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Abstract

The aims of these studies were to determine the long-term consequences of unilateral basal 

ganglia damage on speech and language after childhood stroke, and to relate functional deficits to 

structural and functional changes in the brain. Patients with either left or right hemisphere 

infarction of the basal ganglia and no obvious cortical involvement on conventional 

neuroradiological examination took part in these studies.

Neuropsychological assessments were used to evaluate the incidence and types of speech and 

language deficits. These investigations revealed impairments in articulation, with particular 

difficulties in the execution of sequential articulatory procedures, and some evidence for deficits 

in the acquisition of novel articulatory plans. Most of these difficulties occurred regardless of side 

of injury. Evidence for some impairment on receptive and expressive language functions, reading 

and spelling was also apparent, again regardless of side of injury. The absence of predicted 

differences related to side of injury on language performance was attributed, at least in part, to the 

considerably greater variance in the performance of the patients with left hemisphere injuries.

Resulting neuropsychologcal profiles were related to the precise site and extent of lesions, using a 

range of magnetic resonance imaging (MRI) techniques, including conventional clinical imaging, 

voxel based morphometric (VBM) analyses of 3D data sets and diffusion tensor images, and 

perfusion imaging. VBM analyses of MR scans highlighted regions of grey and white matter 

density beyond the core site of the infarction, including Broca’s and Wernicke’s areas, that 

correlated with language performance in patients with left hemisphere injuries and not in those 

with right hemisphere injuries or control subjects. Furthermore, the three patients with poorest 

language function had haemodynamic abnormalities involving left hemisphere cortical language 

areas that were not observed in the other patients.

All patients were seen in long-term follow up, and so recovery and/or reorganisation might have 

taken place, thus complicating the structure-function relationships. Performance on previous 

neuropsychological assessments was therefore compared to performance on neuropsychological 

assessments carried out for these studies. Dichotic listening, functional magnetic resonance 

imaging (fMRI) and event related potential (ERF) techniques were also used to examine the status 

of language organisation. Results suggested that the variation in performance seen in the language 

studies could not be attributed to changes in performance over the course of recovery or 

reorganisation of function. It was therefore concluded that language deficits after basal ganglia 

infarctions acquired during childhood might have been related to additional changes in grey and 

white matter, as well as haemodynamic abnormalities, affecting cortical language regions.
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Chapter 1: Introduction

This thesis reports the results of neuropsychological, neuroimaging and electrophysiological 

investigations of children and young adults with unilateral infarction of the basal ganglia, with a 

view to gaining an understanding of the long-term effects of basal ganglia damage on speech and 

language during development. The role of these structures in motor function is well-established 

(see Mink, 1999, for a review). This includes their involvement in the control of speech, referring 

to the motor execution of verbal output (Alexander et al, 1990). The participation of the basal 

ganglia in language, however, is more controversial. An association between the basal ganglia and 

language has long been recognised through the study of patients with vascular lesions to these 

structures resulting in aphasia. The manifestation of such language impairments is, however, 

variable. Moreover, the mechanisms by which these difficulties are expressed following 

infarctions of the basal ganglia are unclear. Various explanations have been proposed, including 

direct involvement of specific basal ganglia nuclei (Gurd and Bamford, 1997), or more indirect 

involvement through white matter tract damage (Alexander et al, 1987), disconnection of cortical 

language areas (Perani et al, 1987), and cortical hypoperfusion (Hillis et al,  2002). The purpose 

of this thesis is to characterise the nature and extent of speech and language difficulties after 

unilateral damage to the basal ganglia acquired during development, and to address the issue of 

the mechanisms thought to be responsible in the expression of such impairments.

This chapter is divided into four sections. The first section is concerned with the anatomy of the 

relevant structures. It is necessary to consider the anatomy of the basal ganglia, surrounding white 

matter and connections to the rest of the brain in order to gain an understanding of how damage to 

these structures might affect other brain regions involved in speech and language. The second 

section presents the clinical features of infarctions affecting the basal ganglia, including the 

vascular systems involved, risk factors, aetiology and presentation, since such factors might 

influence long-term outcome. The third section deals with the functions of the basal ganglia, with 

reference to anatomical, patient, and functional imaging studies. The role of the basal ganglia in 

motor function is first described, with detail about the nature of motor processing to provide a 

framework within which other possible roles of the basal ganglia might be considered. Evidence 

for the role of the basal ganglia in the control of speech is then presented. The participation of 

these structures in language is discussed with reference to possible mechanisms that might be 

responsible for language difficulties after basal ganglia infarctions. Finally, the patients involved 

in this study were seen in the long-term stages of recovery after infarction and, if speech and/or 

language functions were initially affected, it is possible that such deficits are no longer present as
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a result of recovery and/or reorganisation processes. The fourth section is, therefore, concerned 

with recovery and reorganisation of speech and language after brain injury.
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1.1 Anatomy of the Basal Ganglia

This section presents an outline of the anatomy of the basal ganglia nuclei. Any damage involving 

these structures may extend to the surrounding white matter that forms connections to and from 

the basal ganglia, as well as connections between other brain regions not involving these nuclei. 

Moreover, the basal ganglia nuclei are part of a complex circuit that includes many regions of the 

cerebral cortex. The functional consequences of damage to the basal ganglia must therefore 

include a consideration of white matter tract damage and disruption to other brain regions 

involved in the basal ganglia circuitry. Children who have suffered infarctions confined to the 

basal ganglia and surrounding white matter provide a unique opportunity to investigate the 

relationship between these structures and functional impairments in the developing brain.

1.1.1 Basal Ganglia Nuclei

The basal ganglia are a collection of large nuclei located beneath the cerebral cortex in the 

forebrain and midbrain. The basal ganglia include five nuclei: (1) caudate nucleus, (2) putamen, 

(3) globus pallidus (consisting of internal and external segments), (4) substantia nigra (pars 

compacta and pars reticulata), and (5) subthalamic nucleus. The caudate nucleus and putamen 

develop from the same cell types and although mainly divided by the internal capsule, are fused 

anteriorly. For these reasons, the caudate and putamen are often regarded as a single structure, the 

neostriatum, or simply the striatum. Similarly, the internal segment of the globus pallidus and the 

substantia nigra pars reticulata resemble each other closely in terms of cytoarchitecture, 

connectivity and function, and so are often considered as a single structure, again divided by the 

internal capsule. The basal ganglia nuclei in relation to their surrounding structures are shown in 

Figure 1.1.
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Figure 1.1. The basal ganglia nuclei in relation to their surrounding structures (basal ganglia 
nuclei underlined). (University of Minnesota Medical Neuroscience course laboratory manual)
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1.1.2 White Matter Surrounding the Basal Ganglia

White matter, formed from bundles of myelinated fibres, courses around and between the basal 

ganglia nuclei. These fibres connect the cerebral cortex to the brain stem and spinal cord, as well 

as providing the connections that form the basal ganglia’s own complex circuitry (Hanaway et al,

1998). All cortical regions project to the brain stem via a radiating mass of white matter tracts 

known as the corona radiata. These fibres converge at the level of the basal ganglia to form the 

internal capsule. The internal capsule can be divided into two main sections: the anterior limb and 

the posterior limb. The genu forms the junction between these two sections of the internal 

capsule. The anterior limb of the internal capsule lies between the caudate nucleus and the 

putamen. The posterior limb lies between the thalamus and the globus pallidus. The internal 

capsule contains fibre pathways connecting the different basal ganglia nuclei, as well as afferent 

and efferent cortical projections. Afferent fibres arise mainly from the thalamus and project to 

nearly all regions of the cortex (thalamocortical radiations), while efferent fibres originate from 

cells in deep layers of various regions of the cortex and project to the brain stem and spinal cord 

(Carpenter, 1991). The anterior limb of the internal capsule contains the prefrontal corticopontine 

tract and the anterior thalamic radiation that connects the frontal lobe with the medial and anterior 

thalamic nuclei. The posterior limb contains corticospinal and frontopontine projections as well as 

the superior thalamic radiation that connects the Rolandic area and adjacent portions of the frontal 

and parietal lobes with ventral thalamic nuclei (Carpenter, 1991). Fibres projecting from the 

premotor cortex pass through the anterior portion of the posterior limb of the internal capsule, 

while fibres arising from the motor cortex pass through the posterior portion of the posterior limb 

of the internal capsule (Frackowiak et al, 1997).

There are a number of other white matter pathways that are located close to the basal ganglia and 

are relevant to the control of speech and language. Periventricular white matter (PVWM) is 

located near to the body of the lateral ventricle, beneath the lower motor/sensory cortex area of 

the mouth, and contains motor/sensory fibres of the face (Duffau et al, 2002). The temporal 

isthmus is a fibre pathway that carries fibres from the medial geniculate body to the auditory 

cortex (Martins, 2000). The arcuate fasciculus connects the Ifontal gyri to the medial and inferior 

lateral part of the temporal lobe via the extreme capsule around the insula (Carpenter, 1991; 

Duffau et al, 2002). The subcallosal fasciculus is a region of white matter surrounding the lateral 

angle of the frontal horn, and contains a pathway through which fibres from the cingulate gyrus 

and supplementary motor area (SMA) project to the caudate nucleus (Duffau et al, 2002). The 

white matter connections outlined here highlight the importance of assessing the extent of white 

matter, as well as basal ganglia, damage when looking at functional consequences of lesions 

affecting these structures.
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1.1.3 Basal Ganglia Circuitry

The basal ganglia are part of a complex circuit that includes large areas of the cerebral cortex and 

the brain stem. The basal ganglia circuitry has been described in terms of gross connections to and 

from the cerebral cortex, functionally segregated parallel circuits based on anatomical loops and 

functionally opposing pathways within these segregated loops, as well as segregated tissue types 

within the striatum. These differing levels of functional organisation of the basal ganglia will be 

outlined here.

The basal ganglia receive the majority of their input from the cerebral cortex (Kemp and Powell, 

1970), while output is projected back, mainly via the thalamus, predominantly to the frontal lobes 

(Rothwell, 1995). The striatum serves as the principal input nuclei for the basal ganglia (Mink,

1999). The primary cortical input to the striatum is the corticostriate projection. This originates in 

most areas of the cortex, including frontal, temporal and parietal regions that are involved in 

speech and language processing, as well as motor, sensory, and limbic regions (Kemp, 1970). The 

input to the striatum is mainly excitatory and is mediated by the neurotransmitter glutamate 

(Cherubini et al, 1988). The internal segment of the globus pallidus (GPi) and the substantia 

nigra pars reticulata (SNpr) together provide the principal output nuclei for the basal ganglia 

(Mink, 1999). Output is projected predominantly via the intralaminar, ventral lateral and ventral 

anterior nuclei of the thalamus (DeVito and Anderson, 1982) to the prefrontal, premotor, 

supplementry motor and motor cortices (Hoover and Strick, 1993; Middleton and Strick, 1994) 

and also directly to the brainstem (Parent and De Bellefeuille, 1982). The output of the basal 

ganglia is mainly inhibitory and is mediated by the neurotransmitter GAB A (Penney and Young, 

1981). These connections define the well-established cortico-striato-thalamo-cortical loop.

Many cortical projections to the basal ganglia are topographically organised (Carpenter, 1991). 

Five functionally segregated, parallel cortico-striato-thalamo-cortical loops have been identified: 

the motor, oculomotor, dorsolateral prefrontal, lateral orbitofrontal and the limbic circuits have 

been shown to remain structurally and functionally segregated from each other (Alexander et al,

1990). The most relevant of these circuits for the current studies are the motor loop and the 

dorsolateral prefrontal loop. The motor loop involves projections from motor and somatosensory 

cortices to the putamen (Jones and Wise, 1977; Goldman and Nauta, 1977), which in turn project 

via the Gpi/SNpr to the thalamus and back to the supplementary motor area (SMA) and premotor 

cortices (Côté and Crutcher, 1991). This loop includes the orofacial motor pathway that connects 

the facial region of the motor cortex to the ventral medial region of the putamen (Alexander et al,

1990). The dorsolateral prefrontal loop involves projections from the prefrontal cortex to the 

caudate nucleus, which in turn project to the SNpr, to the thalamus and back to the prefrontal
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cortex (Mink, 1999). An understanding of these anatomical loops is based primarily on studies of 

animals, and it is therefore difficult to determine whether specific connections exist between the 

basal ganglia and cortical language regions. However, the abundance of projections between the 

basal ganglia and cortex, including prefrontal, temporal and parietal cortices (Rolls and Johnstone, 

1992) suggests that this might be the case.

The output from the striatum to the GPi and SNpr is thought to be mediated via two opposing 

‘direct’ and ‘indirect’ pathways projecting from dopaminergic neurons in the striatum. The 

neurons of the striatum contain two types of dopaminergic receptors: the D1 and D2 receptors 

(DeLong, 1990; Alexander and Crutcher, 1990), which are differentiated according to the type of 

neurotransmitters they contain. The direct and indirect pathways project separately from the D1 

and D2 neurons and are said to have excitatory and inhibitory effects on their target neurons 

respectively (Albin et al, 1989; Gerfen et al, 1990). Each of the parallel cortico-striato-thalamo- 

cortical loops described by Alexander and Crutcher (1990) is thought to contain a direct and an 

indirect pathway. The direct pathway leads straight from the striatum to the GPi and SNpr (Parent 

et al, 1989) and has a net excitatory effect on its cortical target nuclei (Penney and Young, 1986; 

Ribak et al, 1979). Increased activity in the direct pathway therefore results in inhibition of the 

inhibitory output of the GPi and SNpr to the thalamus. This disinhibition of the excitatory output 

of the thalamus results in a net excitatory effect on its cortical targets. The action of the direct 

pathway is therefore to facilitate movement. The indirect pathway, on the other hand, projects to 

the GPe (Parent et al, 1989), having a net inhibitory effect on its cortical target cells (Albin et al, 

1989; Gerfen et al,  1990). The GPe projects to the subthalamic nucleus (STN), also having an 

inhibitory effect on its target nuclei, with the net effect of disinhibition of the STN. The STN then 

projects to the GPi and SNpr, having an excitatory effect on these structures (Parent et al, 1989). 

Increased activity in the indirect pathway therefore results in increased inhibitory output from the 

GPi and SNpr to the thalamus. This inhibition of the excitatory output of the thalamus results in a 

net inhibitory effect on its cortical targets. The action of the indirect pathway is therefore to 

inhibit movement. The theory suggests that these two pathways operate to balance each other so 

that changes in the activity of the pathways can facilitate or inhibit the activity of their cortical 

targets (Mink, 1999). These pathways are illustrated in Figure 1.2.

Tissue types within both the caudate nucleus and the putamen are segregated further into patches 

of tissue, known as ‘striosomes’, which are surrounded by ‘extrastriosomal matrix’ (Graybiel and 

Ragsdale, 1978). These distinct cell types do not correspond to the neuronal divisions of the direct 

and indirect pathways. Limbic structures and the prefrontal cortex have greater projections to the 

striosomes, which in turn project primarily to SNpc (Gerfen, 1992). The majority of the cerebral 

cortex, including sensory and motor cortices, has greater projections to the surrounding matrix
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(mainly in the putamen) (Graybiel et ai, 1994). The output of the matrix is principally projected 

to the external segment of the globus pallidus, (GPe), and to the main output nuclei of the basal 

ganglia, the GPi and SNpr (Gerfen, 1992). This suggests another form of functional segregation 

that is independent of the direct and indirect pathways and that is maintained in the projections to 

the output nuclei of the basal ganglia.

V
Brainstem

CORTEX

V V V V
STRIATUM

GPe SNpc

Figure 1.2. The basal ganglia circuitry
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1.2 Arterial Ischaemic Stroke in Childhood

Infarctions involving the basal ganglia most commonly result from disruption to the arterial 

circulation of these structures. A brief outline of the arterial supply to these regions will therefore 

be given here. The risk factors for cerebral infarction can vary and may be associated with 

different lesion patterns and functional outcomes. Therefore, the causes, mechanisms and 

consequences of cerebral infarctions need to be understood in order to determine the effects on 

brain structure-function relationships. These issues will be discussed in this section.

1.2.1 Arterial Blood Supply to the Basal Ganglia

The basal ganglia nuclei and surrounding white matter are supplied by a complex network of 

small arteries that originate from the anterior cerebral artery (ACA), the middle cerebral artery 

(MCA) and the posterior cerebral artery (PGA). The ACA and the MCA are the major terminal 

branches that arise from the internal carotid artery (ICA) in each hemisphere (Brust, 1991). The 

PC A stems from the basilar artery, which in turn originates from the left and right vertebral
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arteries at the point at which they merge, close to the junction of the pons and the medulla (Brust, 

1991). The arterial blood supply to the brain is shown in Figure 1.3.
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Figure 1.3. Diagram of blood supply to the brain (Snell, 1987)

The head of the caudate nucleus and the anterior limb of the internal capsule are supplied by 

medial striate arteries (Carpenter, 1991) originating from the anterior communicating artery. 

Smaller penetrating branches of the MCA, known as the lenticulostriate arteries, supply the deep 

white matter and diencephalic structures, including the posterior limb of the internal capsule, the 

putamen, the external segment of the globus pallidus, and the body of the caudate nucleus (Brust,

1991). The internal carotid arteries also give rise to the anterior choroidal arteries that supply the 

ventral and retrolenticular portions of the posterior limb of the internal capsule. Branches of the 

anterior choroidal artery supply the tail of the caudate nucleus, caudal regions of the putamen, and 

parts of the internal and external segments of the globus pallidus (Carpenter, 1991). The smaller 

penetrating branches of the PCA supply diencephalic structures, including the thalamus and the 

subthalamic nuclei (Brust, 1991). The complexity of the arterial territories around the basal 

ganglia is shown in Figure 1.4.

Infarctions of the basal ganglia are usually the result of an interruption in the blood supply of the 

ICA or MCA or their penetrating branches. It is therefore important to consider other cerebral 

regions supplied by these arterial systems that might be affected by an interruption in their blood 

supply. The ICA feeds both the MCA and the ACA. The MCA runs laterally along the base of the 

hemispheres and through the lateral sulcus (Carpenter, 1991). It then divides into branches that 

supply most of the cortex and white matter of the hemispheres’ convexity, including frontal, 

parietal, temporal, and occipital lobes, and the insula (Brust, 1991). The ACA territory includes
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the medial cortical surface and white matter of the inferior frontal lobe (Brust, 1991) and the 

remainder of the medial and part of the lateral hemisphere surface as far back as the parieto

occipital sulcus (Carpenter, 1991).
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Figure 1.4. The arterial territories around the basal ganglia (Brust, 1991)

1.2.2 Definition of Stroke

Stroke is defined as a focal disturbance of cerebral function that lasts for more than 24 hours 

(Kirkham, 1999). Strokes result from a sudden interference with the circulation of blood, usually 

in the arterial system to a part of the brain, resulting in some lasting neuronal damage due to lack 

of oxygen and glucose. This lasting neuronal damage is referred to as an infarction. There are two 

main types of stroke that can result in an infarction: ischaemic stroke and haemorrhagic stroke. 

Only patients with ischaemic strokes were included in the studies reported in this thesis, and 

therefore, descriptions will be confined to ischaemic strokes. Cerebral ischaemia is caused by an 

insufficient supply of blood to the brain that can occur suddenly (in the case of stroke) or 

gradually. The two main mechanisms underlying cerebral ischaemia are thromboembolic arterial 

occlusion or haemodynamic insufficiency. A thrombus (a clot in the blood vessel that has 

coagulated and remains at the point of formation) or an embolism (a clot or other plug brought in 

the blood from a larger vessel to a smaller one where it obstructs circulation) can cause arterial 

occlusion resulting in decreased blood flow. Reduction in blood flow can also be the result of a 

stenosis (narrowing of a vessel) or a dissection (tearing of a vessel). These different mechanisms 

can lead to different patterns of damage.
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1.2.3 Incidence of Arterial Ischaemic Stroke in Childhood

The incidence of arterial ischamic stroke in childhood is estimated to be around 2.6 per 100,000 

children per annum (deVeber, 2002). The territory of the MCA is most commonly involved, with 

disruptions to blood flow in the lenticulostriate branches of the MCA that supply the basal ganglia 

frequently underlying cerebral infarctions in children. The majority of children who have an 

ischaemic stroke show an infarction on imaging studies in the MCA territory, including the basal 

ganglia (Kirkham, 1994). Approximately half the cases of childhood infarction involve purely 

subcortical structures (45% of cases observed by Giroud et al, 1997; and 57% of cases observed 

by Satoh et al,  1991), while infarctions confined to the basal ganglia are less frequent in adults.

1.2.4 Risk Factors for Arterial Ischaemic Stroke in Childhood

The principal causes of stroke in adulthood are atherosclerosis and hypertension. The aetiology of 

stroke in childhood, however, appears to be quite different from that of stroke in adulthood 

(Williams, 2000). The risk factors for arterial ischaemic stroke can be broadly divided into 

vascular and non-vascular disorders (deVeber, 2002). Many cases are thought to involve a 

combination of multiple interacting risk factors (Kirkham et al, 2000; deVeber, 2002). In a recent 

study of a large series of children (n = 212) presenting to Great Ormond Street Hospital with 

arterial ischaemic stroke, approximately half (46%) were known to be at risk for stroke because of 

previous medical diagnoses (Ganesan et al, 2003). The most common pre-existing vascular 

abnormalities included sickle cell disease, which accounted for 35% of children, and cardiac 

disease, which accounted for 12% of the children in the series reported by Ganesan et al (2003). 

Arterial abnormalities, especially involving large intracranial arteries, were observed in around 

80% of patients in their study.

Numerous non-vascular risk factors for arterial ischaemic stroke in childhood have been 

identified, including procoagulant conditions, anaemia, nocturnal hypoxaemia and hypertension 

(Kirkham et al,  2000; Ganesan et al, 2(X)3). A frequent association with basal ganglia infarctions 

is preceding chicken pox (Ganesan and Kirkham, 1997; Sebire et al, 1999). Such patients 

commonly have stenosis of the proximal MCA around the origin of the lenticulostriate perforators 

that supply the basal ganglia (Kirkham et al, 2000; Lynch et al, 2002).

1.2.5 MR Imaging of Arterial Ischaemic Stroke in Childhood

Conventional magnetic resonance imaging (MRl) techniques, and T2-weighted MR images in 

particular, are especially useful in the identification of cerebral infarctions (Smith and Baumann,
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1991) and have been used extensively for this purpose. Recent advances in MRI techniques, 

involving diffusion- and perfusion-weighted imaging in particular, have lead to improvements in 

the evaluation of cerebral ischaemia (Gadian et al, 2000) and mean that these methods are 

increasingly used to investigate children presenting with strokes or who may be at risk of having 

strokes. Specific MR sequences are optimised to highlight different physiological properties of 

tissue, adding to the structural information provided by conventional MRI. Some of these 

techniques will be outlined below.

Diffusion-weighted MR sequences are sensitised to the diffusion of water. The diffusion 

properties of infarcted tissue change over time, and therefore, diffusion-weighted imaging (DWI) 

is useful in differentiating between acute and chronic infarctions, and identifying new infarctions 

that are not apparent on conventional T2-weighted images during the acute stage (Gadian et al,

2000). Diffusion tensor imaging (DTI) is based on the principals of DWI, but provides additional 

information about the orientation dependence of the motion of water molecules, (Le Bihan et al,

2001), with the diffusion-encoding gradients applied in at least six directions in order to calculate 

a diffusion tensor (Basser et al,  1994). This technique is particularly useful for the identification 

of abnormalities in white matter tracts in which diffusion of water molecules is more limited 

across the fibres than along the direction of the fibres (Eriksson et al, 2001). MR perfusion 

imaging enables evaluation of tissue haemodynamic status (Calamante et al, 2002). 

Abnormalities of tissue perfusion may occur in tissue where changes consistent with ischaemia 

are apparent on T2- or diffusion-weighted imaging, but also in tissue that appears normal on these 

other modalities. Such areas of “perfusion-diffusion mismatch” can be observed in regions 

peripheral to the core site of an infarction (Warach, 2003) or more chronically in patients with 

cerebrovascular disease, including children with sickle cell disease or moyamoya syndrome 

(Calamante et al, 2001; Kirkham et al, 2001). Such tissue has been associated with functional 

deficits (Hillis et al, 2000; 2001a; 2001b; 2001c; 2002), but as no irreversible damage is evident, 

it may be potentially salvageable (Gadian et al, 2000). Magnetic resonance angiography (MRA) 

enables the study of vascular anatomy and is useful for investigating whether there is pathology in 

cervical or intracranial arteries in children with arterial ischaemic stroke (Kirkham, 1994), and for 

screening children who may be at risk of stroke. Finally, functional MRI can be used to evaluate 

regional changes in cerebral blood oxygen levels in response to task-induced activity. This 

technique has been widely used to study motor and language functions, mainly in adults, and to 

monitor changes in activation over the course of recovery from stroke (Lynch et al, 2002). Many 

of these techniques have been used to study adults with cerebral infarctions, while such methods 

have been used less frequently in the investigation of children with cerebral infarctions, possibly 

due to the practical difficulties associated with imaging children. These MR imaging techniques 

were employed in the studies reported in this thesis to identify regions of infarcted tissue and
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areas peripheral to the core lesion that may be either structurally or functionally affected by the 

infarction (see Chapters 5 and 6).

1.2.6 Clinical Presentation of Arterial Ischaemic Stroke in Childhood

The most common presenting sign of subcortical stroke, as in cortical stroke, in childhood is an 

abrupt onset of hemiparesis (Kirkham, 1999; Mancini et al, 1997; Ganesan et al, 2000). Seizures 

during acute presentation occur in approximately 33 to 50% of children presenting with strokes 

(Ganesan et al, 2000; deVeber, 2002), although this is unusual following infarctions affecting the 

basal ganglia. Chorea has occasionally been observed in the presentation of arterial ischaemic 

stroke in childhood (Kirkham, 1994) following basal ganglia damage.

1.2.7 Long-term Outcome of Arterial Ischaemic Stroke in Childhood

The majority of children with ischaemic stroke have residual difficulties which are thought to 

encompass a wide range of functions (Ganesan et al, 2000) including motor, learning, and speech 

and language impairments (Schoenberg et al, 1978), with variable patterns of recovery for 

different functions and different patients. The majority (up to 90%) of children presenting with 

arterial ischaemic stroke are thought to suffer from residual motor impairments in the long-term, 

usually in the form of hemiparesis (Dusser et al, 1986; Giroud et al, 1997). Dystonia, 

particularly following basal ganglia infarctions, and dyskinaesia are also frequent residual 

impairments in childhood stroke, although they rarely follow stroke in adulthood (Dusser et al, 

1986). Ganesan et al  (2000) examined the outcome of 90 patients who presented to Great 

Ormond Street Hospital with ischaemic strokes. This group of patients formed the wider sample 

from which the patients involved in the current study were drawn. They found that the majority of 

children (64%) required additional help at home and/or school, according to parental ratings and 

assessments by an occupational therapist and a physiotherapist, and these difficulties were 

primarily attributable to motor impairments. Speech and language difficulties were frequently 

reported (43%) by parents, and preliminary neuropsychological assessments, that might be more 

sensitive to subtle impairments, indicated that this was an underestimation of such difficulties.

Emotional and behavioural consequences of stroke have been observed in children (e.g. 

Goodman, 1997; Ganesan et al, 2000). Goodman and Graham (1996) reported psychiatric 

problems in approximately 50% of patients in a large sample of children with hemiplegia, with 

anxiety, conduct disorder and hyperactivity being most frequently reported (Goodman and 

Graham, 1996; Goodman, 1998). Depression, inertia, loss of drive and obsessive-compulsive 

disorders (OCD) have also been described in adult patients with lesions affecting subcortical
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structures (Starkstein et al, 1987; Laplane et al, 1989). Many of these difficulties in children 

with stroke have, however, previously gone unrecognised or untreated (Goodman and Graham, 

1996). Emotional and behavioural reactions might be a direct consequence of damage to brain 

structures (or their connections) that are involved in emotional control. For example, OCD and 

major depressive disorder have been linked to the prefrontal-basal ganglia circuitry (Laplane et 

al, 1989). Alternatively, emotional and behavioural difficulties might be a reaction to the stroke, 

for example, in relation to the disability caused by the stroke (Code, 2001), or an interaction 

between these factors.

Studies documenting educational outcome of childhood stroke suggest that most children attend 

mainstream schools (Abram et al, 1996; Ganesan et al, 2000), although some receive classroom 

assistance, and attend special schools (Ganesan et al, 2000). Neuropsychological studies provide 

detailed data on cognitive outcome, and highlight subtle impairments that may only become 

apparent under formal assessment conditions. Few neuropsychological studies have addressed 

intellectual outcome after stroke in childhood, however, and those that have present conflicting 

results (see Hogan et al, 2000, for a review). Some studies suggest that intellectual outcome is 

similar to that of adults, with a double dissociation in the form of a selective reduction in Verbal 

and Performance IQ associated with left-sided and right-sided injuries respectively (e.g. Woods 

and Teuber, 1978), although this pattern is less marked in children. Others have reported an effect 

on intellectual function independent of side of injury (e.g. Vargha-Kadem et al, 1992; Goodman 

and Yude, 1996; Hogan et al, 2000), and suggest that Verbal IQ is selectively preserved over 

Performance IQ irrespective of side of injury (Vargha-Khadem et al, 1992; Goodman and Yude, 

1996). Many investigators have argued that functional impairments are related to age at injury, 

with better outcome following congenital or early injuries (Satz et al, 1988; Vargha-Khadem et 

al, 2000), although some suggest that early acquired injuries have a worse prognosis for 

cognitive outcome (Goodman and Yude, 1996). The presence of seizures has also been related to 

poorer outcome, independent of side of injury (Vargha-Khadem et al, 1992), and numerous other 

variables are thought to interact in the process of functional recovery. These studies will be 

discussed in more detail in Section 1.4, which is concerned with recovery and reorganisation of 

function following brain injury.

The prognosis for functional recovery following stroke in childhood is extremely variable, and 

might possibly be dependent on multiple factors, including aetiology, size and location of the 

infarct, age at onset (Kirkham, 1994), and occurrence of seizures following stroke. Seizures occur 

more commonly following stroke in childhood than in adulthood, affecting 25 to 50% of children 

presenting with strokes (Giroud et al, 1997), and are more likely to follow cortical infarctions in 

children (Abram et al, 1996). Ganesan et al (2000) found that the only significant predictor of
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outcome (in terms of motor, cognitive, educational, and behavioural performance) was age at time 

of stroke, with younger patients demonstrating poorer outcome. No other factors considered in 

this study (time since stroke, presence of previous risk factors for stroke, infarct location and 

seizures at acute presentation) were significantly predictive of outcome. Solomon et al. (1970) 

also found that children who suffered strokes below the age of 2 years had the worst prognosis. 

Volume of infarct has been identified as a predictor of outcome with an infarct volume of more 

than 10% being associated with poorer outcome (Ganesan et al, 1999; Lynch et al, 2002). 

However, this may not always be the case, particularly when the infarct involves the basal 

ganglia. Ganesan et al (1999) found that some of the smallest infarcts, involving the basal 

ganglia, were associated with pronounced residual deficits.

The studies discussed above have all included children with damage affecting various brain 

regions and are not specific to subcortical structures. Infarctions of the basal ganglia may 

therefore be associated with a different prognosis, and site of infarction has indeed been found to 

be predictive of long-term outcome. Children with infarctions confined to subcortical structures 

are thought to have a better prognosis than those with infarctions involving the cortex (Dusser et 

al, 1986; Abram et al, 1996). Powell et al (1993) found that 80% of his series of children with 

subcortical infarctions demonstrated good or complete recovery. Similarly, Inagaki et al (1992) 

and Brower et al (1996) observed that the majority of children with subcortical damage in his 

series had little or no long-term neurological impairment. Severe lasting impairment (in cognitive 

and motor domains) occurred more commonly following bilateral subcortical infarction. Location 

of lesion within subcortical regions was not found to be predictive of presentation or outcome.

1.3 Functions of the Basal Ganglia

This section is concerned with the functions of the basal ganglia, with reference to anatomical, 

patient and functional imaging studies. The role of the basal ganglia in motor function is first 

described. Evidence for the specific involvement of these structures in the motor control of speech 

is then presented. Finally, the participation of the basal ganglia in language is discussed with 

reference to possible mechanisms that might be responsible for language difficulties after 

infarctions of the basal ganglia.

The principal function of the basal ganglia is regarded as motoric. Evidence for this comes 

primarily from the study of neurological diseases that cause degeneration of components of the 

basal ganglia. For example, Parkinson’s disease (PD) is a neurodegenerative disorder that is 

caused by progressive destruction of the substantia nigra pars compacta (SNpc). The main
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characteristics of PD are a tremor, slowness of movement (bradykinesia) or scarcity of movement 

(akinesia), and rigidity (Rothwell, 1995; Mink, 1999). Another neurodegenerative disease linked 

to the basal ganglia is Huntington’s disease (HD). HD is an inherited disorder that is associated 

with destruction of cells in the striatum. The resulting symptoms are excessive involuntary 

movements of all parts of the body, and slowness of voluntary movements (Thompson et al, 

1988). Studies of the symptoms of these disorders have lead researchers to believe that the basal 

ganglia are specifically involved in the storage of motor programmes and the initiation of 

movements (Stelmach and Phillips, 1991). However, studies of animals with experimental lesions 

of the basal ganglia suggest that cells in these structures that are selective for movement fire later 

than cells in cortical motor areas that are known to be involved in the initiation of movement 

(Côté and Crutcher, 1991; Mink, 1999). Furthermore, lesions to the output nuclei of the basal 

ganglia, the GPi and SNpr, do not result in delays in the initiation of movement (Mink, 1999). 

The identification of the direct and indirect pathways within the basal ganglia circuitry suggests 

that the role of the basal ganglia in the control of movement is highly complex. Some more 

recently proposed explanations for functions of the basal ganglia will be discussed in this section. 

These will be described in order to provide a framework from which the role of the basal ganglia 

in speech and language functions can be viewed.

1.3.1 Functions of the Basal Ganglia: Motor Control

1.3.1.1 Control of Voluntary Movement and ‘Brake’ Action to Prevent Unwanted 
Movement

The basal ganglia are thought to allow voluntary movements to take place through selective 

release of inhibition to required movement pattern generators, and through inhibition of automatic 

postural activity via a centre-surround organisation of basal ganglia output. Basal ganglia 

inhibitory output from the GPi/SNpr fires tonically at high frequencies (DeLong and 

Georgopoulos, 1981). This inhibitory output is projected to the cortex via the thalamus and to the 

brainstem. In the absence of voluntary movement, this is said to inhibit the action of posture and 

movement pattern generators in these regions. When a voluntary movement is initiated by a 

particular pattern generator, GPi neurons in the surround territory projecting to that region 

decrease their firing rate. This decrease in tonic inhibition is said to release the “brake” inhibiting 

the movement of that pattern generator, thus allowing movement to occur. This has been 

demonstrated in studies of saccadic eye movements in monkeys, in which decreased inhibitory 

firing of SNpr cells has allowed increased firing of superior collicular cells just prior to eye 

movement (Hikosaka and Wurtz, 1983). At the same time as this selective disinhibition, neurons 

in the functional centre of the GPi projecting to other pattern generators are thought to increase 

their firing rate, thus increasing inhibition of surrounding regions. This is thought to prevent
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unnecessary competing movements from interfering with the selected voluntary movement. This 

has been shown in monkeys that have had selective deactivation of pallidal neurons (Mink and 

Thach, 1991). During movements, inappropriate co-contraction of antagonist muscles, flexed 

posture, slow movements and difficulties in turning off muscle activity were observed. Therefore, 

the centre-surround organisation of basal ganglia output allows these structures to play a role in 

turning off unwanted muscle activity as well as releasing inhibition to allow voluntary movements 

to occur.

1.3.1.2 Production and Prevention of Movement

An alternative hypothesised role for the basal ganglia is in the mediation of the production of 

voluntary movement and the prevention of inappropriate movement through the opposing action 

of the direct and indirect pathways of the basal ganglia circuitry (DeLong, 1990; Alexander and 

Crutcher, 1990). Evidence for this is provided by animal models of PD. Parkinsonian symptoms 

can be produced in monkeys by injecting MPTP into their brains to selectively destroy dopamine 

neurons in the SNpc (Crossman et ah, 1987). A depletion of dopamine neurons in the SNpc, as in 

PD, leads to a reduction in dopamine in both the direct and indirect pathways. This causes 

reduced inhibition in the direct pathway and increased facilitation in the indirect pathway, both 

resulting in an increase in the resting activity of the GPi/SNpr and thus an increase in the 

inhibitory output of the basal ganglia (Hamada and DeLong, 1992). The direct pathway is 

therefore prevented from having an excitatory effect on the cortex while the inhibitory effect of 

the indirect pathway is enhanced, leading to a decrease in movement. Conversely, patients with 

HD have been found to have a depletion of striatal neurons and a selective loss of the striatal 

projection to the GPe of the indirect pathway (Rothwell, 1995). The net inhibitory effect of the 

indirect pathway on the cortex is therefore prevented, leading to excessive movement. This 

evidence suggests that damage to the basal ganglia structures in general can have devastating 

effects on the control of voluntary and involuntary movements. This hypothesis postulates a 

different mechanism for the action of the basal ganglia from that of allowing voluntary movement 

to occur through selective disinhibition and inhibition of automatic postural activity. However, the 

two hypotheses may describe complementary roles of the basal ganglia, and are not necessarily 

mutually exclusive (Mink, 1999).

1.3.1.3 Procedural Learning and Automatic Execution of Learned Motor Sequences

The basal ganglia and associated circuitry have been implicated in habit formation (Mishkin et al, 

1984) and the procedural learning of motor sequences (Graybiel, 1995), as well as the automatic 

generation of well-learned motor sequences (Marsden, 1987). Converging evidence from research 

involving experimental lesions in animals (e.g. Kermadi and Joseph, 1995; Miyachi et al, 1997;
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Aldridge et al, 1997), humans with disorders of the basal ganglia (e.g. Benecke et al, 1986; 

Butters et al, 1994; Stephanova et al, 2000) and functional imaging studies of healthy 

individuals (e.g. Jueptner and Weiller, 1998), suggests that the basal ganglia are critical in the 

acquisition of sequences of behaviour and in the automatic execution of well-leamed sequences. 

An anatomical dissociation is indicated, with the anterior striatum having greater involvement in 

the learning of new sequences, binding sensory inputs to motor responses (Graybiel, 1995) under 

the conscious control of the cortex via its projections from the pre-SMA and dorsolateral 

preffontal cortex to the anterior striatum. This may be a reflection of the role of working memory, 

thought to be dependent on fronto-striatal circuitry (Nadeau and Crosson, 1997) in the acquisition 

of sequential information. As the sequential procedure becomes automatised, less conscious 

control is necessary, and more posterior regions are thought to take over as this knowledge 

becomes proceduralised (Miyachi et al, 1997; Jueptner and Weiller, 1998). The mid-posterior 

striatum is thought to participate in the execution of well-leamed behaviours by automatically 

sequencing the relevant cortically stored components of the pre-leamed procedures via projections 

from the premotor and motor cortices to the posterior striatum and to the SMA (Graybiel, 1995). 

The basal ganglia are not thought to store representations of motor procedures since lesions to 

these structures do not cause disruption to the execution of the individual elements of movements 

performed independently of sequences (Aldridge et al, 1997). Both the learning of new 

sequential information and the automatic, implicit execution of sequential movements may 

therefore be disrupted by damage to the basal ganglia.

1.3.2 Functions of the Basal Ganglia: Motor Control of Speech

Speech refers to the motor execution of verbal output. Three systems are involved in the 

production of speech: (1) the respiratory system, necessary to create steady subglottal pressure in 

the upper airway during units (e.g. sentences) of discourse; (2) the laryngeal system, which causes 

the vocal folds to open and close to allow production of voiced sounds and to vibrate, thus 

allowing variation in pitch; and (3) the articulatory system, necessary for changes in the 

configuration of the vocal tract to regulate the frequencies of vowel sounds while movements of 

the speech articulators (jaw, soft palate, tongue and lips) enable the formation of more complex 

consonant sounds (McFarland and Lund, 1995). Effective speech is dependent on the dynamic 

interaction of these three systems, and the complex neural mechanisms that underlie these 

systems.

Numerous cortical and subcortical structures, including the basal ganglia, have been implicated in 

the control of speech, indicated by studies of the effects of lesions in patients, and more recently 

by functional imaging studies. Since the basal ganglia are part of a complex circuit, damage to
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these structures and involvement of surrounding white matter might be expected to impair the 

function of any of the components of these complex circuits. The functions of the neural systems 

thought to be involved in speech will therefore be outlined here.

Broca’s original work in 1861 suggested that damage to the posterior third of the left inferior 

frontal gyrus causes a partial or complete inability to speak. Lesion studies since then, however, 

have suggested that more extensive damage is necessary to produce such impairments (Mohr et 

al, 1978) and that Broca’a area is involved in linguistic processing (Stromswold et al, 1996; 

Caplan et al, 1999; 2000; Embick et al, 2000) rather than speech. Electrical stimulation studies 

(Penfield and Welch, 1951) and functional imaging studies (Wise et al, 1991; Warburton et al, 

1996; Crosson et al, 2001) suggest that the SMA is necessary for the initiation of speech. The 

primary motor cortex is said to integrate inputs from other cortical and subcortical motor areas, 

controlling speech output through its extensive connections to cranial and spinal motoneurons that 

innervate the speech musculature (McFarland and Lund, 1995). Bilateral activation of this region 

and adjacent sensory areas has been found in PET studies of healthy adults (Murphy et al,  1997; 

Wise et al, 1999; Blank et al, 2002). The critical role of the left anterior insula in articulation has 

been identified in a lesion superimposition study of patients with apraxia of speech (Dronkers et 

al, 1996). Apraxia of speech involves difficulties in the motor programming of the articulatory 

system for the co-ordination, sequencing and appropriate timing of the components of speech for 

output, in the absence of higher linguistic difficulties (Dronkers et al, 1996). In their study, all 

patients with apraxia of speech had damage involving the left anterior insula, while all patients 

without such deficits had no damage to this region. This indicates a specific role for the left 

anterior insula in the planning, sequencing and co-ordination of speech musculature. In support of 

this. Wise et al (1999) and Blank et al (2002) found PET activation in the anterior insula in 

healthy individuals during the performance of an articulatory task. Retrograde tracing studies of 

the distribution of cortical inputs to the orofacial region of the motor cortex in macaque monkeys 

also indicate the involvement of these same regions in the control of the oromotor musculature. 

Inputs from a wide area of the ipsilateral cortex, including the orbital and insular cortices, 

frontoparietal operculum, premotor, SMA, and cingulate cortices have been found to project to 

the orofacial motor region (Tokuno et al, 1997), indicating a network of cortical regions involved 

in the motor control of orofacial musculature.

Subcortical systems involved in the control of speech are thought to include the cerebellum, the 

thalamus and parts of the basal ganglia. Lesions to the cerebellum or its connections have been 

found to result in articulatory inaccuracy and abnormal variations in prosody (McFarland and 

Lund, 1995). Bilateral cerebellar activation has also been found in association with articulation in 

a PET study (Murphy et al, 1997; Blank et al, 2002). The known role of the basal ganglia in
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motor function is indicative of the participation of these structures in the motor control of speech. 

In addition, the basal ganglia are extensively connected to other brain regions involved in the 

control of speech, including motor and premotor cortices, and the SMA (outlined in Section 

1.1.3). These connections indicate that the basal ganglia may be directly or indirectly involved in 

the control of speech. PET studies of healthy individuals have highlighted the involvement of the 

left hemisphere posterior pallidum (Wise et al, 1999) and the right hemisphere caudate nucleus, 

as well as the right thalamus (Murphy et al, 1997) and bilateral thalamic nuclei (Blank et al, 

2002) during articulation. Behavioural evidence for the role of these structures in the control of 

speech will be discussed in the following section.

1.3.2.1 Procedural Learning and Automatic Execution of Motor Speech Sequences

As with other forms of motor control, the basal ganglia are thought to be involved in the 

automatic selection and sequencing of articulatory procedures. Damage to the basal ganglia, as in 

PD and HD, is frequently associated with motor speech disorders (Darley et al,  1975) that 

involve sequential control. Deficits in the generation of sequential articulatory movements, 

including dysarthria, have been reported in patients with PD (Darley et al, 1975; Ho et al, 1998) 

and in adult patients with infarctions of the basal ganglia (e.g. Damasio et al, 1982; Naeser et al, 

1982; Brunner et al, 1982; Alexander, 1989; Caplan et al, 1990) and surrounding white matter 

(Kim et al,  1994; Tohgi et al,  1996). Subcortical damage in childhood has also been associated 

with dysarthria (e.g. Ferro et al, 1982; Aram et al, 1983; Cranberg et al,  1987; Nass et al, 1988; 

Martins and Ferro, 1992; Martins, 2000) and oral apraxia (Aram et al, 1983).

Further evidence for specific speech motor output difficulties being related to basal ganglia 

pathology comes from research with the four-generation KF family (Hurst et al, 1990; Vargha- 

Khadem et al, 1995; 1998; Watkins et al, 1999; Alcock et al,  2000; Watkins et al,  2002a; 

2002b). Half the members of this family suffer from a severe inherited speech and language 

disorder that is linked to a point mutation on the gene F0XP2 located on chromosome 7 (Lai et 

al, 2001). These individuals have abnormalities in speech and language in the context of striking 

articulatory impairments, with particular deficits in simultaneous and sequential articulation and 

orofacial praxis (Vargha-Khadem et al, 1998). Structural imaging studies have suggested that 

these difficulties are linked to bilateral abnormalities of the caudate nuclei (Vargha-Khadem et al, 

1998; Watkins et al, 1999; Watkins et al, 2002b), while functional imaging studies using PFT 

showed an increase in activation in the left caudate nucleus during word repetition (Vargha- 

Khadem et al,  1998).

The role of the basal ganglia in the procedural learning of motor sequences is likely to apply to all 

aspects of motor control, including speech. Evidence for this comes from the study of the learning
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of new song procedures in songbirds (Brainard and Doupe, 2000). The learning of songs by 

songbirds provides a good model for human vocal learning and speech production since 

acquisition of speech and acquisition of song involve similar processes (Doupe and Kuhl, 1999). 

The anterior forebrain pathway (AFP) is thought to be equivalent to the fronto-striatal circuitry in 

humans (Brainard and Doupe, 2000). Lesions to this pathway in young birds disrupt normal song 

learning, while they appear to have little effect on adult song production (Bottjer et al, 1984). 

This effect on song learning in young birds is thought to result from a disruption to the instructive 

auditory feedback signal that enables normal song learning in young birds, while in adults, the 

learned procedures have already occurred, so AFP lesions have minimal effect. These systems 

observed in songbirds might parallel human speech production where disruption to comparable 

basal ganglia circuits might impair the new learning of procedural motor aspects of speech.

The human fronto-striatal circuitry has been implicated in the procedural learning of rule-based 

speech sequences. This is based on evidence of deficits in the production of rule-based verb 

forms, but not irregular morphological forms, in patients with PD and HD and patients with 

“anterior” aphasia (Ullman et al, 1997). In contrast, patients with damage thought to affect the 

declarative memory system, as in those with Alzheimer’s disease and “posterior” aphasia, were 

impaired in the production of irregular morphological forms but not regular past tense (Ullman et 

al,  1997). These findings are indicative of the basal ganglia/frontal circuitry playing a role in 

morphological rule learning that may be part of its broader function of procedural learning or 

automatic processing. However, the dependence of rule-based morphological processing on intact 

fronto-striatal circuitry is contested by proponents of computational-based models of 

morphological processing (Rumelhart and McClelland, 1986). Such selective deficits in 

morphological processing are argued to result from disruption to a part of a parallel distributed 

processing network, in which morphological production is thought to be dependent on the 

activation of phonological representations from semantic representations (Patterson et al, 2001).

The basal ganglia could therefore be involved in both the new learning of articulatory procedures 

and the automatic selection and execution of previously learned articulatory plans. These two 

theories are not necessarily incompatible. Novel material could be learned with the involvement 

of frontal cortical regions and the anterior striatum. Once procedural learning of these plans has 

taken place, the execution of the well-leamed articulatory plans and rule-based procedures may be 

more dependent on the posterior striatum in its role of selecting and appropriately sequencing the 

cortically represented elements of the articulatory plan for its automatic execution. The role of the 

basal ganglia in the control of speech will be discussed in more detail in relation to the current 

studies in Chapter 3.
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1.3.3 Functions of the Basal Ganglia: Language

Language processing involves widespread regions of the cortex, and some subcortical regions. 

