o n s e s  a r e  d a m a g e d .  S o ,  o n e  w o u ld  
e x p e c t  a  l o n g e r  d e l a y  in t h e  i n c o n g r u e n t  c o n d i t i o n  s u c h ,  a s  o b s e r v e d  in 
o u r  p a t i e n t s  w i t h  f r o n t a l  l e s i o n s .

I t  is i m p o r t a n t  t o  n o t e  t h a t  w e  h a v e  r e p r e s e n t e d  f r o n t a l  a n d  p a r i e t a l  
a l t e r a t i o n s  in n e u r o n a l  a c t i v i t y  a s  c h a n g e s  in t h e  r a m p  u p  t o  m o v e m e n t  
t h r e s h o l d  ( s l o p e  o f  t h e  l i n e ) .  H o w e v e r ,  it is e q u a l l y  p o s s i b l e  t h a t  t h e  
t h r e s h o l d  f o r  m o v e m e n t  is c h a n g e d  b y  t h e s e  a r e a s .  O u r  d a t a  d o  n o t  
d i s t i n g u i s h  t h e s e  t w o  p o s s i b i l i t i e s .
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bilateral (although possibly asymmetric) role in reducing susceptibility to 

interference.

Prefrontal regions, particular the anterior cingulate, have previously been 

proposed to detect conflict and recruit other areas such as dorsolateral 

prefrontal cortex to minimise intrusion from conflicting information 

(Botvinick, Nystrom et al. 1999; Botvinick, Braver et al. 2001; Botvinick, 

Cohen et al. 2004; Ullsperger, Bylsma et al. 2005). While this interpretation 

would be consistent with our schematic, there is no need to invoke a generic 

“conflict detector” to explain our data. Conflict-induced “boosting”, 

proposed to occur in anterior brain regions, could result from application o f a 

simple, task-specific rule (e.g “ inhibit directional stimuli at flanker 

locations”), assuming that inhibition o f  leftward arrows results in facilitation 

o f the alternative, rightward direction and vice versa (Eimer 1999).

One important finding was that we did not find comparable effects after left 

PPC damage. It is possible that normally the left PPC is involved in 

propagating rightward responses, just as the right PPC plays a role in 

activating leftward responses. However, following left PPC damage we did 

not observe any facilitation for leftward responses when leftward targets 

were accompanied by rightward flankers. Thus, we have to conclude that the 

right PPC and/or other regions can compensate for left PPC damage and still 

represent rightward responses. Further studies will be required to examine 

this issue in more detail but clinical observations have demonstrated for 

many years that while neglect is more common and prominent after right
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PPC damage, limb apraxia is far more frequent after left PPC damage. How 

these findings relate to this asymmetry in clinical syndromes following PPC 

damage remains a (formidable) challenge for future investigations.

Does the right PPC perform a role in response competition regardless o f 

whether responses are self-generated or instructed? Patients with PPC 

damage tended to choose to move right more often than left even when given 

a free choice (Chapter 5), consistent with failure to propagate leftward 

response plans even when they are freely chosen. However, there was 

variability between patients and the patients with PPC damage made only a 

few more rightward than leftward movements. Therefore it is likely that 

several factors, such as strategic advanced planning o f response direction or 

covert attentional asymmetries -  as well as a competitive bias to the right -  

may influence response choice.

Comparison o f two masked prime experiments did hint at the fact that freely 

choosing action may involve different parietal mechanisms from those 

involved in resolving competition between instructed actions (Chapter 4 and 

Chapter 5, experiment 2). The influence o f masked primes on response 

choice in five patients with right PPC damage was remarkably consistent -  in 

that patients went right more often after a right than a left prime -  and 

opposite to that o f normal subjects (although the degree o f overall rightward 

bias varied within the patient group). However, these patients did not 

perform similarly when the responses were instructed in Chapter 4, despite 

all having PPC damage. Although patient numbers are too small to make
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firm inference from this finding, it suggests perhaps that different 

mechanisms or subdivisions o f PPC are involved in resolving competition for 

freely chosen versus instructed action.

In conclusion, the data presented above have suggested that right PPC is 

important for normal processing o f directional motor programs. Patients with 

right PPC damage may not propagate competing leftward motor programs 

and this in turn may lead to disinhibition o f rightward motor programs 

resulting effectively in a tendency to be over impulsive towards the right. 