Brain regions involved in language will be discussed here, since damage to the basal ganglia may 

indirectly affect the processing of language in other brain areas. Much of the understanding of 

language processing in the brain has evolved from the observations of linguistic deficits in 

patients with structural damage to various regions of the brain. The classical model of language 

(Geschwind, 1972), derived from such studies, holds that left hemisphere cortical structures are 

principally responsible for language processing. The anterior portion of the inferior frontal gyrus, 

Broca’s area, is thought to be responsible for the sequential programming of language, and has 

more recently been implicated in comprehension of high level syntax (Stromswold et al, 1996; 

Caplan et al,  1999; 2000; Embick et al, 2000). The posterior portion of the superior temporal 

gyrus, Wernicke’s area, is thought to be responsible for comprehension of spoken language, and 

may also be involved in the internal monitoring of language output (Goodglass and Kaplan, 

1972). The angular gyrus in the left inferior parietal lobe has been implicated in the integration of 

linguistic symbols with information in other modalities, as with reading and writing. The arcuate 

fasciculus is a fibre tract that connects Wernicke’s area with Broca’s area, and is thought to be 

involved in phonological processing.

More recent functional imaging studies have highlighted a network of activation including some 

additional regions beyond those associated with aphasia resulting from brain injury. This network 

of activation elicited by language tasks has included the classical left hemisphere language 

regions, Broca’s and Wernicke’s areas, as well as the premotor cortex, SMA, supramarginal gyrus 

in the left hemisphere and the anterior cingulate, bilateral insular cortices, right cerebellum, and 

the right hemispheric homologues of Broca’s and Wernicke’s areas (see Price, 2000, for a 

comprehensive review of functional imaging studies used to investigate language). Language 

studies involving children have shown that patterns of language activation during development 

are highly consistent with those of adults (Bookheimer and Dapretto, 1997). The majority of 

right-handed and most left-handed healthy control subjects have been shown to have left 

hemisphere dominance for language, although right hemisphere dominance has been observed in 

approximately 5% of healthy right-handed individuals, and may occur in up to 27% in left-handed 

individuals (Knecht et al,  2000).

The role of subcortical structures in language processing has been suspected for many years. 

Hughlings Jackson (1866) stated that “disease near the corpus striatum produces defect of 

expression to a great extent’’. Lichtheim (1885) described two types of aphasia resulting from 

damage to either the “subcortical afferent” pathway or the “subcortical efferent” pathway. Marie
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(1906) argued that the participation of subcortical structures, including the caudate nucleus, 

putamen, internal capsule and thalamus, was necessary for the production of truly aphasie 

symptoms. However, such assertions were generally overshadowed by the wealth of literature 

relating to the role of left hemisphere cortical structures in language. More recently, functional 

imaging studies have highlighted the involvement of subcortical structures in language 

processing. Thalamic and predominantly left basal ganglia activation have been reported in 

response to word repetition (Price et al, 1996), word generation (Warburton et al, 1996; Rowan 

et al, 2002) and semantic and phonological working memory tasks (Crosson et al, 1996) in 

healthy adult subjects.

In the past two decades, numerous studies of adults with strokes have demonstrated a relationship 

between infarctions of the basal ganglia and deficits in speech and language. These findings have 

challenged both the traditional beliefs that the basal ganglia are purely involved in the control of 

motor functions and that control of language resides in left hemisphere cortical structures only. 

The relationship between basal ganglia lesions and language deficits remains controversial, with 

debate concerning the mechanisms by which basal ganglia lesions result in aphasia. Several 

mechanisms to explain the relationship between aphasia and lesions of the basal ganglia have 

been proposed. Results of clinico-anatomical studies of adults with infarctions of the basal ganglia 

and possible mechanisms underlying aphasia will be discussed below.

1.3.3.1 Language Impairments after Basal Ganglia Infarctions in Adults

Numerous studies have reported disruption to language in association with infarctions of the left 

hemisphere basal ganglia in adults. Many of the reports of language impairments following basal 

ganglia damage suggest that the observed deficits are not characteristic of traditional aphasie 

syndromes (Damasio et al, 1982; Fromm et al,  1985; Robin and Schienberg, 1990; Kennedy and 

Murdoch, 1993). A wide variety of symptoms of aphasia have been described in relation to basal 

ganglia damage, ranging from global aphasia (Naeser et al  1982; Robin and Schienberg, 1990), 

impairments in fluency (Cappa et al, 1983; Basso et al, 1987; Robin and Schienberg, 1990; 

Mega and Alexander, 1994; Fabbro et al, 1996; Copland et al, 2000), comprehension (Damasio 

et al, 1982; Copland et al, 2000), repetition (Mega and Alexander, 1994) and naming (Basso et 

al, 1987; Alexander et al, 1987; Wallesch and Papagno, 1988; Robin and Schienberg, 1990; 

Mega and Alexander, 1994; Fabbro et al, 1996), to dysarthria without aphasia (Damasio et al, 

1982; Naeser et al, 1982; Fromm et al, 1985; Basso et al, 1987) or absence of language 

impairment entirely (Fromm et al, 1985; Basso et al, 1987; Alexander et al,  1987; Nadeau and 

Crosson, 1997). A range of severity of impairments has also been noted (Robin and Schienberg, 

1990), although many studies indicate that aphasia resulting from basal ganglia damage tends to
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be less severe than aphasia resulting from cortical damage (Mohr et al, 1975; Ferro, 1992; 

Liebermann et al, 1986).

Many authors argue against the existence of a consistent clinical syndrome related to basal 

ganglia infarctions (Kertesz, 1992; Weiller et al, 1993; Nadeau and Crosson, 1997). However, 

two patterns of impairment do emerge from the literature. Firstly, a higher incidence of expressive 

than receptive language deficits has been observed (Brunner et al, 1982; Mega and Alexander, 

1994; Wallesch et al, 1997; Copland et al, 2000). Secondly, deficits in lexical retrieval have 

consistently been reported. Mega and Alexander (1994) described impairments in generative 

aspects of language that involved verbal fluency, sentence generation and discourse, with lexical 

selection anomia. Similarly, Copland et al (2000) reported that lesions to the basal ganglia in 

adults result in disruptions to generative language, lexical semantic operations, and the 

interpretation of meaning at the sentence level. Such difficulties have been argued to result from 

disruptions to extra-linguistic processes through damage to the fronto-striatal circuitry preventing 

the executive control of the frontal lobes on language (Copland et al, 2000), or through disruption 

to the basal ganglia’s regulation of tonic activity that is conveyed from the thalamus to the cortex 

(Crosson, 1985; 1992). The role of the basal ganglia in language function will be discussed in 

more detail in relation to the current studies in Chapter 4. It must be noted, however, that 

inferences from the study of adults with brain injuries to children with similar injuries might be 

misleading since the pre-injury stage of language development, and hence post-injury outcome, is 

likely to differ in children.

1.3.3.2 Language Impairments after Basal Ganglia Infarctions in Children

Few studies have examined the relationship between basal ganglia infarctions and speech and 

language function in children. This is partly due to the rarity of strokes resulting from infarctions 

confined to the basal ganglia in childhood. The existing reports therefore tend to describe 

individual cases in an attempt to correlate clinical and anatomical profiles. An overview of the 

available literature will be presented here.

Damage to the left hemisphere basal ganglia acquired during childhood has been associated with a 

variety of language disorders, and as in adults with aphasia following subcortical pathology, 

children tend to have atypical aphasia profiles (Martins and Ferro, 1993). Reported impairments 

range from non-fluent aphasia in the presence of normal comprehension (Martins and Ferro, 

1992), non-fluent aphasia and oral apraxia associated with impaired comprehension (Aram et al, 

1983), conduction aphasia (Nass et al, 1988), transcortical motor aphasia (Martins and Ferro, 

1992; Martins, 2000), transcortical sensory aphasia (Cranberg et al, 1987), mildly impaired 

auditory comprehension in the absence of fluency difficulties (Martins and Ferro, 1993), to
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anomia only (Aram and Eisele, 1992; Martins, 2000), or absence of language impairment entirely 

(Aram et al, 1983; Martins and Ferro, 1992; Martins, 2000). The small number of cases reported 

limit the conclusions that can be drawn regarding structure-function relationships from these 

studies. Despite the wide variability in presentation of language impairments, some patterns of 

deficits have emerged from the study of language function following basal ganglia infarctions in 

children. These patterns of impairment involve more pronounced deficits in expressive than 

receptive language, as well as a prevalence of naming deficits, and are consistent with those 

reported in the adult literature. This will be discussed in more detail in relation to the current 

studies in Chapter 4.

A further pattern of deficits apparent in studies of children with basal ganglia damage, but not 

reported in the adult literature, is that of longer-term academic difficulties, often in the form of 

reading or writing/spelling difficulties (Martins, 2000) despite initial good recovery. Cranberg et 

al (1987) and Aram et al (1983) observed later reading, spelling and writing difficulties in the 

presence of resolved language function. Aram et al (1990) later reported that all children with 

left-sided lesions with involvement of subcortical structures had reading difficulties, while 

(unspecified) writing difficulties were reported by Martins and Ferro (1992) and Martins (2000) 

in the long-term following recovery. These issues will be discussed in more detail in relation to 

the current studies in Chapter 4.

1.3.3.3 Possible Mechanisms Underlying the Expression of Language Deficits after Basal 
Ganglia Infarctions

Language impairments following infarctions of the basal ganglia might be caused by the direct 

influence of specific basal ganglia nuclei. The site and extent of damage sustained through 

subcortical infarctions varies both within and between studies, making it difficult to relate 

impairments to specific basal ganglia nuclei. However, some investigators have argued that 

damage to the head of the left hemisphere caudate nucleus is critical in the manifestation of 

language deficits. Damasio et al (1982) observed language disturbance in patients whose lesions 

included damage to the anterior portion of the head of the caudate nucleus, the anterior limb of the 

internal capsule and the anterior and superior putamen. In contrast, lesions involving posterior 

regions of the internal capsule, posterior portion of the head of the caudate nucleus and posterior 

putamen were not associated with aphasia. Similarly, Gurd and Bamford (1997) observed 

language impairments in a patient with a lesion involving the basal ganglia, including the head of 

the caudate nucleus, and internal capsule. In a patient with a similar lesion but with no 

involvement of the caudate head, no language deficits were observed.
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Language impairments following infarctions of the basal ganglia might be the result of a 

disruption to the transfer of information between the cortex and other areas of the brain as a result 

of damage to subcortical pathways close to the basal ganglia (Pickett et al, 1999). The majority 

of cases of basal ganglia infarction also involve damage to the surrounding white matter tracts, 

particularly the internal capsule, which lies between the caudate nucleus and putamen, and some 

lesions involve additional extension into the external capsule, extreme capsule or corona radiata. 

Naeser et al (1982) and Alexander et al (1987) demonstrated a relationship between lesion 

extension into white matter surrounding the basal ganglia and type of language impairment in 

patients with capsular-putaminal lesions. Those with lesion extension into anterior-superior white 

matter exhibited linguistic impairments similar to Broca’s aphasia. Patients with lesion extension 

into the posterior white matter demonstrated poor comprehension, but fluent speech resembling 

that of Wernicke’s aphasia. Patients with lesion extension into both anterior and posterior white 

matter surrounding the basal ganglia were found to be globally aphasie. Aram and Eisele (1992) 

and Martins (2000) observed a dissociation in patterns of deficits in relation to site and extent of 

white matter damage that is consistent with the dissociations reported by Alexander and 

coworkers in adult patients (Naeser et al,  1982; Alexander et al, 1987). Patients with lesion 

extension into anterior white matter were more likely to exhibit symptoms resembling Broca’s 

aphasia, while lesion extension into posterior white matter was more likely to be associated with 

symptoms resembling Wernicke’s aphasia.

A related possibility is that language impairments after infarctions of the basal ganglia are caused 

by deprivation of basal ganglia input to cortical language sites. The basal ganglia form part of a 

complex circuit that involves projections from the cortex, particularly the frontal lobes, to the 

basal ganglia, and from the basal ganglia back to the cortex via the thalamus. Projections from the 

basal ganglia to the inferior frontal and auditory association cortices form part of this circuitry 

(Rolls and Johnstone, 1992). Damage to the basal ganglia nuclei, and/or white matter tracts that 

connect the basal ganglia to the cortex, could deprive connected cortical regions, including 

language cortices, of neuronal input from the basal ganglia (Robin and Schienberg, 1990; Pickett 

et al, 1999). This may lead to inactivity of the connected regions of the cortex. Reduced cortical 

activity at a distance from focal lesions has been referred to as ‘diaschisis’ (von Monakow, 1914) 

and might result from deafferentation from subcortical inputs or remote hypoperfusion (see 

below). Over the long-term, deprivation of neuronal input could lead to Wallerian degeneration, 

i.e. the anterograde degeneration of axons and myelin sheaths following proximal neuronal injury 

(Werring et al, 2000). Observations of cortical perfusion abnormalities affecting perisylvian 

language areas in association with aphasia have been argued to result from reduced cortical 

activity caused by deafferentation from the subcortical inputs (Perani et al, 1987).



Chapter 1: Introduction 41

Perfusion abnormalities have also been proposed as the cause of aphasia, rather than a 

consequence of neuronal deprivation (as described above) following subcortical lesions. This is 

likely, according to Nadeau and Crosson (1997), because a coherent set of symptoms reflecting 

the function of the damaged structures, which might be predicted from damage to specific basal 

ganglia nuclei, white matter tracts or physiological dysfunction in connected regions, is not 

observed. Cortical perfusion abnormalities have been widely reported following infarctions of the 

basal ganglia in relation to language abnormalities in ^^^Xenon studies of regional cerebral blood 

flow (e.g. Skyh0j-Olsen et al, 1986), SPECT (Weiller et al, 1990; 1993) and studies of regional 

glucose metabolism using PET (Metter et al, 1983; Karbe et al, 1989; Kwan et al, 1999). In a 

recent report, using highly sensitive diffusion- and perfusion-weighted MRI techniques, Hillis et 

al (2002) showed that aphasia or neglect in 44 patients with subcortical infarctions was 

consistently related (in 100% of cases) to cortical hypoperfusion in the MCA territory. Moreover, 

intervention with reperfusion therapy to induce reversal of cortical hypoperfusion was associated 

with a resolution of aphasia in all six of the patients who underwent intervention. A similar 

association between language performance and metabolic activity has been reported in the case of 

a 13 year old boy with a left-sided lesion (Martins and Ferro, 1993). This boy was found to have 

language impairments that were associated with a profound decrease in metabolic activity, 

measured by SPECT, in the fronto-temporal cortex overlying the lesion. A SPECT study 

undertaken after the resolution of impairments showed only a region of abnormality in the 

location of the infarction, suggesting that the expression of language impairments may be 

dependent on cortical abnormalities.

In many cases, evidence exists for more than one explanation for language deficits following 

basal ganglia infarctions, and it is difficult to dissociate the relative importance of these factors or 

determine cause and effect processes. It is likely that language impairments related to basal 

ganglia damage are mediated by a number of interactions between these mechanisms (Fromm et 

al, 1985) and that the relative importance of these factors may vary between individuals. Some of 

these issues will be addressed with the MR imaging studies reported in Chapter 5.

1.3.3.4 Methodological Difficulties Associated with the Study of Language after 
Subcortical Damage

The study of the relationship between language deficits and basal ganglia damage is hampered by 

a number of methodological difficulties that may obscure patterns of impairments or the influence 

of underlying mechanisms, and also prevent useful comparisons between studies. One problem 

with these studies is a failure to report details regarding subject characteristics such as premorbid 

functioning, level of education, handedness, and the presence of related pathology such as seizure 

disorders, all of which could influence outcome. Another source of variability, both within and
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between studies, is that of differences in lesion characteristics. For example, patients with 

differing lesion locations and sizes, and varying vascular pathologies, such as haemorrhage, with 

associated pressure effects (Mega and Alexander, 1994), and ischaemic injuries have in some 

studies been considered as a group. A related problem is that patients with varying aetiologies, 

such as head injury and cardiac abnormalities are grouped together (D'Esposito and Alexander, 

1994). The language profiles reported are very much dependent on the assessments used to 

determine the symptoms. Many studies present limited neuropsychological or language 

assessments and clinical impressions are often given as the sole source of functional outcome. 

Similarly, there is wide variability in the types of assessment used, with different assessments 

highlighting different impairments (D’Esposito and Alexander, 1994). The inclusion of control 

subjects in such studies is rare (Aram, 1988). The timing of assessment in relation to the stroke is 

another source of variability (D’Esposito and Alexander, 1994), both within and between studies. 

Most studies report speech and language functions at varying times in the acute phase, while some 

have described impairments that have persisted for many years after the stroke. Results are 

therefore likely to reflect different stages of recovery from language difficulties or reorganisation 

of functions depending on age at assessment. Moreover, studies have shown that patterns of 

recovery fluctuate over time (e.g. Kertesz and McCabe, 1977; Pashek and Holland, 1988). It is 

therefore necessary to study language in the post-acute phase to be able to understand clinico- 

anatomic relationships (D’Esposito and Alexander, 1994). Finally, technical limitations of the 

methods used to identify lesion location and size, and absence of methods that are sensitive to 

different tissue properties, such as diffusion and perfusion MR imaging, have in the past limited 

the reliability of clinico-anatomical relationships suggested by the research. Some of these issues 

will be addressed in the current studies.

1.4 Recovery and/or Reorganisation of Speech and Language Functions

Improvements in function after brain injury often continue for months, and even years, after the 

acute stages of recovery have taken place. This suggests that more active processes, such as 

functional reorganisation, might explain long-term improvements in function (Frackowiak et al, 

1997; Seitz et al, 1999). There is a considerable body of literature to suggest that reorganisation 

of function occurs in children and adults following brain injury. Children with brain injuries are 

thought to have a greater potential for recovery and/or reorganisation due to increased plasticity in 

the developing brain (Milner, 1974; Teuber, 1974) although this process is complicated by 

improvements in function that occur in the normally developing brain. Evidence for 

reorganisation of function from brain injury has accumulated from lesion studies, post-operative 

restitution of function, functional imaging and electrophysiological studies. An overview of this
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evidence will be given here. There are few reports describing reorganisation of speech and 

language associated with basal ganglia damage, and those that are available indicate that recovery 

following subcortical injuries (reviewed below) is dependent on reorganisation at the cortical 

level. In order to gain an understanding of the potential for reorganisation of language, studies of 

reorganisation of language following cortical damage will also be discussed.

1.4.1 Techniques used to Study Recovery and/or Reorganisation of Function

Evidence for the functional organisation of the brain has been available for many years through 

the intracarotid sodium amytal procedure (Wada test). This technique has only been employed in 

patients undergoing surgical procedures for the relief of seizures, and is associated with some risk 

and discomfort. Dichotic listening tasks, used to measure ear advantage for the processing of 

verbal material, provide an indirect method of assessing hemispheric specialisation, with an 

asymmetrical advantage for verbal processing being indicative of contralateral hemispheric 

specialisation for language. The advent of functional imaging techniques has enabled the study of 

the organisation of language function in healthy individuals as well as in patients with brain injury 

(Price, 2000), allowing comparisons to be made between normal language processing and 

language systems that may have been disrupted. Currently available functional imaging 

techniques include positron emission tomography (PET), functional magnetic resonance imaging 

(fMRI,) transcranial magnetic stimulation (TMS), magntoencephalography (MEG), and event- 

related potential (ERP) recordings.

1.4.2 Recovery and/or Reorganisation of Language Function in Adults with 
Unilateral Brain Injuries

The known subcortical-cortical connections, and frequent occurrence of basal ganglia lesion 

extension into surrounding white matter, suggest that reorganisation at a subcortical level might 

be expected to have an effect on cortical organisation of language. Functional imaging studies of 

the recovery of motor function following subcortical injuries suggests that this might be the case 

(e.g. Chollet et al, 1991; Weiller et al, 1992; Weder et al, 1994). Greater right hemisphere 

activation has also been observed in adult patients with language disturbance following 

subcortical lesions (Heiss et al, 1999). This increased right hemisphere activation was, however, 

not permanent: in a follow-up study with the same patients, a return to predominantly left- 

lateralised activation was observed in association with an improvement in language function. A 

return to left hemisphere latéralisation for language might therefore be necessary for more 

complete recovery of function. There are no reliable reports of reorganisation of function 

following basal ganglia injuries acquired during childhood. However, Staudt et al (2001)
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observed right hemisphere fMRI activation in response to a language production task in young 

adults who had suffered pre- and peri-natal lesions to the left periventricular white matter 

(PVWM). These studies suggest that subcortical damage might influence the cortical organisation 

of language, and it is therefore appropriate to consider the patterns of reorganisation in patients 

with cortical damage affecting language structures.

Increased right hemisphere participation in language processing in adult patients with recovered 

language function following cortical lesions has been widely observed. This evidence has 

accumulated from studies employing a number of techniques including ^^^Xenon rCBF (Knopman 

et al, 1984), fMRI (Thulbom et al, 1999; Rosen et al, 2000), PET (Weiller et al, 1995: Cappa et 

al, 1997; Musso et al, 1999), dichotic listening (Moore and Weidner, 1975; Hugdahl et al, 

1990), BEG (Moore, 1984) and event related potentials (Papanicolaou et al, 1987; 1988; Thomas 

et al, 1997). Other studies, using PET (Heiss et al, 1993; Frackowiak et al, 1997) and MEG 

(Simos et al, 2000) have reported that reorganisation within the left hemisphere is more 

important in recovery of language function. It is difficult to determine whether left hemisphere 

latéralisation for language represents intrahemispheric reorganisation of language or simply a 

restitution or maintenance of pre-injury activation (Rosen et al, 2000). Restitution of left 

hemisphere latéralisation for language has indeed been suggested to be associated with better 

recovery of language function, while a maintenance for right hemisphere latéralisation is thought 

to be associated with only partial recovery of language (Knopman et al, 1984; Heiss et al, 1999).

1.4.3 Recovery and/or Reorganisation of Language Function in Children with 
Unilateral Brain Injuries

The effects of brain injuries in children are generally considered to be less pronounced than the 

effects of similar brain injuries acquired during adulthood. This is thought to be a reflection of the 

greater potential for recovery and reorganisation of function in childhood (Lenneberg, 1967). 

There has been considerable debate in the literature concerning functional recovery, and the 

degree to which the non-dominant hemisphere can take over language function in particular, 

following brain injury in childhood. In earlier studies, there was a generally held belief that at 

birth, the two cerebral hemispheres are equipotential for supporting cognitive and linguistic 

functions, with hemispheric specialisation gradually taking place over the course of childhood 

(Lenneberg, 1967). Studies demonstrating an absence of an effect of lesion side on language 

performance support the position that damage sustained early in childhood could be compensated 

for by the opposite hemisphere (McFie, 1961a; 1961b; Basser, 1962; Alajouanine and Llermitte, 

1965). Moreover, a selective preservation of verbal functions has been demonstrated to occur 

irrespective of side of injury (Vargha-Khadem et al, 1992; Goodman and Yude, 1996). This is
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thought to take place at the expense of visuospatial functions (Vargha-Khadem et al, 1992; Aram 

and Eisele, 1994; Goodman and Yude, 1996; Booth et al, 1999), suggesting that visuospatial 

functions may be ‘crowded out’ of the right hemisphere to enable processing of language by that 

same hemisphere.

Other studies have suggested that hemispheric specialisation of function may be present at birth 

following observations that damage to the left and right hemispheres sustained pre- or perinatally 

resulted in selective impairments to verbal or visuospatial functions respectively as found in 

adults (Woods and Teuber, 1978). Similarly, Aram (1988) found evidence for selective 

impairments in Verbal and Performance IQ according to side of injury in children with unilateral 

subcortical damage. Studies highlighting anatomical differences in the brains of infants and 

foetuses, such as the asymmetry of the planum temporale (Witelson and Pallie, 1973), support the 

early specialisation position. Limitations to the recovery of language function following left 

cortical lesions have been reported in several studies by Aram and coworkers. Deficits in 

grammatical comprehension, phonological discrimination, vocabulary naming, verbal fluency 

(Rankin et al, 1981), spontaneous language production (Aram et al, 1986), lexical retrieval 

(Aram et al, 1987) and sentence imitation (Eisele and Aram, 1994) have all been reported 

following left hemisphere lesions. Similarly, although hemispherectomy or hemidecortication 

studies have demonstrated that the right hemisphere has great capacity for taking over language 

functions (Vargha-Khadem et al, 1997; Mariotti et al, 1998; Hertz-Pannier et al, 2002), 

limitations to the right hemisphere’s ability to support language have been observed following 

these procedures. Expressive functions seem to recover less completely than receptive functions 

(Hertz-Pannier et al, 2002), and higher level aspects of linguistics (such as phonology, syntax and 

morphology) are rarely acquired in full by the lone right hemisphere (Dennis and Kohn, 1975; 

Dennis and Whitaker, 1976).

More recently, it has been proposed that the two extreme positions of equipotentiality and early 

hemispheric specialisation exist on a continuum and that an explanation may lie somewhere in the 

middle ground (Satz et al,  1990). This position has been referred to as ‘ontogenetic 

specialisation’ (Vargha-Khadem et al, 2(X)0), and is based on the idea that an anatomical basis for 

hemispheric specialisation exists early in life, but that expression of functional specialisation is 

dependent on interactions between the environment and mechanisms of neural plasticity during 

development. According to this view, early brain damage may be compensated for by the greater 

capacity for reorganisation during development, leading to alterations in the functional 

specialisation of the two hemispheres. The ‘ontogenic specialisation’ view therefore reconciles 

the anatomical studies that are indicative of early specialisation with studies of recovery of 

function following brain injury in childhood. In their large series of hemiplegic patients (n = 196),
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Vargha-Khadem et al. (2000) found no evidence for a discrepancy between Verbal and 

Performance IQ in left-hemispheric injured patients regardless of age at injury, while there was 

some evidence for a Verbal-Performance IQ discrepancy in those with right hemisphere injuries 

in favour of the former, that became more pronounced with increasing age at injury. Ongoing 

research by Vicari et al. (2000) found evidence for marked delays in expressive vocabulary in 

children with left congenital lesions compared to those with right-sided lesions when tested at the 

single word stage of language development. However, no such effect of side of injury was 

observed in a group of children who were tested at the multi-word stage of language acquisition, 

with both left- and right-hemispheric injured groups performing at age appropriate levels, 

suggesting that children with left hemisphere injuries had caught up. This was taken to indicate 

that left hemisphere specialisation for language can be overridden, particularly during stages of 

language acquisition that are especially challenging for children. Electrophysiological studies of 

language development also provide evidence for increasing hemispheric specialisation over the 

course of development. Semantically anomalous sentences have been shown to elicit an adult-like 

ERP response in children as young as 4 years old, while grammatically anomalous sentences do 

not elicit an adult-like response until early to middle teen years, suggesting a much more 

protracted development of this aspect of language (Neville and Mills, 1997). These studies 

suggest that language processes are mediated by different neural systems that develop at different 

rates, and these systems differ in the degree to which, and the time period during which they are 

dependent on and are modified by language input (Neville and Mills, 1997). This also implies that 

brain injury at different stages of development is likely to have a variable impact on different 

aspects of language processing.

The impact of age at injury on recovery and reorganisation of function in childhood has received 

much attention, and has resulted in conflicting conclusions. Injuries sustained earlier in childhood 

are generally believed to be associated with a better outcome. Language deficits have been 

reported in association with lesions acquired later in childhood in comparison to better language 

performance in children who had sustained their injuries below the age of 1 year (Woods and 

Carey, 1979), and below the age of 5 years (Vargha-Khadem et al., 1985). In support of these 

findings, Satz et al. (1988) found evidence for a higher incidence of reorganisation to the right 

hemisphere in children who had sustained their brain injuries before the age of 3 years in a meta

analysis of four studies involving sodium amytal tests, temporal lobectomies and dichotic 

listening tasks. Similarly, Isaacs et al. (1996) demonstrated a shift in language representation to 

the right hemisphere following left congenital lesions, while those with left acquired lesions 

showed no such shift to right hemisphere representation, indicated by an alteration in ear 

asymmetry on a dichotic listening test. Other investigators have found evidence for a more 

complex relationship between age at injury and functional outcome. Goodman and Yude (1996)
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reported a ‘U-shaped’ profile of performance in relation to age at injury, with congenital injuries 

and injuries acquired later in childhood (after the age of 4 or 5 years) being associated with the 

best outcome and injuries acquired early in childhood (between 1 and 5 years) resulting in the 

worst outcome in terms of IQ. This finding, however, was not significant despite the large sample 

of patients in their study. Conversely, Aram and Ekelman (1987) have reported that children with 

left hemisphere lesions acquired before the age of 1 year experience difficulties in comprehension 

that are sometimes greater than those observed in children with lesions acquired later in 

childhood. This may reflect a lack of existing cognitive abilities or strategies to aid the process of 

reorganisation. Still other studies have failed to fmd effects of age at injury on functional outcome 

(McFie, 1961a; 1961b; Banich et al,  1990). It is likely that the effect of age at injury is one of 

many complex variables that interact during the process of functional recovery or compensation, 

and that the differences observed in the studies described here could be attributed to the 

heterogeneity of many other uncontrolled variables.

Functional imaging techniques have been used to study reorganisation of language function in 

children with unilateral lesions. Studies using PFT (Muller et al,  1998) and MFG (Simos et al,

2000) have highlighted a greater role for the right hemisphere in language processing in patients 

with recovered language function after left-sided lesions acquired during childhood. Muller et al. 

(1999) showed that laterality of activation was dependent on the age at acquisition of left 

perisylvian injuries. Farly injuries (sustained before the age of 6 years) were associated with right 

hemisphere latéralisation, and injuries acquired later in life (sustained after the age of 20 years) 

were associated with bilateral activation. This is consistent with the view that children have a 

greater capacity for reorganisation of function. Some studies have also demonstrated maintenance 

of left hemispheric dominance for language in children with recovered language function 

following left hemisphere lesions. Satz et al. (1988) found evidence for left hemispheric 

organisation of language in the majority (66%) of cases in the four studies they reviewed, 

involving Wada tests, temporal lobectomies and dichotic listening tests. This was mainly 

associated with later onset of pathology. This pattern of language organisation might be indicative 

of maintenance of previously left-lateralised language processing, or intrahemispheric 

reorganisation of language function, although it is not possible to determine which interpretation 

is correct from such studies.

1.4.4 Possible Mechanisms of Reorganisation

A number of possible mechanisms have been proposed to explain the observed changes in 

functional brain organisation that are remote from the core site of damage in the processes of 

recovery of function. Changes in cerebral representation of speech and language may be a result
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of cerebral plasticity. Cerebral plasticity refers to “reorganisation of distributed patterns of normal 

task-associated brain activity that accompany action, perception, and cognition and that 

compensate impaired function resulting from disease or brain injury” (Frackowiak et al, 1997). 

Plasticity implies enduring changes of neuronal function with time, or adaptation of activity, that 

occurs with repeated behaviours or following injury. Changes in the firing patterns of large scale 

neuronal networks may be dependent on alterations in local inputs and/or outputs caused by brain 

injury, and the extent to which reorganisation can occur may be limited by anatomical constraints 

(Frackowiak et al, 1997). Some investigators argue that plasticity is an unlikely explanation for 

recovery of function because right hemisphere activation has been observed acutely (within 24 

hours of infarction) (Thulbom et al, 1999) and subacutely (within 3 weeks of onset) (Heiss et al,

1999) and may be too rapid for the growth of new synapses. An alternative explanation for 

observed changes in cerebral organisation of speech and language is that of reactivation of right 

hemisphere language function that is normally suppressed during lateralised activity by the 

dominant hemisphere through transcallosal inhibition (Karbe et al, 1998). The relative 

augmentation of systems that may be bilaterally represented (Frackowiak et al, 1997) or the 

unmasking of previously inactive pathways (Stephan and Frackowiak, 1997; Steinberg and 

Augustine, 1997) may be influential in the mediation of recovery of function. Increased 

mechanical or cognitive effort required by patients to perform the task to an equivalent level to 

controls (Stephan and Frackowiak, 1997), or the use of novel cognitive strategies to perform the 

task (Rosen et al, 2000), may explain the observed recruitment of extra cortical regions or 

atypical patterns of brain organisation.

1.4.5 Factors to Consider in the Study of Recovery of Function after Stroke

The evidence presented in this section suggests that hemispheric side of injury and age at injury 

are cmcial in determining the potential for reorganisation of language function during 

development. There are, however, numerous other factors that may be influential in promoting or 

limiting the processes of recovery and reorganisation. The pre-injury stage of development, and 

therefore cognitive skills and strategies available to aid recovery and compensation, could 

determine the level of recovery. Pre-injury representation of language is thought to be influential 

on reorganisation, with previous bilateral representation being associated with better language 

compensation (Knecht et al, 2002). As mentioned in Section 1.3.3.3, location and extent of injury 

(Naeser et al, 1982) are influential in severity and type of symptoms observed, and may therefore 

affect recovery and reorganisation. Prolonged aphasia may be related to persistent arterial 

occlusion and consequent perfusion abnormalities affecting cortical language regions, with greater 

improvements being associated with earlier recanalisation of arteries (Weiller et al, 1990; 1993). 

Aetiology of damage has often been variable across studies, and may be of importance in
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subsequent recovery and reorganisation processes (Mega and Alexander, 1994). The presence of 

additional complications such as seizures has been shown to have detrimental effects on the 

course of recovery (Vargha-Khadem et al, 1992). Initial severity and type of aphasia are thought 

to be predictive of long-term outcome (Kertesz and McCabe, 1977) and could affect the 

compensatory mechanisms available. The time elapsed since the lesion has been noted to be 

predictive of level of impairment observed in children, with a greater time since injury being 

associated with a decline in level of function (Banich et al, 1990). This is thought to reflect the 

injured brain’s capability in supporting early developing functions but not more complex 

functions that emerge during the course of development (Banich et al, 1990). The level of post

injury therapy received, as well as psychosocial factors could affect the course of recovery (Code,

2001). Recovery and reorganisation of language, with reference to some of these issues, will be 

discussed in more detail in relation to the current studies in Chapter 6.

1.5 Summary

The known role of the basal ganglia in motor function implicates these structures in the control of 

speech. Moreover, anatomical studies of the basal ganglia indicate extensive connections to 

regions of the cortex known to be involved in the motor control of speech. Studies of motor 

function suggest that the basal ganglia are important in the acquisition of sequential motor 

procedures and the automatic selection and execution of previously well-leamed motor sequences. 

Evidence from studies of groups of patients with basal ganglia disorders, such as those with 

Parkinson’s disease and inherited verbal dyspraxia, as in the KE family, suggest that these 

hypothesised roles for the basal ganglia generalise to the motor control of speech. Deficits in the 

acquisition of novel articulatory plans and the automatic selection and execution of previously 

learned motor speech programmes have been observed following damage to the basal ganglia in 

these groups of patients. Children and adults with infarctions of the basal ganglia provide 

evidence for disruption to language following damage to these stmctures, although a clear 

relationship between presence and type of language impairment and site of injury is debatable. A 

prevalence of expressive language difficulties has, however, been reported following basal 

ganglia damage in children and in adults. Inconsistencies in the presentation of impairments 

following basal ganglia damage may be indicative of the involvement of other factors in the 

manifestation of language deficits. Possible mechanisms include the direct involvement of 

specific basal ganglia nuclei resulting in linguistic impairments, white matter tract damage, 

cortical disconnection and hypoperfusion affecting cortical language areas. Recovery and 

reorganisation of language function following subcortical damage has been shown to be related to 

cortical shifts in the control of language to regions of the right hemisphere that are homologous to
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left hemisphere language areas. Restitution of left hemisphere activation has also been associated 

with better recovery of function. It is likely that many variables interact to determine the course of 

recovery in such patients.

1.6 Aims of Studies

The aims of the studies described in this thesis were to investigate the consequences of infarctions 

of the basal ganglia acquired during childhood on speech and language with a view to gaining an 

understanding of the role of these structures during development. The presence and nature of any 

language impairments were characterised. The relationship between speech and language 

difficulties and MR imaging abnormalities, involving the basal ganglia nuclei themselves, 

surrounding white matter tracts and structural and perfusion abnormalities involving cortical 

language regions, were investigated. Finally, since the patients involved in these studies were seen 

in the long-term following their infarctions, recovery and reorganisation of function could have 

taken place, thus obscuring the relationship between the basal ganglia and speech and language. 

Recovery and reorganisation of language function were therefore studied to address this issue.

1.6.1 Plan of Studies

Firstly, speech and language abnormalities were investigated using standardised and experimental 

neuropsychological methods of general speech and language abilities and specific measures of 

speech and language functions thought to be dependent on intact basal ganglia circuitry, designed 

for assessments with children and young adults. Secondly, resulting neuropsychological profiles 

were related to the precise site and extent of lesions, using a range of magnetic resonance imaging 

(MRI) techniques, including conventional clinical imaging, voxel based morphometric (VBM) 

analyses of three-dimensional (3D) data sets and diffusion tensor images, and perfusion-weighted 

imaging. The latter techniques were used primarily to search for any pathology extending beyond 

the basal ganglia. Thirdly, to determine the extent of recovery of intellectual and language 

function, comparisons were made between the performance of these children on 

neuropsychological assessments carried out over the course of their recovery. Dichotic listening, 

functional magnetic resonance imaging (fMRI) and event related potential (ERP) methods were 

used to determine the extent of cerebral reorganisation of speech and language.
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1.6.2 Structure of Thesis

This thesis is divided into seven chapters. The first two chapters include the background to the 

studies and details of the subjects involved in this research. The next four chapters are concerned 

with the results from the investigations. Results from the neuropsychological studies of speech 

will be presented first. This will be followed by the results of the neuropsychological studies of 

language. The MRI findings will then be presented. Finally, the results of the studies into 

recovery and reorganisation of function will be described. The final chapter of this thesis is 

devoted to a discussion, linking the results from the separate studies and discussing them in 

relation to previous research. Possibilities for future research generated from the current studies 

will also be discussed in this chapter.
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Chapter 2; Characterisation of the Study Sample

The selection criteria and characteristics of the groups of children and young adults who 

participated in these studies are described in this chapter. Following a discussion of the selection 

criteria, the results of a number of baseline neuropsychological assessments will be presented. 

Some of the baseline assessments were included to index the profiles of the patients on functions 

that are thought to be affected by infarctions of the basal ganglia (such as intellectual and motor 

functions, behaviour and emotion). In addition, the results of a verbal memory assessment are 

included as a control measure of cognitive memory associated with medial temporal lobe 

function. Impairments in verbal memory during childhood have been shown to interfere with 

language function (Benedict et al, 1998; Woods, 1998). The role of any verbal memory deficits 

therefore needs to be accounted for in the interpretation of language performance reported in 

future chapters.

2.1 Subjects

2.1.1 The Patient Group

A group of children and young adults who had suffered acute stroke resulting from a single 

unilateral infarction apparently confined to the basal ganglia and surrounding white matter were 

selected for inclusion in this study. The selection was made on the basis of conventional 

neuroradiological examination of MRI scans carried out for clinical purposes after the stroke. All 

patients had lesions that were acquired during infancy or childhood, with onset after the age of 6 

months. Patients with any obvious involvement of thalamic or cortical regions on clinical imaging 

were excluded from this study in order to examine the effects of isolated basal ganglia injury. 

Only patients with infarctions of arterial ischaemic origin were selected for inclusion because 

these lesions allow for more precise localisation (Damasio et ah, 1982; Liebermann et al, 1986; 

Robin and Schienberg, 1990); haemorrhagic strokes may be associated with pressure effects on 

other areas of the brain, including cortical language areas (Alexander and Loverme, 1980; Robin 

and Schienberg, 1990), and might therefore complicate the structure-function relationships being 

considered here. Patients with sickle cell disease (SCD) were excluded since such individuals are 

thought to have cognitive complications that may pre-date an overt infarction (Watkins et al, 

1998). Patients with moyamoya syndrome were excluded because of the widespread progressive 

vascular abnormalities associated with this disorder (deVeber, 2002). Patients with infarctions 

associated with cardiac abnormalities were also excluded because such individuals have been 

found to have chronic hypoxia with associated impairments in attention and academic function in
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the absence of infarction (O'Dougherty et al, 1985). Patients with unresolved epilepsy were 

excluded because the presence of seizures is known to have a detrimental effect on cognitive 

outcome that is additional to the effects of the lesion (Vargha-Khadem et al, 1992) and would 

again introduce a confounding factor in the study of the lesion. All patients were required to be at 

least 7 years old at the time of the MRI scans for this study, so that they could undergo scans 

without sedation.

Based on the above criteria, a group of 20 patients was selected from the database of children 

presenting to Great Ormond Street Hospital with stroke. Seventeen of these patients agreed to 

participate in this research. Ten of the patients had left hemisphere damage and seven had right 

hemisphere damage. The mean age at infarction was 7 years, 9 months (range = 3 year, 11 months 

to 15 years, 0 months) and 4 years, 1 month (range = 1 year, 1 month to 6 years, 8 months) for the 

left- and right-hemispheric injured groups respectively. Medical details associated with the stroke 

for individual patients obtained from Great Ormond Street Hospital medical records are given in 

Appendix A, and Tables 2.1a and 2.1b summarise the risk factors and presentation of strokes in 

the sample involved in the current studies.

Risk factor for stroke Number (& 
percentage) 
of patients

Presentation Number (& 
of patients

percentage)

Chicken pox 8 (47%) BGl BGr

Head injury 3(18%0 Hemiparesis 7 (70%) 7 (100%)

Other infection 2(12%0 Aphasia 6(60%) 2(29%0
Not known 3(18%0 Slurred speech 2 (20%) 4 (57%)

Hypertension 1(6%) Headache 2 (20%) 1 (14%)

Table 2.1a. Risk factors for stroke Nausea 1 (10%) 0

Loss of consciousness 1 (10%) 0

Disorientation 1 (10%) 0

Seizures 1 (10%) 0

Chorea 1 (10%) 0

Table 2.1b. Clinical presentation of stroke (BGl = 
patients with left hemisphere injury; BGr = patients 
with right hemisphere injury)

Table 2.1a demonstrates that the risk factors associated with infarction in the sample of patients 

involved in these studies are broadly representative of the known risk factors related to arterial 

ischaemic stroke in childhood (see Chapter 1, Section 1.2.4) after the exclusion of patients with 

cardiac abnormalities, sickle cell disease and moyamoya. Chicken pox has previously been found 

to be the most prevalent risk factor associated with infarctions of the basal ganglia in the wider
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sample of patients presenting to Great Ormond Street Hospital with stroke from which the current 

sample was drawn (Ganesan and Kirkham, 1997) as well as in other samples of patients (Sabire et 

al,  1999). Similarly, Table 2.1b shows that the most frequently observed presenting factor 

associated with stroke in this sample of patients is hemiparesis, again consistent with previous 

studies of the wider sample of patients presenting to Great Ormond Street Hospital with stroke 

(Kirkham, 1999; Ganesan et al, 2000) as well as other samples of patients (Mancini et al, 1997; 

deVeber, 2002).

In order to rule out the possibility of the assessment results being confounded by fluctuating 

recovery processes (Kertesz and McCabe, 1977; Pashek and Holland, 1988; Mega and Alexander, 

1994), this study focused on speech and language abilities once the processes of acute recovery 

had occurred and the lesion had stabilised. This was also to avoid the potential difficulties that 

may accompany the recovery process, such as physical discomfort and attention deficits that may 

result in misinterpretation of neuropsychological assessments (Mimura et al, 1998). A minimum 

time period of 18 months between the stroke and current studies was therefore required to allow 

time for recovery and possible reorganisation processes to have taken place. This was chosen as a 

conservative time period as it has been suggested by a number of follow-up studies that the 

crucial period for recovery occurs within the first 6 months to 1 year following stroke onset (e.g. 

Samo and Le vita, 1981). The mean time period between stroke and the current 

neuropsychological assessments was 4 years, 6 months (range = 2 years, 4 months to 10 years, 5 

months) and 5 years, 4 months (range = 4 years, 2 months to 7 years, 4 months) for the left- and 

right-hemispheric injured groups respectively. The neuropsychological, MR imaging and 

electrophysiological studies were carried out over two days.

The focus of this study was on speech and language deficits resulting from basal ganglia injury. It 

was therefore important to ensure that any speech and language impairments observed in these 

studies were not confounded with pre-injury difficulties. A questionnaire was given to the parents 

of the children and young adults who had suffered stroke in order to determine the presence of 

any developmental delay in speech and/or language prior to the stroke. Questions pertaining to 

developmental milestones, general academic and motor abilities were also included in this 

questionnaire to provide an indication of premorbid levels of function in these domains. This 

made it possible to distinguish any impairment observed in the current studies from pre-existing 

difficulties. Sample parental questionnaires on pre-injury status are given in Appendix B.

The parental questionnaires on pre-injury development showed no evidence of pre-injury 

developmental delay or difficulties in speech and language, academic or motor functions in any of 

the patients. The only neurological history of note was that one patient (BGl3) had a seizure at the
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age of 1 year, which was associated with a fever and resolved with anti-epileptic medication. The 

only history of note relating to speech and language was that three patients (BGl2, BGr3, and 

BGr6) had a lisp, and one patient (BGl3) was noted to be very quietly spoken prior to her stroke. 

In addition, three patients came from families in which another language in addition to English 

was spoken in the home environment (BGl6: Turkish; BGl7: Urdu; BGr3: Greek). However, all 

patients had been fluent in English prior to stroke.

An understanding of early outcome of stroke and the course of recovery in this group of patients 

was obtained by consulting Great Ormond Street Hospital medical records, and through the 

results of a second questionnaire given to the parents of the patients. Questions pertaining to 

general motor abilities and academic, behavioural and emotional disturbance, as well as speech 

and language function were included in this questionnaire. Results from the questionnaires 

provided an indication of difficulties in these domains in the early stages following stroke, from 

the first few minutes, through to hours, days, months and years following the stroke up to the time 

of the current studies. A sample parental questionnaire on functional outcome of stroke is given in 

Appendix B. Outcome of motor, speech and language, academic, and behavioural and emotional 

function for individual patients as reported in parental questionnaires is given in Appendix A. 

Tables 2.2a, 2.2b and 2.2c summarise the motor, academic, and emotional outcome of stroke in 

the sample involved in the current studies. No serious behavioural difficulties were reported, so 

Table 2.2c outlines only the emotional difficulties reported. Three patients (BGl8, BGl9, and 

BGl 10) had seizures in the early stages following their stroke, but all were quickly resolved with 

anti-epileptic medication, and they were therefore considered suitable for inclusion in these 

studies. Table 2.3 summarises the oromotor, speech and language outcome of stroke in this 

sample of patients, with approximate duration of these difficulties.

Persistent motor 
difficulties

Number (& 
percentage) of 

patients

School/Employment Number (& 
percentage) of 

patients

Hemiparesis 8 (47%) Mainstream school 14 (82%)

Dystonia 6 (35%) Statement at school 8 (57%)

Fine motor difficulties 2 (12%) Full-time employment 2 (12%)

Clumsiness 1(6%) College 1(6%)

Handedness change 9 (53%) Table 2.2b. Academic outcome

No persistent motor 
difficulties

4(24%)

Table 2.2a. Persistent motor difficulties
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Emotional difficulties Number (& 
percentage) of 

patients

Anxiety 6 (35%)

Depression 3 (18%)

Low self-esteem 4 (18%)

Table 2.2c. Persistent emotional difficulties

Table 2.2a demonstrates that the persistent motor difficulties associated with infarction in the 

sample of patients involved in these studies are broadly representative of the known motor 

difficulties related to arterial ischaemic stroke in childhood (see Chapter 1, Section 1.2.7). 

Hemiparesis has previously been found to be the most commonly reported persistent motor 

difficulty following arterial ischaemic infarctions in the wider sample of patients presenting to 

Great Ormond Street Hospital with stroke from which the current sample was drawn (Ganesan et 

al,  2000) as well as in other samples of patients (Dusser et al, 1986; Giroud et al, 1997). Also 

consistent with previous studies is the finding that dystonia is a frequent residual impairment after 

infarctions of the basal ganglia in childhood (Dusser et al, 1986). Similarly, Table 2.2b shows 

that the educational outcome of this sample of patients is consistent with previous studies of the 

wider sample of patients presenting to Great Ormond Street Hospital with stroke (Ganesan et al,

2000) as well as other samples of patients (Abram et al, 1996), with the majority attending 

mainstream schools, but with many requiring additional classroom assistance. No patients in this 

sample, however, attended special schools. Parental reports of emotional difficulties, shown in 

Table 2.2c, are also in accordance with previous observations indicating emotional consequences 

of stroke in childhood (Goodman and Graham, 1996; Goodman 1997; 1998). All of these findings 

suggest that the sample of patients involved in this study is generally representative of the wider 

sample of patients presenting to Great Ormond Street Hospital with arterial ischaemic stroke and 

is also akin to previous reports of patients with basal ganglia infarctions acquired during 

childhood in terms of the underlying aetiology, presentation and general outcome.
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Speech/ oromotor/ 
language difficulty

Number (& percentage) 
of patients

Range of duration of 
difficulties

Expressive speech B G l 9(100% ) <10 min -  1 month

B G r 6 (86%) <10 min -  1 month

Slurred speech B G l 7 (78%) <10 min -  1 month

B G r 6 (86%) <10 min -  24 hours

Lisp B G l 2 (22%) 4 hours -  1 week

B G r 4 (57% ) <10 min -  still present

Stutter B G l 2 (22%) 4 hours -  24 hours

B G r 3 (43%) <10 min -  1 year

Feeding B G l 4 (44%) 48 hours -  still present

B G r 2 (29%) 1 month -  1 year

Chewing B G l 3 (33%) 2 months -  still present

B G r 2 (29%) 1 month -  4/5 months

Swallowing B G l 3 (33%) 48 hours -  2 months

B G r 0 (0 % ) N/A

Comprehension B G l 6 (67% ) <10 min -  24 hours

B G r 6 (86%) <10 min -  1 month

SLT received B G l 5 (50% ) Not known

B G r 0 (0%) Not known

Table 2.3, Oromotor, 
language therapy)

speech and language difficulties (SLT = speech and

Table 2.3 shows that the patients in this series experienced a range of difficulties involving 

oromotor, speech and language functions, with variable duration of these problems. There are no 

obvious differences in presence or duration of difficulty in these domains between patients with 

left- and right-hemispheric injuries. A high prevalence of difficulties involving expressive speech 

and language comprehension was noted. However, these problems were reported to have only 

been present during the acute phase of recovery and had resolved after a maximum of one month 

following stroke in all cases. In contrast, difficulties involving oromotor functions such as 

feeding, chewing and swallowing were reported to be more persistent and in some cases, were 

still present at the time of these studies. Impairments lasting for more than three months were 

reported in 29% to 57% of patients in this sample, depending on the function affected. Ganesan et 

al. (2000) found that 43% of the larger sample of patients presenting to Great Ormond Street 

Hospital with stroke had speech and/or language difficulties at a minimum of three months after 

stroke, according to parental reports. The absence of reported impairments in speech and language
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difficulties in the long-term in the sample of patients involved in the current studies might be an 

underestimation of deficits. Ganesan et al  (2000) found that parental reports underestimated 

cognitive deficits in comparison to neuropsychological findings in the wider sample of patients. It 

is therefore possible that more subtle difficulties were still present over the course recovery, 

beyond the acute stage, that were not detectable outside a formal neurospychological testing 

situation (the presence of such impairments will be addressed in more detail in Chapters 3 and 4).

2.1.2 The Control Group

The performance of the patients on neuropsychological assessments and results of structural and 

functional imaging studies might be influenced by a number of factors besides the brain injury per 

se. For example, there is a wide range in age at assessment in the patient group and, although 

accounted for in many standardised tests, some non-standardised neuropsychological measures, 

and structural and functional brain imaging studies may be vulnerable to age-related performance 

and structural brain differences. Gender is thought to be influential on brain development, 

including the development of the basal ganglia nuclei (Giedd et al, 1997; Lange et al, 1997; 

Durston et al, 2001), with the caudate nuclei being larger in females, and the putamen and globus 

pallidus being larger in males. Gender is also thought to influence cognition, and language in 

particular, with girls demonstrating more advanced language abilities during development 

(Bomstein et al, 1998; Karrass et al, 2002). Some investigators argue that handedness is related 

to cerebral organisation of language function with a greater proportion of left-handed individuals 

having bilateral or right hemisphere dominance for language (e.g. Rasmussen and Milner, 1977; 

Knecht et al, 2000). Control subjects were therefore matched individually to the patients on the 

basis of age, sex and handedness.

A further potential confound was that of pre-injury cognitive and linguistic abilities of the patients 

that might influence speech and language performance following stroke. It was impossible to 

quantify pre-existing functional levels. However, it was possible to match patients and control 

subjects on a cognitive measure that may account for differences resulting from underlying 

cognitive abilities. A measure of receptive vocabulary, the Receptive One Word Picture 

Vocabulary Test (ROWPVT) (Brownell, 2000), was chosen for this purpose. This task involves 

the presentation of a series of pages each consisting of four pictures. A word is read aloud for 

each page and the subject is instructed to point to one of the four pictures corresponding to the 

word. The total number of correctly identified pictures was recorded. A Standard Score was 

calculated according to instructions in the test manual. Standard Scores have a mean of 100 and a 

standard deviation of 15. Research suggests that receptive vocabulary is highly predictive of 

cognitive, and especially verbal, abilities (Bomstein and Haynes, 1998). Matching on receptive
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vocabulary was considered appropriate because this function was not predicted to be affected by 

the brain injury sustained by the patients in this study. Predictions of deficits mainly concerned 

expressive language, and receptive vocabulary was therefore thought to provide a good measure 

of pre-injury cognitive functioning. Moreover, direct measures of IQ were not considered 

appropriate for matching purposes in the current study, because previous research has shown that 

Verbal IQ is vulnerable to the effects of brain injury (Woods and Teuber, 1978; Vargha-Khadem 

et ah, 1992). Furthermore, Verbal IQ involves expressive verbal measures and may be affected by 

linguistic difficulties. Matching on this measure might therefore attenuate existing differences in 

language performance between patients and control subjects. Performance IQ was also considered 

an inappropriate matching criterion since many of the patients with stroke have residual 

hemiparesis and have difficulties with tasks involving motor skills, particularly where 

performance is dependent on speed, as in some of the Performance IQ subtests. The control 

subjects were therefore selected to match to the patients on the basis of age, sex, handedness and 

receptive vocabulary.

It was important to match control subjects on the basis of the patients’ pre-injury handedness 

since this might have shifted following the stroke. Hand preference of the patients prior to their 

stroke was determined using the parental questionnaire on pre-injury development (described 

above) (given in Appendix B). Hand preference of the control subjects (as well as hand preference 

of the patients at the time of these studies) was determined using the Crovitz and Zener 

Handedness Inventory (1962). This test provides ratings of hand performance in carrying out 

unimanual and bimanual tasks. Each subject was asked to indicate the hand that he or she 

normally uses to perform 18 common actions, and to rate the approximate frequency of use with 

each hand. For each hand, scores were rated from I to 5, with I indicating strongly right-handed 

responses and 5 indicating strongly left-handed responses. Total scores ranged from 18 to 90. A 

score of < 30 was considered to be indicative of strong right-handedness, while a score of > 55 

was considered to be indicative of strong left-handedness. Scores of 30 to 55 were considered to 

be indicative of degrees of ambidexterity.

It was important to determine whether the children and young adults in the control group had a 

history of neurological or speech and language difficulties. A questionnaire was given to the 

parents of the control subjects in order to determine the presence of any developmental delay in 

speech and language. A sample parental questionnaire regarding developmental history of control 

subjects is given in Appendix B. Subjects were excluded from the control group if they had 

received speech and language therapy at any point in their life, but were not excluded on the basis 

of unusual speech and language profiles observed in the assessments carried out for the current 

studies. This permitted better identification of speech and language impairments resulting from
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basal ganglia damage that were apparent over and above variations in speech and language 

occurring in the general population. Subjects were excluded from the control group if they had 

any neurological difficulties or if there was any evidence of brain abnormalities on the 

conventional neuroradiological assessment of their MRI scans carried out for these studies.

Based on the above criteria, a group of 17 control subjects, matched individually by age, sex, 

handedness and receptive vocabulary to each of the patients, was recruited for these studies. 

Group characteristics in terms of age at time of neuropsychological assessment, sex, pre-injury 

handedness, and ROWPVT scores are presented for patient and control groups in Tables 2.4, 2.5 

and 2.6. The mean difference in the age between patients and control subjects was 7 months and 3 

months for the left and right groups respectively. The mean difference in the ROWPVT scores 

between the patients and control subjects was 4.2 points and 0.4 points for the left and right 

groups respectively. These mean differences between the patient and control groups suggest that 

they were well matched on a group level in terms of age and receptive vocabulary. Also, ages and 

scores fall within a similar range across the matched groups.

Subject Group Group
Size

Mean Age Age Range Sex

B G l 10 12:4 6:10-19:11 8 female; 2 male

C l 10 12:11 7:7-21:5 8 female; 2 male

B G r 7 9:5 7:5 - 12:0 4 female; 3 male

Cr 7 9:2 7:2-12:4 4 female; 3 male

Table 2.4. Group characteristics (ages in years:months) (B G l = patients with left hemisphere 
injuries; B G r = patients with right hemisphere injuries; C l = control subjects matched to patients 
with left hemisphere injuries; C r = control subjects matched to patients with right hemisphere 
injuries)

Subject Group Right-handed Ambidextrous Left-handed

B G l 10 0 0

C l 8 2 (mainly right) 0

B G r 5 1 1

Cr 6 0 1

Table 2.5. Handedness details of the groups (N.B. Handedness of the patient groups refers to pre
injury handedness)
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Subject Group ROWPVT Standard 
Score: Group mean 
(standard error 
mean)

ROWPVT Range

B G l 101.5 (3.7) 87 -123

C l 105.7 (4.3) 88 -127

B G r 109.3 (3.9) 91 -125

C r 109.7 (3.7) 96 -120

Table 2.6. Mean receptive vocabulary standard scores for each group 
(using the ROWPVT: Receptive One Word Picture Vocabulary Test)

Questionnaires given to the parents of control subjects included items pertaining to developmental 

milestones, general academic and motor abilities to provide an indication of general levels of 

functioning in these domains and to determine whether there were any causes for concern in these 

areas.

The parental questionnaires on developmental history of the control subjects showed no evidence 

of developmental delay. The only neurological history of note was that one control subject (C l4 )  

had a single convulsion which was associated with a fever. The only history of note relating to 

motor function was that two control subjects (C l4  and C r 2 ) were reported to have had signs of 

clumsiness earlier in development, which were not associated with any other abnormalities and 

had since resolved. The only history of note relating to academic function was that one control 

subject (C l3 )  was reported to receive extra help with mathematics at school. The only history of 

note relating to speech and language was that one control subject ( C l3 )  was late to begin talking. 

In addition, four control subjects came from families in which another language in addition to 

English was spoken in the home environment (C l2 :  Punjabi; C r2: Finnish; Cl6 and C r3: 

Portuguese). However, all control subjects were fluent in English.

Subjects were invited to attend for these studies either over two consecutive days or two separate 

days, depending on which was most convenient for them. In many cases, the assessments were 

carried out over two consecutive days (n = 12), and for the majority of subjects, they took place 

within one month of each other (n = 25). The time difference between the two study days was 

longer for some subjects (n = 9) for practical reasons, with the longest time difference being 5 

months.
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All studies were approved by the Institute of Child Health and Great Ormond Street Hospital 

ethical committee. Written informed consent was obtained from the parents of all subjects or from 

the subjects themselves if they were aged 16 years or above.

2.2 Baseline Assessments

2.2.1 Introduction

The results of a number of baseline neuropsychological assessments are presented in this section. 

These assessments were carried out in order to quantify the profiles of the patients on functions 

that might be affected by infarctions of the basal ganglia, and to determine whether this sample of 

patients is broadly representative of previous reports of patients with stroke acquired during 

development. Assessments of general intellectual function, verbal memory, motor performance, 

and behaviour and emotion are presented here. General intellectual function has been found to be 

affected by cerebral infarctions in childhood (see Hogan et al, 2000, for a review), although 

studies present conflicting results on the relationship between the effects of side of injury and age 

at injury on Verbal and Performance IQ (see Chapter 1, Sections 1.2.7 and 1.4.3). The only 

known report to date presenting IQ data on children with subcortical lesions is that of Aram 

(1988). She observed a tendency towards the double dissociation between IQ scale and side of 

injury seen in adults, i.e. children with left hemisphere lesions had lower Verbal than Performance 

IQs, while children with right hemisphere lesions showed the reverse pattern. Subject numbers 

were, however, small in her study, and it was therefore important to document intellectual 

outcome in this larger sample of children and young adults with basal ganglia lesions. Moreover, 

it was important to understand the effects of stroke on Verbal IQ and to be able to relate this to 

language performance reported in future chapters in this thesis.

Studies of animals with experimental lesions of the basal ganglia (Goldman-Rakic, 1995; Levy et 

al, 1997) and patients with Parkinson’s disease (Lawrence et al,  1996; 2000) have highlighted a 

relationship between the basal ganglia circuitry and working memory abilities. Verbal working 

memory abilities have also been linked to some of the speech and language operations of interest 

in this thesis, such as articulation, the acquisition of novel vocabulary and language 

comprehension (Baddeley, 1999). It was therefore important to determine the presence of 

impairments in working memory abilities for the interpretation of some of the results reported in 

future chapters. In addition, impairments in episodic and semantic memory during childhood have 

been shown to interfere with language function (Benedict et al, 1998; Woods, 1998). The
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influence of any verbal memory deficits therefore needs to be accounted for in the interpretation 

of language performance reported in this thesis.

Motor difficulties are frequently reported following basal ganglia damage in children and adults 

(e.g. Dusser et al, 1986; Ganesan et al, 2000). Emotional and behavioural consequences of 

stroke have also been reported in children (Goodman and Graham, 1996; Goodman 1997; 1998) 

and in adults in relation to subcortical damage (Starkstein et al, 1987; Laplane et al, 1989) 

(described in Chapter 1, Section 1.2.7). Parental questionnaires indicated the presence of residual 

motor difficulties in the majority of patients and a few reported emotional difficulties following 

stroke in this group of patients. The results reported from the baseline assessments were intended 

to quantify such difficulties and to confirm that the group of patients studied here demonstrates a 

similar profile to other reports of patients with stroke. Results will be presented for patient and 

control groups.

2.2.2 Methods

2.2.2.1 General Intellectual Function

The Wechsler Intelligence Scale for Children (WISC-III) (Wechsler, 1992) was administered to 

subjects up to the age of 16:11 years, and the Wechsler Adult Intelligence Scale (WAIS-EI) 

(Wechsler, 1998) was used with subjects aged 17 years or above. All subtests from the Verbal and 

Performance Scales were administered. In addition, the supplementary subtests. Digit Span and 

Symbol Search from the Verbal and Performance Scales respectively, were administered. The 

Digit Span subtest was analysed separately to provide a measure of working memory. For this 

subtest, subjects are given a series of orally presented number sequences that they are required to 

repeat verbatim for Digits Forward, and in reverse order for Digits Backward. A description of all 

other subtests is given in Appendix C. Scaled Scores for each subtest were calculated according to 

instructions in the test manual. Verbal and Performance Intelligence Quotients (VIQ and PIQ 

respectively) were also calculated according to instructions in the test manual. Subtest Scaled 

Scores have a mean of 10 and a standard deviation of 3, and all index scores have a mean of 100 

and a standard deviation of 15.

2.2.2.2 Verbal Memory

The Children’s Auditory Verbal Learning Test-2 (CAVLT) (Talley, 1993) was administered to 

provide a measure of auditory verbal learning performance. Subjects were read aloud a list 

consisting of 16 words, the Learning List. Following presentation of the Learning List, subjects 

were asked to attempt to recall as many words as they could from this list. This procedure was 

repeated four times. These five presentations provide a measure of verbal learning and are



Chapter 2: Characterisation o f the Study Sample 64

referred to as the Learning Trials. This was followed by another list consisting of 16 words, the 

Interference List. Subjects were asked to recall as many of the words as they could from this 

second list. This constitutes the Interference Trial. Subjects were then asked to attempt to recall as 

many words as they could from the Learning List. This provides a measure of immediate recall of 

verbal material and is referred to as the Immediate Recall Trial. After 15 to 20 minutes, subjects 

were asked to attempt to recall the words from the Learning List to obtain a measure of retention 

of the word list over time, the Delayed Recall Trial. All words, including repeated words and new 

words given during the recall trials, were recorded. The total number of words correctly recalled 

(excluding repetitions and intrusions, i.e. new words) for each list was recorded. Subjects were 

then presented with a list of 32 words including the words fi*om the Learning List, half the words 

from the Interference List, and 8 new words. Subjects were asked to say ‘Yes’ to the words they 

recognised from the Learning List and ‘No’ to the words they did not recognise from the Learning 

List. This constitutes the Recognition Trial. ‘Yes’ or ‘No’ responses to the Recognition Trial were 

recorded. The total number of errors in recognition (i.e. ‘No’ responses to items that were 

included in the Learning List and ‘Yes’ responses to items that were not included in the Learning 

List) were subtracted from the total number of words in the recognition list to give a score of 

Recognition Accuracy. Scaled scores for the Immediate Recall Trial and the Delayed Recall Trial 

were calculated according to instructions in the test manual. Measures of Immediate Memory 

Span (obtained from the combination of the first Learning Trial and the Interference Trial) and 

Level of Learning (obtained from the combination of the last three Learning Trials) were also 

converted to scaled scores according to instructions in the test manual. The CAVLT-2 indices 

have a mean of 100 and a standard deviation of 15. Recognition accuracy scores were also 

compared to normative data (Talley, 1993).

2.2.2.3 Motor Function

Hand preference for the control subjects and for the patients at the time of the current studies was 

determined using the Crovitz and Zener Handedness Inventory (1962) described in Section 2.1.2.

The Annett Peg Moving Test of Hand Skill (Annett, 1976) was administered to provide an 

indication of fine motor co-ordination of each hand, and to determine the extent of asymmetry 

between the two hands after infarction. The task was to move a row of 10 doweling pegs to 

another parallel row as quickly as possible. Subjects were required to move the pegs one by one in 

sequence, from the further to the nearer row, using only one hand in each trial. Subjects were 

instructed to complete 5 trials with each hand, alternating between left and right hands for 

successive trials. The time taken to complete a row was recorded from grasping the first peg to 

releasing the last peg at the end of the row. The mean time taken across trials for each hand was
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compared to normative data (Annett, 1997) and converted to z-scores, with negative z-scores 

indicating faster performance and positive z-scores indicating slower performance.

A fmger-to-thumb opposition task was administered. Such tasks are frequently used with patients 

with stroke to provide a measure of the rapid sequential motor control of the fingers (Silvistrini et 

al, 1998; Marshall et al, 2(X)0). Subjects were instructed to touch each finger with their thumb in 

order (1 cycle) and continue to repeat these cycles as quickly and accurately as possible. The 

number of accurate cycles completed in 1 minute was recorded for each hand. A greater number 

of cycles completed in 1 minute is indicative of faster performance on this task.

2.2.2.4 Behaviour and Emotion

The Child Behaviour Checklist (Achenbach, 1991) was completed by the parents of the patients 

to provide an indication of any behavioural and emotional difficulties subsequent to the stroke. 

This questionnaire was also given to the parents of the control subjects. The Child Behaviour 

Checklist is a rating scale by which parents or other individuals who know the child well rate a 

child's problem behaviours and competencies. The first section of this questionnaire consists of 20 

competence items and the second section consists of 120 items on behaviour or emotional 

problems during the past 6 months. The subtests provide measures of withdrawn behaviour, 

somatic complaints, anxiety/depression, social problems, thought problems, attention problems, 

delinquent rule-breaking behaviour, and aggressive behaviour. Total scores for each scale were 

calculated and compared to normative data to give T scores. T scores of 50 to 67 are within the 

normal range, T scores between 67 and 70 are in the borderline clinical range, and T scores of 70 

to 100 are in the clinical range.

2.2.3 Subjects

All patients and control subjects took part in the neuropsychological studies reported in this 

chapter and in Chapters 3 and 4. Details of missing data on a small number of assessments and 

reasons for this are given in Appendix D.

2.2.4 Analyses

Statistical analyses of neuropsychological data were carried out using between-subjects analyses 

of variance (ANOVA). Although control subjects had been matched on an individual basis to the 

patients, it was decided not to use matched pairs analyses since the existence of many 

uncontrolled variables (more, for example, than in twin studies) meant that the pairs could never 

be truly matched. Moreover, the effects of the matching variables on the separate dependent
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variables might have differed, and it was therefore important to consider each dependent variable 

individually. For these reasons, analyses of covariance (ANCOVA) were used when potentially 

important covariates, such as the ROWPVT, measures of working memory, and age at 

assessment, were predicted to have an effect on the dependent variable. The ROWPVT was 

chosen as the measure of cognition to covary where necessary, rather than VIQ, for the reasons 

explained in Section 2.1.2 regarding matching the control subjects, i.e. VIQ may be vulnerable to 

the effects of brain injury, and also involves expressive verbal measures that might be affected by 

linguistic difficulties. Using VIQ as a covariate might therefore attenuate existing differences in 

language performance between groups. The effects of VIQ on the dependent variables were, 

however, investigated in cases where the results of the initial ANOVA or ANCOVA had been 

significant. In such cases, an ANCOVA with VIQ as a covariate was carried out to provide an 

indication of whether the observed significant effects were related to variations in VIQ or 

occurred independently of this measure.

Two-way ANCOVAs were carried out with between-subject factors of presence or absence of 

stroke (patients vs. controls) and side of injury (left vs. right) to assess for significant differences 

on the dependent variables. Control subjects were divided into two groups matched separately to 

the two patient groups. Effects of side of injury could only be interpreted from the interaction 

between presence or absence of stroke and side of injury, since the main effect of side of injury 

would be averaged across patient and control groups. The presence or absence of an interaction 

between stroke and side of injury was first considered. If significant, this was interpreted. 

Significant interactions were analysed using separate between-subject ANCOVAs. If the 

interaction was not significant, the presence or absence of a main effect of stroke on the 

dependent variables was considered and interpreted.

In cases where assessments had more than one condition, mixed-model analyses were used, with 

the presence or absence of stroke and side of injury as the between-subject factors as before, and 

assessment condition as the within-subjects factor. The F-ratios and p values were obtained using 

the Greenhouse-Geisser degrees of freedom adjustment of within-subject effects. This adjusts for 

correlation among the observations, and is necessary since the within-subject measures were not 

expected to satisfy the independent errors assumption that underlies the conventional ANOVA 

calculation. The adjustment is negligible if the observations are effectively independent. In cases 

where within-subject factors only had two levels, Greenhouse-Geisser adjustments are not 

necessary since correlation between the resulting pairs of observations does not affect the validity 

of the conventional F-test, i.e. in this situation, sphericicity holds by definition. Significant within- 

subject main effects with more than two levels were analysed post-hoc using Tukey’s HSD test.
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The normality of the ANCOVA models was checked using the Shapiro-Wilk test on the residuals 

of the model. The homogeneity of variance was measured using Levene’s test on the residuals of 

the model. Where the assumption of normally distributed residuals and homogeneity of variance 

was violated, non-parametric tests were used, e.g. the Mann-Whitney U test. This, however, was 

not always possible, since standard non-parametric tests do not permit covariate adjustment. In 

cases where covarying was required, but data were not normally distributed, or variances were not 

equal, parametric tests were used since the effects of related variables were considered to be 

important in the interpretation of the results. In these cases, violations of normality and/or 

homogeneity of variance are stated and results are interpreted with caution.

The relationships between factors such as age at time of injury and elapsed time since injury and 

outcome of stroke were determined with correlation analyses between these factors and the 

dependent variables. Parametric or non-parametric correlations were used depending on the 

distribution of the data.

A large number of statistical tests were performed for these studies, and therefore, the overall 

probability of a Type I error is expected to exceed 5%. A formal multiple comparisons adjustment 

would reduce the power of detecting expected group differences, e.g., those relating to the effects 

of stroke or side of injury. However, a specific pattern of results across a range of tasks, which 

includes both impaired and intact performance, was predicted for this thesis. A formal correction 

for multiple comparisons was therefore not made. Instead, findings were interpreted using a 

Fisherian type of approach (Efron and Gous, 2001) using these guidelines: p-values of 0.05 to 0.1 

were taken as weak evidence for an effect, p-values of 0.01 to 0.05 were taken as evidence for an 

effect, while p-values of -0.001 were taken as strong evidence for an effect. Furthermore, only the 

results of significant tests that were associated with strong prior probability were given a strong 

interpretation. Any results of significant tests that had not previously been predicted were 

interpreted with caution, and only taken as indicators for future studies with a similar group of 

patients.

All non-significant results are given in Appendix E.

2.2.5 Results

2.2.5.1 General Intellectual Function

Figure 2.1 shows the results of the Verbal and Performance IQ assessments for the patient groups 

only. Table 2.7 shows the results of the Verbal and Performance IQ assessments for the patient 

and control groups. Statistical analysis showed weak evidence for an interaction between IQ scale
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and side of injury (ANOVA: F(l, 15) = 3.198, p = 0.094). Exploration of this interaction revealed 

no evidence for a main effect of IQ scale or side of injury. Similarly, when age at injury was 

included in this analysis as a covariate, there was no evidence for an interaction between IQ scale 

and side of injury, and no evidence for a main effect of IQ scale or side of injury. Furthermore, no 

evidence for correlations between age at injury and either IQ scale was observed for left- or right- 

hemispheric injured patients.

2  100

£  90

Left VIQ Left PIQ RigfitVIQ Right PIQ

Figure 2.1. Verbal and Performance IQ standard scores (mean +!- SEM) for the patient groups 
only

Subject Group VIQ PIQ

B G l

Cl

B G r

C r

91.7 (5.5)

107.4 (4.1)

102.6 (4.2)

115.7 (7.9)

94.5 (5.7) 

107.8(3.1) 

93.3 (3.5) 

115.7 (5.1)

Table 2.7. IQ standard scores (mean +!- SEM)

Figure 2.2 shows the results of the Verbal IQ assessment with the inclusion of the control groups. 

Statistical analysis showed no evidence for an interaction between presence or absence of stroke 

and side of injury. It was therefore appropriate to look at the main effects. Evidence for a main 

effect of presence or absence of stroke was observed (ANOVA: F(l, 30) = 6.788, p = 0.014), with 

patients performing more poorly than control subjects. This main effect of presence or absence of 

stroke on Verbal IQ remained even when the ROWPVT was included in the analysis as a 

covariate (ANCOVA: F(l, 29) = 13.420, p = 0.001).
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Figure 2.2. Verbal IQ standard scores (mean +/- SEM)

Figure 2.3 shows VIQ and ROWPVT across groups. Statistical analysis showed no evidence for 

an interaction between presence or absence of stroke and side of injury. There was, however, 

strong evidence for an interaction between differences in performance on these tests and presence 

or absence of stroke (ANOVA: F(I, 30) = 14.342, p = 0.001). Exploration of this interaction 

revealed that the difference between these tests was more pronounced in patients than in control 

subjects (ANOVA: F(I, 9) = 18.564, p = 0.002 for patients with left hemisphere injuries; 

ANOVA: F(l, 6) = 6.976, p = 0.038 for patients with right hemisphere injuries) with Verbal IQ 

being lower than ROWPVT scores.
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Figure 2.3. Verbal IQ and ROWPVT standard scores (mean +/- SEM)

Figure 2.4 shows the results of the Performance IQ assessment. Statistical analysis showed no 

evidence for an interaction between presence or absence of stroke and side of injury. Strong 

evidence for a main effect of presence or absence of stroke was observed (ANOVA: F(I, 30) = 

14.713, p = 0.001), with patients performing more poorly than control subjects.
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Figure 2.4. Performance IQ standard scores (mean +/- SEM)

Figure 2.5 and Table 2.8 show the results of the assessment of verbal working memory using the 

WISC-IIIAVAIS-III Digit Span. ROWPVT was predicted to be influential on verbal working 

memory performance, so an ANCOVA was used for this analysis, with ROWPVT as a covariate. 

Statistical analysis showed no evidence for an interaction between presence or absence of stroke 

and side of injury. Strong evidence for a main effect of presence or absence of stroke was 

observed (ANCOVA: F(l, 29) = 8.467, p = 0.007), with patients performing more poorly than 

control subjects.
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Figure 2.5. Digit Span scaled scores (mean +/- SEM)

Subject Group Digit Span

BGl 7.4 (0.9)

C l lO.O (0.9)

BGr 9.0 (1.0)

C r 12.6(1.6)

Table 2.8. Digit Span scaled scores (mean +/- 
SEM)

2.2.S.2 Verbal Memory

Figures 2.6 and 2.7 show the results of the Immediate Memory Span and Level of Learning 

measures of the CAVLT-2 assessment. Table 2.9 shows the results of all measures on the 

CAVLT-2. ROWPVT was predicted to influence verbal memory performance, so an ANCOVA 

was used for these analyses, with ROWPVT as a covariate. Statistical analysis showed no 

evidence for an interaction between presence or absence of stroke and side of injury for any of the 

CAVLT-2 scores. Weak evidence for a main effect of presence or absence of stroke was observed 

for Immediate Memory span scores (ANCOVA: F(I, 29) = 3.063, p = 0.091). This main effect of
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presence or absence of stroke was abolished when VIQ was also included in the analysis as a 

covariate (ANCOVA: F(l, 28) = 0.867, p = 0.360). Evidence for a main effect of presence or 

absence of stroke was also observed for the Level of Learning scores (ANCOVA: F(l, 29) = 

5.375, p = 0.028). Again, this main effect of presence or absence of stroke was abolished when 

VIQ was also included in the analysis as a covariate (ANCOVA: F(I, 28) = 0.702, p = 0.409). No 

main effect of presence or absence of stroke was observed for the Immediate and Delayed Recall 

scores. Recognition Accuracy performance was close to ceiling levels in all subject groups, and 

was therefore not statistically analysed.
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Figure 2.6. CAVLT-2 Immediate Memory Span Figure 2.7. CAVLT-2 Level of Learning standard 
standard scores (mean +/- SEM) scores (mean +/- SEM)

Subject Group Immediate
Memory

Level of 
Learning

Immediate
Recall

Delayed Recall

B G l 104.0 (6.2) 102.8 (6.5) 104.3 (6.7) 104.8 (6.2)

C l 110.7 (4.1) 115.2 (3.9) 109.4 (4.0) 112.3 (4.6)

B G r 108.3 (3.7) 111.6 (5.4) 109.3 (6.3) 108.4 (6.5)

C r 121.3 (5.5) 125.4 (4.1) 122.7 (5.8) 120.0 (5.1)

Table 2.9. CAVLT-2 standard scores (mean +/- SEM)

2.2.S.3 Motor Function

Table 2.10 shows the results of the Crovitz and Zener Handedness Inventory, with change of 

handedness indicated for patients. Seven of the patients with left hemisphere injuries had changed 

handedness following their strokes, from being right-handed to becoming left-handed or 

ambidextrous with predominant left hand use. Two of the patients with right hemisphere injuries 

had changed handedness following their stroke, one from being ambidextrous to right-handed and 

one from being left-handed to ambidextrous (although still with a leftward tendency).
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Subject Group Right-handed Ambidextrous Left-handed Handedness 
Change 
(patients only)

B G l 3 2 (m ainly left) 5 7

Cl 8 2 (m ainly right) 0 N /A

BG r 5 1 0 2

C r 6 0 1 N/A

Table 2.10. Handedness details of the subject groups (N.B. Handedness of the patient groups 
refers to handedness at the time of assessment for the current studies)

Figures 2.8 and 2.9 and Table 2.11 show the results of the Annett Peg Moving Test of Hand Skill 

in patients with left and right hemisphere injuries and their control groups. Statistical analysis 

showed evidence for a difference between patients with left hemisphere injuries and their control 

subjects in performance of the right hand (Mann-Whitney U: z = -2.531, p = 0.011) and in 

performance of the left hand (Mann-Whitney U: z = -2.499, p = 0.012), with patients performing 

more poorly than their control subjects with both hands. Statistical analysis also showed evidence 

for a difference between patients with right hemisphere injuries and their control subjects in 

performance of the right hand (Mann-Whitney U: z = -2.492, p = 0.013) and in performance of 

the left hand (Mann Whitney U: z = -2.937, p = 0.003), again with patients performing more 

poorly than their control subjects with both hands.

patient rigtit control right patient left 
hand hand hand

patient right control ligfit patient left 
hand hand hand

Figure 2.8. Annett Peg Moving Test of Hand Figure 2.9. Annett Peg Moving Test of Hand
Skill z-scores in patients with left hemisphere Skill z-scores in patients with right hemisphere
injuries and their control group (mean +/- SEM) injuries and their control group (mean +/- SEM)
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Subject Group Right Hand Left Hand

B G l 6.15 (2.75) 1.43 (0.57)

C l -0.35 (0.25) -0.15(0.21)

B G r 1.04(0.65) 9.19(6.90)

C r -1.02 (0.27) -0.78 (0.24)

Table 2.11. Annett Peg Moving Test of Hand Skill z-scores (mean +/- SEM)

Figures 2.10 and 2.11 and Table 2.12 show the results of the test of Finger Opposition in patients 

with left and right hemisphere injuries and their control subjects. Raw scores were used in these 

analyses, and so the scores had not been scaled according to age. An ANCOVA was therefore 

used for these analyses with age at assessment as a covariate. Statistical analysis of patients with 

left hemisphere injuries compared to their control group showed evidence for a main effect of 

presence or absence of stroke on performance of the right hand (ANCOVA: F(l, 14) = 10.544, p 

= 0.006) and on performance of the left hand (ANCOVA: F(l, 17) = 8.008, p = 0.012), with 

patients performing more poorly than their control subjects. Statistical analysis of patients with 

right hemisphere injuries compared to their control group showed no evidence for a main effect of 

presence or absence of stroke on performance of the right hand. Weak evidence for a main effect 

of presence or absence of stroke for the left hand was observed (ANCOVA: F(l, 9) = 4.542, p = 

0.062). It should be noted that some of the patients (three patients from the left-hemispheric 

injured group and two patients from the right-hemispheric injured group) with the poorest hand- 

motor function were unable to perform this test with their affected hand, and so these analyses do 

not include those patients with particularly poor motor function, thus greatly reducing the 

possibility of finding significant results'.

&
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Figure 2.10. Test of Finger Opposition raw Figure 2.11. Test of Finger Opposition raw
scores in patients with left hemisphere injuries scores in patients with right hemisphere injuries
and their control group (mean +/- SFM) and their control group (mean +/- SFM)

N o te  that the adjusted residuals for the F inger O pposition  test were not norm ally distributed in the right 
group
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Subject Group Right Hand Left Hand

B G l 24.1 (2.8) 25.0 (3.6)

C l 38.4 (5.4) 35.6 (4.0)

B G r 2 4 .0 (1 .9 ) 20.2 (2.6)

C r 31.7 (5.3) 30.1 (4.1)

Table 2.12. Finger Opposition raw scores (mean +/- SEM)

2.2.S.4 Emotion and Behaviour

Figure 2.12 and Table 2.13 show the results of the Child Behaviour Checklist. Statistical analysis 

showed strong evidence for a difference between patients and control subjects on the somatic 

complaints scale (Mann-Whitney U: z = -2.081, p = 0.037), the anxious/depressed scale (Mann- 

Whitney U: z = -2.280, p = 0.023), the social problems scale (Mann-Whitney U: z = -2.703, p = 

0.007), and the attention problems scale (Mann-Whitney U: z = -2.668, p = 0.008), with patients 

showing more evidence for problems on all of these scales. No evidence for differences between 

patients and control subjects was found on the withdrawn, thought problems, delinquent 

behaviour or aggressive behaviour scales.
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Figure 2.12. Child Behaviour Checklist T scores (mean +/- SEM)
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CBC Scale Patients Controls
Withdrawn 55.8(1.7) 51.9 (0.8)

Somatic Problems 59.4(1.7) 54.3 (1.5)

Anxious/Depressed 57.7 (2.0) 51.6 (0.9)

Social Problems 57.3 (1.9) 51.0 (0.7)

Thought Problems 53.9 (2.1) 52.6(1.3)

Attention Problems 60.6 (2.2) 52.5 (1.2)

Delinquent Behaviour 53.0(1.2) 52.6(1.3)

Aggressive Behaviour 53.1 (1.2) 51.3 (0.7)

Table 2.13. Child Behaviour Checklist T scores (mean +/- SEM)

2.2.6 Discussion

No evidence for selective effects of side of injury on Verbal and Performance IQ scale was 

observed. This was also the case when age at injury was included in the analysis as a covariate. 

Furthermore, no evidence for correlations between either IQ scale and age at injury were observed 

for left- or right-hemispheric injured patients. The IQ assessments provided evidence for lower 

Verbal IQ in the patients than in the control subjects. This effect remained even when receptive 

vocabulary scores (as measured by the ROWPVT) were included as a covariate in the analysis. 

No evidence for differences between ROWPVT and VIQ scores were observed in both groups of 

control subjects, while in both left- and right-hemispheric injured patients, there was evidence for 

a discrepancy between Verbal IQ and ROWPVT in favour of the latter. This result is possibly a 

reflection of the greater dependence of Verbal IQ on expressive verbal skills predicted to be 

affected by stroke in this group. These findings might suggest that Verbal IQ is more vulnerable 

to decline as a consequence of stroke than receptive vocabulary, although pre-injury levels of 

function in these domains are unknown. The IQ assessments also provided evidence for lower 

Performance IQ in the patients than in the control subjects.

The absence of evidence for a difference between Verbal and Performance IQ in the left- 

hemispheric injured group is in accordance with the findings of Vargha-Khadem et al (2000) in a 

study of a large sample of patients (n = 196) with hemiplegia, including some of those who took 

part in the current studies. Vargha-Khadem et al. (2000) also found no evidence for a discrepancy 

between Verbal and Performance IQ in left-hemispheric injured patients regardless of age at 

injury. However, in their study, some evidence for a Verbal-Performance IQ discrepancy was 

found in patients with right hemisphere injuries in favour of the former, which became more 

pronounced with increasing age at injury. Selective effects of right hemisphere injuries on IQ
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scale were not observed in the current study, although this could possibly be a reflection of the 

younger age at injury of the patients with right hemisphere injuries in this study. Age at injury of 

patients with right hemisphere damage was comparable to the patients with early acquired 

injuries, i.e. acquired before the age of 5 years, in the study by Vargha-Khadem et al. (2000). In 

their study, the effect of unilateral injury on IQ scale was found to be less pronounced in the 

group of children with early acquired injuries. No evidence for effects of age at injury on 

intellectual outcome was found in the current series of patients. Intellectual functioning remained 

within the normal range, at least on a group level, again consistent with previous studies (Hogan 

et al, 2000), and deficits in both Verbal and Performance IQ for both patient groups only became 

apparent in relation to control subjects. These results are not consistent with data reported by 

Aram, (1988) suggesting that children with left subcortical lesions had lower Verbal IQs and 

children with right subcortical lesions had lower Performance IQs. Differences in findings might 

be attributable to complex interactions between a variety of additional factors such as location and 

extent of injury. These factors will be addressed in future chapters in this thesis.

The results from the assessment of verbal working memory, using the WISC-IIIAVAIS-III Digit 

Span subtest, provided evidence that working memory performance is impaired in these patients 

relative to control subjects. No effects of side of injury were observed for this task. This result is 

in accordance with previous studies linking the basal ganglia circuitry to working memory 

abilities (Goldman-Rakic, 1995; Levy et al, 199; Lawrence et al, 1996; 2000). The deficits in 

verbal working memory seen here must be taken into account in the interpretation of results 

reported in subsequent chapters in this thesis. The predicted difficulties in aspects of speech and 

language such as articulation, the acquisition of novel vocabulary and language comprehension 

that have been linked to working memory abilities (Baddeley, 1999) will be considered in relation 

to these findings.

Results of the assessment of auditory verbal learning, using the CAVLT-2, showed no evidence 

for an effect of presence or absence of stroke and no evidence for an effect of side of injury on the 

measures of Immediate Recall and Delayed Recall. Evidence for a main effect of presence or 

absence of stroke on measures of Immediate Memory Span and Levels of Learning was observed. 

Previous studies have suggested that performance on some measures of language, such as 

acquisition of vocabulary, is dependent on intact verbal memory (Benedict et al,  1998; Woods, 

1998). The lower performance of the patients on the measures of Immediate Memory Span and 

Level of Learning might therefore be related to observed deficits in speech and language reported 

in this thesis. These effects were, however, accounted for by variation in Verbal IQ, suggesting 

that any differences observed on measures of language performance between groups in
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subsequent chapters of this thesis can be interpreted without reference to verbal memory 

performance.

Results from the Crovitz and Zener Handedness Inventory (1962) showed that when the dominant 

hand was affected by left hemisphere injuries, a change of handedness was frequent, occurring in 

7 of the 10 subjects in this sample. A slight shift in hand preference was observed in 2 patients 

with right hemisphere injuries. One patient had been left-handed prior to her stroke and became 

ambidextrous (still with a left-hand preference) following the stroke and another patient had been 

ambidextrous (with a right hand preference) prior to his stroke and became right-handed 

following the stroke. Results from the assessment of hand-motor function, using the Annett Peg 

Moving Test of Hand Skill, provided evidence that patients with left and right hemisphere injuries 

performed more slowly than control subjects when using both left and right hands. As expected, 

the right hand appeared to be more affected following left hemisphere infarctions, while the left 

hand appeared to be more affected following right hemisphere infarctions. The results from the 

assessment of hand-motor function, using the test of Finger Opposition, provided evidence that 

patients with left hemisphere injuries performed more slowly than control subjects when using 

both left and right hands. Weak evidence that patients with right hemisphere injuries performed 

more slowly than their control subjects when using their left hand but not their right hand was 

also observed. However, it should be noted that some of the patients (three patients from the left- 

hemispheric injured group and two patients from the right-hemispheric injured group) with 

marked hemiparesis were unable to perform this test with their affected hand. For this reason, the 

differences in the patients with right hemisphere injuries and their control subjects on 

performance of the left hand might have been weakened because those patients with worst hand- 

motor function were not included in the analysis. Taken together, the results of the tests of hand 

motor function suggest that this sample of patients with arterial ischaemic strokes have residual 

motor impairments in the hand contralateral to the side of cerebral injury. These results are 

consistent with parental reports of persistent motor difficulties and with results of the outcome 

study of the wider sample of patients presenting to Great Ormond Street Hospital with stroke 

from which the current sample was drawn (Ganesan et al, 2000) as well as studies involving 

other samples of patients (Dusser et al, 1986; Giroud et al, 1997). The hand-motor deficits are 

likely to reflect damage to the corticostriate projection in these patients, which contains 

predominantly ipsilateral pathways. The corticostriate projection also contains a smaller 

contralateral projection, and damage to this might explain the additional slowness in the 

performance of the hand on the side of the lesion in both patient groups.

Results from the Child Behaviour Checklist showed evidence for the patients with strokes having 

greater difficulties than control subjects in four of the eight domains on this scale: the somatic
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complaints, anxious/depressed, social problems and attention problems scales. There was no 

evidence for differences between the patients and control subjects on the withdrawn, thought 

problems, delinquent behaviour and aggressive behaviour scales. The higher ratings on anxiety 

and depression scales in these patients is consistent with previous reports of such problems in 

children with hemiplegia (Goodman and Graham, 1996; Goodman, 1998) and adults with 

subcortical lesions (Starkstein et al, 1987; Laplane et al, 1989). There was no evidence for 

greater problems related to conduct disorders or obsessive compulsive disorders in this series of 

patients, contrary to those observed in other groups (Laplane et al, 1989; Goodman and Graham, 

1996). Moreover, difficulties were less frequently observed in this sample of patients than in the 

series reported by Goodman and Graham (1996) and average scores on all scales remained below 

the borderline cut-off, at least on a group level. There were, however, some individuals who 

showed evidence for difficulties in these domains that extended into the clinical range. However, 

emotional and behavioural symptoms after stroke were not assessed in detail in the sample of 

patients reported here, which might explain the lower incidence and severity of such difficulties 

found across this group in comparison to previous reports of children and adults with stroke.

2.3 Conclusions

The results of the baseline assessments reported in this chapter suggest that the patients involved 

in these studies have similar profiles to patients with stroke acquired during childhood and 

adolescence reported in previous studies, at least in terms of intellectual outcome, motor function 

and behaviour and emotion. In addition, the results of the assessments of intellectual function 

show that Verbal IQ and verbal working memory might have been affected by stroke, and 

therefore, these aspects of cognition should be taken into consideration in subsequent chapters 

addressing speech and language function in these patients. The results of the assessment of 

auditory verbal learning indicated that any observed language difficulties reported in this thesis 

are unlikely to be explained by variation in verbal memory performance.
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Chapter 3: Speech Function in Patients with Basal Ganglia Infarctions

The objectives of the studies reported in this chapter were to characterise the nature and extent of 

speech impairments in the patients with infarctions of the basal ganglia described in Chapter 2. 

The neuropsychological measures were selected for the assessment of aspects of speech functions 

thought to be dependent upon intact basal ganglia circuitry. This chapter begins with a discussion 

of the role that the basal ganglia are believed to play in motor control, and more specifically in the 

control of speech function.

3.1 Introduction

3.1.1 Motor Function and the Basal Ganglia

The role of the basal ganglia in motor function is well established, although the precise nature of 

their involvement continues to be a source of debate. Evidence accumulated from research 

involving a variety of techniques suggest that the basal ganglia are critical in the acquisition of 

new motor sequences and the automatic execution of previously well-learned motor procedures 

(Graybiel, 1995). Studies of experimental lesions in animals (e.g. Kermadi and Joseph, 1995; 

Aldridge et al., 1997; Miyachi et al, 1997), humans with disorders of the basal ganglia, such as 

Parkinson’s disease (PD) and Huntington’s disease (HD) (e.g. Butters et al, 1984; Benecke et al, 

1986; Stephanova et al, 2000), and functional imaging studies of healthy individuals (e.g. 

Jueptner and Weiller, 1998) indicate the involvement of the basal ganglia in such functions. The 

acquisition of novel sequential motor procedures is thought to be dependent on the anterior 

striatum, while the automatic execution of previously learned motor sequences is said to involve 

the middle-posterior striatum (Miyachi et al, 1997; Juepmer and Weiller, 1998). Disruption to the 

automatic execution of previously learned motor sequences is said not to affect the execution of 

the individual elements of the sequential procedures, suggesting that the representations of motor 

plans are not stored in the basal ganglia (Benecke et al, 1986; Aldridge et al, 1997). Instead, the 

basal ganglia are thought to participate in the automatic execution of well-learned behaviours by 

automatically sequencing the relevant cortically stored components of the pre-leamed procedures.

3.1.2 Speech Function and the Basal Ganglia

The studies of the basal ganglia in general motor function indicate a role for these structures in the 

motor control of speech with specific involvement in the acquisition of novel sequential 

articulatory procedures and the automatic execution of previously learned speech motor
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sequences. Sequencing in speech production may refer to the “production of a specific 

articulatory gesture, or subtasks (e.g. vocal fold vibration), at the appropriate time with respect to 

another specific articulatory gesture (e.g. lip closure) in order to produce an intended goal, i.e. a 

specific phonetic segment” (Pickett et al, 1998). In doing so, a high level of automaticity is 

required to allow performance to proceed rapidly and without conscious monitoring (Ho et al, 

1998). Evidence for the role of the basal ganglia in the automatic execution of previously learned 

articulatory sequences comes from the study of patients with disorders of the basal ganglia such 

as those with PD. This disorder is frequently associated with motor speech problems (Darley et 

al,  1975) that involve sequential control. Deficits in the generation of sequential articulatory 

movements, with greater impairments with increasing task automaticity, have been reported in 

patients with PD (Ho et al, 1998). Dysarthria, resulting from impairments in the control of 

sequential muscular contractions necessary for rapid transition from one speech sound to the next 

(Wise et al, 1999), has also been reported in patients with PD (Darley et al, 1975). Dysarthria is 

frequently observed following infarctions of the basal ganglia (e.g. Damasio et al, 1982; Naeser 

et al, 1982; Brunner et al, 1982) and corona radiata and/or internal capsule (Kim et al, 1994; 

Tohgi et al, 1996) in adults. Dysarthria, as well as oral apraxia, has also been observed following 

left hemisphere subcortical damage in childhood (e.g. Aram et al, 1983; Cranberg et al, 1987; 

Nass et al, 1988; Martins and Ferro, 1992; Martins, 2000). Disruption to the generation of 

previously learned articulatory material was reported following hypoxaemic bilateral damage to 

the caudate and putamen in an adult patient (Pickett et al, 1998).