Such imbalance could contribute to neglect behaviour. Multiple processing 

streams exist for visuomotor processing, and channels within the human PPC 

appear to be independent from those within more anterior regions o f brain. 

Independent processing streams may converge on a critical node in premotor 

cortex and influence response choice and speed. Several unanswered 

questions remain, including the way in which response competition between 

action plans may be biased within PPC perhaps by sensory stimuli or even 

task goals. However, the findings presented here provide a platform to 

investigate these issues and the asymmetry o f PPC function in humans 

further.
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Appendix 1 M ovement execution deficits in neglect

While many studies have shown that movement execution is not normal in 

patients with neglect, the nature o f the abnormality has been controversial. 

Directional slowing o f movement execution similar to that found in 

movement initiation has been investigated by several groups. Heilman et al. 

found that once initiated, left neglect patients were slower than normal 

controls or subjects with left hemisphere damage to execute the movement 

(Heilman, Bowers et al. 1985), but the impairment in movement execution 

was not directional and was evident on both sides of space. However, some 

subsequent studies have reported directional deficits in movement execution 

(Mattingley, Bradshaw et al. 1992; Behrmann and Meegan 1998). For 

example, the sequential pressing task used by Mattingley and colleagues 

revealed that neglect patients with frontal or subcortical involvement were 

slower to execute leftward movements than rightward ones -  a deficit the 

authors termed ‘directional bradykinesia’ to contrast it to the initiation deficit 

implied by ‘directional hypokinesia’ (Mattingley, Bradshaw et al. 1992).

In the paradigm used to dissociate reach direction from target location 

(Mattingley, Husain et al. 1998; Husain, Mattingley et al. 2000), the parietal 

neglect patients showed a generalised non-directional slowing in movement 

similar to that reported by Heilman and colleagues whose patients all had 

some parietal involvement. In contrast, right frontal patients with neglect 

were found to have slow reaches to left targets regardless o f whether the 

reach was leftward or rightward. So, like the deficit in movement initiation, 

this impairment in right frontal neglect patients does not appear to be a



directional motoric one, although it may still be due to a spatial deficit in 

visuomotor control.

Further investigation into movement execution in neglect has examined 

specific effects on the kinematic properties of reaching in these patients. The 

findings have been highly variable with most studies suggesting no 

directional impairment (Fisk and Goodale 1988; Mattingley, Phillips et al. 

1994; Konczak and Kamath 1998), but perhaps some generalised slowing 

particularly towards the end o f the movement, implying an abnormal reliance 

on terminal visual guidance (rather than feed-forward control). Fame and co

workers did report possible lateralised deficits in on-line control o f 

movement (Fame, Roy et al. 2003). They observed that patients with right 

brain damage had prolonged movement execution times when an on-line 

change o f plan was required to move to a left target but, importantly, this 

effect was not specific to patients with neglect (Fame, Roy et al. 2003).

Reach trajectory in neglect has also been a controversial topic (Harvey, 

Jackson et al. 2001; Himmelbach and Kamath 2003). Early studies suggested 

that right-hemisphere patients (without evidence o f neglect on clinical tests at 

the time of testing) showed some deviation of reach trajectory to the right 

(Goodale, Milner et al. 1990; Harvey, Milner et al. 1994). When patients 

were required to bisect a line or reach towards a target with or without visual 

feedback (Harvey, Milner et al. 1994), right-hemisphere stroke patients 

deviated to the right in the initial stages o f reach and then corrected in the 

later stages so they had preserved endpoint accuracy. The rightward



deviation in reach trajectory was present only when visual feedback was 

absent suggesting either a motoric deficit (in planning or forward control of 

the motor command) or impairment o f proprioceptive feedback mechanisms. 

Both o f these could in theory be compensated for to some extent by visual 

input.

Subsequent studies have reported no clear abnormality o f reach trajectory in 

neglect, with or without vision (Kamath, Dick et al. 1997; Harvey, Jackson et 

al. 2001; McIntosh, Pritchard et al. 2001). However, inspection o f Kamath 

and his colleagues’ reach data suggests that some right-hemisphere neglect 

patients can show substantial curvature (see, for example, their Fig. 1), 

raising the possibility that the analytical methods used to compute trajectory 

deviation may be critical in determining whether a positive effect is found.