Changes in speech function in patients with PD following stereotactic surgery for the relief of PD 

symptoms have been assessed using tests of diadochokinesis (DDK) to characterise rate of 

articulation. Such tasks involve oromotor control, and assess repetition of sequenced syllables at a 

maximum rate of utterance. These tests are designed to highlight difficulties in the production of 

rapid, rhythmic and complex movements of speech. Scott et al  (1998) measured rate of 

articulation to screen for changes in speech motor apparatus (number of correct pronunciations of 

‘mama’, ‘papa’, ‘thanks’, ‘pitter-patter’, ‘pataka’ and ‘caterpillar’ in 5 seconds) in patients with 

PD following pallidotomies. Speech articulation rates were reduced following bilateral, but not 

unilateral, posteroventral pallidotomies. Such tests have also been shown to be sensitive to 

subcortical pathology in children. Aram (1988) found that children with left subcortical lesions 

had slower DDK rates than children with cortical lesions. These studies indicate that even simple 

tests of rate of articulation may be sensitive to basal ganglia pathology.

Studies of the four-generation KE family suggest that their inherited difficulties in specific 

aspects of speech motor output may be related to basal ganglia pathology (Hurst et al, 1990; 

Vargha-Khadem et al, 1995; 1998; Watkins et al, 1999; Alcock et al,  2000; Watkins et al.
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2002a; 2002b). These individuals have abnormalities in speech and language in the context of 

striking articulatory impairments. The core deficit, or characterising phenotype, in their speech 

disorder involves simultaneous and sequential articulation and orofacial dyspraxia, although they 

are able to perform the isolated components of the sequences independently of the sequences 

(Vargha-Khadem et al, 1998). Another case of a boy with bilateral damage to the head of the 

caudate nuclei was reported by Tallal et al (1994). He had severely delayed speech and language 

development, as well as significant delays in sequencing and remembering rapidly presented 

nonverbal auditory stimuli, as well as significant delays in producing nonverbal and verbal motor 

sequences.

The core profile of the affected members of the KE family, involving a disorder of simultaneous 

and sequential articulation and orofacial praxis, was identified using a test of nonword repetition 

and a test of simultaneous and sequential orofacial movements (Vargha-Khadem et al, 1998; 

Alcock et al, 2000; Watkins et al, 2002a). The test of nonword repetition was the original test 

from which the Children’s Test of Nonword Repetition (CNRep) was derived (Gathercole and 

Baddeley, 1996a). This is primarily a test of phonological short-term memory for novel words. 

Impairments in nonword repetition could reflect deficits in short-term memory, since the 

phonological loop of the verbal short-term memory system is thought to be engaged during 

subvocal rehearsal of unfamiliar phonological strings. However, this test also involves the 

formulation of simple and complex articulatory plans, phonological perception and phonological 

segmentation (Bishop et al, 1999). Impairments in nonword repetition might therefore represent 

impairments in sequential articulation since subjects are required to reproduce sequences of 

syllables to correctly articulate the nonwords. The test of Simultaneous and Sequential Orofacial 

Movements to Command (Alcock, 1996) was designed to assess the performance of movements 

resembling those that underlie the sequential articulation of speech sounds. All affected members 

of the KE family were impaired on both these tasks, while none of the unaffected members of this 

family showed impairments on either of these tasks (Vargha-Khadem et al, 1998; Alcock et al., 

2000; Watkins et al, 2002a). This suggests that both tasks were tapping into the same core deficit 

of oromotor co-ordination. The results from these tests, however, were not correlated, indicating 

some important differences between the two tasks that may be a reflection of the greater oromotor 

range, complexity and precision required by the non word repetition task (Vargha-Khadem et al, 

1998). The deficits in the KE family arose from a developmental disorder, and it is therefore 

difficult to determine whether they represent impairments in the acquisition of articulatory plans 

or the execution of sequential speech motor procedures or both.

Evidence for the involvement of the basal ganglia in the procedural learning of novel articulatory 

plans comes from the study of song learning in songbirds. The learning of songs by songbirds
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provides a good model for human vocal learning and speech production since there are some 

striking parallels between the two processes (Doupe and Kuhl, 1999). Both infant birds and 

humans require a sensory learning period during which the song/speech of an adult tutor is 

listened to and memorised. This is followed by a sensorimotor period during which their own 

vocalisations are gradually matched to the tutor song/speech. Both of these processes are strongly 

dependent on hearing. The anterior forebrain pathway (AFP) which passes from the song motor 

control nuclei, through the basal ganglia, the thalamus, frontal cortex and returns to the motor 

pathway in songbirds is thought to be equivalent to the fronto-striatal circuitry in humans 

(Brainard and Doupe, 2000). Lesions to this pathway in young birds disrupt normal song learning, 

while they appear to have little effect on adult song production (Bottjer et al, 1984). This 

disruption to song learning in young birds is thought to result from a disruption to the instructive 

auditory feedback signal that enables normal song learning in young birds, while in adults, the 

learned procedures have already occurred, so AFP lesions have minimal effect. Similarly, when 

deafening in adult songbirds, leading to deterioration in song due to an aberrant instructive signal 

that drives non-adaptive changes in song (Nordeen and Nordeen, 1992), is accompanied by 

bilateral AFP lesions, the detrimental effects of deafening are abolished (Brainard and Doupe, 

2000). This was thought to be due to a prevention of the modification of song by the AFP in 

response to the aberrant instructive signal resulting from the mismatch between feedback and the 

stored target song, thus resulting in the maintenance of a stable song. The effects of the AFP 

lesion were not observable in adult birds with intact auditory feedback pathways because the song 

is already well matched to its target song, and adaptive changes are not necessary. These results 

were taken to suggest that the AFP plays a role in the auditory feedback evaluation of song during 

new learning (as in young songbirds) and if necessary, the adaptive modification of stored 

representations of song procedures (as seen when adult birds are deafened). These systems 

observed in songbirds could parallel human speech production processes where disruption to 

comparable basal ganglia circuits may impair the new learning of procedural motor aspects of 

speech, and the modification of speech patterns to match those held in memory.

The basal ganglia have been implicated in the procedural learning of rule-based speech forms, as 

part of one system of a dual-mechanism account of morphological processing. Ullman et al. 

(1997) proposed the existence of a dissociation in language between a “mental lexicon” for word 

storage including individually learned irregular verb forms, and a “grammar” for the generation of 

learned rule-governed verb forms (Pinker, 1994). These functions are thought to be mediated by 

different brain systems. The first is part of an automatic “procedural memory” system dependent 

on the frontal/basal ganglia system. The second is part of a conscious “declarative memory” 

system dependent on the temporo-parietal/medial-temporal system. In the study by Ullman et al 

(1997), patients with Alzheimer’s disease (with general impairments in declarative memory
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resulting from damage to the temporal or parietal cortex) and patients with “posterior aphasia” 

(with specific deficits in lexical memory) were more impaired when required to generate the past 

tense forms of irregular verbs than regular or novel verbs. They were also observed to 

overgeneralise the suffix. In contrast, patients with Parkinson’s disease (with general impairments 

of procedures resulting from damage to the frontal/basal ganglia circuitry) and patients with 

“anterior” aphasia (with specific deficits in grammar) demonstrated the opposite pattern, making 

significantly more errors in production of regular past tense forms. Patients with Parkinson’s 

disease, who had suppression of motor activity due to basal ganglia damage, appeared to exhibit 

suppression of rule use. Conversely, patients with Huntington’s disease, who have excess motor 

activity resulting from basal ganglia damage, exhibited excess rule use. Taken together, these 

findings are indicative of the basal ganglia/frontal circuitry playing a role in morphological rule 

processing that may be part of its broader function of procedural learning or automatic processing.

An alternative explanation for dissociations in regular and irregular morphology is based on a 

parallel distributed processing model (Rumelhart and McClelland, 1986) in which word 

production is dependent on phonological output representations that are activated from semantic 

representations (Patterson et al, 2001). Past tense production from present tense verbs in this 

framework is dependent on the generation of the appropriate inflectional form prompted by the 

phonology of the present tense form of the verb in addition to a semantic specification prompted 

by the instruction to produce the verb in its past tense. The automatic generation of the regular 

verb form is said to be constrained by the higher frequency of many irregular verbs, the existence 

of clusters of regularised morphological endings within irregular verbs (e.g. sing -  sang, ring -  

rang; drink -  drank, shrink -  shrank), and the activation of semantic representations to assist the 

production of the appropriate phonological output (Patterson et al,  2001). Impairments in the 

generation and recognition of irregular verb endings and not regular or novel verb forms have 

been documented in patients with semantic dementia, in whom semantic knowledge is selectively 

affected (Patterson et al, 2001). These results were taken to reflect the greater dependence on 

semantic activation in the production of infrequent irregular verb forms, since their production 

does not benefit from the constraints of regular inflection or increased frequency in the language. 

The reverse pattern of deficits in regular and nonword verb inflection and intact irregular 

morphological processing is predicted to result from phonological deficits, according to this 

model, although evidence for this is required to confirm the parallel distributed processing 

account of the observed morphological dissociations.

The affected members of the KE family were considered by some to have a grammar-specific 

disorder that affects the production of morphosyntactic rules (Gopnik, 1990; Gopnik and Crago, 

1991). Gopnik and Crago observed a dissociation in the affected family members in their abilities
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to process the past tense forms of regular and irregular verbs, with a relative advantage for 

irregular verbs. Vargha-Khadem et al. (1995) reported evidence contrary to these earlier findings 

in a study involving more extensive testing of inflectional morphology for past tense production. 

The affected family members were found to be impaired generally on tests of tense production, 

but no significant differences were observed between their performance on the production of 

regular versus irregular morphology. Further to this was the observation that the affected family 

members produced over-regularisation of irregular verbs (similar to over-regularisations made by 

young children) demonstrating at least explicit knowledge of regular verb forms.

The studies described in this section indicate a role for the basal ganglia and their circuitry in both 

the new learning of articulatory procedures and the automatic selection and execution of 

previously learned articulatory plans, including production of rule-based speech procedures. The 

deficits in relation to basal ganglia damage appear to be selective to the learning and execution of 

sequential motor and speech-motor procedures, and do not include difficulties in the acquisition 

or generation of the isolated elements of the sequences. This suggests that the components of the 

sequences are stored cortically, and that the role of the basal ganglia is to appropriately sequence 

the relevant components for effective articulation.

3.1.3 Hemispheric Side of Injury

The majority of the literature highlighting speech difficulties following basal ganglia damage 

reports subjects with bilateral abnormalities, such as the KE family and patients with PD 

following bilateral stereotactic surgery to the globus pallidus. However, some patients have been 

found to have articulation difficulties following left hemisphere infarctions of the basal ganglia 

acquired during childhood (e.g. Aram et al, 1983; Cranberg et al, 1987; Nass et a l, 1988; 

Martins and Ferro, 1992; Martins, 2000) and in adulthood (e.g. Damasio et al, 1982; Naeser et 

al, 1982; Brunner et al, 1982). One report of a child with right hemisphere basal ganglia damage 

states that she experienced articulatory disturbance and dysarthria (Ferro et a l, 1982), suggesting 

that such difficulties do not only occur following left hemisphere or bilateral basal ganglia 

damage. However, this child was ambidextrous prior to her brain injury, and poor outcome might 

therefore be attributable to pre-injury right hemisphere or bilateral language representation (Ferro 

et al, 1982).

The bilateral innervation of the muscles involved in articulation suggests that bilateral brain 

systems would be involved in the control of these muscles. Bilateral primary motor and sensory 

activation has been observed in imaging studies of the brain regions involved in articulation 

(Murphy et al, 1997; Wise et al, 1999; Blank et al, 2002), as well as midline SMA activation
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(Murphy et al, 1997; Blank et al, 2002). The basal ganglia are extensively connected, with 

predominantly ipsilateral pathways, to these cortical regions (Carpenter, 1991), suggesting that 

these nuclei might be bilaterally involved in the motor control of speech through cortico-basal 

ganglia-thalamo-cortical loops. Basal ganglia activation has been observed in functional imaging 

studies designed to highlight the brain regions involved in articulation. Such studies have shown 

activation in the left posterior globus pallidus (Wise et a l, 1999) and the right caudate nucleus 

(Murphy et al, 1997), as well as bilateral thalamic nuclei (Blank et a l, 2002) and bilateral 

cerebellum (Murphy et al, 1997; Blank et al, 2002). However, lesion studies and imaging studies 

suggest that additional left cortical hemisphere regions are involved in the motor control of 

speech, including the anterior insula (Dronkers et al, 1996; Wise et a l, 1999). These cerebral 

systems involved in the control of speech are outlined in more detail in Chapter 1.

The studies discussed in this section indicate that both the left and right hemisphere basal ganglia 

might participate in the motor control of speech through their extensive connections to cortical 

regions involved in the control of speech. This suggests that damage to the basal ganglia of either 

hemisphere might be expected to result in speech difficulties. However, the additional 

involvement of the left cortical hemisphere in the control of speech might be indicative of an 

increased role of the left hemisphere basal ganglia to which these cortical regions are connected. 

Difficulties might therefore be more pronounced following damage to the left than to the right 

hemisphere basal ganglia.

3.1.4 Age at Injury and Time Elapsed since Injury

Additional complications are present in the study of patients with brain injuries acquired during 

childhood that are less relevant when brain injuries are acquired during adulthood. These 

complications include the impact of the age and/or developmental stage at which the injury 

occurred, the greater capacity for functional recovery and/or reorganisation in the developing 

brain and the amount of time elapsed since the injury was acquired. Many studies of functional 

recovery in childhood suggest that a better outcome is associated with lesions that are acquired 

earlier in childhood, thought to reflect the greater potential for reorganisation in the child’s brain 

(Milner, 1974; Teuber, 1974). A greater time since injury could potentially be associated with 

better function due to greater time for recovery to take place and recruitment of other intact tissue 

to subserve lost functions. However, the emergence of later acquired skills during the course of 

development might highlight impairments in functions that were previously not known to be 

affected by the brain damage (Banich et al, 1990). In addition to these processes associated with 

brain injury, there are changes that take place over the course of normal development leading to 

an improvement in abilities that might complicate the measurement of outcome. Functional
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performance was therefore considered in relation to age at injury and time elapsed since injury for 

the patients in these studies.

3.1.5 Aims and Predictions

The aims of the neuropsychological studies of speech function carried out for this thesis were (1) 

to characterise the nature and extent of long-term articulatory difficulties, focusing on the 

acquisition and production of sequential articulatory procedures; (2) to determine the relationship 

between side of basal ganglia injury and functional impairments; (3) to determine the relationship 

between age at injury and functional impairments; and (4) to determine the relationship between 

time since injury and functional impairments.

Between group comparisons of neuropsychological data from the patient and control groups were 

carried out. The predictions were as follows:

• Patients with basal ganglia infarctions will have difficulties in comparison to control subjects 

in:

the execution of simultaneous and sequential orofacial movements

the automatic execution of highly familiar articulatory material and well-learned

articulatory sequences

the execution of novel articulatory sequences

the acquisition of novel sequential articulatory procedures

the production of regular and novel word, but not irregular, past tense morphological 

forms

• The predicted deficits will occur following basal ganglia injury in either hemisphere, but 

these deficits will be more pronounced following left hemisphere basal ganglia damage

• Patients who had sustained their basal ganglia injuries early in development will have better 

neuropsychological performance than patients who had sustained their injuries later in 

development

• A greater time elapsed between injury and neuropsychological assessment will be associated 

with better performance on neuropsychological outcome.



Chapter 3: Speech Function in Patients with Basal Ganglia Infarctions 87

3.2 Methods

3.2.1 Automatic Execution of Sequential Motor Speech Procedures

3.2.1.1 Orofacial Praxis
A test of Simultaneous and Sequential Orofacial Movements was administered. The Simultaneous 

and Sequential Orofacial Movements task is a test of the ability to produce sets of single, 

sequential and simultaneous orofacial movements and provides a detailed assessment of oromotor 

function without speed of performance being assessed. The sets of movements were described 

originally by Alcock (1996) and used in the same manner in this study, but with the omission of 

the emotional context condition. Eight single movements, 11 sets of simultaneously performed 

movements and 11 sets of sequentially performed movements were assessed. Each set of parallel 

and sequential movements consisted of three movements. All instructions for the movements 

were given verbally and demonstrated by the experimenter, and repeated as often as requested so 

that scores were not influenced by levels of memory or verbal comprehension. All movements 

made by the subjects and all instructions given by the experimenter were recorded on video for 

later scoring and analysis. These data were collected and scored by L. Prout, Speech and 

Language Therapist, as part of an M.Sc. dissertation in conjunction with the studies reported in 

this thesis.

Single movements were scored as either correct or incorrect. Each of the three movements in a set 

of parallel or sequential movements was scored individually. Incorrect movements were classified 

as either errors in accuracy or order. Accuracy errors occurred when movements were omitted, 

replaced by another movement or poorly executed. Order errors occurred when parallel 

movements were not executed concurrently or sequential movements were not carried out in the 

instructed order. An error score of 1 was given for each order failure and each movement that was 

attempted but poorly executed. An error score of 2 was given for each movement that was omitted 

or replaced by another movement. This procedure resulted in 5 types of error score: (1) an 

accuracy error score for single movements; (2) an accuracy error score for parallel movements; 

(3) an accuracy error score for sequential movements; (4) an order error score for parallel 

movements; and (5) an order error score for sequential movements.

3.2.1.2 Sequencing
The Sequences subtest from the Children’s Memory Scale (CMS) (Cohen, 1997) was 

administered. This task assesses the ability to mentally manipulate and sequence auditory/verbal 

information as quickly as possible. The forward sequencing components of this subtest provided a 

measure of rapid automatic sequencing of highly familiar material, involving tasks such as saying
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the alphabet or the months of the year as quickly as possible. Measures of controlled sequencing 

are also included in this subtest, involving tasks such as counting backwards or saying the days of 

the week backwards. The time taken for subjects to complete each test item was recorded. For 

each item, an accuracy score, based on the number of errors in an item, and bonus points for 

speed of completion if a score of 3 was achieved on accuracy, were given. Total scores for each 

item were summed to provide an overall raw score. A scaled score was calculated according to 

instructions in the test manual. Scaled scores have a mean of 10 and a standard deviation of 3. In 

addition, the alternating letter-number sequencing item of this subtest was analysed separately. 

The accuracy scores of the forward and backward sequencing components of this subtest were 

separated and compared in further analyses. Speed scores were not analysed because these scores 

were dependent on the accuracy scores. Four items were included in the forward sequencing 

component (counting from 1 to 10, saying the alphabet, the days and the months forwards) and 

four items were included in the backward sequencing component (counting from 20 to 1, saying 

the days and months backwards, and the alternating letter-number item). Four test items (counting 

from 10 to 1 backwards, and counting in 2’s, 4’s and 6’s) were excluded from these analyses 

since the level of automaticity in performance was thought to vary between subjects. Raw scores 

were used for the analyses of forward vs. backward sequencing and letter-number sequencing.

3.2.1.3 Rapid Automatic Naming
The Rapid Naming subtests from the Comprehensive Test of Phonological Processing (CTOPP) 

(Wagner et a l, 1999) was administered to provide a measure of rapid automatic naming of highly 

familiar material (colours, objects, digits and letters). Subjects were shown rows of randomly 

ordered coloured blocks presented over two pages, and were asked to name the colours as quickly 

as possible going in order from left to right and row by row across both pages. This procedure 

was repeated for simple objects (pencil, star, fish, chair, boat, key), digits and letters. The total 

score was the time taken to complete all the rows on both pages for each condition. A scaled score 

was calculated according to instructions in the test manual. Scaled scores have a mean of 10 and a 

standard deviation of 3. Composite scores were calculated from the scaled scores, with the Rapid 

Naming composite score being the combination of the digit and letter conditions and the Alternate 

Rapid Naming composite score being the combination of the colour and object conditions. 

Composite scores have a mean of 100 and a standard deviation of 15.

3.2.1.4 Diadochokinetic Rate
A time-by-count test of diadochokinetic syllable rate (adapted from Fletcher, 1978) was 

administered to provide a measure of oromotor control during repetition of single syllables, 

sequenced syllables and real words at a maximum rate of utterance. Subjects were asked to 

articulate these single syllables, sequenced syllables and real words while being timed. The
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pattern of articulation was demonstrated by the experimenter for each sound or set of sounds. 

Subjects were then asked to repeat the sounds in a similar manner for practice. Following this, 

subjects were asked to repeat the sounds as fast as they could until asked to stop. Six 1-syllable 

sounds were presented (the unvoiced sounds pa, ta and ka, and their voiced equivalents, ba, da 

and ka). Two 3-syllable sounds were presented (sequences of the single-syllable sounds, pa-ta-ka 

and ba-da-ga). Real words were also presented, one each at 3-syllable, 4-syllable and 5-syllable 

lengths (buttercup, caterpillar, and hippopotamus). The time taken to make 20 repetitions of each 

sound or set of sounds was measured with a stopwatch and recorded. The number of errors made 

during performance of each item was also recorded.

3.2.1.5 Novel Word Repetition

The Children’s Test of Non word Repetition (CNRep) (Gathercole and Baddeley, 1996a) was 

administered to provide a measure of sequential articulation. A list of 40 nonwords was played 

from a tape one at a time to each subject. The subjects were required to repeat each nonword after 

it had been presented. The non words ranged in length from 2 to 5 syllables with 10 non words at 

each syllable length. Responses were recorded on videotape and scored as correct or incorrect 

(with a maximum score of 40 for each version of the test).

3.2.2 Procedural Learning of Novel Speech Sequences

3.2.2.1 Novel Word Learning

A nonword repetition learning test was designed to assess whether subjects could learn novel 

articulatory programmes. The task was an adaptation of Hebb’s recurring digits task (1961). 

Subjects were required to repeat non words, some of which were presented again at random 

intervals in the list: the learning of the repeated nonwords was assessed. Subjects were presented 

with a series of 3-, 4-, and 5-syllable non words. Five nonwords at each syllable length were 

repeated five times, giving a total of 30 nonwords presented at each syllable length (including the 

initial presentation of the 5 nonwords), and a total of 90 nonwords across the three syllable 

lengths. These were the experimental stimuli. Ten additional non words at each syllable length 

were included in the list, giving a total of 30 nonwords across the three syllable lengths. These 

were the filler stimuli. Experimental and filler nonwords at all syllabic lengths and their repeated 

items were presented randomly. The subjects were instructed to attempt to repeat each nonword 

after it had been presented. The accuracy of each repeated experimental nonword was assessed to 

determine improvements in production of articulatory plans with repetition. Scores for each trial 

were produced for each of the three syllable lengths. Scores ranged from 0 to 5 for each trial. 

Trials 1 and 6 were compared at each syllable length to determine levels of learning.
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A pilot study involving five control subjects with an average age of 14 years (range =11 years to 

17 years), showed that this test was sensitive to implicit learning of unfamiliar articulatory plans 

across the age range tested. Results showed an improvement in the accuracy of articulation over 

repeated presentations of the nonwords for each syllable length condition and across all syllables, 

with higher learning scores with increasing syllable length (presumably due to the lower accuracy 

scores at the initial learning trial). The following average scores were obtained for the 3-syllable 

condition, trial 1; 4.6 (range = 4 to 5) and trial 6: 5.0 (range = 5 - 5 ) ;  4-syllable condition, trial 1: 

4.0 (range = 3 to 5) and trial 6: 4.6 (range = 4 to 5); 5-syllable condition, trial 1: 2.0 (range = 1 to 

4) and trial 6: 4.4 (range = 3 to 5).

3.2.2.2 Morphological Production
A test of Morphological Production was designed. This involved tests of regular and irregular past 

tense morphological production. In addition to this, a test of nonword (regular) past tense 

morphological production was included. This was to determine whether there was an impairment 

in the processing of rule governed speech procedures underlying any deficits in the processing of 

regular past tense morphology. This task was adapted from a task used by Marchman et al (1999) 

to investigate children with SLI (aged 6 to 12 years) and from a task used by Ullman et al (1997) 

to investigate patients with basal ganglia disorders in contrast to patients with cortical pathology 

(older adults). The methodologies from these two studies were combined to create test material 

that would be appropriate for the age group being tested here.

Sets of three sentences were presented verbally to each subject. The first two sentences were read 

out in full, and the third sentence was read with the past participle of the verb (presented in the 

first and second sentences) missing. Subjects were required to provide the correct form of the past

participle. For example, “the girl is dancing. She dances every day. Yesterday the g irl .”

Regular and irregular verbs were balanced for word frequency using frequency values from 

Francis and Kucera (1982). Twenty sets of three sentences contained regular verbs, 20 sets of 

three sentences contained irregular verbs, and 20 sets of three sentences contained novel verbs. 

These sets of sentences were randomly ordered. Subjects’ responses were recorded and scored as 

correct or incorrect (with a maximum score of 60).

A pilot study involving six control children with an average age of 13 years (range = 8 years to 17 

years) showed that this test was sensitive to errors in morphological production across the age 

range tested. Results showed that in the ‘regular’ condition, the children tested scored an average 

of 19 out of a total of 20. In the ‘irregular’ condition, they scored an average of 17 out of a total of 

20. In the ‘nonword’ condition, they scored an average of 18 out of a total of 20.
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3.3 Analyses

Analyses of the neuropsychological data were carried out as described in Chapter 2, Section 2.2.3. 

Since speech function and language function are difficult to dissociate, verbal abilities might have 

affected performance on the tasks reported in this chapter. Therefore, ANCOVAs were used for 

all analyses with the ROWPVT as a covariate. Additional covariates are stated in relation to the 

specific tests on which they were considered to be influential. All non-significant results are given 

in Appendix E.

3.4 Results

3.4.1 Automatic Execution of Sequential Motor Speech Procedures

3.4.1.1 Orofacial Praxis
Figures 3.1 and 3.2 and Table 3.1 show the results of the different error types for the test of 

Simultaneous and Sequential Orofacial Movements. Very few errors were recorded on the single 

movement condition. It was therefore decided to exclude this condition from the analyses. Raw 

error scores were used in this analysis, and so the scores had not been scaled according to age. 

Age at assessment was therefore included as an additional covariate in these analyses. Statistical 

analysis showed no evidence for an interaction between error type and group or group by side of 

injury and no evidence for an interaction between presence or absence of stroke and side of 

injury. It was therefore appropriate to look at the main effects. Strong evidence for a main effect 

of error type was observed (ANCOVA: F(2.331, 55.943) = 6.906, p = 0.001). Exploration of the 

main effect of error type, using Tukey’s HSD test, showed evidence for differences between the 

accuracy and order errors of the parallel task, between the accuracy errors of the parallel task and 

order errors of the sequential task and between the accuracy and order errors of the sequential 

task. The direction of these differences indicated that there were a greater number of errors in 

accuracy than in order, and a greater number of errors in the parallel than in the sequential task. 

Evidence for a main effect of presence or absence of stroke was also observed (ANCOVA: F(l, 

24) = 4.857, p = 0.037), with patients performing more poorly than control subjects. This main 

effect of presence or absence of stroke was abolished when VIQ was also included in the analysis 

as a covariate (ANCOVA: F(l, 23) = 0.378, p = 0.545)\

' Note that adjusted residuals for all conditions in the test of Simultaneous and Sequential Orofacial Praxis 
were not normally distributed
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Figure 3.1. Simultaneous and Sequential Figure 3.2. Simultaneous and Sequential 
Orofacial Movements Task raw error scores Orofacial Movements Task total raw error 
(mean) scores combined (mean +/- SEM)

Group Parallel
accuracy errors

Parallel order 
errors

Sequential 
accuracy errors

Sequential 
order errors

BG, 2.6 (1.0) 0.6 (0.4) 2.6 (0.8) 0.7 (0.3)

c . 1.7 (0.5) 0.9 (0.4) 1.2 (0.4) 0.2 (0.1)

B G r 3.1 (0.7) 1.4 (0.5) 1.3 (0.4) 0.9 (0.3)

C r 1.3 (0.6) 0.7 (0.5) 1.0 (0.5) 0.7 (0.7)

Table 3.1. Orofacial Praxis raw error scores (mean +/- SEM) (BGi. = patients with left hemisphere 
injuries; BGr = patients with right hemisphere injuries; Cl= control subjects matched to patients 
with left hemisphere injuries; C r  = control subjects matched to patients with right hemisphere 
injuries)

3.4.1.2 Sequencing

Figure 3.3 and Table 3.2 show the results of the assessment of the automatic execution of 

sequential material using the CMS Sequences subtest. Working memory function was predicted to 

be influential on sequencing performance, so WISC-IIlAVAlS-llI Digit Span scores were 

included as an additional covariate in this analysis. Statistical analysis showed no evidence for an 

interaction between presence or absence of stroke and side of injury. Strong evidence for a main 

effect of presence or absence of stroke was observed (ANCOVA: F(l, 28) = 9.405, p = 0.005), 

with patients performing more poorly than control subjects. This main effect of presence or 

absence of stroke on CMS Sequences was weakened when VIQ was also included in the analysis 

as a covariate (ANCOVA: F(l, 27) = 5.205, p = 0.031).
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Figure 3.3. CMS Sequences subtest scaled scores (mean +/- SEM)

Figure 3.4 shows the results of the letter-number sequences item of the CMS Sequencing subtest. 

Raw error scores were used in this analysis, and so the scores had not been scaled according to 

age. Age at assessment and WISC-IIIAVAIS-III Digit Span scores were therefore included as 

additional covariates in these analyses. Statistical analysis showed evidence for an interaction 

between presence or absence of stroke and side of injury (ANCOVA: F(l, 27) = 5.598, p = 

0.026). These effects of group membership were analysed separately to explore this interaction. 

Evidence for a main effect of presence or absence of stroke when side of injury was examined 

separately was observed in the right group (ANCOVA: F(I, 9) = 10.022, p O.OII), with patients 

performing more poorly than control subjects. No evidence for a main effect of presence or 

absence of stroke was observed in the left group. These results suggest that patients with right 

hemisphere injuries performed more poorly relative to their control subjects than patients with left 

hemisphere injuries relative to their control subjects. This main effect of presence or absence of 

stroke in the right-hemispheric injured group remained even when VIQ was also included in the 

analysis as a covariate (ANCOVA: F(I, 8) = 8.954, p = 0.019) ̂
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Figure 3.4. CMS Sequences letter-number sequencing raw scores (mean +/- SEM)

Note that the adjusted residuals for the letter-number components of the CMS Sequences subtest were not 
normally distributed
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Figure 3.5 shows the results of the separate effects of the forward and backward sequencing 

components of the CMS Sequences subtest. Statistical analysis showed no evidence for an 

interaction between forward/backward sequencing components and group or group by side of 

injury and no evidence for an interaction between presence or absence of stroke and side of 

injury. Evidence for a main effect of forward/backward sequencing components was observed 

(ANCOVA: F(l, 27) = 7.186, p = 0.012), with the sequencing backward component resulting in 

more errors than the sequencing forward component of the CMS subtest. Evidence for a main 

effect of presence or absence of stroke was also observed (ANCOVA: F(l, 27) = 6.945, p = 

0.014), with patients performing more poorly than control subjects. This main effect of presence 

or absence of stroke was weakened when VIQ was also included in the analysis as a covariate 

(ANCOVA: F(l, 26) = 4.163, p = 0.052).
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Figure 3.5. CMS Sequences forward and backward items raw scores (mean)

Group Scaled Score Letter-number
sequencing

Forward
sequencing

Backward
sequencing

BGl 8.7 (1.3) 0.7 (0.3) 11.1 (0.5) 7.3 (1.1)

C l 13.4 (0.8) 1.6 (0.4) 11.5 (0.4) 10.1 (0.6)

BGr 10.3(1.0) 0.7 (0.5) 10.1 (0.6) 7.0 (1.2)

C r 15.1 (1.4) 2.9 (0.1) 11.7 (0.3) 10.7 (0.9)

Table 3.2. CMS Sequences scaled scores for total subtest and raw scores for letter-number, 
forward and backward sequencing components (mean +/- SEM)

3.4.1.3 Rapid Automatic Naming

Figures 3.6 to 3.8 and Table 3.3 show the results of the assessment of rapid automatic naming 

using the CTOPP Rapid Naming composite scales. Statistical analysis showed evidence for an 

interaction between Rapid Naming composite scale and group by side of injury (ANCOVA: F(l, 

29) = 4.676, p = 0.039), suggesting that results on the composite scales differ according to group 

membership. The composite scales were analysed separately to explore this interaction. Statistical
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analysis of the Rapid Naming composite scale showed evidence for an interaction between 

presence or absence of stroke and side of injury (ANCOVA; F(l, 29) = 4.621, p = 0.040). These 

effects of group membership were analysed separately to explore this interaction. Evidence for 

main effects of presence or absence of stroke when side of injury was examined separately were 

observed in the left group (ANCOVA: F(l, 17) = 20.520, p <0.001) and in the right group 

(ANCOVA: F(l, 11) = 6.048, p = 0.032), with patients performing more poorly than control 

subjects. These main effects of presence or absence of stroke were weakened when VIQ was also 

included in the analysis as a covariate (Left group: ANCOVA: F(l, 16) = 9.033, p = 0.008; Right 

group: ANCOVA: (1, 10) = 3.758, p = 0.081). These results suggest that patients with left 

hemisphere injuries performed more poorly than patients with right hemisphere injuries, while 

both patient groups performed more poorly than control subjects^.

Statistical analysis of the Alternate Rapid Naming composite scale showed no evidence for an 

interaction between presence or absence of stroke and side of injury. Evidence for a main effect of 

presence or absence of stroke was observed (ANCOVA: (1, 29) = 7.377, p = 0.011), with patients 

performing more poorly than control subjects. This main effect of presence or absence of stroke 

was reduced when VIQ was also included in the analysis as a covariate (ANCOVA: (1, 28) = 

2.752, p = 0.108).
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Figure 3.6. CTOPP composite scaled scores 
(mean)

Note that the variance of the adjusted residuals was not homogenous for the CTOPP Rapid Naming 
composite scale
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Figure 3.7. CTOPP Rapid Naming composite Figure 3.8. CTOPP Alternate Rapid Naming 
scaled scores (mean +/- SEM) composite scaled scores (mean +/- SEM)

Group CTOPP Rapid Naming CTOPP Alternate Rapid Naming

B G l 75.1 (6.1) 75.1 (7.3)

C l 106.6 (3.4) 96.5 (8.0)

B G r 95.3 (3.5) 83.4 (6.9)

C r 106.4 (2.6) 102.1 (3.6)

Table 3.3. CTOPP composite scaled scores (mean +/- SEM)

3.4.1.4 Diadochokinetic Rate

Figures 3.9 and 3.10 and Table 3.4 show the results of the time-by-count test of diadochokinetic 

syllable rate (DDK) for the time taken for each condition and all conditions combined. The single 

movement condition was excluded from the analysis because the data violated both requirements 

of parametric tests, i.e. the data were not normally distributed and variances between groups were 

not homogeneous. Raw scores were used in this analysis, and so the scores had not been scaled 

according to age. Age at assessment was therefore included as an additional covariate in this 

analysis. Statistical analysis showed no evidence for an interaction between DDK condition and 

group or group by side of injury and no evidence for an interaction between presence or absence 

of stroke and side of injury. Strong evidence for a main effect of DDK condition was observed 

(ANCOVA; F(l, 28) = 11.257, p = 0.002), with a greater time taken for the real word condition 

than the sequenced syllable condition. No evidence for a main effect of presence or absence of 

stroke was observed.
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Figure 3.9. DDK time taken for sequenced Figure 3.10. DDK total time taken for all 
syllable and real word conditions (mean) conditions combined (mean +/- SEM)

Figures 3.11 and 3.12 and Table 3.4 show the results of the error scores of the DDK test for the 

sequenced syllable and real word conditions and for both conditions combined. Very few errors 

were recorded on the single movement condition. It was therefore decided to exclude this 

condition from the analyses. Statistical analysis showed no evidence for an interaction between 

DDK condition and group or group by side of injury and no evidence for an interaction between 

presence or absence of stroke and side of injury. No evidence for a main effect of DDK condition 

was observed. Strong evidence for a main effect of stroke was, however, observed (ANCOVA: 

F( 1, 28) = 9.339, p = 0.005), with patients performing more poorly than control subjects. This 

main effect of presence or absence of stroke on DDK time taken remained even when VIQ was 

also included in the analysis as a covariate (ANCOVA: F(l, 27) = 6.056, p = 0.021)“̂.
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Figure 3.11. DDK raw error scores for Figure 3.12. DDK raw error scores for 
sequenced syllable and real word conditions sequenced syllable and real word conditions 
(mean) combined (mean +/- SEM)

 ̂Note that the variance of the adjusted residuals was not homogenous for the DDK real word time scores 
and the sequenced syllable error scores
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Group Time taken Errors

Single
syllables

Sequenced
syllables

Real words Single
syllables

Sequenced
syllables

Real words

BGl 48.8 (5.8) 50.8 (6.2) 76.1 (7.8) 0.3 (0.3) 4.7 (1.4) 10.5 (2.7)

C l 46.0 (4.4) 41.3 (4.0) 59.5 (5.1) 0 1.5 (0.6) 5.3 (1.5)

BGr 38.3 (3.5) 51.3 (8.2) 75.1 (8.7) 0 11.0(1.8) 12.1 (2.8)

Cr 42.3 (4.0) 48.3 (1.8) 71.7 (3.6) 0 3.9 (1.3) 8.6 (1.8)

Table 3.4. DDK raw scores (mean +/- SEM)

3.4.1.5 Novel Word Repetition

Figures 3.13 and 3.14 and Table 3.5 show the results of the CNRep assessment for each of the 

four syllable lengths and for all syllable lengths combined. Percentage raw scores were used in 

this analysis, and so the scores had not been scaled according to age. Age at assessment was 

therefore included as an additional covariate in this analysis. Statistical analysis showed no 

evidence for an interaction between syllable length and group or group by side of injury and no 

evidence for an interaction between presence or absence of stroke and side of injury. Evidence for 

a main effect of syllable length was observed (ANCOVA: F(2.774, 74.896 = 3.128, p = 0.034). 

Exploration of the main effect of syllable length, using Tukey’s HSD test, showed evidence for 

differences between the 2-syllable length condition and all other syllable lengths, and between the 

3-syllable and 4-syllable length conditions, with the longer syllable conditions resulting in a 

greater number of errors. Strong evidence for a main effect of stroke was also observed 

(ANCOVA: F(l, 27) = 15.207, p = 0.001), with patients performing more poorly than control 

subjects. In order to check whether the effect of stroke on non word repetition was related to 

verbal working memory rather than articulation, the WISC-IIIAVAIS-III Digit Span scores were 

included as an additional covariate in this analysis. This main effect of presence or absence of 

stroke remained even when Digit Span scores were included in the analysis (ANCOVA: F (l, 26) 

= 8.290, p = 0.008). The main effect of presence or absence of stroke was weakened when VIQ 

was also included in the analysis as a covariate (ANCOVA: F(l, 26) = 4.385, p = 0.046)^.

Note that the variance of the adjusted residuals was not homogenous for the 3-syllable condition of the 
CNRep
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Figure 3.13. CNRep percentage correct raw Figure 3.14. CNRep percentage correct raw 
scores for each syllable length (mean) scores for all syllable lengths combined (mean

+/- SEM)

Group 2-syllables 3-syllables 4-syllables 5-syllables

BG,. 71.1 (5.6) 61.1 (7.7) 45.6 (7.1) 53.3 (7.3)

c , 83.0 (3.7) 75.0 (3.4) 62.0 (5.1) 64.0 (7.3)

B G r 78.6 (3.4) 60.0 (3.8) 41.4 (7.1) 57.1 (6.4)

C r 87.1(5.2) 75.7 (3.7) 68.6 (4.6) 72.9 (4.2)

Table 3.5. CNRep percentage correct raw scores for all syllable lengths (mean +/- SEM)

3.4.2 Procedural Learning of Novel Speech Sequences

3.4.2.1 Novel Word Learning

Figure 3.15 and Table 3.6 show the results of the Non word Learning task. The 3-syllable 

condition was excluded from the analysis because the data violated both requirements of 

parametric tests, i.e. the data were not normally distributed and variances between groups were 

not homogeneous. Raw scores were used in this analysis, and so the scores had not been scaled 

according to age. Age at assessment was therefore included as an additional covariate in this 

analysis. Statistical analysis including both the 4- and 5-syllable length conditions showed no 

evidence for an interaction between trial or syllable length and group or group by side of injury 

and no evidence for an interaction between presence or absence of stroke and side of injury. 

Evidence for a main effect of syllable length was observed (ANCOVA: F(l, 28) = 4.360, p = 

0.046), with more errors being made in the 5- than the 4-syllable length condition. Evidence for a 

main effect of presence or absence of stroke was also observed (ANCOVA: F(l, 28) = 6.187, p = 

0.019), with patients performing more poorly than control subjects. The inclusion of VIQ in the 

analysis as a covariate showed an interaction between trial and presence or absence of stroke 

(ANCOVA: F(l, 27) = 3.969, p = 0.057), suggesting that results over the separate trials differ 

according to group membership. Trials 1 and 6 were analysed separately to explore this
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interaction, with VIQ included as a covariate. Statistical analysis of trial 1 showed no evidence for 

an interaction between presence or absence of stroke and side of injury and no evidence for a 

main effect of presence or absence of stroke. Statistical analysis of trial 6 showed no evidence for 

an interaction between presence or absence of stroke and side of injury. Weak evidence for a main 

effect of presence or absence of stroke was observed (ANCOVA: F(l, 27) = 3.086, p = 0.090), 

with patients performing more poorly than control subjects^.
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■ ^ p a tie n t left 
■ ^con tro l left 

patien t right 
control right

6

5

4

3

2

1

0
trial 1 trial 6

Figure 3.15. Nonword Learning task correct raw scores for 4- and 5-syllable length conditions 
combined (mean)

Group 3-syllables 4-syllables 5-syllables

Trial 1 Trial 6 Trial 1 Trial 6 Trial 1 Trial 6

BGl 4 . 6  ( 0 .1 6 ) 5 . 0  ( 0 .0 0 ) 3.2 (0.42) 3.6 (0.27) 2.8 (0.57) 3 .1  ( 0 .5 0 )

C l 4 . 9  ( 0 . 1 0 ) 4 . 9 ( 0 . 1 0 ) 3.9 (0.28) 4 . 5  ( 0 . 1 7 ) 3.4 (0.31) 3.8 (0.29)

BGr 4.7 (0.18) 4.7 (0.18) 3.7 (0.42) 3.7 (0.36) 2.6 (0.53) 2.9 (0.40)

C r 4.6 (0.30) 4 . 9  ( 0 . 1 4 ) 4 .1  ( 0 .4 0 ) 4.6 (0.20) 3.3 (0.61) 4.3 (0.42)

Table 3.6. Nonword Learning task correct raw scores for all syllable length conditions (mean +/- 

SEM)

3.4.2.2 Morphological Production

Figure 3.16 and Table 3.7 show the results of the Morphological Production task for each of the 

three morphology conditions. Raw scores were used in this analysis, and so the scores had not 

been scaled according to age. Age at assessment was therefore included as an additional covariate 

in these analyses. Ceiling effects were observed in the performance of the control group for the 

right-hemispheric injured patients on the regular condition. This condition was therefore analysed 

separately using a one-way ANCOVA with the right control group excluded. Statistical analysis

 ̂Note that the adjusted residuals for trial 1 o f  the 5-syllable condition o f  the test o f  Nonword Learning test
were not normally distributed
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showed no evidence for a main effect of group on this condition. Statistical analysis of all groups 

on performance of the irregular and nonword conditions showed no evidence for an interaction 

between presence or absence of stroke and side of injury. Evidence for an interaction between 

morphology condition and side was, however, observed (ANCOVA: F(l, 28) = 6.442, p = 0.017). 

The morphology conditions were analysed separately to explore this interaction. Statistical 

analysis of the irregular condition showed no evidence for an interaction between presence or 

absence of stroke and side of injury and no evidence for a main effect of side of injury. Statistical 

analysis of the nonword condition showed no evidence for an interaction between presence or 

absence of stroke and side of injury. Evidence for a main effect of side was observed (ANCOVA: 

F(l, 28) = 5.148, p = 0.031), with the left group performing more poorly than the right group 

(across patients and control subjects). Weak evidence for a main effect of presence or absence of 

stroke was also observed (ANCOVA: (FI, 28) = 3.084, p = 0.090), with patients performing more 

poorly than control subjects. This main effect of side remained even when VIQ was also included 

in the analysis as a covariate (ANCOVA: F(l, 27) = 4.332, p = 0.047). Figure 3.17 shows the 

results of the non word condition of the Morphological Production task. Taken together, these 

results suggest that patients with left hemisphere injuries performed more poorly than both 

patients with right hemisphere injuries control subjects.^

patien t left 
control left 
patien t right 

—- control right

regular irregular nonw ord

Figure 3.16. Morphological Production Task raw scores for all conditions (mean)

 ̂Note that the adjusted residuals for all conditions o f  the M orphological Production task were not normally
distributed
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palient left control left patient right control right

Figure 3.17. Morphological Production task raw scores for the nonword condition (mean +/- 
SEM)

Group Regular Irregular Nonword

B G l, 17.7(1.9) 14.2(1.8) 15.1 (2.0)

C l 19.7 (0.2) 16.6(1.1) 18.8 (0.5)

B G r 19.6 (0.2) 13.4 (2.3) 18.7 (0.8)

C r 20.0 (0.0) 15.1(1.7) 19.7 (0.2)

Table 3.7. Morphological Production task raw scores (mean +/- SEM)

3.4.3 Age at Injury

Correlation analyses were run between the age at acquisition of the infarction and results of each 

of the assessments reported above. No evidence for correlations between age at injury and any of 

the assessments was observed, with the exception of two tests: the CTOPP Rapid Naming 

composite scale (R = -0.515, p = 0.05) in the total patient group, and the CTOPP Alternate Rapid 

Naming composite scale (R = -0.763, p = 0.05) in patients with right-sided injuries only. These 

negative correlations suggest that patients who sustained their injuries earlier in life demonstrated 

better performance on these tests. The large number of assessments meant that many correlation 

analyses were carried out, thus increasing the probability of a false positive. These results should 

therefore be interpreted with caution. Figures 3.18 and 3.19 show the correlations between the 

CTOPP Rapid Naming and Alternate Rapid Naming composite scales and age at injury.
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Figure 3.18. Correlation between CTOPP Figure 3.19. Correlation between CTOPP 
Rapid Naming composite scale and age at Alternate Rapid Naming composite scale and 
injury age at injury (Patients with right hemisphere

damage only)

The effects of age at injury were investigated further by dividing the left-hemispheric injured 

group into those with early injuries (i.e. acquired below the age of 5 years) (n = 3) and those with 

late injuries (i.e. acquired above the age of 5 years) (n = 7). This cut-off was based on the 

divisions used by Vargha-Khadem et al. (2000). No effects of age at injury within the group of 

left-hemispheric injured patients were observed for any of the assessments reported in this 

chapter.

3.4.4 Time Elapsed since In ju ry

Correlation analyses were run between time elapsed since injury and results of each of the 

assessments reported above. No evidence for correlations between time elapsed since injury and 

any of the assessments was observed. When the left- and right-hemispheric damaged groups were 

analysed separately, however, correlations were observed between time elapsed since injury and 

the CTOPP Rapid Naming composite scale (R = 0.765, p = 0.05), as well as the CTOPP Alternate 

Rapid Naming composite scale (R = 0.784, p = 0.05) in the right-hemispheric injured group only. 

These correlations suggest that a greater time elapsed since the brain injury at the time of 

assessments was associated with better performance on these tests. Again, the large number of 

assessments meant that many correlation analyses were carried out, thus increasing the probability 

of a false positive. These results should therefore be interpreted with caution. Figures 3.20 and 

3.21 show the correlations between the CTOPP Rapid Naming and Alternate Rapid Naming 

composite scales and time elapsed since injury.
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Figure 3.20. Correlation between CTOPP Figure 3.21. Correlation between CTOPP
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3.5 Discussion

3.5.1 Automatic Execution of Sequential Motor Speech Procedures

Results from the assessment of orofacial praxis, using the test of Simultaneous and Sequential 

Orofacial Movements, provided evidence that patients with stroke had more difficulty in 

reproducing orofacial movements resembling those that underlie the sequential articulation of 

speech sounds relative to control subjects on this task. No evidence for an effect of side of injury 

was observed. This is consistent with findings of an association between oral apraxia and left 

subcortical damage in childhood (Aram et al, 1983). Moreover, these results are in accordance 

with studies of the KE family, in which all affected members of this family showed performance 

deficits on the test of Simultaneous and Sequential Orofacial Movements, while none of the 

unaffected members were impaired on this task (Vargha-Khadem et ai, 1998; Alcock et al, 2000; 

Watkins et al, 2002a).

Analysis of error types in the test of Simultaneous and Sequential Orofacial Movements provided 

evidence that performance differed according to error type, with a greater number of errors 

occurring in the accuracy than the order of orofacial movements, and a greater number of errors 

occurring in the simultaneous than in the sequential component of the task. These effects were 

observed for both patient and control groups and no interaction between group membership and 

error type was seen, suggesting that there was no greater effect of the simultaneous or parallel 

condition or error type in the patient group in comparison to control subjects. The differences seen 

in numbers of accuracy and order errors is likely to reflect the differences in the scoring system
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used, in which it was possible to obtain up to six accuracy errors but only up to three order errors. 

It is therefore difficult to interpret the differences in accuracy and order errors produced by both 

patients and control subjects, and further studies using more directly comparable error scoring 

systems would be necessary to determine the presence or absence of a discrepancy in the 

production of error types. The result of increased difficulty in parallel compared to sequential 

tasks replicates that of Alcock et al (2000) in the KE family, when movements were performed to 

imitation. However, the reverse was found in the KB family when movements were performed to 

command. The subjects in the present study were given both verbal directions and a 

demonstration in order to avoid the demands on verbal memory made by giving oral directions 

only. The results in this study therefore reliably suggest that children and young adults find 

performance of simultaneous movements more difficult than sequential movements.

As with the affected members of the KE family (Vargha-Khadem et al, 1998), the patients 

involved in these studies were able to perform the isolated components of the sequences of 

orofacial movements independently of the sequences themselves, suggesting that the difficulties 

are specific to the execution of simultaneous and sequential motor speech procedures. Similarly, 

in studies of animals with experimental lesions of the basal ganglia, disruption to the automatic 

execution of previously learned motor sequences is said not to affect the execution of the 

individual elements of the sequential procedures, suggesting that the representations of motor 

plans are not stored in the basal ganglia (Benecke et a l, 1986; Aldridge et a l, 1997), Instead, 

these structures, and the middle-posterior striatum in particular (Miyachi et a l, 1997; Jueptner 

and Weiller, 1998), are said to participate in the automatic execution of well-learned behaviours 

by automatically sequencing the relevant cortically stored components of the pre-leamed 

procedures.

Results from the assessment of the production of well-learned articulatory sequences, using the 

CMS Sequences subtest, provided strong evidence that patients with stroke performed more 

poorly than control subjects on this task. No evidence for an effect of side of injury was observed. 

The separate analysis of the letter-number component of the Sequences subtest also provided 

evidence that patients with right-sided damage performed more poorly than patients with left- 

sided damage relative to control subjects, and that both patient groups performed more poorly 

than control subjects on this aspect of the task. This suggests that difficulties in switching 

cognitive set or category, frequently associated with fronto-striatal circuitry, as observed in 

patients with PD (Lees and Smith, 1983) and in animals with experimental lesions to the basal 

ganglia (Oberg and Divac, 1975), might extend to switching set in the verbal domain. Analysis of 

the forward and backward sequencing components of this subtest provided evidence for 

performance differences according to sequencing component, with the sequencing backward



Chapter 3: Speech Function in Patients with Basal Ganglia Infarctions 106

component resulting in a greater number of errors than the sequencing forward component of this 

subtest. This effect was observed in both patient and control groups and no interaction between 

group membership and sequencing component was seen. This suggests that patients were equally 

impaired in the automatic generation of previously learned articulatory sequences and the more 

conscious production of sequential verbal procedures, relative to control subjects.

Results from the assessment of the automatic execution of well-learned articulatory material, 

using the CTOPP Rapid Naming scale (comprising the digit and letter conditions) suggested that 

patients with left hemisphere injuries performed more poorly than patients with right hemisphere 

injuries and that both patient groups performed more poorly than the control groups on this scale. 

Evidence for performance differences between patients and control subjects was also observed on 

the Alternate Rapid Naming scale (comprising the colour and object conditions), with patients 

again performing more poorly than control subjects on this scale. No evidence for an effect of 

side of injury was observed for this scale.

The results from both the CMS Sequences subtest and the CTOPP Rapid Naming scales lend 

support to the theory that the basal ganglia participate in the automatic execution of previously 

learned articulatory sequences, possibly through disruption to the cerebral control of the different 

articulatory systems required for speech production. Such difficulties have previously been 

described in patients with PD (Darley et a l, 1975), particularly in the generation of sequential 

articulatory movements, with greater impairments occurring with increasing task automaticity 

(Ho et a l, 1998). Similarly, disruption to the generation of previously learned articulatory 

material was observed following hypoxaemic damage to bilateral caudate nuclei and putamen in 

an adult patient (Pickett et al, 1998). Acoustic analysis showed that speech was degraded due to 

the inappropriate sequencing of articulatory components that involved different articulatory 

structures.

Results of the test of diadochokinesis (DDK) showed no evidence for an effect of presence or 

absence of stroke and no evidence for an effect of side of injury in the time taken to perform the 

test items from the test of DDK. Strong evidence for performance differences according to DDK 

condition was observed, with a greater time being taken in the articulation of real words than 

single or sequenced syllables. This effect was observed in both patient and control groups, and no 

interaction between group membership and DDK condition was seen. Analysis of error scores on 

the test of DDK provided strong evidence that patients made a greater number of errors than 

control subjects across the sequenced syllable and real word conditions combined on this task. No 

evidence for an effect of side of injury was observed for this task. No evidence for performance 

differences according to DDK condition and no evidence for an interaction between group
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membership and DDK condition was observed in the analysis of the error scores. However, the 

single syllable condition was not included in this analysis because too few errors were made on 

this condition, suggesting that articulation of single syllables was intact in both patient and control 

groups.

The results found using the DDK test here are consistent with observations of impairments on 

such tasks in patients with PD following stereotactic surgery for the relief of PD symptoms (Scott 

et al, 1998) and in children with left subcortical lesions (Aram, 1988). However, these results 

differ from those of previous studies in that rate of production on this task was not affected in the 

patients studied here, but a greater number of errors were made by patients. Rate of articulation 

therefore appeared to be maintained at the expense of accuracy of the production of rapid, 

complex speech movements. In addition, these results again suggest that articulation of single 

syllables remains intact despite performance deficits on the sequenced syllable and real word 

conditions in the patients in this study. This is consistent with the observations of good 

performance of single orofacial movements on the test of Simultaneous and Sequential Orofacial 

Movements, but impaired performance of simultaneous and sequential movements in patients 

relative to control subjects. This is again in accordance with the participation of the basal ganglia 

in the execution of sequential motor speech procedures.

Results from the assessment of the production of novel articulatory sequences, using the CNRep, 

provided strong evidence that patients with stroke performed more poorly than control subjects on 

this task. No evidence for an effect of side of injury was observed. Weak evidence for an effect of 

syllable length of the nonwords indicated that increasing syllable length resulted in a greater 

number of errors. This effect was observed in both patient and control groups and no interaction 

between group membership and syllable length was seen. This suggests that there was no greater 

effect of increasing syllable length in the patient group than would be expected from their 

performance on the lower syllable length conditions relative to control subjects. The CNRep is 

considered to be primarily a test of phonological memory for non words, but these results suggest 

that the lower performance in the patient group cannot be attributed to poorer working memory 

since they are not selectively impaired at longer syllable lengths relative to control subjects. 

Moreover, the effect of stroke on performance of this task remained when WISC-IUAVAIS-ni 

Digit Span scores were included as a covariate in the analysis, suggesting that differences 

between patients and control subjects could not be accounted for by variations in working 

memory performance. The absence of an effect of working memory on the CNRep is in contrast 

to the working memory deficits seen on the WISC-IH/WAIS-III Digit Span subtest (reported in 

Chapter 2). These differences might relate to the subjects’ working memory span exceeding the 

maximum of five items possible on the CNRep, whereas greater working memory span can be
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tested using the Digit Span subtest. The deficits in the performance of the CNRep in the patient 

group relative to the control subjects might be a reflection of the additional demands on the 

articulatory system. The CNRep requires the sequencing of novel phonological items, while the 

Digit Span subtest involves sequencing highly familiar items that might be facilitated by long

term memory. This suggests that the patients involved in these studies had difficulties in the 

formation of novel articulatory plans in addition to their working memory impairments.

These results are again consistent with results of studies of the KE family, in which all affected 

members of this family were impaired on nonword repetition, while none of the unaffected 

members showed such impairments (Vargha-Khadem et a l, 1998; Watkins et al, 2002a). The 

findings are also consistent with the report of the boy with bilateral damage to the caudate nuclei 

studies by Tallal et al (1994) who had significant delays in sequencing and remembering rapidly 

presented nonverbal auditory stimuli, and significant delays in producing nonverbal and verbal 

motor sequences. Since these deficits arose from developmental disorders, it is difficult to 

determine whether they represent impairments in the acquisition of articulatory plans or the 

execution of sequential motor procedures or both.

3.5.2 Procedural Learning of Novel Speech Sequences

Results of the assessment of the acquisition of novel sequential articulatory procedures, using the 

Non word Learning task, provided evidence that patients learned the articulatory procedures less 

successfully than control subjects on both the 4- and 5-syllable length conditions. It is possible 

that this effect was related to variation in working memory rather than the learning of novel 

articulatory sequences. Again, it is difficult to dissociate these processes since working memory is 

said to be highly correlated with the acquisition of new vocabulary in children (Gathercole and 

Baddeley, 1996b). However, since the results of this task and the CNRep suggested that patients 

did not have selectively greater difficulties than control subjects at the longest syllable length 

condition^, this difficulty is less likely to reflect working memory deficits. No evidence for an 

effect of side of injury was observed.

The interpretation of the findings on this task are somewhat limited by the successful performance 

of many of the subjects at the initial presentation of the non words preventing learning scores from 

being established. Nevertheless, the results are consistent with the impairments observed on the 

CNRep, and suggest that difficulties are not restricted to repetition, but extend to the acquisition 

of novel articulatory sequential procedures. The acquisition of novel sequential motor procedures

Note that the 3-syllable condition of the Nonword Learning task could not be analysed statistically
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has been shown to be affected by experimental lesions to the basal ganglia in animals, particularly 

when the anterior striatum is involved (Miyachi et a l, 1997), The involvement of the anterior 

striatum in the procedural learning of novel motor sequences has also been demonstrated in 

imaging studies of healthy adults (Jueptner and Weiller, 1998), and in disruption to the acquisition 

of song in songbirds following lesions of the anterior forebrain pathway, thought to be equivalent 

to the fronto-striatal circuitry in humans (Brainard and Doupe, 2000). This latter observation 

suggests that the fronto-striatal circuitry might play a role in the auditory feedback evaluation of 

speech/song during new learning (as in young songbirds) and if necessary, the adaptive 

modification of stored representations of speech/song procedures. This has implications for the 

current findings, suggesting that the articulatory difficulties observed in these studies might be 

explained by a disruption to the phonological perception and representation of verbal material. It 

is also possible that individuals with expressive phonological difficulties, as seen in these patients 

on some of the tests reported above, might not benefit from subvocal rehearsal, that is thought to 

enhance normal performance (Bishop et al., 1990) in the repetition of unfamiliar phonological 

strings. This in turn might lead to deficits in the acquisition of vocabulary. Further work is 

required to understand the interactions between the involvement of sequential articulation, verbal 

working memory, phonological perception and phonological segmentation in the production of 

the deficits seen in these patients.

Results from the assessment of morphological production provided evidence that patients with left 

hemisphere strokes performed more poorly than patients with right hemisphere strokes and 

control subjects on the nonword verb condition and not on the regular and irregular conditions. 

Both groups of patients and control subjects performed very highly on the regular verb condition. 

The well-preserved performance on the regular condition is contrary to predictions based on the 

dual mechanism account of morphological production. The results of relatively lower 

performance on the nonword condition provides some support for the dual-mechanism account of 

morphological processing (Ullman et al, 1997), suggesting that basal ganglia damage disrupts the 

learning and generation of rule-based speech procedures. These findings could also be 

encompassed by the parallel distributed processing account (Patterson et al, 2001). Individuals 

with phonological deficits, as seen in these patients on some of the tests reported above, would be 

predicted to be impaired on production of regular and novel past tense forms. Furthermore, 

selectively greater impairments might occur in the production of novel past tense forms because 

semantic activation cannot interact with the phonological production of novel verbs. However, the 

spared performance on production of regular morphology is again problematic for this model. In 

addition, based on this model, these patients might also be expected to have difficulties in the 

production of irregular morphological forms since there is some evidence for impairments in 

semantic word retrieval in this group (described in Chapter 4). No evidence for deficits in
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irregular morphological production was observed. This might be a reflection of relatively spared 

word retrieval functions compared to phonological processing in this group. A further possibility 

is that the high rates of accuracy in both patients and control subjects on this task might prevent 

the expected dissociations in performance from becoming apparent.

3.5.3 Relationship between Motor Speech Performance and Verbal IQ

The majority of effects of stroke on performance on the assessments reported in this chapter 

remained even when Verbal IQ was included in the analyses as a covariate. The effects of stroke 

on performance appeared to be particularly robust, and independent of variations in verbal 

intelligence, on the CMS letter-number sequencing component. The effects of stroke on 

performance of some of the tests reported here did, however, appear to be related to changes in 

Verbal IQ, and effects were weakened when Verbal IQ was included in the analyses as a 

covariate, or abolished in the cases of the test of Simultaneous and Sequential Orofacial 

Movements, and the CTOPP Alternate Rapid Naming scale. A reduction in Verbal IQ also 

appeared to be a consequence of stroke (as reported in Chapter 2), and therefore, it is difficult to 

attribute cause and effect processes, since a fall in Verbal IQ might result from deficits in speech 

or vice versa. Alternatively, speech, language and verbal intelligence might be highly interactive, 

and influence each other in the functional outcome of stroke.

3.5.4 Hemispheric Side of Injury

An effect of hemispheric side of injury on performance was observed for only three tasks reported 

in this chapter: the CMS letter-number sequencing subtest, the Rapid Naming scale of the 

CTOPP, and the nonword component of the Morphological Production task. On the CMS letter- 

number sequencing subtest, patients with right hemisphere injuries were more impaired than 

patients with left hemisphere injuries relative to their respective control groups. This result was 

unexpected, and as the findings only occurred relative to the control subjects, might reflect 

differences in the two groups of control subjects. On the CTOPP and Morphological Production 

tasks, patients with left hemisphere injuries were more impaired than patients with right 

hemisphere injuries, while both patient groups also performed more poorly than control subjects. 

These results are consistent with functional imaging studies demonstrating bilateral activation 

with a leftward preponderance in some regions, including the basal ganglia, during articulation 

(Wise et al, 1999). However, the majority of results reported in this chapter suggest that 

unilateral damage to the basal ganglia of either hemisphere is sufficient to interfere with speech 

production. This might be indicative of a direct role for both the left and right basal ganglia in the 

motor control of speech, or it might be a reflection of disruption to connections to cortical regions
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of either hemisphere that participate in the motor control of speech. The latter proposal is 

consistent with the involvement of bilateral motor and sensory cortices, to which the basal ganglia 

of both hemispheres are connected (Carpenter, 1991), seen on functional imaging studies 

highlighting brain regions involved in articulation (Murphy et al, 1997; Wise et al, 1999; Blank 

et a l, 2002).

3.5.5 Age at Injury

The possible effects of age at injury on outcome were investigated with correlation analyses 

between the age at acquisition of the infarction and results of each of the assessments reported 

above. No evidence for correlations between age at injury and any of the assessments of speech 

production was observed, with the exception of two tests: the CTOPP Rapid Naming composite 

scale in the total patient group, and the CTOPP Alternate Rapid Naming composite scale in 

patients with right hemisphere injuries only. These negative correlations suggest that patients who 

had sustained their injuries earlier in life demonstrated better performance on this test. This is 

consistent with the idea that the developing brain has a greater capacity for functional 

compensation, particularly early in development (Milner, 1974; Teuber, 1974). This finding might 

explain the relatively superior performance of the right-hemispheric injured group on this test. 

However, the effect of age at injury did not appear to be related to performance on the other 

assessments reported in this chapter, or if it was related to performance on these measures, was 

obscured by stronger factors contributing to the variance.

3.5.6 Time Elapsed since Injury

The possible effects of time elapsed since injury on outcome was investigated with correlation 

analyses between time since the infarction and results of each of the assessments reported above. 

No evidence for correlations between time elapsed since injury and any of the assessments of 

speech function was observed. When the left- and right-hemispheric damaged groups were 

analysed separately, however, correlations were observed between time elapsed since injury and 

the CTOPP Rapid Naming and Alternate Rapid Naming composite scales in the right-hemispheric 

injured group only. These correlations suggest that a greater time elapsed since the brain injury at 

the time of assessments was associated with better performance on these tests, consistent with 

greater effects of recovery with increasing time since injury. These results might explain the 

effects of age at injury on these same tests (described above), with a greater time since injury 

being related to injuries sustained earlier in life.
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3.6 Conclusions

The results of the various assessments reported in this chapter provided convergent evidence that 

the patients with unilateral basal ganglia injuries in these studies were impaired in a number of 

aspects of motor speech production relative to control subjects. Deficits were observed in the 

performance of simultaneous and sequential orofacial movements, the automatic execution of 

well-learned verbal material, and the production of unfamiliar verbal material requiring the 

formation of sequences of syllables. The acquisition of novel articulatory sequences and the 

production of novel inflectional verb forms was also lower in patients relative to control subjects. 

These differences between patients and control subjects occurred regardless of hemispheric side 

of injury in the patients, with the exception of performance on a test of rapid automatic naming, 

and on the production of novel past tense morphology. On both tasks, patients with left 

hemisphere injuries performed more poorly than patients with right hemisphere injuries, while 

both patient groups also performed more poorly than control subjects. This might reflect a greater 

dependence on linguistic processing necessary to perform these tasks successfully, although 

neither of these effects could be accounted for by differences in Verbal IQ between the left- and 

right-hemispheric injured groups. The overall pattern of results, however, is one of lower 

performance in patients relative to control subjects regardless of side of injury. These results 

provide evidence for the participation of bilateral basal ganglia nuclei in the motor control of 

speech during development, with specific involvement of these structures in the automatic 

execution of previously learned sequential motor speech procedures and the acquisition of novel 

articulatory plans. The observation of such difficulties in the long-term after basal ganglia damage 

suggests that the unlesioned basal ganglia do not entirely compensate for these difficulties in 

performance.
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Chapter 4: Language Function in Patients with Basal Ganglia 

Infarctions

The objectives of the studies reported in this chapter were to characterise the nature and extent of 

language impairments in the children and young adults with infarctions of the basal ganglia. The 

neuropsychological assessments were selected with an emphasis on language functions previously 

reported to be affected after infarctions of the basal ganglia. This chapter begins with a discussion 

of studies of language outcome after unilateral infarctions of the basal ganglia in adults. The few 

existing studies of language outcome in children with unilateral infarctions in the basal ganglia 

will also be described here.

4.1 Introduction

4.1.1 Language Impairments after Basal Ganglia Infarctions in Adults

Language impairments have been widely reported after infarctions of the left hemisphere basal 

ganglia in adults and in children (as described in Chapter 1). The nature of the language 

difficulties following left hemisphere basal ganglia damage has, however, been the subject of 

considerable debate. Numerous aspects of language have been shown to be affected following 

such damage, with no clear relationship between the presence and type of linguistic deficits in 

relation to site of injury according to many authors (e.g. Kertesz, 1992; Weiller et al, 1990; 1993; 

Nadeau and Crosson, 1997). Moreover, infarctions involving the left basal ganglia do not lead to 

language impairments in all cases (Cappa et al, 1983; Fromm et a l, 1985; Alexander et a l, 1987; 

Basso et a l, 1987; Nadeau and Crosson, 1997; Wallesch et a l, 1997), suggesting that the 

relationship between basal ganglia damage and language impairments is not a simple one.

Despite the apparent wide variability in presentation of language difficulties associated with 

infarctions of the basal ganglia, two consistent patterns of impairment are apparent: deficits in 

generative aspects of language, and deficits in word retrieval. Mega and Alexander (1994) studied 

14 adult patients with infarctions of the basal ganglia, whilst attempting to control for 

pathophysiology, vascular territory and time post-onset. They observed impairments primarily 

involving generative aspects of language, i.e. verbal fluency, sentence generation and discourse, 

accompanied by lexical selection anomia. This was thought to represent a deficit in automatic 

access to or recruitment of proceduralised syntactic systems necessary for sentence construction 

(Nadeau, 1988).
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Numerous other studies have reported disorders in generative aspects of language following basal 

ganglia infarctions that are consistent with those reported by Mega and Alexander (1994). Deficits 

resembling transcortical motor aphasia (TCMA), i.e. increased response latencies, simplified 

sentence structure, perseverations and preserved repetitions, have been observed following basal 

ganglia infarctions (Brunner et a l, 1982). Wallesch et a l (1983) reported impairments in all 

expressive domains including articulation, syntax and lexical retrieval in patients with left 

hemisphere basal ganglia lesions and later suggested that the majority of patients with basal 

ganglia infarctions who do have aphasia conform to this profile of deficits in generative aspects of 

language (Wallesch et al, 1997). Similarly, Copland et al (2000) found a pattern of impairment 

following basal ganglia lesions that included disruptions to lexical-semantic operations, 

generative language, and interpretation of meaning at the sentence level. Such disruptions to 

generative language and lexical retrieval processes were observed on the Recreating Sentences 

subtest of the Test of Language Competence -  Expanded Edition (TLC-E). This task involves the 

generation of sentences with the constraints that specified words must be included and the 

sentence must relate to a given picture, thus requiring the synthesis of pragmatic, syntactic and 

semantic variables, as well as conceptual integration (Copland et a l, 2000). Syntactic and 

semantic deviations were observed, with inappropriate and incomplete sentences. Copland et al 

(2000) suggested that since they found deficits on more demanding language tasks involving 

meta-linguistics, lexical-semantic manipulation, language strategy and integration, these 

impairments were reflective of “frontal type” cognitive-linguistic deficits occurring as a result of 

disruption to fronto-striatal circuitry. Copland et al (2000) suggested that the observed frontal- 

type deficits in higher order linguistic functions may have arisen from disturbances in functions 

that are typically mediated by the frontal lobes, such as sequencing, abstract thinking, self- 

analysis, monitoring, planning and organisation, integration of information and control (Stuss and 

Benson, 1986). Such disturbances may lead to cognitive inflexibility and difficulties in devising 

strategies and organising, integrating and monitoring responses necessary for divergent language 

production (Wiig and Secord, 1989).

The expressive language deficits reported after basal ganglia damage do not tend to conform to 

the traditional classification of symptoms of expressive aphasia (Damasio et a l, 1982; Fromm et 

al, 1985; Robin and Schienberg, 1990; Kennedy and Murdoch, 1993) and are generally less 

severe than expressive impairments following cortical damage (Mohr et a l, 1975; Ferro, 1992; 

Liebermann et al, 1986). Similarly, although the KE family share many symptoms with patients 

with Broca’s aphasia, they have a relative superiority for fluency functions in comparison to these 

patients (Watkins et a l, 2002a). These findings suggest that basal ganglia damage might result in 

expressive deficits, but that such difficulties are not likely to be as severe as expressive deficits 

that follow left hemisphere cortical damage.
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Many studies, in addition to those of Mega and Alexander (1994) and Copland et al. (2000), have 

highlighted deficits in lexical retrieval involving a variety of error types (Caplan et a l, 1990; 

Kennedy and Murdoch, 1993; Robin and Schienberg, 1990) including semantic paraphasias in 

particular (Alexander et al, 1987; Cappa et a l, 1983; Damasio et a l, 1982; Naeser et a l, 1982; 

Wallesch, 1985), This suggests that cortico-striato-thalamo-cortical pathways are important in the 

manifestation of naming deficits (Crosson, 1985; Wallesch and Papagno, 1988). Wallesch and 

Papagno (1988) proposed a regulatory role for the basal ganglia in linguistic processing that 

provides an explanation for the widely observed naming deficits following damage to these 

structures. The cortico-striato-pallidal-thalamo-cortical loop through the basal ganglia is said to be 

important in choosing between multiple cortically generated competing lexical alternatives. In this 

proposal, the striatum is involved in monitoring the cortical processing of parallel lexical units 

and integrating situational and motivational constraints into the process of selecting appropriate 

lexical items and inhibiting inappropriate ones. When this loop is damaged, therefore, lexical 

selection is impaired, and inappropriate lexical items may be generated, as in paraphasic errors.

The basal ganglia might mediate linguistic processes via extra-linguistic functions that regulate 

and modulate cortical activity, as indicated by Wallesch and Papagno (1988) and Copland et al 

(2000), through the action of overlapping cortical and subcortical parallel networks. Crosson 

(1985; 1992) argued that the basal ganglia participate in linguistic functions through their 

modulation of the tonic activity (the flow of excitatory neural impulses) that is conveyed from the 

thalamus to cortical language regions. An increase in tonic activity in the anterior cortex is 

associated with extraneous material in language output; a decrease in tonic activity in the same 

region is associated with a reduction in spontaneous formulation of language. According to this 

hypothesis, damage to the basal ganglia would result in disruptions in spontaneous language, with 

different effects depending on the part of the circuit that is damaged. Lesions of the caudate 

nucleus have been found to result in non-fluent aphasia thought to be related to the release of the 

globus pallidus from tonic inhibition. In contrast, lesions of the globus pallidus have been found 

to result in semantic paraphasias and fluent speech thought to be related to the release of the 

ventral anterior thalamus from pallidal inhibition, thus allowing the release of language segments 

prior to semantic monitoring (Crosson, 1985). The observation that stimulation of the head of the 

caudate nucleus in the left hemisphere results in the interruption of ongoing language by flow of 

irrelevant material into language (Van Buren, 1963; 1966) is consistent with this hypothesis for 

the role of the basal ganglia in the control of linguistic output. These observations suggest that 

linguistic impairments resulting from damage to the basal ganglia and its circuitry are most likely 

to take the form of deficits in expressive or generative aspects of language and/or impairments in 

lexical retrieval.
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4.1.2 Language Impairments after Basal Ganglia Infarctions in Children

Few studies of language outcome in children with basal ganglia infarctions have been reported. 

This is partly due to the rarity of strokes resulting from infarctions confined to the basal ganglia in 

childhood. The existing reports therefore tend to describe individual cases in an attempt to 

correlate clinical and anatomical profiles. The cases presented in the literature are summarised in 

Table 4.1 with details of location of lesion, aetiology, age at onset, etc. These studies suggest that 

children with infarctions of the basal ganglia have more pronounced deficits in expressive than 

receptive language, as well as a prevalence of naming deficits, consistent with those deficits 

reported in the adult literature. For example, of the nine children presented in Table 4.1 who had 

aphasia following left subcortical damage, six experienced expressive language difficulties 

(excluding naming impairments) to varying degrees (Aram et a l, 1983; Cranberg et al, 1987; 

Aram and Eisele, 1992; Martins and Ferro, 1992; 1993; Nass et a l, 1998; Martins, 2000). A range 

of expressive language difficulties have been reported, including impaired spontaneity of output, 

shortened sentences, slow, effortful speech with many pauses, agrammatical sentence production, 

and deficits in repetition, as well as impairments in lexical retrieval (described below). The 

prevalence of expressive over receptive language disturbance in childhood has been noted to 

occur following acquired left hemisphere damage in general (Hecaen, 1976). A number of 

explanations for this prevalence of expressive language difficulties following stroke in childhood 

have been postulated. It is possible that language comprehension is represented bilaterally during 

development and is therefore less likely to be disturbed following unilateral damage (Zaidel, 

1976). Cranberg et al (1987) suggested that the high incidence of nonfluent aphasia could be due 

to a wide distribution of fluency functions within the developing hemisphere, and therefore, 

damage to any part of this hemisphere could lead to disruptions in fluency. However, since a 

prevalence of expressive language difficulties is observed in both adults and children following 

basal ganglia infarctions, it might be that the deficits cannot be explained with reference to 

differences in the developing brain, and may be related to the brain regions involved or their 

connections.

Naming impairments, frequently accompanied by circumlocutions, perseverations, neologisms, 

and semantic, phonemic and literal paraphasias, were reported in eight of the nine children 

presented in Table 4.1 who had aphasia following left subcortical damage. This is consistent with 

the prevalence of word retrieval deficits reported in adults with aphasia after subcortical damage 

(e.g. Caplan et a l, 1990; Kennedy and Murdoch, 1993; Robin and Schienberg, 1990).
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Authors Lesion location Aetiology Age
at
lesion

Side
of
lesion

Sex Handedness 
prior to lesion

Time of 
assessment 
(since injury)

Language difHculties

Martins and 
Ferro (1992)

Corona radiata Ischaemia 2 Left Female Right 3 days Non-fluent aphasia

Nass et al 
(1988)

Subcortical and 
cortical angular 
gyrus, arculate 
fasciculus, posterior 
corpus callosum

Abscess 3 Left Female Right 17 weeks Conduction aphasia, perseverations, 
occasional semantic and phonemic 
paraphasias, anomia, mild dysfluency, 
impaired repetition, mildly impaired 
comprehension

Aram and
Eisele
(1992)

ICa, ICp, Cd head, 
GP

CVA 4 Left Male Left Not reported Anomia

Aram et al 
(1983)

ICa, Cd head. Pu, 
Ext. cap., sub 
PVWM

CVA 7 Left Female Right 4 days

2 months 
6 months

Non-fluent aphasia, impaired 
comprehension 
Impaired repetition, anomia, 
Reading and spelling difficulties

Martins
(2000)

Post Pu Aneurysm 8 Left Female Not reported Same day None

Martins
(2000)

Pu, ICa Haemorrhage 9 Left Male Not reported 5 months TCMA, literal and semantic paraphasias 
Long-term writing difficulties

Martins and 
Ferro (1992)

ICp Arteriovenous
malformation

10 Left Male Not reported 5 days None

Aram et al 
(1983)

GP, Pu, ICp, Cd 
body

CVA 11 Left Female Right 1 week None

Martins
(2000)

Pu, ICa Haemotoma 11 Left Female Not reported 7 days 
2 years

Anomia, semantic paraphasias 
Writing difficulties

Martins and 
Ferro (1993)

Cd head, ICa Ischaemia 13 Left Male Right 3 months 

3 years

Anomia, circumlocutions, paraphasias, 
poor visual naming, anomic.
Slight auditory short-term memory 
difficulties
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Martins and 
Ferro (1992)

Cd, Pu, ICa Haemotoma 15 Left Female Right 2 1/2 years TCMA, poor visual naming 
Long-term writing difficulties

Cranberg et 
al (1987)

ICp, Pu, GP, 
PVWM, temporal 
isthmus

Haemorrhage 17 Left Male Right 2 months 

17 months

TCSA, impaired auditory comprehension 
Literal and verbal paraphasias, neologisms, 
anomia, impaired reading and writing 
Circumlocutions

Ferro et al. 
(1982)

ICp, Pu, GP, corona 
radiata

Infarction 6 Right Female Left 3 days 
46 days

Non-fluent aphasia, poor visual naming 
Paraphasias, writing difficulties

Martins
(2000)

Subcortical Haemotoma 8 Right Female Not reported Not reported None

Martins
(2000)

Subcortical Haemotoma 11 Right Female Not reported Not reported None

Table 4.1. Summary of reported cases of language outcome following basal ganglia damage acquired during childhood and adolescence (TCMA = transcortical motor 
aphasia; TCSA = transcortical sensory aphasia). (N.B. all difficulties present at the latest assessment were also present at earlier assessments)
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Long-term difficulties in reading and spelling have been reported to follow basal ganglia 

infarctions acquired during childhood (e.g. Aram et al, 1983; Cranberg et a l, 1987; Martins and 

Ferro, 1992). Such difficulties have been observed despite initial good recovery and the resolution 

of linguistic difficulties. These difficulties may reflect a slowing in academic progress due to a 

general disruption in schooling resulting from the initial trauma of the stroke. Alternatively, it 

could be that some learning is dependent on intact language skills, and the disruption to language 

in these children disrupts normal learning. Another possibility is that brain injury, regardless of 

site or side of injury, leads to a general reduction in learning potential or cognitive resources 

(Copland et al, 2000). Academic attainments have not been reported following right-sided basal 

ganglia injury, and therefore, it is unknown whether such difficulties are related specifically to left 

hemisphere damage or if right hemisphere damage would result in similar difficulties.

4.1.3 Hemispheric Side of Injury

The presence of language deficits has almost always been linked to damage to the basal ganglia of 

the left hemisphere, while corresponding damage to the right hemisphere is rarely associated with 

language difficulties (Brunner et al, 1982; Damasio et a l, 1982; Wallesch et a l, 1983). The 

scarcity of reports of linguistic capabilities following acquired right-sided subcortical pathology 

limits the conclusions that can be drawn concerning the relationships between side of injury and 

hemispheric specialisation for language processing in the basal ganglia or their circuitry. One 

report of a child with right hemisphere basal ganglia damage acquired at the age of 6 years states 

that she had non-fluent aphasia (associated with short sentences and anomia) and normal 

comprehension (Ferro et al, 1982), suggesting that such difficulties do not only occur following 

left hemisphere or bilateral basal ganglia damage. However, this child was ambidextrous prior to 

her brain injury, and poor outcome might therefore be attributable to pre-injury right hemisphere 

or bilateral language representation (Ferro et a l, 1982).

Language processing involves widespread regions of the cortex, and some subcortical regions, 

predominantly residing in the left hemisphere, but with some right hemisphere involvement. The 

network of activation identified using functional imaging studies includes Broca’s and 

Wernicke’s areas, as well as the premotor cortex, SMA, supramarginal gyrus in the left 

hemisphere, as well as the anterior cingulate, bilateral insular cortices, right cerebellum, and the 

right hemispheric homologues of Broca’s and Wernicke’s areas (see Price, 2000, for a 

comprehensive review of functional imaging studies used to investigate language). More recently, 

functional imaging studies have highlighted the additional involvement of subcortical structures 

in language processing, including thalamic and predominantly left basal ganglia activation 

(Crosson et al, 1996; Price et al, 1996; Warburton et al, 1996; Rowan et a l, 2002) in healthy
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adult subjects. Language studies involving normally developing children have shown that patterns 

of language activation are highly consistent with those of adults (Bookheimer and Dapretto, 

1997). The cerebral systems involved in the control of language are outlined in more detail in 

Chapter 1, Section 1.3.3. The studies in the literature described above indicate that damage to the 

basal ganglia of either hemisphere might be expected to result in some language difficulties 

through their connections to cortical regions involved in language processing. However, the 

relatively greater role of the left hemisphere in language processing suggests that difficulties are 

likely to be considerably more pronounced following damage to the left than to the right 

hemisphere basal ganglia.

4.1.4 Age at Injury and Time Elapsed since Injury

The variability in presence and type of language deficits following subcortical infarctions in 

childhood may relate to the age and/or developmental stage at which the injury occurred, the 

greater capacity for functional recovery in the developing brain and the amount of time elapsed 

since the injury was acquired, as mentioned in Chapter 3 in relation to outcome of speech 

function. Language performance was therefore considered in relation to age at injury and time 

elapsed since injury for the patients in this study.

4.1.5 Aims and Predictions

The aims of these neuropsychological studies of language function were (1) to characterise the 

nature and extent of any long-term language impairments, and the presence of a discrepancy 

between expressive and receptive language performance in particular; (2) to characterise the 

nature and extent of long-term reading and spelling difficulties; (3) to determine the relationship 

between side of basal ganglia injury and language impairments; (4) to determine the relationship 

between age at injury and language impairments; and (5) to determine the relationship between 

time since injury and language impairments.

Between group comparisons of neuropsychological data from the patient and control groups were 

carried out. The predictions were as follows;

• Patients with basal ganglia infarctions will have difficulties in comparison to control subjects 

in:

language abilities, with greater impairments in expressive relative to receptive functions 

reading and spelling abilities

• Patients with left hemisphere injuries will have impairments in language function relative to 

patients with right hemisphere injuries and control subjects
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• Patients who had sustained their basal ganglia injuries early in development will have better 

neuropsychological performance than patients who had sustained their injuries later in 

development

• A greater time elapsed between injury and neuropsychological assessment will be associated 

with better performance on neuropsychological assessment.

4.2 Methods

4.2.1 Receptive Language

The Clinical Evaluation of Language Fundamentals (CELF-III) (Semel et a l, 1995) was 

administered. The CELF-in is designed to assess performance in selected aspects of language, 

with its focus on language form and content and not on use of language in conversation or 

communicative contexts. It assesses both receptive and expressive language skills, with subtests 

evaluating word meanings (semantics), sentence structure (syntax), and recall and retrieval 

(auditory memory). Tests from Receptive and Expressive scales were administered according to 

the age range specified in the test manual (stated below). Scaled Scores for each subtest as well as 

Receptive, Expressive and Total Language scores were calculated according to instructions in the 

test manual. Subtest scaled scores have a mean of 10 and a standard deviation of 3, and the 

Receptive, Expressive and Total Language scores have a mean of 100 and a standard deviation of 

15. The CELF-III Receptive Language scale was administered to provide a measure of receptive 

language performance. Details of the subtests that make up the Receptive scale are outlined 

below.

Receptive Language Subtests

Ages 6 to 8 years: The Sentence Structure subtest evaluates the subject’s comprehension of 

structural rules at the sentence level. The subject is required to point to pictures in response to 

sentences requiring the comprehension of differing structural rules.

All ages: The Concepts and Directions subtest evaluates the subject’s ability to interpret, recall 

and execute oral commands of increasing length and complexity that contain concepts requiring 

logical operations. The subject is required to select a series of shapes that differ in size, colour or 

position, in response to verbal instructions.

All ages: The Word Classes subtest evaluates the subject’s ability to perceive relationships 

between words that are categorised by part-whole and semantic class features and synonyms and 

antonyms. The subject is required to listen to a list of three and four words and then say which two
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are linked, e.g., girl, boy, car, table, requiring the categorisation of words that are related or words 

that are unrelated by semantic class, opposites, spatial or temporal features.

Ages 9 and above: The Semantic Relationships subtest evaluates the subject’s ability to interpret 

semantic relationships (temporal, spatial, passive and comparative) in spoken sentences. The 

subject is required to listen to and complete or answer a series of sentences with two of four 

possible given answers that are semantically related to the sentence.

4.2.2 Expressive Language

The CELF-III Expressive Language scale was administered to provide a measure of expressive 

language performance. Details of the subtests that make up the Expressive scale are outlined 

below.

Expressive Language Subtests

Ages 6 to 8 years: The Word Structure subtest evaluates the subject’s ability to comprehend 

word structure rules at the sentence level. The subject is given two sentences, with the final word 

missing from the second sentence. The subject is required to provide this final word according to 

word structure rules provided in the given sentences, such as plurals and tense.

All ages: The Formulated Sentences subtest evaluates the subject’s ability to formulate simple, 

compound and complex sentences. The subject is given a word, and instructed to make up a 

sentence containing that word and relate it to a given picture for each sentence.

All ages: The Recalling Sentences subtest evaluates the subject’s ability to recall and reproduce 

sentence surface structure as a function of syntactic complexity. The subject is required to listen to 

sentences spoken by the examiner and then recall and reproduce the surface structure of sentences 

with increasing syntactic complexity.

Ages 9 and above: The Sentence Assembly subtest evaluates the subject’s ability to assemble 

syntactic structures into grammatically acceptable and semantically meaningful sentences. The 

subject is presented with sets of written words in a random order and required to rearrange the 

sets of words to make two grammatically and semantically correct sentences.

4.2.2.1 Sentence Formulation

The Recreating Speech Acts subtest of the Test of Language Competence -  Expanded Edition 

(TLC-E) (Wiig and Secord, 1989) was administered to subjects up to and including the age of 9 

years, and the Recreating Sentences subtest of the TLC-E was administered to subjects who were 

aged 10 years or above. For each task, subjects were presented with a series of pictures with two 

or three words accompanying each picture. The subjects were required to construct a spoken 

sentence that incorporated the two or three given words, and relate each sentence to a given
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picture. The responses were recorded and evaluated according to the procedures in the test 

manual. A Scaled Score was calculated according to the instructions in the test manual. Scaled 

Scores have a mean of 10 and a standard deviation of 3. These data were collected and scored by 

L. Prout, Speech and Language Therapist, as part of an M.Sc. dissertation in conjunction with the 

studies reported in this thesis.

4.2.2.2 Expressive Vocabulary

The Expressive One-Word Picture Vocabulary Test (EOWPVT) (Brownell, 2000) was 

administered to provide a measure of expressive vocabulary. Subjects were presented with a 

series of pictures of increasing difficulty and instructed to name them. The total number of 

correctly named pictures was recorded. A Standard Score was calculated according to instructions 

in the test manual. Standard Scores have a mean of 100 and a standard deviation of 15.

4.2.2.3 Verbal Fluency

The Controlled Oral Word Association Test (COWAT) was administered to provide a measure of 

ease of verbal production and the ability to generate words based on a set of rules. Subjects were 

asked to generate words beginning with a certain letter in a one minute time period. The selection 

of words was restricted by consideration of a number of rules: words could not be proper nouns or 

numbers, and the same words could not be used in different verb forms, such as eat and eating. 

The number of correct responses given in a minute for each of three letters was recorded. The 

total number of correct responses for the three trials was compared to normative data (Gaddes and 

Crockett, 1975; Tombaugh et al, 1996 in Lezak, 1995) and converted to z-scores, with negative 

z-scores indicating a lower number of correct responses and positive z-scores indicating a higher 

number of correct responses.

4.2.3 Reading and Spelling

4.2.2.4 Word Reading

The Basic Reading subtest from the Wechsler Objective Reading Dimensions (WORD) 

(Wechsler, 1993) was administered. Subjects were presented with a series of real words of 

increasing difficulty and instructed to read them aloud. The total number of correctly read words 

was recorded. A Standard Score was calculated according to instructions in the test manual. 

Standard Scores have a mean of 100 and a standard deviation of 15.

4.2.2.5 Word Spelling

The Spelling subtest from the WORD (Wechsler, 1993) was administered. A series of real words 

of increasing difficulty was read aloud and subjects were required to write the words to dictation.
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The total number of correctly written words was recorded. A Standard Score was calculated 

according to instructions in the test manual. Standard Scores have a mean of 100 and a standard 

deviation of 15.

4.2.2.6 Nonword Reading

The Nonword Reading Test from the Phonological Assessment Battery (PhAB) (Frederickson et 

al, 1997) was administered. Subjects were required to read aloud a series of ten 1-syllable and ten 

2-syllable nonsense words from printed stimulus sheets. The number of nonwords read incorrectly 

was recorded for each subject and converted to percentage error scores. These data were collected 

and scored by L. Prout, Speech and Language Therapist, as part of an M.Sc. dissertation in 

conjunction with the studies reported in this thesis.

4.2.2.7 Nonword Spelling

The Nonword Spelling Test from the Psycholinguistic Assessment of Language Processing in 

Aphasia (PALPA) (Kay et al, 1992) was administered. A list of 24 single syllable nonsense 

words was read aloud and subjects were required to write the non words to dictation. Each written 

response was examined to determine whether every phoneme had been successfully represented. 

Since many different ways of writing the same speech sound can be used in written English, any 

spelling that could be interpreted by a skilled reader as demonstrating the correct sounds was 

accepted. Thus, birl (rhyming with girl) was marked as correct if written as birl, birle, burl, burle, 

berl, berle or bearl but not if written as birel or barl. The number of nonwords in which one or 

more phonemes had been incorrectly represented was recorded for each subject and converted to 

percentage error scores. These data were collected and scored by L. Prout, Speech and Language 

Therapist, as part of an M.Sc. dissertation in conjunction with the studies reported in this thesis.

4.3 Analyses

Analyses of the neuropschological data were carried out as described in Chapter 2, Section 2.2.3. 

It was predicted that cognitive abilities, and verbal abilities in particular, would influence 

performance on all the tasks reported in this chapter. Therefore, ANCOVAs were used for all 

analyses with the ROWPVT as a covariate. Additional covariates are stated in relation to the 

specific tests on which they were considered to be influential. All non-significant results are given 

in Appendix E.
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4.4 Results

4.4.1 Receptive Language

Figure 4.1 and Table 4.2 show the results on the assessment of receptive language using the 

CELF-III Receptive Language scale. Statistical analysis showed no evidence for an interaction 

between presence or absence of stroke and side of injury. It was therefore appropriate to look at 

the main effects. Evidence for a main effect of presence or absence of stroke was observed 

(ANCOVA; F(l, 29) = 5.935, p = 0.021), with patients performing more poorly than control 

subjects. This main effect of presence or absence of stroke was abolished when VIQ was also 

included in the analysis as a covariate (ANCOVA: F(l, 28) = 0.366, p = 0.550).

The observed deficits on the CELF-111 Receptive Language scale in patients might be accounted 

for by working memory difficulties since some of the subtests on this scale (i.e. Sentence 

Structure, Concepts and Directions and Word Classes) require subjects to temporarily retain and 

manipulate information in the absence of repetition of that information in order to perform the 

tasks. The main effect of presence or absence of stroke was abolished when the WISC-IIIAVAIS- 

111 Digit Span scores were also included in the analysis as a covariate (ANCOVA: F(l, 28) = 

0.679, p = 0.417).
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Figure 4.1. CELF-III Receptive Language standard scores (mean +/- SEM)

The individual subtests of the CELF-lIl Receptive Language scale were analysed separately to 

determine whether the patients had specific impairments that explain their performance deficits on 

Receptive Language. Statistical analyses showed no evidence for an interaction between presence 

or absence of stroke and side of injury for any of the subtests. Evidence for a main effect of 

presence or absence of stroke on the Word Classes subtest was observed (ANCOVA: F(l, 27) = 

6.209, p = 0.019), with patients performing more poorly than control subjects. This main effect of 

presence or absence of stroke was abolished when VIQ was also included in the analysis as a
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covariate (ANCOVA: F(l, 26) = 0.833, p = 0.370). The main effect of presence or absence of 

stroke was also abolished when WISC-IIIAVAIS-III Digit Span scores were included in the 

analysis as a covariate (ANCOVA: F(l, 26) = 1.879, p = 0.182). Evidence for a main effect of 

presence or absence of stroke on the Sentence Structure subtest was observed (ANCOVA: F(l, 7) 

= 8.074, p = 0.025), with patients performing more poorly than control subjects. This main effect 

of presence or absence of stroke was weakened when VIQ was also included in the analysis as a 

covariate (ANCOVA: F(l, 6) = 4.543, p = 0.077). The main effect of presence or absence of 

stroke remained even when WlSC-IIIAVAlS-III Digit Span scores were included in the analysis 

as a covariate (ANCOVA: F(l, 6) = 8.083, p = 0.029).