While the heterogeneity between studies could depend upon technical 

differences, it is also important to remember that one would expect patients 

with neglect caused by lesions in different brain areas to behave differently 

from one another. Jackson and colleagues reported just such variability 

between patients (Jackson, Newport et al. 2000). They studied reaching 

trajectories in three right-hemisphere stroke patients (two neglect and one 

recovered neglect) to right and left-sided targets under three conditions. In 

the first condition the subject could see both the target and his arm; in the 

second, the target was hidden from view and was defined proprioceptively by 

placing the left index finger at the position o f the target, but out of sight; the



third condition was similar to the second, except that the subject was blind

folded, so he had no visual feedback about the path of the arm.

The patient with neglect following a temporo-parietal lesion had a rightward 

deviation o f reach trajectory, whereas, the patient with neglect and an 

occipito-temporal infarct displayed a tendency to increased rightward or 

leftward trajectory curvature depending on the side of the lesion. Unlike 

normal controls who had similar hand path trajectories under all three 

conditions, the patients showed increased hand path curvature (deviation 

from centre to the right or the left) in the full vision condition, intermediate 

hand path curvature in the second condition where the reaching arm could be 

seen (but the target was defined proprioceptively) and least curvature in the 

third condition where there was no visual feedback. Endpoint accuracy was 

relatively preserved in all o f  these patients. These results suggest that 

impaired visual feedback during reach execution might be an important 

factor in determining the degree o f curvature during the reach in these 

patients, but is sufficient to allow relatively good accuracy in finally getting 

the hand on to target (Jackson, Newport et al. 2000). In addition, although 

the direction o f trajectory deviation appeared to vary according to lesion 

location, the degree o f deviation under different conditions was abnormal but 

consistent across patients with neglect.

One study investigated reaching in both arms of a patient with left motor 

neglect (Punt, Riddoch et al. 2005). This patient had no evidence o f visual 

neglect, but did display symptoms o f motor extinction such that left arm use



dramatically reduced when during bimanual compared with unimanual 

activity. Kinematic and trajectory analysis o f movement with each hand 

separately and then both hands together either to one or two targets was 

performed. The leftward slowing was generally much worse when bimanual 

reaches to two rather than single targets were required even when the spatial 

location o f the target reach was controlled for. The kinematic study 

suggested that the hands performed similarly until the final stages o f reach 

when the left hand began to slow far more than the right thus uncoupling 

their activity. The authors suggest that this patient resolved competition in 

favour o f action plans for the right hand that in turn fed forward to bias 

perceptual processing towards the right hand thus slowing the left.

Note that no motor initiation slowing was found in this motor neglect patient 

unlike the patient described in section 1.21 (Valenstein and Heilman 1981). 

This difference could perhaps be explained by the fact that the patient 

described earlier with a m otor initiation deficit had a lesion in the head o f the 

right caudate nucleus, whereas, the patient described here with end-stage 

slowing had a more cortical lesion involving inferior frontal, middle frontal 

superior temporal gyri. It is possible that the clinical syndrome of motor 

neglect can result from several component deficits in a similar way to the 

syndrome o f spatial neglect.

To summarise these disparate results, movement execution appears to be 

abnormal in patients with neglect. In particular, abnormal temporal dynamics 

(movement execution time) o f reach execution appear to occur at the end-



stages of reach and may be associated with presence o f neglect (Mattingley, 

Bradshaw et al. 1992). There is a suggestion that reach trajectory 

abnormalities relate to lesion location (for example Jackson et al (2000)). 

This may explain why group studies that have divided patients according to 

the presence or absence of neglect rather than the location o f lesions may not 

have found consistent spatial reaching abnormalities.
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Appendix 2

A2.1 Lesions for chapter 3

A2.1.1 PPC neglect patients 

A2.1.2 Non-PPC neglect patients 

A2.13 Left hemisphere patients 

A2.1.4 Non-neglect patients 

A2.2 Chapter 4 all patients

A23 Chapter 5

A23.1 Neglect patients 

A23.2 Non-neglect patients 

A2.4 Chapter 7

A2.4.1 Motor neglect patients 

A2.4.2 Non-motor neglect patients



A2.1 Lesions for chapter 3

A2.1.1 PPC neglect patients



A2.1.2 Non-PPC neglect patients



A2.1.3 Left hemisphere patients



A2.1.4 Non-neglect patients



A2.2 Chapter 4 all patients



A23  Chapter 5

A23.1 Neglect patients



A23.2Non-neglect patients
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A2.4 Chapter 7
A2.4.1 motor neglect patients



A2.4.2 Non-motor neglect patients