Group RL Total Sentence
Structure

Concepts and 
Directions

Word Classes Semantic
Relationships

B G l 9L3 (6.5) 6.5 (1.9) 8.3 (1.2) !L8(I.3) Sk8 (1.7)

C l 102.3 (3.12) lO.O (0.6) 10.5 (0.7) 10.9 (0.7) 9.7 (1.4)

B G r 90.6 (4.8) 6.3 (0.9) 10.1 (0.8) 7.5 (1.7) 9.8 (1.4)

C r 103.4 (6.9) 13.0 (2.0) 10.0(1.3) 10.9(1.2) 10.6(1.7)

Table 4.2. CELF-III Receptive Language total and subtest scaled scores (mean +!- SEM)

4.4.2 Expressive Language

Figure 4.2 and Table 4.3 show the results of the assessment of expressive language using the 

CELF-III Expressive Language scale. Statistical analysis showed no evidence for an interaction 

between presence or absence of stroke and side of injury. Weak evidence for a main effect of 

presence or absence of stroke was observed (ANCOVA: F(I, 29) = 3.748, p = 0.063), with 

patients performing more poorly than control subjects. This main effect of presence or absence of 

stroke was abolished when VIQ was also included in the analysis as a covariate (ANCOVA: F(I, 

28) = 0.003, p = 0.957).
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Figure 4.2. CELF-III Expressive Language standard scores (mean +!- SEM)
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The individual subtests of the CELF-III Expressive Language scale were analysed separately to 

determine whether the patients had specific impairments that explain their performance deficits on 

Expressive Language. Statistical analyses showed no evidence for an interaction between 

presence or absence of stroke and side of injury for any of the subtests. Evidence for a main effect 

of presence or absence of stroke on the Sentence Assembly subtest was observed (ANCOVA: 

F(I, 18) = 8.397, p = 0.010), with patients performing more poorly than control subjects. This 

main effect of presence or absence of stroke was abolished when VIQ was also included in the 

analysis as a covariate (ANCOVA: F(I, 17) = 1.880, p = 0.188). Weak evidence for a main effect 

of presence or absence of stroke on the Recalling Sentences subtest was also observed 

(ANCOVA: F(I, 29) = 3.259, p = 0.081). This main effect of presence or absence of stroke was 

abolished when VIQ was also included in the analysis as a covariate (ANCOVA: F(I, 28) = 

0.081, p = 0.778). The observed deficit on the Recalling Sentences subtest in patients might be 

accounted for by working memory difficulties since this task requires subjects to temporarily 

retain and manipulate information in the absence of repetition of that information in order to 

perform the tasks. The main effect of presence or absence of stroke was abolished when the 

WISC-IIIAVAIS-III Digit Span scores were included in the analysis as a covariate (ANCOVA: 

F(I, 28) = 0.017, p = 0.899).

Group EL Total Word Formulated Recalling Sentence
_______________________Structure______Sentences_____ Sentences_____ Assembly_____
BGl 88.9(7.0) 7.0 (2.3) 9.6 (1.3) 6.8 (L I) 8.6 (1.3)

Cl 102.3(4.5) 11.7(1.2) 10.7(0.9) 9.7 (1.0) 10.0(0.8)

B G r 100.7 (4.8) 11.0(0.6) 11.7(1.0) 9.6 (1.3) 7.3 (L I)

C r 110.1(10.0) 13.0(1.0) 11.6(1.4) 11.1(2.0) 11.4(1.7)

Table 4.3. CELF-III Expressive Language total and subtest scaled scores (mean +/- SEM)

4.4.2.1 Sentence Formulation

Results from the assessment of sentence formulation using the Recreating Speech Acts/Recreating 

Sentences subtests from the TLC-E are shown in Table 4.4. Statistical analysis showed no 

evidence for an interaction between presence or absence of stroke and side of injury. No evidence 

for a main effect of presence or absence of stroke was observed.

4.4.2.2 Expressive Vocabulary

Figure 4.3 and Table 4.4 show the results of the assessment of expressive vocabulary using the 

EOWPVT. Statistical analysis showed no evidence for an interaction between presence or 

absence of stroke and side of injury. Weak evidence for a main effect of presence or absence of 

stroke was observed (ANCOVA: F(I, 29) = 3.072, p = 0.090), with patients performing more
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poorly than control subjects. This main effect of presence or absence of stroke was abolished 

when VIQ was also included in the analysis as a covariate (ANCOVA: F(l, 28) = 0.002, p = 

0.969).
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Figure 4.3. EOWPVT standard scores (mean +/- SEM)

4.4.2.3 Verbal Fluency
Figure 4.4 and Table 4.4 show the results of the assessment of verbal fluency using the COW AT. 

Statistical analysis showed no evidence for an interaction between presence or absence of stroke 

and side of injury. Weak evidence for a main effect of presence or absence of stroke was observed 

(ANCOVA: F(l, 29) = 4.049, p = 0.054), with patients performing more poorly than control 

subjects. This main effect of presence or absence of stroke was abolished when VIQ was also 

included in the analysis as a covariate (ANCOVA: F(l, 28) = 1.036, p = 0.317).
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Figure 4.4. COW AT z-scores (mean +/- SEM)
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Group TLC-E EOWPVT COWAT

B G l, 8.7 (1.1) 95.6 (6.6) -1.22 (0.62)

C l 11.0 (0.5) 100.5 (4.4) -0.02 (0.24)

B G r 11.7(1.2) 102.3 (4.2) -0.11 (0.32)

C r 10.7 (0.3) 113.7 (4.7) 0.66 (0.51)

Table 4.4. Sentence formulation and expressive vocabulary scaled scores and verbal fluency z- 
scores (mean +/- SEM)

4.4.3 Reading and Spelling

4.4.3.1 Word Reading

Figure 4.5 and Table 4.5 show the results of the assessment of reading using the WORD Basic 

Reading subtest. Statistical analysis showed no evidence for an interaction between presence or 

absence of stroke and side of injury. Strong evidence for a main effect of presence or absence of 

stroke was observed (ANCOVA; F(l, 29) = 16.542, p < 0.001), with patients performing more 

poorly than control subjects. This main effect of presence or absence of stroke was weakened 

when VIQ was also included in the analysis as a covariate (ANCOVA: F(l, 28) = 3.919, p = 

0.058).
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Figure 4.5. WORD Basic Reading standard scores (mean +/- SFM)

4.4.3.2 Word Spelling

Figure 4.6 and Table 4.5 show the results of the assessment of spelling using the WORD Spelling 

subtest. Statistical analysis showed no evidence for an interaction between presence or absence of 

stroke and side of injury. Strong evidence for a main effect of presence or absence of stroke was 

observed (ANCOVA: F(l, 29) = 24.187, p < 0.001), with patients performing more poorly than
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control subjects. This main effect of presence or absence of stroke remained even when VIQ was 

also included in the analysis as a covariate (ANCOVA; F(l, 28) = 7.995, p = 0.009).

petiert left œ rtn d  left petiert r i ^  oontrd r i ^

Figure 4.6. WORD Spelling standard scores (mean +/- SEM)

4.4.3.3 Nonword Reading

Figure 4.7 and Table 4.5 show the results of the assessment of spelling using the PhAB Non word 

Reading Test. Percentage raw scores were used in these analyses, and so the scores had not been 

scaled according to age. Age at assessment was therefore included as an additional covariate in 

this analysis. Statistical analysis showed no evidence for an interaction between presence or 

absence of stroke and side of injury. Strong evidence for a main effect of presence or absence of 

stroke was observed (ANCOVA: F(l, 25) = 17.041, p < 0.001), with patients performing more 

poorly than control subjects. This main effect of presence or absence of stroke was weakened 

when VIQ was also included in the analysis as a covariate (ANCOVA: F(l, 25) = 3.886, p = 

0.060).

peOertleft ocrtrd left petiert riÿt ocrtrd riÿt

Figure 4.7. PhAB Non word Reading Test percentage error raw scores (mean +/- SEM)
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4.4.3.4 Nonword Spelling

Figure 4.8 and Table 4.5 show the results of the assessment of spelling using the PALPA 

Non word Spelling Test. Percentage raw scores were used in these analyses, and so the scores had 

not been scaled according to age. Age at assessment was therefore included as an additional 

covariate in this analysis. Statistical analysis showed no evidence for an interaction between 

presence or absence of stroke and side of injury. Strong evidence for a main effect of presence or 

absence of stroke was observed (ANCOVA: F(l, 25) = 9.141, p = 0.006), with patients 

performing more poorly than control subjects. This main effect of presence or absence of stroke 

was abolished when VIQ was also included in the analysis as a covariate (ANCOVA: F(l, 24) = 

2.262, p = 0.146).
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Figure 4.8. PALPA Non word Spelling Test percentage error raw scores (mean +/- SEM)

Group WORD Basic 
Reading

WORD Spelling PhAB Nonword 
Reading

PALPA Nonword 
Spelling

B G l 95.8 (5.2) 96.7 (5.4) 43.3(12.2) 41.2(11.4)

C l 110.7 (3.5) 112.1 (3.6) 6.5 (2.1) 26.3 (4.2)

B G r 98.3 (7.0) 98.1 (6.0) 34.3 (8.1) 48.8 (5.7)

C r 117.7 (4.7) 121.0 (5.6) 7.0 (3.4) 27.8 (8.8)

Table 4.5. WORD Reading and Spelling subtest scaled scores and PhAB Non word Reading and 
PALPA Nonword Spelling percentage error raw scores (mean +/- SEM)

4.4.4 Hemispheric Side of Injury

The predicted differences in language performance in relation to side of injury were not apparent 

in any of the tests reported above. This may have been due to the small numbers contributing to 

the analyses in this study. However, since the literature on language performance following basal 

ganglia infarctions indicates that language outcome may be highly variable between individuals, 

the performance of individuals within the left- and right-hemispheric injured groups was
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considered. Indeed, it was found that the variance in language performance in patients with left 

hemisphere injuries was much greater than in patients with right hemisphere injuries for the 

majority of assessments. The variance of the residuals was not homogeneous between groups for 

the TLC-E (p = 0.050), the COWAT (p = 0.004), and the PhAB Nonword Reading test (p = 

0.030), with patients with left hemisphere damage showing greater variance on these tests. 

Furthermore, three of the patients with left hemisphere injuries were found to have CELF-in 

language scores that were greater than two standard deviations below the mean, suggesting that 

language performance in these patients was clinically abnormal. Table 4.6 presents the means and 

standard deviations for each assessment reported in this chapter. Figures 4.9 and 4.10 illustrate the 

difference in variance between the left- and right-hemispheric injured groups for the CELF-m 

Receptive and Expressive Language scales. Similar profiles were observed on other measures. 

This large variance in performance in the patients with left hemisphere injuries might therefore be 

preventing differences between the two groups from becoming apparent. Moreover, group 

analyses obscured these individual differences in language performance within the left- 

hemispheric injured group.

Assessment Left hemisphere injured 
group

Right hemisphere injured 
group

CELF-III Receptive Language 91.3 (20.5) 90.6 (12.7)
(standard score)
CELF-III Expressive Language 88.9 (22.1) 100.7 (12.7)
(standard score)
TLC-E Recreating Sentences 8.7 (3.3) 11.7 (3.1)
(scaled score)
EOWPVT 95.6 (20.8) 102.3(11.2)
(standard score)
COWAT -1.2 (1.8) -0.1 (0.8)
(z-score)
WORD Basic Reading 95.8(16.3) 98.3 (18.5)
(standard score)
WORD Spelling 96.7(16.9) 98.1(15.7)
(standard score)
PhAB Non word Reading Test 43.3 (36.6) 34.3 (21.3)
(percentage error score)
PALPA Non word Spelling Test 41.1 (32.3) 48.8 (15.2)
(percentage error score)

Table 4.6. Descriptive statistics for all tests (mean +/- SD)
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Language standard scores for patients with left Expressive Language standard scores for
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The effects of hemispheric side of injury were investigated further by comparing only patients 

with early acquired injuries (i.e. acquired below the age of 5 years) in the left-hemispheric injured 

group (n = 3) with those of the right-hemispheric injured group (n = 5). This cut-off was based on 

the divisions used by Vargha-Khadem et al. (2000). The data were analysed in this way to ensure 

that any absence of an effect of side of injury was not a reflection of the differences in age at 

injury between the two patient groups. No effects of hemispheric side of injury within the group 

of patients with early acquired injuries were observed for any of the assessments reported in this 

chapter.

4.4.5 Age at Injury

Correlation analyses were run between the age of acquisition of the infarction and results of each 

of the assessments reported above. No correlations were observed between age at injury and any 

of the assessments of language, reading and spelling, with the exception of one test: the 

Recreating Speech Acts/Recreating Sentences subtest of the TLC-E. A negative correlation (R = - 

0.501, p = 0.05) was observed, suggesting that patients who sustained their injuries earlier in life 

performed better on this test. This correlation was, however, not present in either of the left- and 

right-injured groups when analysed separately. Furthermore, the large number of assessments 

meant that many correlation analyses were carried out, thus increasing the probability of a false 

positive. For these reasons, this result should be interpreted with caution. Figure 4.11 shows the 

correlation between the Recreating Speech Acts/Recreating Sentences subtest of the TLC-E and 

age at injury.
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Figure 4.11. Correlation between Recreating Speech Acts/Recreating Sentences subtest of the 
TLC-E and age at injury

The effects of age at injury were investigated further by dividing the left-hemispheric injured 

group into those with early injuries (i.e. acquired below the age of 5 years) (n = 3) and those with 

late injuries (i.e. acquired above the age of 5 years) (n = 7). The data were analysed in this way to 

determine whether the large variance observed within the left-hemispheric injured group was a 

reflection of age at injury. No effects of age at injury within the group of left-hemispheric injured 

patients were observed for any of the assessments reported in this chapter.

4.4.6 Time Elapsed since Injury

Correlation analyses were run between time elapsed since injury and results of each of the 

assessments reported above. No correlations were observed between time elapsed since injury and 

any of the assessments of language, reading and spelling. The variation in results is therefore 

unlikely to be explained by differences in time elapsed since infarction.

4.5 Discussion

4.5.1 Receptive Language

The assessment of receptive language, using the CELF-III Receptive Language scale, provided 

evidence that patients with stroke had more difficulty than control subjects on this assessment. No 

evidence for an effect of side of injury was observed. Results from the separate analyses of the 

subtests that make up the CELF-III Receptive Language scale provided evidence to suggest that 

patients with strokes performed more poorly than control subjects on two subtests from this scale: 

the Words Classes and Sentence Structure subtests. The finding of an effect of presence or
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absence of stroke on the Sentence Structure subtest should be interpreted with caution because the 

age boundaries for this subtest meant that it was only used with children aged 8 years and below, 

thus limiting the number of contributing subjects to a total of 12. These results of lower receptive 

language function in comparison to matched control subjects were not predicted on the basis of 

previous studies of adults and children with similar lesions, in which a prevalence of expressive 

over receptive language deficits has been reported (e.g. Wallesch et a l, 1983; Mega and 

Alexander, 1994; Copland et al, 2000). However, receptive language difficulties have 

occasionally been reported to follow basal ganglia damage in adults (e.g. Naeser et al, 1982). The 

discrepancy between this finding and those of the majority of other studies might be a reflection 

of a reduction in working memory abilities in these patients (reported in Chapter 2) that are 

necessary for normal performance on the Receptive Language scale of the CELF-m. Some of the 

CELF-III Receptive Language subtests (i.e. Sentence Structure, Concepts and Directions and 

Word Classes) require subjects to temporarily retain and manipulate information in the absence of 

repetition of that information in order to perform the tasks. Reduced working memory abilities 

might therefore be expected to lead to performance deficits on these tasks. The impairments in 

receptive language were, indeed, accounted for by a reduction in working memory abilities, since 

the effect was abolished with the inclusion of WISC-IIIAVAIS-HI Digit Span scores as a covariate 

in the analyses. Previous studies have demonstrated language comprehension difficulties in 

patients with short-term memory impairments, with greater difficulties occurring with increasing 

demands on working memory, especially when the retention and processing of long sentences is 

required for accurate comprehension (Vallar and Baddeley, 1984; Baddeley and Wilson, 1988). 

This explanation gains further strength in the light of findings of a number of studies of animals 

with experimental lesions (Goldman-Rakic, 1995; Levy et a l, 1997) and patients with basal 

ganglia disorders (Lawrence et al, 1996; 2000) linking the basal ganglia and their circuitry to 

working memory.

4.5.2 Expressive Language

Results from the assessments of expressive language, using the CELF-III Expressive Language 

scale, provided weak evidence that patients with stroke performed more poorly than control 

subjects on this assessment. No evidence for an effect of side of injury was observed. Results 

from the separate analyses of the subtests that make up the CELF-III Expressive Language scale 

provided evidence that patients performed more poorly than control subjects on the Sentence 

Assembly subtest from this scale. The Sentence Assembly subtest is used to evaluate the ability to 

assemble syntactic structures into grammatically acceptable and semantically meaningful 

sentences. Difficulties in these domains are consistent with many findings of deficits in syntactic 

construction (e.g. Mega and Alexander, 1994; Wallesch et al, 1983) in adults with basal ganglia
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infarctions. Such deficits are said to represent impairments in the automatic access to or 

recruitment of proceduralised syntactic systems necessary for sentence construction (Nadeau, 

1988), as discussed in relation to the production of rule-based speech forms in Chapter 3. Weak 

evidence that patients performed more poorly than control subjects was also observed on the 

Recalling Sentences subtest from this scale. The Recalling Sentences subtest assesses the ability 

to recall and reproduce surface structure as a function of syntactic complexity. Successful 

performance on the Recalling Sentences subtest again requires intact working memory abilities. 

The impairments in Recalling Sentences were accounted for by a reduction in working memory 

abilities, since the effect was abolished with the inclusion of WISC-IIIAVAIS-III Digit Span 

scores as a covariate in the analyses.

Results from the assessment of sentence formulation, using the TLC-E Recreating Speech 

Acts/Recreating Sentences subtest, provided no evidence for a discrepancy between the 

performance of patients and control subjects and no evidence for an effect of side of injury on this 

assessment. This result is consistent with the absence of an effect of stroke and side of injury on a 

similar measure, the Formulated Sentences subtest on the CELF-III. These results are, however, 

contrary to predictions based on studies of adults with basal ganglia infarctions in which sentence 

generation was found to be impaired (Mega and Alexander, 1994; Copland et a l, 2000), including 

deficits on the Recreating Sentences subtest of the TLC-E (Copland et a l, 2000). These findings, 

taken to be indicative of deficits in meta-linguistic functions, lexical-semantic manipulation and 

language strategy and integration, were thought to have arisen from disruption to higher order 

linguistic operations thought to be dependent on input from the frontal lobes to the basal ganglia 

(Copland et a l, 2000). The absence of such impairments might be a reflection of the younger age 

of injury of the patients in these studies. It might be that higher order linguistic operations do not 

emerge until later in development, and therefore, difficulties in these domains might become 

apparent relative to expectations for their age at a later stage.

Results from the assessments of expressive naming and verbal fluency, using the EOWPVT and 

the COWAT assessments respectively, provided weak evidence that patients performed more 

poorly than control subjects on these assessments. No effects of hemispheric side of injury were 

found on either of these tests. These results are supportive of the frequent findings of naming 

impairments in adults (e.g. Mega and Alexander, 1994; Copland et a l, 2000; Alexander et al, 

1987; Cappa et a l, 1983; Damasio et a l, 1982; Naeser et al, 1982; Wallesch, 1985) and in 

children (Aram et a l, 1983; Nass et a l, 1988; Cranberg et a l, 1987; Aram and Eisele, 1992; 

Martins and Ferro, 1992; 1993; Martins, 2000) with basal ganglia infarctions. These results are 

compatible with the theory that cortico-striato-thalamo-cortical pathways are important in lexical 

retrieval processes (Crosson, 1985; Wallesch and Papagno, 1988), possibly via extra-linguistic
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processes that regulate and modulate cortical activity through the action of overlapping cortical 

and subcortical parallel networks (Wallesch and Papagno, 1988; Copland et a l, 2000).

4.5.3 Reading and Spelling

Results from the assessment of reading and spelling, using the WORD Basic Reading and 

Spelling subtest, the PhAB Nonword Reading test and the PALPA Nonword Spelling test, 

provided strong evidence that patients performed more poorly than control subjects on all of these 

measures. No effects of hemispheric side of injury were found on any of these tests. These results 

are consistent with observations of deficits in nonword reading and spelling in the KB family 

(Watkins et al, 2002a). Furthermore, the findings are in accordance with previous reports of 

reading and spelling difficulties in children with basal ganglia infarctions (e.g. Aram et al, 1983; 

Cranberg et a l, 1987; Martins and Ferro, 1992). Such difficulties have been observed in the long

term after basal ganglia injuries, and have remained even after other language difficulties have 

resolved (Aram et a l, 1983; Cranberg et a l, 1987; Martins and Ferro, 1992). Similarly, in this 

study, the reading and spelling impairments appeared to be more marked relative to control 

subjects than the receptive or expressive language difficulties across the whole patient group. 

Impairments in reading and spelling in children with basal ganglia infarctions have previously 

only been reported in relation to left hemisphere injuries, while this study shows that patients with 

either left- or right-hemispheric damage are vulnerable to such difficulties.

The findings of reading and spelling difficulties in this patient group might be indicative of a role 

for the basal ganglia circuitry in these functions. Alternatively, reading and spelling impairments 

might result from other difficulties that are related to the basal ganglia injuries. For example, 

previous research suggests a strong link between expressive phonological abilities and literacy 

skills (Bird et al, 1995). In their study, children with expressive phonological impairments were 

found to have lower phonological awareness and literacy skills in comparison to control subjects. 

Results were taken to indicate that both expressive phonological impairments and lower literacy 

skills arose from a failure to analyse syllables into smaller phonological units (Bird et al, 1995). 

The patients involved in the current studies also appeared to have expressive phonological 

difficulties (reported in Chapter 3), and the co-occurrence of literacy difficulties might be 

indicative of impaired phonological awareness underlying both problems. A further possibility is 

that such impairments are the result of a general reduction in learning potential or cognitive 

resources that occurs after brain injury, regardless of site or side of injury (Copland et al, 2000).
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4.5.4 Relationship between Language, Reading and Spelling and Verbal IQ

The majority of effects of stroke on performance on the assessments reported in this chapter were 

abolished when Verbal IQ was included in the analyses as a covariate. The only remaining 

effects, which were considerably weakened with the inclusion of Verbal IQ in the analyses, were 

for the Sentence Structure subtest of the Receptive Language scale of the CELF-III, the WORD 

Reading and Spelling subtests, and the PhAB Nonword Reading subtests. These results suggest 

that the effects of stroke on performance of language tests are related to changes in Verbal IQ. A 

reduction in Verbal IQ also appeared to be a consequence of stroke (as reported in Chapter 2), and 

therefore, it is difficult to attribute cause and effect processes, since a fall in Verbal IQ might 

result from deficits in language or vice versa. Alternatively, speech, language and verbal 

intelligence might be highly interactive, and influence each other in the functional outcome of 

stroke.

4.5.5 Hemispberic Side of Injury

The predicted differences in language performance in relation to side of injury were not apparent 

in any of the tests reported above. This may have been due to the small numbers contributing to 

the analyses in this study. However, since the literature on language performance following basal 

ganglia infarctions indicates that language outcome may be highly variable between individuals, 

the performance of individuals within the left- and right-hemispheric injured groups was 

considered. Indeed, it was found that the variance in language performance in patients with left 

hemisphere injuries was much greater than in patients with right hemisphere injuries for the 

majority of assessments. Furthermore, three of the patients with left hemisphere injuries were 

found to have CELF-III language scores that were greater than two standard deviations below the 

mean, suggesting that language performance in these patients was clinically abnormal. This large 

variance in performance in patients with left hemisphere injuries might therefore be preventing 

differences between the two groups from becoming apparent. Moreover, group analyses obscured 

these individual differences in language performance within the left-hemispheric injured group. 

This variation in the presence and nature of language deficits following basal ganglia damage in 

these patients is similar to that observed by a number of authors reporting on adults with similar 

lesions (e.g. Cappa et a l, 1983; Fromm et a l, 1985; Alexander et a l, 1987; Basso et a l, 1987; 

Kertesz, 1992; Weiller et al, 1990; 1993; Nadeau and Crosson, 1997).
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4.5.6 Age at Injury

The possible effects of age at injury on outcome were investigated with correlation analyses 

between the age at acquisition of the infarction and results of each of the assessments reported 

above. No evidence for correlations between age at injury and any of the assessments of language, 

reading and spelling was observed, with the exception of one test: the Recreating Speech 

Acts/Recreating Sentences subtest of the TLC-E. This negative correlation suggests that patients 

who had sustained their injuries earlier in life demonstrated better performance on this test. This 

correlation was, however, not present in the left- and right-injured groups when analysed 

separately, suggesting that this result should be interpreted with caution. The effect of age at 

injury on performance is consistent with the idea that the developing brain has a greater capacity 

for functional compensation, particularly early in development (Milner, 1974; Teuber, 1974). 

However, the effect of age at injury could not account for the variation in performance on the 

other assessments reported in this chapter, or if it was related to performance on these measures, 

was obscured by stronger factors contributing to the variance.

4.5.7 Time Elapsed since Injury

The possible effects of time elapsed since injury on outcome was investigated with correlation 

analyses between time since the infarction and results of each of the assessments reported above. 

No evidence for correlations between time elapsed since injury and any of the assessments of 

language, reading and spelling was observed across the total patient group or when the patient 

group was divided according to hemispheric side of injury. The variation in results is therefore 

unlikely to be explained by differences in time elapsed since infarction.

4.6 Conclusions

The results reported in this chapter suggest that the patients with unilateral basal ganglia injuries 

in these studies were impaired in the performance of receptive, and to a lesser extent, expressive 

language functions. No evidence for an effect of hemispheric side of injury on language 

performance was observed. This absence of a predicted effect of side of injury was attributed to 

the greater variance in performance of patients with left hemisphere injuries, particularly on the 

assessments of receptive and expressive language functions. Some patients in this group showed 

no evidence for language difficulties, while others were found to have considerable language 

difficulties in both receptive and expressive domains. Three patients with left hemispheric injuries 

had CELF-III language scores that were greater than two standard deviations below the mean, 

suggesting that language performance in these patients was clinically abnormal. These results
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suggest that damage to the left hemisphere basal ganglia alone was not sufficient to result in long

term language deficits. Language deficits in some of the patients in this group might therefore be 

related to the presence of additional factors. One possibility is that imaging abnormalities 

extending beyond the basal ganglia that are not apparent on conventional imaging might explain 

the variance in performance seen in this patient group.
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Chapter 5: Imaging Abnormalities and Structure - Function 

Relationships in Patients with Basal Ganglia Infarctions

The speech and language impairments in the children and young adults with infarctions of the 

basal ganglia, reported in Chapters 3 and 4, might be explained by damage to the basal ganglia or 

abnormalities that are not apparent on conventional MR imaging. The investigations of structural 

and functional brain abnormalities, using a comprehensive MR imaging protocol, will be 

presented in this chapter and related to the results of the neuropsychological studies reported in 

Chapters 3 and 4. This chapter begins with a discussion of studies indicating possible 

explanations for language difficulties following infarctions of the basal ganglia. These 

explanations include the direct involvement of specific basal ganglia nuclei, or more indirect 

involvement through white matter tract damage, disconnection of cortical language areas, and 

cortical hypoperfusion.

5.1 Introduction

The question of whether unilateral basal ganglia damage acquired during childhood affects the 

development of speech and language functions needs to be addressed by relating any observed 

impairments in these skills to the side and specific site of injury. Anatomical studies and studies 

of humans with disorders of the basal ganglia indicate that these structures are necessary for intact 

motor control (see Mink, 1999 for a review) and that this includes the motor control of speech 

(Alexander et al, 1990). Disorders of the basal ganglia, as in Parkinson’s disease (Darley et al, 

1975; Ho et al, 1998), inherited verbal dyspraxia (Hurst et al, 1990; Vargha-Khadem et al, 

1995; 1998; Watkins et al, 1999; Alcock et al, 2000; Watkins et al, 2002a; 2002b) and 

infarctions of the basal ganglia in adults (Damasio et al, 1982; Naeser et al, 1982; Brunner et al, 

1982) and children (Aram et al, 1983; Cranberg et al, 1987; Martins and Ferro, 1992) provide 

evidence for the participation of these structures in the motor control of speech, with particular 

involvement in sequential articulation. Functional imaging studies with healthy individuals also 

indicate a role for the basal ganglia in articulation (Murphey et al, 1997; Wise et al, 1999). 

Numerous studies of adults, and a few reports of children with basal ganglia infarctions provide 

less conclusive evidence that the left hemisphere basal ganglia are necessary for intact linguistic 

processing (e.g. Damasio et al, 1982; Alexander et al, 1987; Nadeau and Crosson, 1997; 

Martins, 2000). A review of studies of speech and language disorders associated with basal 

ganglia damage in adults and children is presented in Chapter 1.
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The behavioural studies reported in this thesis (see Chapters 3 and 4) provided evidence for 

difficulties in motor speech control in the total patient group compared to control subjects (CMS 

Sequences, CTOPP Rapid Automatic Naming, time-by-count test of diadochokinesis errors, 

CNRep, and Nonword Learning). Similarly, the behavioural studies of language indicated that the 

total patient group was impaired relative to control subjects on a standardised measure of 

receptive and expressive language function (CELF-III), although a number of tests of language 

also showed no evidence, or only weak evidence, for differences between the patient and control 

groups (TLC-E, EOWPVT and COWAT). No evidence for an effect of hemispheric side of 

damage was found on the majority of measures of speech and on all measures of language. 

However, there was a considerably greater variance in performance in the patients with left 

hemisphere injuries on tests of language in particular. Some patients with left hemisphere injuries 

demonstrated marked difficulties in language function, with three patients in this group having 

scores greater than two standard deviations below the population mean (as measured by the 

CELF-III), while others with apparently similar lesions on conventional neuroradiological 

examination showed no evidence for language difficulties. In contrast, all individuals with right 

hemisphere injuries performed within the normal range on tests of language function. These 

differences in language abilities within the left-hemispheric injured group, and inconsistencies in 

the literature relating aphasia to basal ganglia infarctions in adults and children, might perhaps be 

explained by additional more subtle brain abnormalities that are not seen on conventional MRI. 

Such abnormalities might be detectable using further MRI acquisition techniques such as 

diffusion tensor imaging or perfusion-weighted imaging, or by analysing MR images using 

statistical methods such as voxel-based morphometry. A number of theories based on imaging 

abnormalities have been postulated to explain the association between aphasia and basal ganglia 

damage, including the direct involvement of specific basal ganglia nuclei, white matter tract 

damage, deficient basal ganglia input to the cortex, and cortical hypoperfusion. These theoretical 

positions are discussed below.

Specific nuclei of the basal ganglia may play a direct role in speech and language functions. The 

caudate nucleus has been implicated in speech and language in studies of the four-generation KE 

family. Half the members of this family suffer from an inherited verbal dyspraxia that has been 

linked to bilateral volume reduction of the caudate nuclei (Vargha-Khadem et al, 1998; Watkins 

et al, 1999; 2002b). Similarly, Tallal et al (1994) reported the case of a 10 year-old boy with 

severe developmental delay in speech and language associated with bilateral damage to the head 

of the caudate nuclei. In support of these observations, Damasio et al (1982) and Gurd and 

Bamford (1997) argued that damage to the anterior region of the head of the dominant hemisphere 

caudate nucleus is critical in the manifestation of language impairments following basal ganglia 

infarctions in adulthood. Damasio et al (1982) observed language disturbance in patients whose
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lesions included damage to the anterior portion of the head of the caudate nucleus, the anterior 

limb of the internal capsule and the anterior and superior putamen. In contrast, lesions involving 

posterior regions of the internal capsule, posterior portion of the head of the caudate nucleus and 

posterior putamen were not associated with aphasia. Similarly, Gurd and Bamford (1997) 

observed language impairments in a patient with a lesion involving the basal ganglia, including 

the head of the caudate nucleus, and internal capsule. In a patient with a similar lesion but with no 

involvement of the caudate head, no language deficits were observed. Language disturbances 

following damage to the head of the caudate nucleus may be directly related to involvement of 

this structure in linguistic processes. Alternatively, it may be that language deficits are the result 

of damage to this structure disrupting connections to and from other language sites, such as the 

connections between the temporal association cortex and the head of the caudate nucleus 

(Damasio et al, 1982) (see below for discussion on language impairments following cortical 

disconnection). In support of studies highlighting the importance of the head of the caudate 

nucleus in language, caudate nucleus activation has been observed in fMRI studies involving 

expressive language tasks such as verb generation (e.g. Crosson et al, 1997). These studies 

suggest that the basal ganglia are involved in normal language processing either directly or 

indirectly through their connections with cortical language sites.

The observed variation in severity and type of aphasia following subcortical damage might in 

principle be explained by lesion size. Severity of and recovery from aphasia (cortical and 

subcortical) has been shown to correlate with lesion size (Kertesz et al,  1979; Weiller et al, 

1993). Basso et al (1987) argued that aphasia resulting from basal ganglia lesions is less severe 

than aphasia resulting from cortical lesions (Mohr et al, 1975; Ferro, 1992; Liebermann et al, 

1986) because the former tend to be smaller. Such assertions, however, have failed to find 

support. Studies have shown an absence of a correlation between lesion size and severity (Naeser 

et al,  1982; Demeurisse et al, 1985) or type of aphasie impairment (Willmes and Poeck, 1993) 

following basal ganglia lesions in adults.

The basal ganglia are surrounded by white matter pathways that connect these nuclei to the 

thalamus, much of the cerebral cortex and the brain stem (Carpenter, 1991). White matter tracts 

surrounding the basal ganglia also contain extensive projections between the thalamus, cerebral 

cortex and brainstem that do not involve connections with the basal ganglia (see Chapter 1). 

Lesions affecting the basal ganglia frequently include damage to these white matter tracts, 

particularly affecting the internal capsule and sometimes extending into the external capsule, 

extreme capsule and corona radiata. It might therefore be that speech and language difficulties 

associated with basal ganglia injury are not necessarily a direct result of injury to the basal ganglia 

nuclei. These difficulties might be explained by damage to white matter connections between the
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basal ganglia and the cortex or even to white matter tracts that do not involve the basal ganglia but 

pass between these nuclei and connect the cortex with the thalamus and brain stem.

A number of studies of basal ganglia infarctions in adults have concluded that white matter tract 

damage is crucial in the manifestation of speech and language deficits (Naeser et al, 1982; 

Liebermann et al, 1986; Alexander et al,  1987) and that the type of linguistic disturbance 

exhibited is dependent on the specific region of white matter tract damage (Naeser et al, 1982). 

Naeser et al  reported nine cases of capsular-putaminal lesions. Those with lesion extension into 

anterior-superior white matter, involving projections to the SMA and anterior cingulate to the 

frontal operculum exhibited linguistic impairments similar to Broca’s aphasia. Patients with lesion 

extension into the posterior white matter across the auditory radiations of the temporal isthmus 

demonstrated poor comprehension, but fluent speech resembling that of Wernicke’s aphasia. 

Patients with lesion extension into both anterior and posterior white matter surrounding the basal 

ganglia were found to be globally aphasie. These findings were confirmed by Alexander et al 

(1987) and suggest that white matter damage is crucial in the manifestation of aphasia following 

basal ganglia infarctions. Moreover, Alexander et al (1987) argued that vascular lesions restricted 

to the striatum and not surrounding white matter result in minimally aphasie symptoms, although 

left hemisphere striatal lesions may be associated with disruptions to articulation, (Damasio et al, 

1982; Alexander, 1989) such as dysarthria (Caplan et al, 1990).

Language impairments observed in adult patients with left hemisphere basal ganglia infarctions 

have been linked to the presence of abnormalities beyond the basal ganglia and surrounding white 

matter. Such abnormalities might be the result of diaschisis, i.e. reduced cortical activity at a 

distance from a focal lesion (von Monakow, 1914) that could be caused by deafferentation from 

the subcortical inputs or remote hypoperfusion (see below). The basal ganglia are part of a 

complex circuit involving large regions of the cerebral cortex and the brain stem (details of basal 

ganglia circuitry are given in Chapter 1). Virtually all areas of the cerebral cortex, including 

frontal and temporal regions (Rolls and Johnstone, 1992) involved in speech and language 

processing, project ipsilaterally to the basal ganglia and back to the same cortical regions via the 

thalamus. Therefore, it might be expected that damage involving the basal ganglia nuclei would 

deprive the language cortices of neuronal input. This may lead to inactivity of the connected 

regions of the cortex and may even progress to Wallerian degeneration, i.e. the anterograde 

degeneration of axons and myelin sheaths following proximal neuronal injury (Werring et al,

2000), in the long-term. Unilateral basal ganglia lesions in rats have been shown to result in 

ipsilateral cortical metabolic depression, due to the disruption of afferent fibre pathways (London 

eta l,  1984).
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The cortical disconnection hypothesis gains support from SPECT studies by Perani et al (1987) 

and Okuda et al (1994) involving groups of patients with and without aphasia or neglect 

following ischaemic or haemorrhagic infarctions of the subcortical structures. The presence of 

aphasia was associated with a reduction in cortical perfusion mainly involving perisylvian regions 

including Broca’s and Wernicke’s areas, while cortical blood flow abnormalities in non-aphasic 

patients were less severe and spared the perisylvian language regions (Okuda et al, 1994). Perani 

et al (1987) argued that the impairments were the result of diaschisis and not reduced perfusion 

because cortical hypoperfusion tends to be associated with ICA occlusion (Weiller et al, 1990) 

and this was only present in 2 of the 8 patients with ischaemic lesions and 8 of the 16 patients 

with haemorrhagic lesions. Instead, the perfusion deficit was thought to be a result of reduced 

cortical activity caused by deafferentation from the subcortical inputs.

An alternative explanation for abnormalities remote from the core lesion site affecting speech and 

language following basal ganglia injury is that of cortical hypoperfusion in regions that appear 

structurally normal (Nadeau and Crosson, 1997). Since infarctions of the basal ganglia usually 

involve the MCA or ICA, the entire MCA territory is at risk. In the left hemisphere, this territory 

includes the perisylvian cortex, which is essential for language functions (Nadeau and Crosson, 

1997). Consistent with the cortical hypoperfusion theory is the observation that basal ganglia 

infarctions do not always result in aphasia and when they do, there is no consistent pattern of 

impairments, even following well-circumscribed lesions such as striatocapsular infarctions 

(Kertesz, 1992; Weiller et al, 1993; Nadeau and Crosson, 1997). This suggests that an additional 

mechanism is involved in the manifestation of aphasia following basal ganglia damage, and that 

aphasia is not related to the direct participation of the basal ganglia nuclei. In a recent report, 

using highly sensitive diffusion- and perfusion-weighted MRI techniques, Hillis et al (2002) 

showed that aphasia or neglect in 44 patients with subcortical infarctions was consistently related 

(in 100% of cases) to cortical hypoperfusion in the MCA territory. Moreover, intervention to 

induce reversal of the cortical hypoperfusion was associated with a resolution of aphasia in all 6 

of the patients who underwent intervention. They also showed that the presence of aphasia or 

neglect was highly predictive of cortical hypoperfusion in 115 patients with cortical and/or 

subcortical infarctions. The extent of cortical perfusion abnormality in left hemisphere language 

regions has been found to relate to the severity of language impairment using PET and SPECT 

methods (Karbe et al, 1989; Demeurisse et al, 1990; 1991; Demonet et al, 1992). Persistent 

aphasia may be associated with discrete cell loss in the long-term in hypoperfused or previously 

hypoperfused cortex (Skyhoj-Olsen et al, 1986). In support of this, Weiller et al (1993) reported 

regions of focal cortical atrophy on MRI that was not visible acutely in the same regions as 

hypoperfusion in adult patients one year after infarction.
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Cortical hypoperfusion is more likely to occur in cases where an artery remains occluded with 

insufficient collateral blood supply. Weiller et al. (1990) showed that in patients with aphasia or 

neglect and persistent MCA occlusion, rCBF in the MCA territory overlying the subcortical 

infarction was reduced. In contrast, patients without aphasia or neglect and no evidence of 

perfusion abnormalities were more likely to show rapid recanalisation of arteries (Weiller et al, 

1990). The time course for the spontaneous recanalisation of the occluded artery is thought to be 

crucial in explaining the presence or absence of neuropsychological deficits following 

striatocapsular infarctions (Weiller et al, 1990; 1993). Rapid reopening, the presence of 

retrograde collaterals or the adequacy of anastomatic circulation (i.e. a division of flow that 

causes communication between two vessels without any intervening capillaries) confines the 

lesion to the supply area of proximal basal ganglia arteries. Late reopening or deficient collaterals 

favour inclusion of larger cortical areas, and therefore, aphasia is more likely to occur in such 

cases (Weiller et al, 1993). These differences in the time course of recanalisation and 

effectiveness of anastomatic circulation may be dependent on individual differences in vascular 

supply (Nadeau and Crosson, 1997).

The theory of cortical hypoperfusion mediating language deficits following subcortical damage 

gains support from studies of patients with infarctions of the anterior choroidal artery territory. 

These infarctions are more likely to be restricted to subcortical structures since the anterior 

choroidal arteries are not a branch of the MCA that supplies the cortex and do not affect the 

cortical MCA territory. Most patients with such infarctions do not exhibit language impairments 

(Wallesch et al, 1997), suggesting that the expression of deficits is dependent on cortical 

abnormalities. Moreover, cortical perfusion abnormalities following MCA infarctions have only 

been observed in regions confined to the vascular territories. If a reduction in CBF was due to 

interruption to afferent or efferent cortical connections, hypoperfusion is less likely to be related 

to areas of vascular territories.

Until recently, many studies have been limited by the lack of resolution and sensitivity to different 

properties of tissue imaging. In many cases, this has prevented the relative importance of the 

different mechanisms involved in the manifestation of aphasia from becoming apparent. 

Conventional MR images were used to select the patients to participate in the studies reported 

here. However, additional more subtle brain abnormalities that are not seen on conventional MRI 

might perhaps explain the variation in behavioural profiles reported in Chapter 4. Such 

abnormalities might be detectable using a number of more recently developed MRI acquisition 

and analysis techniques described below. Such techniques were employed in the studies reported 

in this chapter to determine the presence of any abnormalities beyond those seen on the clinical 

images. Damage to specific basal ganglia nuclei, white matter tracts, cortical language zones.
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perfusion and arterial abnormalities were all considered in relation to speech and language 

abnormalities in the patients.

5.1.1 Introduction to MRI Acquisition and Analysis

5.1.1.1 MRI Acquisition

Conventional multi-slice T l- and T2-weighted axial images were acquired for the 

neuroradiological evaluation of lesions. However, additional more subtle brain abnormalities that 

are not seen on conventional MRI might be detectable using a number of more recently developed 

MRI acquisition techniques such as diffusion tensor imaging or perfusion-weighted imaging or by 

analysing MR images using statistical methods such as voxel-based morphometry (VBM).

Three-dimensional data sets were acquired for VBM analyses of structural abnormalities. VBM 

was carried out in order to provide a quantitative measurement of any systematic structural 

damage in comparisons between left- and right-hemispheric damaged patients and their control 

groups and in groups of patients in relation to behavioural measures of motor speech and 

language functions. The 3D-FLASH images used in these studies are high-resolution scans that 

are Tl-weighted, and are optimised for the differentiation of grey and white matter. Such images 

are preferable for VBM analysis (described in section 5.1.1.2) which requires good differentiation 

between tissue types.

Diffusion tensor imaging (DTI) was carried out to provide an additional assessment of white 

matter abnormalities. In diffusion-weighted imaging (DWl), the MRI signal is sensitised to the 

diffusion of water. These images provide information about the diffusivity along the direction of 

the diffusion gradient. DTI provides additional information about the orientation dependence of 

diffusion of water molecules, resulting from microstructural tissue properties (Le Bihan et al, 

2001). In cerebral tissue, the diffusion of water molecules is restricted by cell boundaries. This is 

especially true of white matter, where diffusion is more restricted across the fibres than along the 

length of the fibres (Eriksson et al, 2001). In this case, the diffusion is said to be anisotropic. If 

diffusion is equally possible in all directions, as in CSF, it is said to be isotropic. DTI is sensitive 

to the direction of diffusion motion through the acquisition of DWls with the diffusion-encoding 

gradients applied in at least six non-collinear directions, to permit calculation of a diffusion tensor 

(Basser et al, 1994). The orientation dependence and magnitude of the diffusion process are 

represented as anisotropy maps and diffusivity maps respectively.

DTI can provide information regarding microstructural changes that are not visible on 

conventional MR images (Eriksson et al, 2001). Abnormalities beyond those visible on
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conventional MR images have been shown in a number of patient groups with disorders of white 

matter including those with multiple sclerosis (Werring et al, 1999) and cerebral autosomal 

dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) (Molko et 

al, 2001). Recent evidence suggests that DTI may be useful in the identification of white matter 

tract damage in patients with focal brain disorders such as epilepsy (Eriksson et al, 2001; Rugg- 

Gunn et al, 2001) and stroke (Werring et al 2000; Gillard et al, 2001; Pierpaoli et al, 2001). 

White matter tract degeneration in regions distant from the core site of ischaemic damage, thought 

to be due to Wallerian degeneration, has also been demonstrated (Werring et al, 2000; Gillard et 

al, 2001; Pierpaoli et al, 2001).

Perfusion-weighted imaging (PWI) was carried out to detect the location and extent of cerebral 

blood flow abnormalities beyond the core site of the basal ganglia infarctions. PWI is sensitised to 

blood flow at the level of the capillaries where exchange of oxygen and nutrients takes place 

(Calamante et al, 2002). Most commonly, this is achieved by using a bolus tracking method. This 

involves the intravenous injection of a paramagnetic contrast agent, such as gadolinium-DTPA, 

which alters the MR signal intensity in the region of the blood vessels. If the arterial blood supply 

to any region of the brain is compromised, abnormalities in the change in signal intensity can be 

detected, for example, in the form of a delay or attenuation (Gadian et al, 2000).

PWI provides measures of tissue perfusion (Calamante et al, 2002) and is particularly useful for 

the identification of tissue that is apparently normal on T2- or diffusion-weighted images, but 

where there are perfusion changes. Such tissue can be observed in regions peripheral to the core 

site of an infarction, referred to as the ischaemic penumbra (Connelly et al, 1997), or in the 

complete absence of structural or diffusion abnormalities (Calamante et al, 2002). This may 

represent tissue that is viable, but possibly functionally impaired and at risk of infarction (Gadian 

et al, 2000). Perfusion techniques used in combination with DWI therefore provide a means for 

selecting patients for therapeutic intervention with the aim of preventing ischaemic tissue 

progressing to infarction (Calamante et al, 2002). PWI has most commonly been used to 

investigate acute ischaemic disease. However, this method can also be employed in the 

investigation of chronic perfusion deficits and their relationship to neurological abnormalities as 

seen, for example, in children with sickle cell disease (Kirkham et al, 2001). Magnetic resonance 

angiography (MRA) was also carried out to determine the presence of any arterial abnormalities 

and to assist in the interpretation of PWI in the patients who underwent perfusion imaging.
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5.1.1.2 MRI Analysis

Structural abnormalities on conventional T l- and T2-weighted images were assessed by visual 

inspection of images for each subject. However, as mentioned above, subtle abnormalities that are 

not visible on conventional MR images might have been present in these patients. Such 

abnormalities might be detectable using statistical methods such as voxel-based morphometry 

(VBM). VBM analysis of structural abnormalities is usually carried out on 3D data sets, as with 

the 3D-FLASH images used here. It is also possible to carry out VBM analyses on other types of 

images, such as diffusion tensor images, used in these studies.

VBM is a method of characterising subtle differences in grey and white matter that may not be 

visible on conventional MR images. Furthermore, this technique is not biased towards a given 

structure or regional difference, but can provide a comprehensive analysis of the entire brain. 

VBM has the additional advantage of not being dependent on subjective judgements, but uses an 

automatic procedure to segment grey matter, white matter and CSF, and standardised parametric 

statistics to provide an objective, quantitative measurement of grey and white matter changes 

(Ashbumer and Friston, 2000; Gitelman et al, 2001). VBM provides quantitative information 

through statistical analyses that test hypotheses (with Mests and F-tests) by making comparisons 

between brain images on a voxel-by-voxel basis. Before MR data can be statistically analysed in 

this way, they must first undergo several stages of processing. Statistical Parametric Mapping 

software (SPM99) was used for the processing and VBM analyses of these data. Figure 5.1 

illustrates the processing stages of VBM. The MR data must be normalised so that data from all 

subjects are in the same stereotactic space and structures are mapped broadly into the same frame 

of reference. This allows comparisons to be made between the subjects. Following this, the 

normalised data must be segmented. This is the division of the images into grey matter, white 

matter and CSF. Three images are created that represent the probability that each voxel is grey 

matter, white matter or CSF, depending on its spatial position and signal intensity in comparison 

to a template image derived from control subjects. The data are then smoothed. This involves 

averaging data points with their nearest neighbours through the application of an isotropic 

Gaussian kernel. The data can be sensitised to the spatial scale of the structure(s) of interest by 

applying a smoothing kernel of a similar size to that of the expected differences between the 

different groups of brains. This process filters out background noise and ensures that the data are 

more normally distributed, resulting in an increase in the validity of the subsequent statistical 

analyses. Following these processes, the statistical analyses can be carried out in which the 

derived maps are compared on a voxel-by-voxel basis. Statistical parametric maps are created for 

the entire brain, displaying differences between groups at the voxel level. For a more detailed 

explanation of these processing stages, see Ashbumer and Friston (2000).
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Original Normalized Segmented Smoothed

Figure 5.1. Processing Stages of Voxel-Based Morphometry

Statistical parametric maps, based on voxel-by-voxel comparisons of brains of groups of people, 

comprise the results of many statistical tests because of the large number of voxels in each image. 

It is therefore necessary to correct for these multiple comparisons to avoid false positive results 

(Ashburner and Friston, 2000). The correction used is based on Gaussian Random Field Theory 

and permits interpretation of significant results over the entire brain (corrected p values) or over a 

small volume (small volume correction (SVC) p values). It is also considered acceptable to 

interpret significant results that are not corrected for multiple comparisons in cases where there is 

an a priori hypothesis about a specific region based on evidence from previous studies since 

significant findings in these cases are less likely to represent false positive results.

VBM has been used successfully in a number of studies to identify structural abnormalities in 

various patient groups compared to control groups. Grey matter changes have been identified in 

patients with neurological and psychiatric disorders such as Alzheimer’s disease (Baron et al, 

2001), semantic dementia (Mummery et ai, 2000), herpes simplex encephalitis (Gi tel man et al,

2001), cluster headaches (May et al, 1999; May and Goadsby, 2001) and schizophrenia (Wilke et 

ai, 2001). Moreover, VBM has been used to identify the neurological bases of some cognitive 

disorders: grey matter changes have been found in children with calculation difficulties associated 

with very low birthweight (Isaacs et al, 2001), and in the large family with an inherited speech 

and language disorder discussed in earlier chapters (Vargha-Khadem et al, 1998; Watkins et al, 

2002b; Belton et al, 2003). VBM can also be used to detect subtle abnormalities on DTI. For 

example, VBM has been used to identify white matter abnormalities on diffusion anisotropy maps 

in patients with malformations of cortical development (Eriksson et al, 2001), partial seizures 

(Rugg-Gunn et al, 2001), in subjects with reading difficulties (Klingberg et al, 2000) and in the 

normal development of white matter tracts (Li and Noseworthy, 2002).

Analysis of PWI data is based on semi-quantitative methods to determine the presence of 

haemodynamic abnormalities. The transit of the contrast agent through the brain causes a change 

in signal intensity in the region of the blood vessels. Various dynamic parameters can be
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calculated from the time curve of the signal change (Neumann-Haefelin et al, 2000). Commonly 

used parameters include mean transit time (MTT) of blood through a volume of tissue, relative 

cerebral blood flow (rCBF) and relative cerebral blood volume (rCBV). Maps based on the 

quantification of the dynamic parameters rCBF, rCBV and MTT are then calculated on a pixel- 

by-pixel basis for each subject. Regions of haemodynamic abnormalities on perfusion imaging are 

assessed by visual inspection of these maps.

5.1.2 Aims and Predictions

The aims of the imaging studies were (1) to characterise the site and extent of basal ganglia 

infarctions, including the specific basal ganglia nuclei involved; (2) to characterise the site and 

extent of any white matter tract damage surrounding and beyond the basal ganglia infarctions; (3) 

to identify the presence of cortical structural abnormalities that are not visible on clinical images, 

specifically involving the cortical speech and language regions; (4) to assess for the presence of 

perfusion abnormalities beyond the basal ganglia that have not resulted in structural abnormalities 

but that may produce functional impairments; and (5) to identify relationships between arterial 

abnormalities, deficits in perfusion and functional abnormalities.

Between group comparisons of imaging data from the patient and control groups were carried out. 

The predictions were as follows:

• Patients will have ipsilateral lesion extension into grey and white matter beyond the core site 

of the lesions that were observed on conventional MR imaging

• Patients will have ipsilateral perfusion abnormalities beyond the core site of the lesions that 

were observed on conventional MR imaging (assessed on an individual basis and not in 

comparison to control subjects)

• Based on the results shown in Chapter 3, patients will have damage to regions involved in the 

motor control of speech. The regions predicted to be abnormal in patients with left 

hemisphere damage included the left caudate nucleus, putamen, inferior frontal gyrus, anterior 

insula, SMA and premotor cortex, facial region of the motor cortex and subcortical-cortical 

white matter connections. The regions predicted to be abnormal in patients with right 

hemisphere damage included the right caudate nucleus, putamen, SMA, premotor cortex, 

facial region of the motor cortex and subcortical-cortical white matter connections

• Based on the results shown in Chapter 4, patients will have damage to regions involved in 

receptive language. The regions predicted to be abnormal were the left or right superior 

temporal/inferior parietal cortices in patients with left or right hemisphere damage 

respectively
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• Patients will have damage to regions involved in general motor control. This is based on the 

known involvement of the basal ganglia in motor function and their connections to cortical 

motor areas as well as the observed significant impairments in the behavioural assessment of 

motor function in group comparisons between the patients and control subjects (shown in 

Chapter 2). The regions predicted to be abnormal in relation to deficits in motor control 

included the basal ganglia, motor and premotor cortices, SMA, and white matter connections 

to these regions on the hemispheric side of injury.

Correlation analyses between imaging data and behavioural speech and language scores were also 

carried out to assess for changes in regions involved in motor speech control and language 

processing that might explain the variation in performance observed between patients, particularly 

in language profiles within the left-hemispheric injured group (shown in Chapter 4). The 

predictions were as follows:

• Measures of the motor control of speech in patients with left and right hemisphere damage 

will be correlated with structural changes in grey and white matter in the regions outlined for 

the standard analysis, and with haemodynamic changes in cortical motor regions

• Language function in patients with left hemisphere damage will be correlated with structural 

changes in grey matter in the head of the caudate nucleus, cortical language regions including 

the left inferior frontal gyrus, superior temporal/inferior parietal cortex, SMA, anterior 

cingulate cortex, supramarginal gyrus, and anterior insular cortex, subcortical-cortical white 

matter connections, and haemodynamic changes in cortical language regions in the left 

hemisphere

• Language function in patients with right hemisphere damage will be correlated with structural 

changes and haemodynamic changes in the right superior temporal/inferior parietal cortex.

5.2 Methods

5.2.1 Conventional Tl- and T2-Weighted Images

All MR images were collected using a 1.5T Siemens Vision System. Tl-weighted images were 

acquired using a sagittal multi-slice sequence (TR = 570 ms, TE = 14 ms, flip angle = 60°, field of 

view = 200 mm, matrix size = 256 x 512, slice thickness = 4 mm, number of slices = 19). T2- 

weighted images were acquired using a turbo spin echo (TSE) axial multi-slice sequence (TR = 

3458 ms, TE = 96 ms, number of echoes = 7, field of view = 220 mm, matrix size = 196 x 512, 

slice thickness = 5 mm, number of slices = 19).
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5.2.2 3D Data Sets

Three-dimensional (3D) data sets were acquired using a 3D Tl-weighted FLASH sequence (TR = 

16.8 ms, TE = 5.7 ms, flip angle = 21°, field of view = 200 mm, matrix size = 200 x 256, number 

of partitions in the 3̂*̂ dimension = 160, voxel size = 0.78 x 0.78 x 1.00 mm).

5.2.3 Diffusion Tensor Images

DTI data were acquired using a twice-refocused diffusion-weighted spin echo echoplanar (EPI) 

sequence (TE =110 ms, matrix size = 128 x 128, zero-filled to 256 x 256, pixel size = 1.5 x 1.5 

mm after zero-filling, slice thickness = 3 mm). Forty contiguous slices covering the whole brain 

were collected. Diffusion-encoding gradients (b = lOOOs/mm^) were applied in 20 non-collinear 

directions, and 3 images without diffusion weighting (b = 0) were acquired at the start, middle and 

end of the acquisition of the DWI scans.

All subjects were invited for the first scanning session. This included the scanning protocol 

detailed above, as well as functional MRI (fMRI) for a subset of subjects (presented in Chapter 6). 

Total scanning time for the structural scans in the first session was approximately 30 minutes. A 

subset of subjects from the patient group was invited to return for a second scanning session for 

the acquisition of PWI data. MRAs were also acquired during this session. PWI scans and MRAs 

that had previously been carried out for clinical purposes were also available for some patients.

5.2.4 Perfusion-Weighted Images

Dynamic susceptibility contrast perfusion-weighted imaging (DSC-PWI) scans were acquired 

using a multi-slice spin echo EPI sequence to follow the passage of a bolus of gadolinium 

diethylenetriaminepenta-acetic acid (Gd-DTPA; Magnevist, Shering AG, Germany) (TR = 1250 

ms, TE = 100 ms, field of view = 240 mm, matrix size = 128 x 128, slice thickness = 5 mm, slice 

gap = variable). Six slices were acquired, with one slice including the MCA to allow the 

estimation of the arterial input function (AIE). A Gd-DTPA bolus of 0.15 mmol/kg body weight 

was injected intravenously (rate = 3 . 5 - 5  ml/sec) using an MR compatible power injector 

(Medrad Inc, Pittsburgh, PA), followed by a saline flush.

5.2.5 Magnetic Resonance Angiograms

MRAs were acquired using a 3D time-of-flight method. Three slabs were acquired, centered on 

the circle of Willis (TR = 35 m s, TE = 7.2 ms, flip angle = 20°, slice thickness = 3.2 mm).



Chapter 5: Imaging Abnormalities and Structure-Function Relationships in Patients with Basal Ganglia
Infarctions 154

5.2.6 Subjects

Ten patients with left hemisphere damage and 5 patients with right hemisphere damage underwent 

the first MR imaging protocol, consisting of conventional structural MR imaging, 3D-FLASH and 

DTI. Clinical MRI data sets from two patients (B G r4  and B G r7) were taken from images that had 

previously been carried out for clinical purposes as they were unwilling to be scanned at the time 

of these studies. The lesions had been shown to stabilise, and there were no clinical reasons to 

suspect changes in the original lesions. It was therefore considered appropriate to use these 

images for interpretation in the current studies. 3D-FLASH and diffusion tensor images were not 

acquired for one patient (B G l4 ) as she was unwilling to be scanned after acquisition of the 

clinical images for the current studies. 3D-FLASH data sets were therefore available for 14 

patients (9 with left hemisphere damage and 5 with right hemisphere damage). Four diffusion 

tensor imaging data sets were rejected because of movement artifacts. DTI data sets were 

therefore available for 10 patients (6 with left hemisphere damage and 3 with right hemisphere 

damage). All control subjects underwent this imaging protocol, but only data from those matched 

to the subjects in the patient group were included in the statistical analyses. Ten patients (8 with 

left hemisphere damage and 2 with right hemisphere damage) underwent perfusion imaging. 

MRA data were acquired for the same 10 subjects.

Details of missing data and reasons for this are given in Appendix D.

5.3 Analyses

5.3.1 Clinical Assessment of Conventional Tl- and T2-Weighted Images

The T l- and T2-weighted images obtained from all patients and control subjects were visually 

inspected by a neuroradiologist (K. Chong). The presence of lesions, number of lesions, and 

specific structures affected were recorded. In addition, the presence of atrophy and other 

abnormalities were noted.

5.3.2 Voxel-Based Morphometric Analyses of 3D Data Sets

3D-FLASH images were processed and analysed using Statistical Parametric Mapping software 

(SPM99, Wellcome Department of Imaging Neuroscience, London, UK. 

http://www.fil.ion.ucI.ac.uk/spm). Before the MR data were statistically analysed, they underwent 

several stages of processing. The MR data were normalised by global grey matter to a T l-

http://www.fil.ion.ucI.ac.uk/spm
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weighted template. Following this, the normalised data were segmented into grey matter, white 

matter and CSF to create three images that represent the probability that each voxel is grey matter, 

white matter or CSF. The grey and white matter images were then smoothed with a 12 mm and an 

8 mm isotropic Gaussian kernel respectively since these dimensions correspond approximately to 

the dimensions of the cortical and white matter regions of interest. Segmented images were not 

used to determine the presence of structural damage in the basal ganglia and surrounding white 

matter because SPM incorrectly allocated the voxels containing lesioned tissue into either grey 

matter or CSF. Unsegmented images were therefore used for the same comparisons as the 

segmented images, but only to assess for the presence of structural damage in the basal ganglia 

and surrounding white matter. As with the segmented images, the unsegmented images were 

smoothed with an 8 mm and a 12 mm isotropic Gaussian kernel since these dimensions 

correspond approximately to the cross-sectional dimensions of the basal ganglia and surrounding 

white matter. For a more detailed explanation of these processing stages, see Ashburner and 

Friston (2000). Following these processes, the statistical analyses were carried out. Statistical 

analyses were used to test hypotheses (in this case using /-tests) by making comparisons between 

brains on a voxel-by-voxel basis. Statistical parametric maps were created for the entire brain, 

displaying differences between groups at the voxel level.

Standard analyses were carried out for groups of patients relative to their separate groups of 

matched control subjects in the following way. Firstly, patients with left-sided basal ganglia 

damage (B G l) (n = 9) were compared with their control subjects (C l) (n = 9). Secondly, patients 

with right-sided basal ganglia damage (B G r) (n = 5) were compared with their control subjects 

(C r) (n = 5).

Standard analyses: Data from the B G l and B G r patient groups were compared to the C l and C r 

groups respectively using the conventional single contrasts detailed in Table 5.1. These analyses 

were carried out to test for relative decreases in grey and white matter in left- and right- 

hemispheric damaged patients compared to their respective control groups.

Comparison Contrast

Decreased grey matter: Cl > B G l 1-1

Decreased grey matter: C r > B G r 1-1

Decreased white matter: Cl > B G l 1-1

Decreased white matter: Cr > B G r 1-1

Table 5.1. Contrasts used in the standard analyses
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A series of correlation analyses was carried out to examine the relationship between structural 

abnormalities on 3D-FLASH scans and behavioural measures of motor speech control and 

language. The test of Simultaneous and Sequential Orofacial Praxis was chosen as the measure of 

motor speech function since this measure is thought to tap into speech control independently of 

language function. For language function, the CELF-III Total Language scale was chosen as the 

behavioural measure to be correlated since this battery of tests provides a comprehensive measure 

of general language function. Moreover, no evidence for differences between Receptive and 

Expressive Language performance on the CELF-III in patients with left hemisphere damage (F(l, 

9) = 0.899, p = 0.368) was observed, so the Total Language scale was considered to be 

representative of overall language function. Correlation analyses were carried out on the left- and 

right-hemispheric injured patients and control groups separately. Correlation plots show adjusted 

values of the CELF-III standard scores that are scaled to have a mean of zero.

Inferences from statistical parametric maps were made at three different threshold levels. Firstly, 

abnormalities throughout the entire brain were reported if they reached the significance value 

corrected for multiple comparisons across the entire brain, to avoid reporting regions of 

significance that may have occurred by chance in the whole brain analysis (i.e. p = 0.05, 

corrected). Secondly, abnormalities involving the regions predicted to be affected were reported if 

they reached significance with the application of small volume corrections (SVC) to correct for 

multiple comparisons within the regions of predicted differences (i.e. p = 0.05, SVC). The 

principal regions of predicted difference were the basal ganglia and surrounding white matter in 

the whole group of patients with basal ganglia infarctions, and the left hemisphere language areas, 

in particular the inferior frontal and superior temporal regions, in patients with left hemisphere 

damage in relation to language deficits. Therefore, SVCs were created using boxes that 

encompassed the left and right basal ganglia and surrounding white matter [dimensions 30 x 42 x 

30 mm, centred at -15, 6, 10 (left basal ganglia); 15, 6, 10 (right basal ganglia)], and spheres that 

encompassed the left hemisphere cortical language regions [radius 20 mm, centred at -^0, 20 10 

(left inferior frontal region); radius 20 mm, centred at -60, -35, 20 (left superior temporal region)] 

(shown in Figure 5.2). These SVCs were highly conservative since they encompassed regions of 

greater volume than the structures of interest. Thirdly, abnormalities involving the regions 

predicted to be affected were reported if they reached a conservative level of significance but 

without correction for multiple comparisons (i.e. p = 0.001, uncorrected).

The statistical parametric maps were superimposed onto the mean normalised image of the group 

data in order to aid anatomical localisation. Identification of the anatomical location of regions of 

abnormality was carried out in reference to Duvemoy’s atlas (Duvemoy, 1991). All figures show
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the statistical parametric maps superimposed onto the mean normalised image of the group data at 

an uncorrected threshold of p = 0.005. Cross hairs indicate the location of the maximal peak.

Figure 5.2a. Centre of small volume correction for basal ganglia

Figure 5.2b. Centre of small volume correction Figure 5.2c. Centre of small volume correction 
for Broca’s area for Wernicke’s area

5.3.3 Voxel-Based Morphometric Analyses of Diffusion Tensor Images

The raw DTI scans underwent a number of pre-processing stages using in-house software. Base 

images were checked on a slice-by-slice basis across each study within a data set for unusable 

slices due to CSF/arterial pulsation and movement. Such slices were not taken into account in the 

subsequent creation of tensor images. A subject’s entire data set was rejected if more than five 

base images from any one slice needed to be rejected. Fractional anisotropy maps (FA maps) were 

then calculated. FA maps provide a measure of the magnitude of the diffusion tensor that can be 

ascribed to anisotropic diffusion (Basser and Pierpaoli, 1996). Eigenvector maps were created 

from the FA maps to check for any directionality bias in grey matter that may have resulted from 

rejecting too many studies in a similar direction for any one slice. A subject’s entire data set was 

rejected if such a directionality bias was observed.
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Base images and FA maps were processed and analysed using SPM99. Base images (where b = 0) 

were first normalised to an echoplanar (EPI) template. FA maps were then normalised using the 

parameters determined from the normalisation of the 6 = 0 images. The remaining processing 

stages were carried out as described for the 3D-FLASH images, with the exception of the 

segmentation process which was not necessary for FA maps since the contributing image intensity 

in these images was mainly from white matter.

Standard analyses were carried out for groups of patients relative to their separate groups of 

matched control subjects in the following way. Firstly, patients with left-sided basal ganglia 

damage (B G l) (n = 6) were compared with their control subjects (C l) (n = 6). Secondly, patients 

with right-sided basal ganglia damage (B G r) (n = 4) were compared with their control subjects 

(C r) (n = 4).

Standard analyses: Data from the B G l and B G r patient groups were compared to the Cl and C r 

groups respectively using the conventional single contrasts detailed in Table 5.2. These analyses 

were carried out to test for relative decreases in fractional anisotropy in left- and right- 

hemispheric damaged patients compared to their respective control groups.

Comparison Contrast

Decreased white matter: C l > B G l 1-1

Decreased white matter: Cr > B G r 1-1

Table 5.2. Contrasts used in the standard analyses

A series of correlation analyses was carried out to examine the relationship between changes in 

anisotropy on FA maps and behavioural measures of motor speech control and language 

functions. As in the correlation analyses with 3D-FLASH scans, the test of Simultaneous and 

Sequential Orofacial Praxis was used as the measure of motor speech control. The CELF-in Total 

Language scale was again used as the behavioural measure of language function. Correlation 

analyses were carried out on the left- and right-hemispheric injured patients and control groups 

separately. Correlation plots show adjusted values of the CELF-III standard scores that are scaled 

to have a mean of zero.

Inferences from statistical parametric maps resulting from the analyses of FA maps were made at 

the same three threshold levels as described for the analyses of 3D-FLASH scans. The statistical 

parametric maps were superimposed onto the mean normalised image of the group data in order to 

aid anatomical localisation. Identification of the anatomical location of regions of abnormality
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was carried out in reference to Duvemoy’s atlas (Duvemoy, 1991). All figures show the statistical 

parametric maps superimposed onto the mean normalised image of the group data at an 

uncorrected threshold of p = 0.005. Cross hairs indicate the location of the maximal peak.

5.3.4 Analysis of Perfusion-Weighted Images

PWI scans were processed and analysed by F. Calamante. Signal intensity time course was 

converted to a concentration time course, and the arterial input function (AIF) was used to 

deconvolve the concentration time curve using singular value decomposition (SVD) (0stergaard 

et a l, 1996). A 3 x 3 uniform smoothing kemel was applied to the raw image data before 

deconvolution. Maps of relative cerebral blood flow (rCBF), relative cerebral blood volume 

(rCBV) and mean transit time (MTT) were calculated on a pixel-by-pixel basis. When long bolus 

arrival delays are present in the areas with perfusion abnormalities, the quantification of DSC- 

PWI data using SVD produces very inaccurate results (Calamante et a l, 2000). In these cases, 

time to peak (TTP) maps were calculated on a pixel-by-pixel basis. Images were visually 

inspected by a neuroradiologist (K.Chong) who was unaware of the functional impairments of 

each patient. Overall, a region was considered to be abnormal on DSC-PWI scans when at least 

one of the following situations was observed: focal reduction in rCBF, increase in MTT, reduction 

or increase in rCBV, or increase in TTP.

5.3.5 Analysis of Magnetic Resonance Angiograms

Maximum intensity projection (MIP) images were generated from the MRAs. A neuroradiologist 

(K.Chong) visually inspected the MIP images obtained for each patient. The presence of flow 

abnormalities was recorded.

Figures of all MR images are displayed in neurological convention (i.e. the left hemisphere is on 

the left, right is on the right).

5.4 Results

5.4.1 Conventional Tl- and T2-Weighted Images

Figure 5.3 and Table 5.3 show the results of the T2-weighted clinical MR images and a summary 

of structures affected in each individual patient. All patients had single unilateral lesions, and 

these lesions were confined to the basal ganglia and surrounding white matter including extension
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into the external and extreme capsules and the corona radiata in some cases, as assessed by 

clinical neuroradiological examination. All patients with left hemisphere damage and the majority 

of patients with right hemisphere damage had infarctions that included the body of the caudate 

nucleus. Similarly, all patients, except one, with left hemisphere damage, also had infarctions that 

involved the putamen. Patients are presented in the order of their language performance scores (as 

measured by the CELF-III Total Language scale) from lowest to highest scores within the left- 

and right-hemispheric injured groups in Figure 5.3 and in Table 5.3. This was in order to assess 

for the presence of a common site of pathology in relation to language function that might explain 

the wide variance in language performance observed in the left-hemispheric injured group (shown 

in Chapter 4). However, no such common site of damage was observed in the basal ganglia in 

relation to either motor speech or language performance in the left-injured group as assessed by 

clinical neuroradiological examination. In particular, the head of the left hemisphere caudate 

nucleus was not damaged in all patients with language deficits and was damaged in some patients 

who showed no evidence for language deficits.
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Figure 5.3. T2-weighted images showing the lesion location for each patient
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Patient Laterality 
of infarct

Cd
head

Cd
body

Pu GPi GPe ICa ICg ICp Exte Extr Clan CR CSO Atrophy

BG l3 Left y y y y y Loss of volume L>R, including posterior 

WM, cerebellum and posterior fossa

BGl6 Left y y y y y

BGlIO Left y y y y y y

BGlI Left y y y y

BGl9 Left y y y y y y y y y Cerebral peduncle L<R; pons WM L<R

BG l7 Left y y y

BGl4 Left y y y y

BG l5 Left y y y

BGl2 Left y

BGl8 Left y y y y

BGr7 Right y y y

BGr2 Right y y y y y y

BG r3 Right y y

BGrI Right y y y y

BGr4 Right y y

BG r5 Right y y y y y y

BG r6 Right y y y y y y y y y

Table 5.3. Structures affected by infarction for each patient. (L = left; R = right; WM = white matter; Cd head = head of caudate nucleus; Cd body = body of caudate 
nucleus; Pu = putamen; GPi = globus pallidus, internal segment; GPe = globus pallidus, external segment; ICa = internal capsule, anterior limb; ICg = internal capsule, 
genu; ICp = internal capsule, posterior limb; Exte = external capsule; Extr = extreme capsule; Clau = claustrum; CR = corona radiata; CSO = centrum semiovale)
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5.4.2 Voxel-Based Morphometry: 3D Data Sets

5.4.2.1 Comparison between Patients with Left-Hemisphere Damage and their Control 
Group

Figures 5.4 to 5.9 and Table 5.4 show the results of the comparison of patients with left 

hemisphere damage with their control group. A significant decrease in grey matter density in the 

left caudate nucleus (smoothed to 8 mm and 12 mm) in patients with left hemisphere infarctions 

compared to their control group was observed. In addition, significant decreases in grey matter 

density in the left cortical speech and language regions, including the inferior parietal/superior 

temporal region, ventral pre- and postcentral gyri, insular cortex and the inferior frontal gyrus (all 

smoothed to 12 mm), were observed. A significant decrease in grey matter density in the left 

superior precentral gyrus (smoothed to 12 mm and 8 mm respectively) was also observed. No 

other significant decreases in grey or white matter density were observed in this group 

comparison.

I H
Figure 5.4. Decreased grey matter in left caudate nucleus: -9, -9, 21 (8 mm, SVC)

Figure 5.5. Decreased grey matter in left superior temporal/inferior parietal cortex: -63, -54, 21 
(12 mm, SVC)



Chapter 5: Imaging Abnormalities and Structure-Function Relationships in Patients with Basal Ganglia
Infarctions 164

Figure 5.6. Decreased grey matter in left ventral pre- and postcentral gyri: -64, -14, 18 (12 mm)

Figure 5.7. Decreased grey matter in left insula: -42, -2, -2(12 mm)

Figure 5.8. Decreased grey matter in left inferior frontal gyrus: -56, 20, 22 (12 mm)
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Figure 5.9. Decreased grey matter in left superior precentral gyrus: -45, -10, 58 (12 mm)

Coordinates CM/
WM

Location Z
score

Corrected/
uncorrected

P
value

Smoothing
level

Fig.
no.

-9, -9,21 Grey Left caudate 
nucleus

3.32 Corrected
(SVC)

0.05 8 mm 5.4

-63, -54, 21 Grey Left superior 
temporal 
/inferior parietal 
cortex

4.09 Corrected
(SVC)

0.019 12 mm 5.5

-64,-14, 18 Grey Left ventral pre- 
and postcentral 
gyrus

3.42 Uncorrected <0.001 12 mm 5.6

-42, -2, -2 Grey Left insular 
cortex

3.12 Uncorrected 0.001 12 mm 5.7

-56, 20, 22 Grey Left inferior 
frontal gyrus

3.03 Uncorrected 0.001 12 mm 5.8

-45,-10, 58 Grey Left superior 
precentral gyrus

3.17 Uncorrected 0.001 12 mm 5.9

Table 5.4. Results of main effect of grey and white matter changes on 3D-FLASH images in 
patients with left-sided infarctions compared to their control group

5.4.2.2 Comparison between Patients with Right-Hemisphere Damage and their Control 
Group

Figure 5.10 and Table 5.5 show the results of the comparison of patients with right hemisphere 

damage with their control group. No significant decreases in grey or white matter density were 

observed in or around the basal ganglia in patients with right hemisphere infarctions compared to 

their control group. A significant decrease in white matter density in the right hemisphere 

precentral gyrus (smoothed to 8 mm) was, however, observed. No other significant decreases in 

grey or white matter density were observed.
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Figure 5.10. Decreased white matter density in right precentral gyrus: 39, -6, 36 (8 mm)

Coordinates GM/ 
WM

Location Z Significance P
score level value

Smoothing Fig. 
level no.

39, -6,36 White Right precentral 3.45 
gyrus white 
matter

Uncorrected <0.001 8 mm 5.10

Table 5.5. Results of main effect of structural damage on 3D-FLASH images in patients with 
right-sided infarctions compared to their control group

S.4.2.3 Correlation between Motor Speech Function and Structural Damage

Correlation analyses between structural changes on 3D-FLASH scans and orofacial movement 

scores (test of Simultaneous and Sequential Orofacial Praxis) showed no regions of grey or white 

matter density to be significantly correlated with orofacial movement scores in patients with either 

left or right hemisphere injuries.

S.4.2.4 Correlation between Language Function and Structural Damage (left hemisphere 
group only)

Figures 5.11 to 5.15 and Table 5.6 show the results of the correlation between language function 

(as measured by the CELF-III Total Language scale) and structural changes on 3D-FLASH scans 

in patients with left hemisphere injuries. Grey and white matter density in and around the basal 

ganglia were not found to be significantly correlated with language function in patients with left 

hemisphere infarctions. Grey matter density in the left cortical language areas including the 

inferior frontal gyrus, middle frontal gyrus, insular cortex and superior temporal gyrus (all 

smoothed to 12 mm) was found to be significantly correlated with language function in patients 

with left hemisphere infarctions. A significant correlation between white matter density in deep 

frontal white matter (smoothed to 8 mm) and language scores was also observed. No other regions 

of grey or white matter density were found to be significantly correlated with language function.
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Figure 5.11. Grey matter density in left inferior frontal gyrus: -52, 30, 18 (12 mm, SVC)
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Figure 5.12. Grey matter density in left middle frontal gyrus: -40, 26, 45 (12 mm)

20

10

Figure 5.13. Grey matter density in left insular cortex: -42, -4, -3 (12 mm)
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Figure 5.14. Grey matter density in left superior temporal gyrus: -69, -40, 15 (12 mm)
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Figure 5.15. White matter density in left deep frontal white matter: -34, 27, 16 (8 mm)

Coordinates GM/
WM

Location Z
score

Corrected/
uncorrected

P
value

Smoothing
level

Fig.
no.

-52, 30, 18 Grey Left inferior 
frontal gyrus

4.23 Corrected
(SVC)

0.05 12 mm 5.11

-40, 26,45 Grey Left middle 
frontal gyrus

3.80 Uncorrected <0.001 12 mm 5.12

-42, -3 Grey Left insular 
cortex

3.40 Uncorrected <0.001 12 mm 5.13

-69, -40, 15 Grey Left superior 
temporal gyrus

3.04 Uncorrected 0.001 12 mm 5.14

-34, 27, 16 White Left deep frontal 
white matter

3.83 Uncorrected <0.001 8 mm 5.15

Table 5.6. Results of correlation analyses between language function (CELF-III) and structural 
damage on 3D-FLASH images in patients with left-sided infarctions

Language scores (CELF-III Total Language scale) were highly correlated with Verbal IQ (R = 

0.787, p = O.OI) in the left-hemispheric injured group. The observed correlation between language 

scores and grey and white matter density might therefore be a reflection of changes in Verbal IQ. 

To investigate this, a correlation analysis between structural changes on 3D-FLASH scans and
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language scores (CELF-III Total Language scale), with Verbal IQ as a covariate, was carried out 

in patients with left hemisphere injuries. Table 5.7 shows the results of this correlation analysis. 

As before, grey matter density in the left inferior frontal gyrus and superior temporal gyrus 

(smoothed to 12 mm) was found to be significantly correlated with language scores in patients 

with left hemisphere damage. A significant correlation between white matter density in deep 

frontal white matter (smoothed to 8 mm) and language scores was also observed. No other regions 

of grey or white matter density were found to be significantly correlated with language scores.

Coordinates GM/
WM

Location Z
score

Corrected/
uncorrected

P
value

Smoothing
level

Fig.
no.

-51,30, 20 Grey Left inferior 
frontal gyrus

3.44 Uncorrected <0.001 12 mm —

-62, -42, 21 Grey Left superior 
temporal gyrus

3.60 Uncorrected <0.001 12 mm —

-34, 28, 16 White Left deep frontal 
white matter

3.32 Uncorrected <0.001 8 mm —

Table 5.7. Results of correlation analyses between language function (CELF-III), with VIQ as a 
covariate, and structural damage on 3D-FLASH images in patients with left-sided infarctions

5.4.2.5 Correlation between Language Function and Structural Damage (right hemisphere 
group only)

A correlation analysis between structural changes on 3D-FLASH scans and language scores 

(CELF-III Total Language scale) in patients with right hemisphere injuries showed no regions of 

grey or white matter density in or around the basal ganglia or cortical language areas to be 

significantly correlated with language scores.

5.4.2.6 Correlation between Language Function and Structural Damage (total control 
group)

A correlation analysis between structural changes on 3D-FLASH scans and language scores 

(CELF-EH Total Language scale) in the total control group was carried out in order to determine 

whether the observed correlation between language scores and structural damage in the patient 

group extends to the normal population. The variance in language scores in the total control group 

was similar to that of the left hemisphere injured group (scores ranged from 64 to 130 and 70 to 

135 in the left-hemispheric injured patient and total control groups respectively). No regions of 

grey or white matter density in cortical language areas were found to be significantly correlated 

with language scores in the total control group.
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5.4.3 Voxel-Based Morphometry: Diffusion Tensor Images

5.4.3.1 Comparison between Patients with Left Hemisphere Damage and their Control 
Group

Figures 5.16 to 5.18 and Table 5.8 show the results of the comparison of patients with left 

hemisphere damage with their control group, using DTI. Significant regions of decreased 

anisotropy in white matter surrounding the left basal ganglia, including the internal capsule and 

the external capsule (smoothed to 8 mm), were observed in patients with left hemisphere 

infarctions compared to their control group. A significant decrease in anisotropy in left precentral 

gyrus white matter (smoothed to 8 mm) was also observed. No other significant decreases in 

anisotropy were observed in this group comparison. The significant reduction in anisotropy in the 

internal capsule also appears to extend into grey matter in the basal ganglia (apparent in Figure 

5.18). Significant decreases in anisotropy in grey matter in these regions are difficult to interpret 

because these nuclei contain many fibres with different trajectories that may cross within a single 

voxel.

Figure 5.16. Decreased anisotropy in left internal capsule, anterior limb: -4, -3, 0 (8 mm, SVC)

Figure 5.17. Decreased anisotropy in left external capsule: -28, -7, 3 (8 mm)
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Figure 5.18. Decreased anisotropy in left precentral gyrus white matter: -22, -25, 60 (8 mm)

Coordinates Location Z Corrected/ P
score uncorrected value

Smoothing Fig. 
level no.

-4 ,-3 ,0 Left internal capsule, 
anterior limb

4.31 Corrected
(SVC)

0.046 8 mm 5.16

-28, -7, 3 Left external capsule 3.44 Uncorrected <0.001 8 mm 5.17

-33, -30, 57 Left precentral gyrus 
white matter

4.46 Uncorrected <0.001 8 mm 5.18

Table 5.8. Results of main effect of anisotropy differences on fractional anisotropy maps in
patients with left-sided infarctions compared to their control group

S.4.3.2 Comparison between Patients with Right Hemisphere Damage and their Control 
Group

Figures 5.19 to 5.22 and Table 5.9 show the results of the comparison of patients with right 

hemisphere damage with their control group. Significant regions of decreased anisotropy in white 

matter surrounding the right basal ganglia, including the internal capsule and the external capsule 

(smoothed to 8 mm), were observed in patients with right hemisphere infarctions compared to 

their control group. A significant decrease in anisotropy in the right precentral gyrus white matter 

(smoothed to 8 mm) was also observed. No other significant decreases in anisotropy were 

observed in this group comparison.



Chapter 5: Imaging Abnormalities and Structure-Function Relationships in Patients with Basal Ganglia
Infarctions 172

Figure 5.19. Decreased anisotropy in right internal capsule, posterior limb: 25, -21, 21 (8 mm)

Figure 5.20. Decreased anisotropy in right internal capsule, genu: 9, -9, 6 (8 mm)

Figure 5.21. Decreased anisotropy in right external capsule: 26, 6, 9 (8 mm)
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Figure 5.22. Decreased anisotropy in right precentral gyrus white matter: 46, -3, 33 (8 mm)

Coordinates Location Z Corrected/ P
score uncorrected value

Smoothing Fig. 
level no.

25,-21,21 Right internal capsule, 
posterior limb

4.16 Uncorrected <0.001 8 mm 5.19

9, -9, 6 Right internal capsule, 
genu

3.38 Uncorrected <0.001 8 mm 5.20

26, 6, 9 Right external capsule 3.54 Uncorrected <0.001 8 mm 5.21

46, -3, 33 Right precentral gyrus 
white matter

3.55 Uncorrected <0.001 8 mm 5.22

Table 5.9. Results of main effect of anisotropy differences on fractional anisotropy maps in 
patients with right-sided infarctions compared to their control group

S.4.3.3 Correlation between Motor Speech Function and White Matter Anisotropy

A correlation analysis between changes on FA maps and orofacial movement scores (test of 

Simultaneous and Sequential Orofacial Praxis) showed no regions of white matter anisotropy to 

be significantly correlated with orofacial movement scores in patients with either left- or right 

hemisphere injuries.

S.4.3.4 Correlation between Language Function and White Matter Anisotropy (left 
hemisphere group only)

Figures 5.23 to 5.25 and Table 5.10 show the results of the correlation between language function

(as measured by the CELF-III Total Language scale) and changes on FA maps in patients with

left hemisphere injuries. Anisotropy in the left internal capsule and deep frontal white matter (all

smoothed to 8 mm) was found to be significantly correlated with language function in patients

with left hemisphere infarctions. No other regions of white matter anisotropy were found to be

significantly correlated with language function.
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Figure 5.23. Anisotropy in left internal capsule, anterior limb/genu -6, -3, -6 (8 mm)
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Figure 5.24. Anisotropy in left internal capsule, anterior limb: -14, -4, 15 (8 mm)
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Figure 5.25. Anisotropy in left deep frontal white matter; -27, 15, 18 (8 mm)
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Coordinates Location Z Corrected/ P Smoothing Fig.
score uncorrected value level no.

-7, 1, -15 Left internal capsule. 3.85 Uncorrected <0.001 8 mm 5.23

-14, -4, 15
anterior limb/genu 
Left internal capsule, 
anterior limb

3.50 Uncorrected <0.001 8 mm 5.24

-27, 15, 18 Left deep frontal white 
matter

4.46 Uncorrected <0.001 8 mm 5.25

Table 5.10. Results of correlation analyses between language function (CELF-III) and anisotropy 
on fractional anisotropy maps in patients with left-sided infarctions

A correlation analysis between changes on FA maps and language scores (CELF-IH Total 

Language scale), with Verbal IQ as a covariate, was carried out in patients with left hemisphere 

injuries. Table 5.11 shows the results of this correlation analysis. As before, anisotropy in the left 

internal capsule and deep frontal white matter (all smoothed to 8 mm) was found to be 

significantly correlated with language function in patients with left hemisphere infarctions. No 

other regions of anisotropy were found to be significantly correlated with language function in 

this analysis.

Coordinates Location Z Corrected/ P Smoothing Fig.
score uncorrected value level no.

-6, -3, -6 Internal capsule 3.13 Uncorrected 0.001 8 mm —

-27, 15, 18 Deep frontal white matter 3.42 Uncorrected <0.001 8 mm —

Table 5.11. Results of correlation analyses between language function (CELF-III), with VIQ as a 
covariate, and anisotropy on fractional anisotropy maps in patients with left-sided infarctions

5.4.3.5 Correlation between Language Function and Structural Damage (right hemisphere 
group only)

A correlation analysis between changes on FA maps and language scores (CELF-IH) in patients 

with right hemisphere injuries showed no regions of anisotropy in white matter surrounding the 

basal ganglia or cortical language areas to be significantly correlated with language scores.

S.4.3.6 Correlation between Language Function and Structural Damage (total control 
group)

A correlation analysis between changes on FA maps and language scores (CELF-IH Total 

Language scale) in the total control group was carried out in order to determine whether the 

observed correlations between language scores and structural changes in the patient group extends 

to the normal population. No regions of anisotropy in white matter surrounding the basal ganglia
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or cortical language areas were found to be significantly correlated with language function in the 

total control group.

5.4.4 Perfusion-Weighted Images

Figure 5.26 shows the relative cerebral blood flow (rCBF) maps, mean transit time (MTT) maps 

and relative cerebral blood volume (rCBV) maps for each patient who underwent PWI. A slice 

that best shows the language cortices is displayed for each patient so that presence or absence of 

abnormalities in these regions can be compared between patients. Table 5.12 provides details of 

the regions of abnormality for each patient (including additional regions of abnormality beyond 

those displayed in Figure 5.26). Patients are presented in the order of their language performance 

scores (as measured by the CELF-III Total Language scale) from lowest to highest scores within 

the left- and right-hemispheric injured groups in Figure 5.26 and in Table 5.12. Eight patients 

with left hemisphere injuries and two patients with right hemisphere injuries underwent PWI. 

Haemodynamic abnormalities distant from the core lesion site were observed in seven patients, all 

on the side of the infarction, except in the case of one patient (B G l6) in whom bilateral 

abnormalities were observed. No obvious relationship was observed between motor speech 

function (as measured by the Simultaneous and Sequential test of Orofacial Praxis) and 

haemodynamic abnormalities on PWI. However, the three patients (B G l3, B G l6 and B G lIO) with 

left hemisphere injuries and the poorest language function (i.e. greater than two standard 

deviations below the population mean, as measured by the CELF-III Total Language scale) 

showed evidence of left cortical haemodynamic abnormalities that involved fronto-parietal 

regions and included Wernicke’s area in all three cases. Abnormalities were difficult to detect in 

inferior frontal regions due to signal dropout on the EPIs related to susceptibility artifacts in this 

region. No other patients with left or right hemisphere injuries showed any evidence of 

haemodynamic abnormalities in left cortical language areas. However, it must be noted that 

patient B G l6 underwent subsequent PWI, and was found to have a resolution of the bilateral 

superior temporal and inferior parietal haemodynaimc abnormalities, although left posterior 

frontal and temporal-occipital abnormalities remained. Neuropsychological assessment took place 

between the two sessions of PWI so it was difficult to attribute abnormalities to one or other PWI 

session.

When long bolus arrival delays are present in the areas with perfusion abnormalities, as in patients 

with low perfusion, the quantification of DSC-PWI data using singular value decomposition 

produces very inaccurate results (Calamante et al, 2000). In these cases, the summary parameter, 

time to peak (TTP) maps, calculated on a pixel-by-pixel basis, provide a more reliable estimate of 

haemodynamic abnormalities. The three patients with haemodynamic abnormalities on MTT
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maps that affected left hemisphere cortical language areas were found to have long bolus arrival 

delays and so TTP maps were created for these patients. The same abnormalities were also 

present on the TTP maps.

Patient Region of abnormality

B G l3 Left inferior, middle, superior and posterior frontal cortex, inferior, middle and superior 

temporal cortex, inferior, middle and superior parietal cortex, middle occipital cortex

B G l6 Left posterior superior and middle frontal cortex, superior parietal cortex, bilateral 

superior temporal and inferior parietal cortices

B G lIO Left superior, middle and posterior frontal gyrus, superior temporal cortex, inferior and 

middle parietal cortex, middle occipital cortex

B G lI Left middle occipital cortex

B G l9 No abnormality detected

B G l7 Left superior posterior frontal cortex, superior posterior parietal cortex

B G l2 No abnormality detected

B G l8 Left posterior superior frontal cortex, superior parietal cortex, middle occipital cortex*

B G r3 No abnormality detected

B G r5 Right superior temporal cortex

Table 5.12. Regions of heamodynamic abnormalities for each patient (*some data for this patient 
was corrupted, making interpretation difficult. The abnormality reported here was very subtle. 
However, PWI may have been normal in this patient).

5.4.5 Magnetic Resonance Angiograms

Figure 5.27 shows the MRAs for each patient who underwent PWI. Table 5.13 shows the results 

of the clinical radiological examination of the MRAs for all patients at the time of presentation of 

stroke at Great Ormond Street Hospital and at the time of the PWI or most recent clinical scans 

for those patients who did not undergo perfusion imaging. MRAs of the patients are presented in 

the same order as the PWI scans presented in Figure 5.27. Results showed that all patients who 

were found to have haemodynamic abnormalities on PWI also had MRA abnormalities that 

involved residual MCA or ICA stenosis, or MCA occlusion in the case of the patient (B G l3 ) with 

greatest perfusion abnormalities and poorest language function. One other patient (B G r I)  who did 

not undergo PWI was found to have residual MCA stenosis. All other patients, including those 

who were not found to have haemodynamic abnormalities on PWI, showed a resolution of 

angiographic abnormalities since their MRAs at the time of presentation of stroke.
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Figure 5.26. Perfusion-weighted images. rCBF maps are displayed in row 1, MTT maps are shown in row 2, and rCBV maps are shown in row 3
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Figure 5.27. Magnetic resonance angiograms (maximum intensity projection images)
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Patient M RA at time o f presentation o f stroke MRA at time o f current studies

B G l3 Left ICA dissection, left MCA occlusion Left MCA remains occluded

B G l6 Left ICA, MCA and ACA stenoses Left MCS stenosis remains 
Improvement in left ICA and ACA stenosis

B G lIO Left ICA dissection, mild left MCA stenosis Improvement in left MCA stenosis

B G lI Left MCA stenosis Left MCA stenosis remains

B G l9 Left MCA occlusion Resolution of left MCA occlusion

B G l7 Severe left MCA stenosis Left MCA stenosis remains

B G l4 Normal MRA Normal MRA

B G l5 Left MCA stenosis Resolution of left MCA stenosis

B G l2 Left MCA stenosis Resolution of left MCA stenosis

B G l8 Left ICA, MCA and ACA stenoses Improvement in left ICA and MCA stenosis 
ACA stenosis also remains

B G r7 Normal MRA Normal MRA

B G r2 Normal MRA MRA not performed

B G r3 Right MCA stenosis Improvement in right MCA stenosis

B G r I Right ICA and MCA stenosis Right MCA stenosis remains

B G r4 Right ICA stenosis Resolution of right ICA stenosis

B G r5 Severe right MCA stenosis Right MCA stenosis remains

B G r6 Right MCA occlusion Resolution of right MCA occlusion

Table 5.13. Magnetic Resonance Angiograms for each patient at the time of presentation of stroke to Great Ormond Street Hospital and at the time of the current 
studies
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5.5 Discussion

5.5.1 Conventional T l- and T2-Weighted Images

Results from the clinical neuroradiological examination of the conventional T l- and T2-weighted 

MR images showed that all patients had single unilateral lesions, and that these lesions were 

confined to the basal ganglia and surrounding white matter including extension into the external 

and extreme capsules and the corona radiata in some cases. This confirmed the selection criteria 

for inclusion of patients in this study, and suggested that all patients had no additional infarctions 

since their initial infarction. All patients with left hemisphere damage and the majority of patients 

with right hemisphere damage had infarctions that included the body of the caudate nucleus. 

Similarly, all patients, except one with left hemisphere damage, also had infarctions that involved 

the putamen. An assessment of the specific basal ganglia nuclei involved revealed no common 

site of pathology in relation to speech or language performance. Damage to specific basal ganglia 

nuclei was therefore thought not to explain the wide variance in language performance observed 

in the left-hemispheric injured group (see Chapter 4). In particular, the head of the left caudate 

nucleus was not damaged in all patients with language impairments and was damaged in some 

patients without language difficulties in those with left hemisphere damage. This is contrary to the 

suggestion made by Damasio et al (1982) and Gurd and Bamford (1997) that damage to the head 

of the caudate nucleus is crucial in the manifestation of language deficits in patients with basal 

ganglia infarctions. These results are consistent with numerous studies demonstrating an absence 

of a clear relationship between type of speech and language deficit and involvement of specific 

basal ganglia nuclei (e.g. Kertesz, 1992; Weiller et al, 1990; 1993; Nadeau and Crosson, 1997) 

and an absence of language impairments in adults (Cappa et al, 1983; Fromm et al, 1985; 

Alexander et al, 1987; Basso et al, 1987; Nadeau and Crosson, 1997; Wallesch, 1997) and in 

children (Martins, 2000) with infarctions of the basal ganglia. Lesion size was not quantified in 

this study. The clinical neuroradiological examination, however, provided no evidence for a 

relationship between size of lesion and functional impairments. Additional abnormalities that 

were not apparent on conventional MR images were therefore investigated in an attempt to 

explain the wide variance in language performance observed in the neuropsychological studies.

5.5.2 Voxel-Based Morphometric Analysis of 3D FLASH Data Sets

5.5.2.1 Comparison between Patients and their Control Groups

The results of the VBM analysis of patients with left hemisphere damage in comparison to their 

control group revealed decreased grey matter density in the left caudate nucleus. Significant 

regions of decreased grey matter density were also observed in cortical areas distant from the core
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site of the lesion that were not visibly abnormal on conventional MR images. The regions of 

abnormality involved the posterior superior temporal/inferior parietal cortex (Wernicke's area), 

ventral precentral gyrus, middle/posterior insula, inferior frontal gyrus (Broca’s area) and the 

superior precentral gyrus. The decrease in grey matter density in the caudate nucleus is consistent 

with the findings of the neuroradiological examination of the conventional MR images, that all 

patients in this group had damage that included the body of the caudate nucleus.

The basal ganglia are known to have extensive connections (via the thalamus) to the ipsilateral 

cortical hemisphere. These connections include particularly extensive projections to premotor and 

motor cortices including the precentral gyrus (Hoover and Strick, 1993; Middleton and Strick, 

1994) and to the prefrontal cortex (Rolls and Johnstone, 1992). These fibres project via the white 

matter surrounding the basal ganglia to the thalamus and from there to the cortex. White matter 

tracts in this region also contain extensive projections that do not involve connections with the 

basal ganglia, including pathways between the thalamus and temporal lobe and insula, as well as 

the auditory radiation from the medial geniculate body to Heschl’s gyrus (Carpenter, 1991). The 

cortical abnormalities observed in this analysis might therefore result from damage to white 

matter tracts surrounding the basal ganglia (Naeser et al,  1982) and/or deafferentation from basal 

ganglia inputs (Perani et al, 1987) and could represent subsequent Wallerian degeneration 

(Werring et al, 2000). Abnormalities remote from the core site of the lesion, usually in the form 

of functional depression, have been observed in previous studies using PET and SPECT (e.g. 

Metter et al, 1986; Perani et al, 1987; Weiller et al, 1990; 1993). Moreover, studies of rats have 

shown that imilateral basal ganglia lesions result in metabolic depression in the ipsilateral cortex 

due to the disruption of afferent fibre pathways (London et al, 1984).

The precentral gyrus is well known to be involved in motor control (Penfield and Jasper, 1954). 

The observed abnormality in the precentral gyrus is therefore consistent with the motor 

impairments observed in this group of patients (shown in Chapter 2). The left caudate nucleus 

(Murphey et al, 1997), ventral precentral gyrus (Ojemann and Mateer, 1979; McFarland and 

Lund, 1995), inferior frontal gyrus (Broca, 1861) and insular cortex (Dronkers et al, 1996; Wise 

et al, 1999) have all been implicated in the motor control of speech. These results might explain 

the deficits in the motor control of speech observed in the total patient group compared to the total 

control group (shown in Chapter 3). The role of Broca’s area in the motor control of speech, 

however, has been disputed by many investigators, and more recent studies suggest that this 

region is more important for linguistic processing (Stromswold et al, 1996; Caplan et al, 1999; 

2000; Embick et al,  2000). Also, the abnormality in the middle/posterior insula found here is not 

consistent with previous studies suggesting the anterior insula is key in the processing of speech 

(Dronkers et al, 1996; Wise et al, 1999). These regions therefore might be unrelated to the
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speech deficits observed in this group of patients. The left caudate nucleus (Damasio et al,  1982), 

inferior frontal gyrus (Stromswold et al, 1996; Caplan et al, 1999; 2000; Embick et al, 2000) 

and superior temporal/inferior parietal cortex (Goodglass and Kaplan, 1972) have all been 

implicated in linguistic processing, with the superior temporal/inferior parietal cortex having a 

particular role in receptive language (Goodglass and Kaplan, 1972). These results might explain 

the language deficits observed in some patients in this group and the prevalence of receptive over 

expressive language difficulties apparent in the total patient group compared to the total control 

group (shown in Chapter 4).

No regions of grey matter abnormalities in left or right hemisphere cortical regions were observed 

in patients with right hemisphere damage compared to their control group. A region of decreased 

white matter density was, however, observed in the right hemisphere precentral gyrus (motor 

cortex). This result is again consistent with the motor impairments observed in this group of 

patients (shown in Chapter 2). Right hemisphere regions involved in the motor control of speech 

and receptive language were also predicted to be abnormal since impairments in these domains 

were observed in this patient group as well as the left-hemispheric injured group on 

neuropsychological assessments (shown in Chapters 3 and 4). A consistent site of damage in the 

basal ganglia and abnormalities related to the functional impairments might not be apparent in this 

analysis because of the small number of patients in this group, or it might be that damage in this 

group was less consistent between subjects. Also, the receptive language impairments were 

thought to be a reflection of an underlying working memory difficulty (discussed in Chapter 4) 

and therefore might not be associated with abnormalities in brain regions typically thought to be 

involved in receptive language.

5.5.2.2 Correlation between Motor Speech Function and Structural Damage

The results of the correlation analyses between structural damage on 3D-FLASH scans and 

orofacial movement scores (test of Simultaneous and Sequential Orofacial Praxis) in patients with 

left and right hemisphere injuries showed no significant correlations between grey or white matter 

density and orofacial movement scores in any of the predicted regions. However, it could be that 

the range of scores on the test of Simultaneous and Sequential Orofacial Praxis was insufficient 

for a correlation to become apparent.

5.5.2.3 Correlation between Language Function and Structural Damage

Significant positive correlations were observed between language scores (CELF-III Total 

Language scale) and grey matter density in cortical regions thought to be involved in language, 

including the left inferior frontal gyrus (Broca’s area), middle frontal gyrus, insular cortex and
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superior temporal gyrus (Wernicke’s area) in patients with left hemisphere damage. A positive 

correlation between language scores and deep frontal white matter in the left hemisphere was also 

observed. This region is located close to the inferior frontal gyrus, and might represent 

connections between the basal ganglia and inferior frontal gyrus. However, there are many white 

matter pathways in this region, including the arcuate fasciculus, cross-hemispheric connections 

via the anterior corpus callosum and U-fibres between gyri and it is not possible from these 

studies to determine the white matter pathways affected. However, the proximity of the significant 

region to the inferior frontal gyrus and the grey matter loss in that region suggest that it might 

involve white matter fibres connected to the inferior frontal gyrus.

Some of the regions that were significant in this correlation analysis, namely the left inferior 

frontal gyrus, superior temporal gyrus, and the insular cortex, were also observed to be abnormal 

in the standard analysis in this patient group in comparison to their control group. The inferior 

frontal gyrus and insular cortex were more significant in the correlation analysis, while the 

superior temporal region was more significant in the standard analysis, suggesting that language 

abnormalities are more closely related to frontal than temporal damage following basal ganglia 

infarctions. The results of the correlation between the CELF-III language scores and decreased 

grey matter density in the left inferior frontal gyrus, the superior temporal gyrus and decreased 

white matter density in deep frontal white matter remained even when Verbal IQ was covaried 

from the analysis. This suggests that the previously observed correlations between these regions 

and language scores could not be explained by variation in Verbal IQ.

The abnormalities that are remote from the core site of the lesion, observed in this correlation 

analysis, are again consistent with the theory that language deficits following basal ganglia 

infarctions are mediated by white matter tract damage (e.g. Naeser et al, 1982; Alexander et al, 

1987) and/or deafferentation from the basal ganglia inputs (e.g. Perani et al, 1987). The known 

connections between the basal ganglia and prefrontal and temporal cortices (Rolls and Johnstone, 

1992) lend support to this theory. Previous investigators have argued in favour of diaschisis on the 

basis of SPECT studies demonstrating the presence of cortical hypoperfusion involving 

perisylvian language regions including Broca’s and Wernicke’s areas in adult patients with 

aphasia and not in those without aphasia following subcortical infarctions in adult patients (Perani 

et al, 1987; Okuda et al, 1994). This reduced perfusion was argued to result from the functional 

deactivation in the cortex caused by deafferentation from the subcortical inputs rather than 

hypoperfusion causing the language impairments, since the majority of patients in their group did 

not have MCA occlusion which is thought to underlie hypoperfusion in these regions (Perani et al, 

1987). No evidence for structural cortical abnormalities that were argued to result from diaschisis
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and to cause hypoperfusion was demonstrated, and statements about cause and effect processes 

were therefore speculative in the study by Perani et al.

The results of the correlation analysis between structural changes on 3D-FLASH scans and 

language scores in patients with right hemisphere damage showed no such correlations. The 

absence of correlations in this group might, however, be a reflection of the limited range of 

language scores within the right-hemispheric injured group, possibly preventing a correlation 

from becoming apparent. Similarly, the results of the correlation analysis between structural 

changes on 3D-FLASH scans and language scores in the total control group showed no cortical 

language regions to be significantly correlated with language scores, suggesting that the observed 

correlations in the left-hemispheric injured group do not extend to the normal population.

S.5.2.4 Factors to Consider in the Interpretation of Results

The interpretation of these data might be confounded by a number of methodological limitations. 

The absence of a correlation between regions of abnormality involving the basal ganglia and 

motor speech and language scores might be a reflection of the normalisation process causing the 

lesions to be distorted, thus making the detection of a structure-function relationship more 

difficult. The normalised images were, however, compared to the template and to the original 

images for each subject, and the lesions were not obviously distorted by the normalisation 

process. The use of the unsegmented images to assess changes in the basal ganglia and 

surrounding white matter in relation to language performance might also have prevented a 

structure-function relationship from becoming apparent in these regions. Unsegmented images 

were used because SPM incorrectly assigned voxels containing lesioned tissue into either grey 

matter or CSF. However, the anatomical localisation of significant regions is more difficult in 

these cases because tissue types are not objectively segmented. Moreover, the probability of 

finding significant changes on unsegmented images is lower because of a reduced contrast to 

noise ratio and because a greater number of voxel-wise comparisons are made. Regions of cortical 

abnormalities were indeed not apparent on the unsegmented images in the same comparisons. The 

observation of the caudate abnormality in the standard analysis of patients with left hemisphere 

damage compared to their control group, however, suggests that it is not impossible to observe the 

predicted abnormalities in or around the basal ganglia when using unsegmented images.
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5.5.3 Voxel-Based Morphometric Analysis of Diffusion-Tensor Images

5.5.3.1 Comparison between Patients and their Control Groups

The results from the VBM analysis of diffusion-tensor images from patients with left hemisphere 

damage in comparison to their control group revealed significant decreases in white matter 

anisotropy in the left internal capsule (anterior limb) and external capsule. These abnormalities 

are likely to represent an extension of the lesions observed on conventional images. A significant 

decrease in white matter anisotropy was also observed in precentral gyrus white matter (in a 

similar region to that observed in the standard analysis using 3D-FLASH scans) that was not 

visibly abnormal on conventional MR images. The anterior limb of the internal capsule is known 

to contain projections from the basal ganglia and thalamus to all parts of the frontal lobes, with 

some of the most abundant projections going to the precentral gyrus (Carpenter, 1991). The 

precentral gyrus abnormality might again be related to deafferentation from basal ganglia or the 

internal capsule input leading to inactivity in white matter tracts that are remote from the core site 

of the lesion. Previous studies using DTI in patients with stroke have also demonstrated reduced 

diffusion anisotropy in fibre pathways that are connected to but remote from the core lesion 

(Werring et al, 2000; Gillard et al, 2001; Pierpaoli et al, 2001). This finding also lends support 

to the explanation of white matter and/or deafferentation from basal ganglia inputs underlying the 

grey matter abnormality in the precentral gyrus observed in the VBM analysis of 3D-FLASH 

scans. The known role of the precentral gyrus in motor control suggests that the abnormality in 

this region is again consistent with the motor impairments observed in this group of patients 

(shown in Chapter 2).

The results of the VBM analysis of patients with right hemisphere damage in comparison to their 

control group revealed decreases in white matter anisotropy in the right internal capsule (posterior 

limb) and precentral gyrus white matter (in a similar region to that observed in the standard 

analysis using 3D-FLASH scans). The involvement of the posterior limb of the internal capsule 

suggests that the region of pathology common to patients with right hemisphere damage is 

slightly more posterior than it is in patients with left hemisphere damage. The posterior limb of 

the internal capsule is known to contain projections from the basal ganglia and thalamus to nearly 

all areas of the cortex, with most abundant fibres projecting to the Rolandic area and adjacent 

portions of the frontal and parietal lobes, including motor cortex (Carpenter, 1991). These results 

are therefore again consistent with the motor impairments observed in this group of patients 

(shown in Chapter 2) and might also help to explain the cortical grey matter abnormalities 

observed in the VBM analysis of 3D-FLASH scans.
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S.5.3.2 Correlation between Motor Speech Function and Fractional Anisotropy

The results of the correlation analyses between white matter anisotropy on DTI and orofacial 

movement scores (test of Simultaneous and Sequential Orofacial Praxis) in patients with left and 

right hemisphere injuries showed no significant correlations between anisotropy and orofacial 

movement scores in any of the predicted regions. As indicated earlier (in Section 5.5.2.2), it might 

be that the range of scores on the test of Simultaneous and Sequential Orofacial Praxis was 

insufficient for a correlation to become apparent.

5.5.3 3 Correlation between Language Function and White Matter Anisotropy

Significant positive correlations were observed between language scores (CELF-III Total 

Language scale) and white matter anisotropy on DTI in the left internal capsule (anterior limb) 

and left deep frontal white matter (in a similar region to that observed in the correlation analysis 

using 3D-FLASH scans) in patients with left hemisphere damage. The significant region of deep 

frontal white matter is located close to the inferior frontal gyrus. Again, it is not possible from 

these studies to determine the white matter tracts affected, although the proximity of this 

significant region to the inferior frontal gyrus and the grey matter loss in that region (found on 

analyses of 3D-FLASH scans) suggest that it might involve white matter fibres connected to the 

inferior frontal gyrus. The relationship between internal capsule involvement and language 

performance might be indicative of more extensive lesions resulting in poorer functional 

performance. However, the anterior limb of the internal capsule is known to contain fibre 

projections from the basal ganglia and thalamus to all parts of the frontal lobes (Carpenter, 1991), 

and could possibly include connections involving the region of deep frontal white matter found to 

be significant here.

The region of significant change in anisotropy in the internal capsule (anterior limb) in this 

correlation analysis was also observed to be abnormal in the standard analysis in this patient 

group in comparison to their control group. The results of the correlation between the CELF-IH 

language scores and white matter anisotropy in left hemisphere deep frontal white matter and 

internal capsule remained even when Verbal IQ was covaried from the analysis. This suggests that 

the previously observed correlation between these regions and language scores could not be 

explained by variation in Verbal IQ.

The results of this correlation analysis are consistent with the theory that language deficits 

following basal ganglia infarctions are related to white matter tract damage (Naeser et al, 1982; 

Alexander et al, 1987) and/or cortical deafferentation from basal ganglia inputs (Perani et al

1987) through damage involving the internal capsule. These findings might also help to explain
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the relationship between some of the cortical grey matter abnormalities and language scores 

observed in the VBM analyses of 3D-FLASH scans.

The results of the correlation analysis between white matter anisotropy on DTI and language 

scores in patients with right hemisphere damage showed no such correlations. The absence of 

correlations in this group might, however, be a reflection of the small number of patients in this 

analysis and the limited range of language scores within the right-hemispheric injured group, 

possibly preventing a correlation from becoming apparent. Similarly, the results of the correlation 

analysis between white matter anisotropy on DTI and language scores in the total control group 

showed no cortical language regions to be significantly correlated with language scores, 

suggesting that the observed correlations in the left-hemispheric injured group do not extend to 

the normal population.

5.5.3.4 Factors to Consider in the Interpretation of Results

The interpretation of the VBM analyses of DTI data might be influenced by a number of factors. 

The direction of the fibre pathways shown to have reduced anisotropy cannot be identified from 

the present studies, and it could be that either afferent or efferent basal ganglia connections are 

involved. Disconnection from the basal ganglia and/or surrounding white matter was thought to 

lead to the anterograde degeneration of connected fibre pathways in areas that are remote from the 

core site of the lesion observed in these studies. However, the possibility that functional 

deactivation in the cortex leads to degeneration of fibres projecting from the cortex to the basal 

ganglia cannot be excluded from these results. A further potential difficulty with the interpretation 

of FA maps is that of differences in the coherence and regularity of the orientation of axons within 

voxels (Basser and Pierpaoli, 1996). Diffusion in voxels containing crossing axons or branching 

bundles of axons appear to have lower anisotropy, thus leading to difficulties in the interpretation 

of the results.

5.5.4 Perfusion-Weighted Images

Eight patients with left hemisphere injuries and two patients with right hemisphere injuries 

underwent PWI. Haemodynamic abnormalities distant from the core lesion site were observed in 

seven patients, all on the side of the infarction. No obvious relationship was observed between 

motor speech function (as measured by the test of Simultaneous and Sequential Orofacial Praxis) 

and haemodynamic abnormalities on PWI. However, the three patients (BG l3, B G l6 and B G l IO) 

with left hemisphere injuries and the poorest language function (i.e. greater than two standard 

deviations below the population mean, as measured by the CELF-III) showed evidence of left 

cortical haemodynamic abnormalities that involved fronto-parietal regions and included
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Wernicke’s area in all three cases. Abnormalities were difficult to detect in inferior frontal regions 

due to signal dropout on the EPIs related to susceptibility artifacts in this region. No other patients 

with left or right hemisphere injuries showed any evidence of haemodynamic abnormalities in the 

left cortical language areas. Since only two patients with right hemisphere injuries underwent 

PWI, it is difficult to interpret their results.

These results lend support to the theory that cortical hypoperfusion affecting language regions 

underlie language impairments following left hemisphere basal ganglia infarctions (Weiller et al, 

1990; 1993; Nadeau and Crosson, 1997). In a recent study using advanced MR imaging 

techniques, Hillis et al  (2002) demonstrated a similar association between neuropsychological 

impairments and cortical haemodynamic abnormalities in the MCA territory on TTP maps in 

adult patients with aphasia or neglect following subcortical infarctions. The study by Hillis et al 

highlighted the importance of haemodynamic abnormalities in the acute stage following 

infarctions, while the results reported here suggest that persistent cortical haemodynamic 

abnormalities are also associated with language deficits in the long-term following basal ganglia 

infarctions.

It must be noted that not all patients underwent PWI, although PWI data were available from 

eight of the ten patients with left hemisphere lesions. The two patients (B G l4  and B G l5) in this 

group who did not undergo PWI had no evidence of residual arterial abnormalities and so were 

less likely to have cortical perfusion abnormalities. The results from the perfusion studies that 

were carried out would therefore be unlikely to change with the addition of perfusion studies from 

the remaining patients in this sample. A further potential difficulty with the PWI results is the 

time differences in PWI acquisition in relation to the neuropsychological studies. This was 

difficult to control, particularly since a number of the scans were carried out for clinical purposes 

independently of the current studies. It is possible that haemodynamic changes take place over 

time (as described in the Results section in relation to one patient who underwent two PWI 

sessions). It is therefore possible that the PWI results reported here do not reflect the perfusion 

status of the patients at the time of the neuropsychological studies. However, perfusion 

abnormalities are more likely to improve, with the resolution of the arterial abnormalities, than to 

deteriorate over time. None of the patients who underwent PWI before the neuropsychological 

studies (with the exception of B G l6, described in the Results section) showed evidence of 

haemodynamic abnormalities involving cortical language areas, and it is unlikely that such 

abnormalities would have developed since then. The PWI sessions that took place after the 

neuropsychological studies were generally much closer in time to the neuropsychological studies 

and are more likely to reflect perfusion status of the patients at that time. The results presented 

here are therefore likely to represent a relationship between haemodynamic abnormalities and
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poor language performance, although further studies are required to understand the course of 

haemodynamic abnormalities over time in patients with infarctions of the basal ganglia.

5.5.5 Magnetic Resonance Angiograms

Results of the MRA studies showed that all patients who were found to have haemodynamic 

abnormalities on PWI also had MRA abnormalities that involved residual MCA or ICA stenosis, 

or MCA occlusion in the case of the patient (BGl3) with greatest perfusion abnormalities and 

poorest language function. One other patient (BGrI) who did not undergo PWI was found to have 

residual MCA stenosis and therefore might be expected to have right hemisphere cortical 

haemodynamic abnormalities on PWI. All other patients, including those who were not found to 

have haemodynamic abnormalities on PWI, showed a resolution of angiographic abnormalities. 

These results suggest that persistent haemodynamic abnormalities in regions remote from the core 

site of the lesion are related to the presence of residual arterial abnormalities. When such 

abnormalities affect the left hemisphere MCA, the left cortical language regions are at risk of low 

perfusion and therefore functional abnormalities, as found in the patients with poorest language 

performance in this study. This is consistent with the findings of Weiller et al (1990), where 

reduced rCBF in the MCA territory overlying the subcortical infarction was consistently related to 

persistent MCA occlusion.

5.6 Conclusions

The results discussed here provide evidence for abnormalities remote from the core site of the 

lesion that are not detectable on conventional MR imaging in children and young adults with 

infarctions of the basal ganglia. These abnormalities included a reduction in cortical grey and 

white matter, as well as cortical haemodynamic abnormalities. Furthermore, language 

performance was found to be significantly correlated with changes in regions remote from the 

core site of the lesion. These included changes in diffusion anisotropy in white matter tracts 

around the basal ganglia as well as changes in grey matter and haemodynamic function in left 

hemisphere cortical language areas. Damage to the left hemisphere basal ganglia alone was not 

sufficient to result in long-term language deficits in this group of patients, although this does not 

exclude the possibility of their involvement in language. It is difficult to attribute cause and effect 

processes from these studies. The current studies have, however, highlighted the importance of 

considering abnormalities beyond those observed on conventional MR imaging when relating 

functional impairments to site of injury in patients with infarctions of the basal ganglia.
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Chapter 6: Recovery and Reorganisation of Language Function in 

Patients with Basal Ganglia Infarctions

The patients involved in the current studies were all assessed at least 18 months, and often longer, 

after their strokes. It was therefore possible that, if speech and language processes are dependent 

on the basal ganglia or associated circuitry, the profiles reported in this thesis could reflect 

recovery or reorganisation to neighbouring or contralateral structures. For this reason, the 

interpretation of the neuropsychological results must take into account the processes of recovery 

and reorganisation. Investigations of changes in neuropsychological performance over the course 

of recovery and studies of reorganisation of language function carried out for this thesis will be 

reported in this chapter. Prior to this, studies of recovery and reorganisation of language function 

after brain injury will be described.

6.1 Introduction

The acute stages of cerebral infarction in adults and children are frequently associated with 

functional impairments, including difficulties in motor, speech and language domains. The early, 

passive stages of recovery involve resolution of acute inflammation, reduction of oedema, and 

resorption of blood and necrotic tissue (Dombovy and Rita, 1988). Recovery of function often 

occurs for months, and even years, beyond these acute stages of recovery, suggesting that 

additional active processes, such as functional reorganisation, may be taking place to explain 

long-term improvements (Frackowiak et al, 1997; Seitz et al, 1999). Subcortical damage is 

associated with better recovery of function than cortical damage in children (Martins, 2000) and 

in adults (Mohr et al, 1975; Ferro, 1992; Liebermann et al, 1986), which may be indicative of 

the capacity for functional compensation or reorganisation following basal ganglia injuries. The 

known subcortical-cortical connections, and frequent occurrence of basal ganglia lesion extension 

into surrounding white matter, suggest that reorganisation at a subcortical level might be expected 

to have an effect on cortical organisation of language. Additionally, if speech and/or language had 

been affected by basal ganglia injuries, the increased potential for recovery in childhood may 

again suggest that reorganisation would be likely in the sample of patients involved in these 

studies. The time elapsed since injury might be predictive of level of impairment, with increased 

time since injury being associated with a greater time for recovery and/or reorganisation to take 

place. However, time elapsed since injury has also been associated with a decline in level of 

function (Banich et al, 1990). This is thought to reflect the injured brain’s capability in 

supporting early developing functions but not more complex functions that emerge during the
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course of development (Banich et al, 1990). These processes are complicated in childhood since 

the most important functions are not static but are developing despite the presence of brain 

damage.

There is a considerable body of literature to suggest that reorganisation of function occurs in 

children and adults following brain injury. An overview of this evidence will be given here. Few 

reports describing reorganisation of speech and language associated with basal ganglia damage 

exist, and those that are available indicate that recovery following subcortical injuries (reviewed 

below) is dependent on reorganisation at the cortical level. In order to gain an understanding of 

the potential for reorganisation of language, studies of reorganisation of language following 

cortical damage will also be discussed.

6.1.1 Recovery and/or Reorganisation of Language Function after Subcortical 
Lesions

The few existing studies on recovery and/or reorganisation of language following subcortical 

damage suggest that recovery of function may be associated with cortical reorganisation, as 

observed in studies of motor function following subcortical injury (e.g. Chollet et al, 1991; 

Weiller et al, 1992; Weder et al, 1994). In a group of nine patients with subcortical lesions and 

language impairments, Heiss et al (1999) reported initial bilateral activation in the superior 

temporal gyri, as well as right-sided activation in the right planum temporale, and the right 

inferior frontal gyrus. In a follow-up study with the same patients, however, there had been a shift 

in activation to the left planum temporale, right Heschl’s gyrus, and no right inferior frontal gyrus 

activation observed in association with improved function. Better recovery of function was 

therefore thought to be dependent on the restitution of left hemisphere activation. There are no 

reliable reports of reorganisation of function following subcortical injuries acquired during 

childhood. However, Staudt et al (2001) studied seven young adults who had suffered pre- and 

peri-natal lesions to the left periventricular white matter (PVWM). An fMRl language production 

task (word generation) elicited right-sided activation in the participants with left PVWM damage 

in contrast to control subjects who showed strongly left-sided activation in response to this task. 

The degree of right hemisphere activation was found to be related to the severity of white matter 

damage, particularly where there was left facial motor tract involvement, suggesting that speech 

motor output difficulties are important in influencing cross-hemispheric reorganisation of 

language production. The effects on the cortical organisation of language in such cases might be a 

reflection of cortical involvement in the manifestation of speech and language difficulties after 

subcortical damage.



Chapter 6: Recovery and Reorganisation o f Language Function in Patients with Basal Ganglia Infarctions
___________________________________________________________________________________ 19^

6.1.2 Recovery and/or Reorganisation of Language Function in Adults with 
Unilateral Brain Injuries

Studies employing a variety of techniques to study recovery of language function in adults with 

aphasia have demonstrated functional recovery in association with increased right hemispheric 

involvement. Xenon rCBF (Knopman et al, 1984), fMRI (Thulbom et al, 1999; Rosen et al, 

2000), PET (Weiller et al, 1995: Cappa et al, 1997; Musso et al,  1999), dichotic listening 

(Moore and Weidner, 1975; Hugdahl et al, 1990), EEG (Moore, 1984) and event related potential 

(Papanicolaou et al, 1987; 1988; Thomas et al, 1997) studies have all suggested an involvement 

of the right hemisphere in recovery of language function. In contrast, perilesional activation and 

extension into neighbouring representations of the left hemisphere has been reported to be a better 

indicator of recovery from aphasia in studies using PET (Heiss et al, 1993; Frackowiak et al, 

1997) and MEG (Simos et al, 2000). These observations were taken as evidence that 

reorganisation is dependent upon the viability of peri-infarct tissue and pre-injury language 

representation (Frackowiak et al, 1997; Heiss et al, 1999; Rosen et al, 2000). Rosen et al 

(2000) suggested that perilesional activation may represent sparing or restitution of normal 

activation rather than reorganisation of function.

A number of investigators have suggested that better recovery is associated with right hemisphere 

activation early in the recovery process with a subsequent return to left hemisphere language 

processing, involving the left superior temporal and inferior parietal regions in particular 

(Knopman et al, 1984; Heiss et al, 1999). Maintained right hemisphere activation is thought to 

be associated with only partial recovery from aphasia, and is only involved if the left hemisphere 

is unable to support language functions (Heiss et al, 1999). In support of this, Hugdahl et al 

(1990) observed a change in dichotic listening performance from a left ear advantage to no ear 

advantage to a right ear advantage over the course of recovery from severe expressive aphasia in a 

patient with an arteriovenous malformation underlying Broca’s area. This again suggests that 

recovery of language function is associated with initial right hemisphere involvement, but a return 

to left hemisphere superiority for language processing in association with complete recovery of 

function. Inter- or intra-hemispheric reorganisation may therefore depend on the existence of 

cortex specialised for linguistic functions in the affected and the spared hemisphere (Simos et al, 

2000). These patterns of recovery may also be dependent on the type of language disorder. In a 

study of slow cortical potentials, Thomas et al (1997) showed that recovery from Broca’s aphasia 

was initially associated with right hemisphere involvement, with a later shift back to the left 

inferior frontal cortex, while following Wernicke’s aphasia, the right hemisphere shift occurred 

later in the course of recovery and was thought to be permanent.
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6.1.3 Recovery and/or Reorganisation of Language Function in Children with 
Unilateral Brain Injuries

Functional imaging studies have provided evidence for cross-hemispheric reorganisation of 

language following unilateral lesions sustained during childhood. Right hemispheric language 

activation following left lesions acquired during childhood was observed using MEG/MSI 

(magnetic source imaging) (Simos et al, 2000). Similarly, Muller et al  (1998) reported right

sided activation in response to listening to and repeating sentences during PET studies in a group 

of patients who had recovered language function following left-sided lesions acquired before the 

age of 6 years. In a later study involving the same tasks (Muller et al, 1999), activation patterns 

were compared in 13 adults who had sustained lesions to the left perisylvian regions before the 

age of 6 years, 10 adults who had sustained lesions to the left perisylvian cortex after the age of 

20 years, and 8 healthy adult control subjects. In their study, it was found that, in response to the 

listening task, the healthy control subjects showed strong left-sided activation and patients who 

had sustained later lesions showed bilateral activation in contrast to the right-sided activation 

found in patients with early lesions. This again suggests that the capacity for reorganisation is 

greater following lesions sustained early in life. Furthermore, the study by Muller et al (1999) 

demonstrated a decrease in left basal ganglia activation in patients with early lesions, and also an 

increase in right hemisphere basal ganglia activation in patients with late lesions in response to 

sentence repetition, suggesting that subcortical reorganisation mirrors cortical language shifts 

towards the right hemisphere.

Maintenance of left hemisphere language organisation or intrahemispheric reorganisation of 

language has been found in children with left hemisphere lesions and recovery of language 

function. Satz et al (1988) found evidence for left hemispheric organisation of language in the 

majority (66%) of cases in the four studies they reviewed involving dichotic listening tests with 

patients undergoing sodium amytal tests prior to temporal lobectomies. Left hemisphere 

organisation was mainly associated with later onset of pathology. Papanicolaou et al (1990) used 

event related potentials to study children with aphasia following acquired unilateral lesions. They 

found that these children remained left hemisphere dominant for language, although localisation 

of language representation was not possible in this study.

6.1.4 Introduction to the Study of Reorganisation of Function

A number of techniques for the assessment of reorganisation of language function were used in 

the studies reported in this chapter. The methods employed were a dichotic listening task, 

functional magnetic resonance imaging (fMRl) and event related potentials (ERPs). The
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acquisition and analysis of laterality of function data using these techniques will be described in 

this section.

6.1.4.1 Laterality of Language Function: Techniques and Data Acquisition 

Dichotic Listening

Dichotic listening tasks provide an indication of hemispheric specialisation for language function 

through the assessment of auditory processing asymmetries that can be elicited with the 

presentation of competing dichotic stimuli. This is based on the rationale that there is a greater 

preponderance of contralateral than ipsilateral auditory pathways (Rosenweig, 1951). The 

stronger contralateral auditory projections are thought to suppress or inhibit the ipsilateral 

projections to the dominant hemisphere via the corpus callosum (Hugdahl et al, 1990). An ear 

advantage is therefore indicative of the relative processing superiority of the contralateral 

hemisphere, or information loss due to ipsilateral suppression, or an interaction between the two 

processes, and therefore provides an indication of the hemisphere that subserves language. The 

majority of healthy adults have been reported to have a right ear advantage for dichotically 

presented verbal stimuli (Kimura, 1961) which is taken to indicate left hemisphere specialisation 

for language processing. Similarly, a right ear advantage has consistently been demonstrated in 

healthy children (Kimura, 1963). Dichotic listening tasks have also been used to assess the 

latéralisation of language in patients with unilateral brain injuries. Kimura (1961) demonstrated a 

left ear advantage in adult patients with epilepsy and who had been shown to have right 

hemispheric language representation on the intracarotid sodium amytal procedure for the 

assessment of language representation prior to surgery. Similarly, patients who had been shown to 

have left hemisphere language representation on the sodium amytal procedure had a right ear 

advantage on dichotic listening. Changes in language organisation have also been demonstrated in 

children with brain injuries using dichotic listening tasks (e.g. Bergman et al, 1984; Ellis et al,

1988) with a greater prevalence of a left ear advantage, and by implication, right hemisphere 

language representation, in children who had sustained their lesions at an earlier age (Isaacs et al, 

1996). Dichotic listening tasks therefore provide a useful, non-invasive, measure for the 

assessment of language latéralisation in healthy individuals and in patients with brain injury.

Dichotic listening tasks have typically involved the presentation of verbal material such as series 

of digits, consonant pairs and words. Such tasks, however, have been criticised for their 

dependence on variables unrelated to hemispheric asymmetry, such as attention biases and 

working memory, task strategies and experience (Fernandes and Smith, 2000). The fused dichotic 

word test (FDWT) (Wexler and Halwes, 1983) has been proposed as an alternative to traditional
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dichotic listening tasks that address some of the issues that may confound the results of auditory 

processing asymmetries. The FDWT involves the simultaneous presentation of pairs of 

monosyllabic rhyming words that differ only in their initial consonant (e.g. boy, toy). Stimuli 

have been modified by a computer-based speech processing system so that the two words in each 

dichotic pair are very similar on all the acoustic dimensions that affect auditory localisation 

(Halwes, 1991). Stimuli therefore appear to come from a single source. Subjects are unaware of 

the dichotic presentation of the words and are asked to report the word that they have heard on 

each trial. This task avoids the problems associated with attention and working memory required 

by the recall of stimulus material in other dichotic listening tasks. The validity of this task in 

determining the laterality of language has been demonstrated in adults (Zatorre, 1989) and in 

children (Fernandes and Smith, 2000) with epilepsy. These studies indicated that results from the 

FDWT were consistent with the results of the intracarotid sodium amytal procedure in these 

subjects.

Functional Magnetic Resonance Imaging

Functional magnetic resonance imaging (fMRI) provides a non-invasive method for the 

visualisation of local physiological changes within the brain that are associated with activation of 

brain regions (Gadian, 1995). fMRI signals highlighting regions of activation are thought to 

represent excitatory cortico-cortical traffic in the brain (Frackowiak et al, 1997) since most 

cortico-cortical connections are glutaminergic and hence excitatory. The presence of 

deoxyhaemoglobin in blood vessels provides the basis for detecting changes in the MR signal. 

During activation, there is a regional increase in blood flow, necessary for oxygen metabolism, in 

response to physiological stimuli. This focal increase in blood flow is greater than is necessary for 

the increased metabolic demand, leaving an increased amount of oxygenated blood once the 

required oxygen has been extracted. Since oxygenated haemoglobin has different magnetic 

properties from deoxyhaemoglobin, increases in blood flow produce changes in the intensity of 

the MR signals (Ogawa et al, 1990). Pulse sequences that are sensitised to the concentration of 

deoxyhaemoglobin are referred to as blood oxygen level dependent (BOLD) techniques.

Functional imaging methods provide the advantage of being able to study language systems in 

healthy individuals as well as in patients (Price, 2000), allowing comparisons to be made between 

normal language processing and language systems that may have been disrupted. In addition, the 

network of regions that are active during language processing (Price, 2000), and not just 

hemispheric dominance, can be identified using imaging techniques. Numerous imaging studies 

have employed various verbal paradigms, including passive listening (e.g. Price et al, 1992; 

Binder et al, 1996; Lurito et al, 2000), word repetition (e.g. Howard et al, 1992; Heiss et al, 

1997; Burton et al, 2001), picture naming (e.g. Etard et al, 2000; Hernandez et al, 2000; 2001),
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verb generation (e.g. Raichle et al, 1994; Thiel et al, 1998; Rutten et al, 2002), sentence reading 

(e.g. Bavelier et al, 1997; Seki et al, 2001) and syntactic processing (e.g. Just et al,  1996; 

Caplan et al, 1999; 2002; Friederici et al, 2000) to elicit latéralisation of, and/or the networks 

involved in, language processing in healthy control subjects and in patient groups. Bilateral 

superior and middle temporal cortices are activated in response to passive listening, while 

additional lateralised activity in the left posterior superior temporal cortex and left anterior insula, 

as well as bilateral sensorimotor activation, occurs during word repetition (Price, 2000). 

Functional imaging studies involving children have shown that patterns of language activation 

during development are highly consistent with those of adults (Bookheimer and Dapretto, 1997) 

with evidence for left-lateralised activation being observed in infants as young as 3 months old in 

response to normal and reversed speech (Dehaene-Lambertz et al,  2002).

The fMRI studies carried out here involved a verb generation paradigm. Verb generation involves 

decoding of the acoustic stimulus, recognition of the phonological code as a word, semantic 

associations in the search for verbs, articulatory coding and storage in working memory. The 

different language processes occurring during this task are likely to require the activation of a 

network of multiple brain areas involved in language processing. Both covert and overt generation 

tasks elicit a similar network of activation, with only additional motor cortex activation during 

overt generation (Palmer et al, 2001). Covert generation tasks are therefore useful for functional 

imaging studies to avoid artefact contamination associated with speech movements. Language 

production tasks, such as verbal fluency or word generation, are also thought to be better at 

indicating latéralisation of language than receptive tasks, such as story listening and repetition 

(Benson et al, 1999). Rutten et al (2002) showed that verb generation, and not their comparison 

conditions of antonym generation or picture naming, was the only reliable task for quantifying 

latéralisation through the calculation of a laterality index (LI) of language. Such lateralised 

activity is especially apparent in the inferior frontal gyrus (Frith et al,  1991; Warburton et al, 

1996; Papathanassiou et al, 2000). Lateralised fMRl activity in this region best correlates with 

latéralisation of language seen in Wada tests (Lehericy et al, 2000), when compared to lateralised 

activity in more posterior regions. The expressive nature of language impairments predicted to 

follow basal ganglia damage, and the connections between the basal ganglia and the frontal 

cortices, suggest that reorganisation of function in these patients is more likely to occur in 

expressive language domains involving anterior language sites. A verb generation task is therefore 

appropriate for determining the presence of reorganisation of language processing in patients with 

basal ganglia damage.
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Event Related Potentials

Event related potentials (ERPs) are used to measure changes in neural activity in response to time- 

locked stimuli that occur reliably under the same set of conditions. Changes in neural activity 

induced by sensory events are not visible on a conventional EEG recording because of the low 

amplitude relative to background activity. It is therefore necessary to average electrical activity 

over multiple presentations of the same stimulus to be able to observe ERF components. 

Abnormal ERPs may appear either as an increase in the normal latency of the peak or as a change 

in the amplitude of the peak. A slow wave, or slow cortical shift, like an ERP component, 

represents a deflection in the brain’s electrical response to an event that is recorded at the surface 

of the scalp. Unlike ERP components, slow waves do not typically have an identifiable peak, and 

take longer to return to baseline levels of activity. The neurophysiological basis of slow cortical 

potentials is thought to be post-synaptic depolarisation causing activation of larger populations of 

cortical neurons (Thomas et al, 1997).

ERP recordings have been used to determine the hemispheric latéralisation of language in healthy 

adult controls and in adult patients with localised brain damage. ERPs have been recorded directly 

from the exposed language cortex of patients undergoing neurosurgery (Ojemann et al, 1989a). 

Lateralised ERPs immediately preceding speech have also been recorded from the intact scalp. 

Lateralised slow cortical potential shifts have been recorded in healthy subjects in response to 

phonological judgements (Rugg, 1984a; Rugg, 1984b), synonym generation (Altenmuller et al, 

1993; Thomas et al, 1997), and verbal recognition memory judgements (Gerschlager et al, 1998; 

Lalouschek et al, 1998). Responses to these tasks have been correlated with sustained cortical 

negativity that is typically greater in fronto-central regions over the left than the right hemisphere 

in healthy adult control subjects (Altenmuller et al, 1993; Thomas et al, 1997; Gerschlager et al, 

1998; Rowan et al, 2002). ERP recordings of slow cortical shifts have also revealed alternative 

patterns of hemispheric latéralisation in patients with temporal lobe epilepsy (Gerschlager et al, 

1998), patients with a history of transient loss of speech (Altenmuller et al, 1993) and aphasie 

patients following stroke (Thomas et al, 1997). Altenmuller et al (1993) found 100% agreement 

between side of fronto-central cortical negativity revealed by ERP recordings and known 

hemispheric dominance from clinical data in patients with a history of transient loss of speech.

The electrophysiological studies carried out here involved the fMRl verb generation paradigm 

adapted for use with ERPs, keeping timing parameters constant to allow comparison between the 

two methods. The ERP method provides excellent temporal resolution that complements the high 

spatial resolution of the fMRl methods allowing exploration of regional differences in the time 

course of ERP activation.
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6.1.4.2 Laterality of Language Function: Data Analysis

Dichotic Listening

An index of laterality, known as the 1* index, can be calculated from the results of the FDWT. 

This is designed to account for differences in accuracy of performance between individuals 

(Bryden and Sprott, 1981), and controls for stimulus dominance effects, which occur when 

subjects respond with the same word regardless of ear of presentation (Fernandes and Smith, 

2000) (Grimshaw et al, 1994). The calculation of the X* index involves a conventional log-linear 

analysis using adjusted values for all correct responses from the FDWT, Inferences concerning 

the magnitude of a laterality index for any individual have been called into question (Wexler and 

Hawles, 1985) due to differences in the accuracy of performance between subjects with a lower 

accuracy potentially leading to the appearance of greater ear asymmetry. For this reason, the 

probability that an ear asymmetry of a particular magnitude has occurred by chance is computed 

(Halwes, 1991). This method for the calculation of the significance of laterality indices for the 

FDWT was employed in the current studies.

Functional Magnetic Resonance Imaging

Quantitative information from fMRI data can be obtained through statistical analyses that test 

hypotheses (with r-tests and F-tests) by making comparisons within individual brains and between 

groups of brains on a voxel-by-voxel basis. Before fMRI data can be statistically analysed in this 

way, they must first undergo several stages of processing. Statistical Parametric Mapping 

software (SPM99) was used for the processing and analyses of these data. The fMRI data must be 

realigned so that all scans are in register with the first scan. fMRI data that are to be used in group 

comparisons must be normalised so that data from all subjects are in the same stereotactic space 

and structures are mapped broadly into the same frame of reference. The anatomical and 

functional images for each subject need to be coregistered with a consistent point of origin across 

images for each subject. The data are then smoothed, as described for VBM analyses of structural 

images (see Section 5.1.1.2 Chapter 5). Following these processes, the statistical analyses can be 

carried out. Statistical parametric maps are created for the entire brain, displaying differences in 

activation at the voxel level within individuals and between groups.

fMRI latéralisation typically involves the calculation of laterality indices based on the number of 

activated voxels in a specified region of interest in each hemisphere (Hertz-Pannier et al, 1997). 

These laterality indices, however, are dependent on the statistical threshold used. More recently, a 

direct statistical method for the comparison of fMRI activation in homotopic voxels was proposed 

(Liegeios et al, 2002). The computation of statistical latéralisation maps (SLMs) successfully
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revealed latéralisation of language in a group of paediatric surgical patients who also underwent 

sodium amytal tests and invasive monitoring assessments of language representation.

Event Related Potentials

ERF latéralisation is commonly assessed by comparing homologous electrodes over each 

hemisphere. The method of computing SLMs to determine fMRI latéralisation (Liegeois et al, 

2002), based on a direct comparison of homotopic voxels, lends itself to the comparison of fMRI 

data with ERF latéralisation in homologous electrodes between hemispheres. A pilot study 

involving 10 right-handed adults showed that ERF latéralisation was consistent with fMRI results 

in response to verb generation across the group (Rowan et al, 2002). This was reflected in a 

significant early transient ERF, consisting of a large leftward positivity over inferior temporal 

(F7>F8) and temporo-parietal (CF5>CF6) regions. A bilateral negative wave was recorded over 

the fronto-central regions, with a rightward preponderance over inferior frontol-temporal 

(FT8>FT7) and central (C4>C3) regions. A significantly lateralised late sustained slow cortical 

shift was recorded over the left inferior frontal region (FC3>FC4). Lateralising effects were also 

observed to a lesser extent in response to word repetition, but not to nonword repetition or passive 

listening, indicating that the effects were related to word retrieval processes. These data suggest 

that the verb generation task is successful in demonstrating cortical latéralisation of language 

function and could potentially provide additional information regarding latéralisation of language 

function in the patients involved in the present studies.

6.1.5 Aims

The aims of the studies of recovery and/or reorganisation of language function reported in this 

chapter were (1) to identify changes in intellectual and language function over the course of 

recovery since the onset of the stroke; (2) to characterise the latéralisation of language function; 

(3) to identify abnormalities in the patterns of language organisation; and (4) to identify 

abnormalities in the time course of language processing.

6.2 Methods

6.2.1 Changes in Neuropsychological Function during the Course of Recovery

All patients participating in these studies had previously undergone neuropsychological 

assessments at the Institute of Child Health, Great Ormond Street Hospital as part of a study 

investigating the consequences of stroke in children. All patients were assessed at a minimum
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time period of 6 months after onset of stroke on one occasion prior to the current studies, and a 

small number of patients were assessed between 1 and 6 months after onset of stroke. 

Assessments for all patients were therefore divided into three time points: assessment 1 refers to 

those carried out between 1 and 6 months after onset of stroke, assessment 2 refers to assessments 

carried out at least 6 months after onset of stroke, and assessment 3 refers to those carried out as 

part of the current studies.

6.2.1.1 General Intellectual Function

As part of the previous neuropsychological assessments, intellectual function had been evaluated. 

The Wechsler Preschool and Primary Scale of Intelligence -  Revised (WPPSI-R) (Wechsler, 

1990) had been administered with subjects aged 3 years to 5 years, and the Wechsler Intelligence 

Scale for Children (WISC-III) (Wechsler, 1992) had been administered with subjects aged 6 to 16 

years. All subtests from the Verbal and Performance Scales were administered. A description of 

all subtests is give in Appendix C. Scaled Scores for each subtest, as well as Verbal and 

Performance Intelligence Quotients (VIQ and PIQ) were calculated according to instructions in 

the test manual. The VIQ and PIQ indices have a mean of 100 and a standard deviation of 15, and 

subtest scaled scores have a mean of 10 and a standard deviation of 3. These data were collected 

by E. Isaacs and A. Hogan, and were available for comparison with the results of the assessments 

of intelligence, using the WISC-III and WAIS-III (Wechsler, 1998), obtained for the present 

studies (described in Chapter 2).

6.2.1.2 General Language F unction

As part of the previous neuropsychological assessments, language function had been evaluated. 

The Clinical Evaluation of Language Fundamentals -  Preschool (CELF-Prescshool) (Wiig et al, 

1992) had been administered with subjects aged 3 to 5 years, and the Clinical Evaluation of 

Language Fundamentals -  Revised (CELF-R) (Semel et al, 1987) had been administered with 

subjects aged 6 to 16 years. Tests from Receptive and Expressive scales were administered 

according to the age range specified in the test manual. Scaled scores for each subtest, as well as 

Receptive, Expressive and Total Language scores were calculated according to instructions in the 

test manual. The Receptive, Expressive and Total Language scores have a mean of 100 and a 

standard deviation of 15, and subtest scaled scores have a mean of 10 and a standard deviation of 

3. These data were also collected by E. Isaacs and A. Hogan, and were available for comparison 

with the results of the assessments of language, using the CELF-III (Semel et al, 1995), obtained 

for the present studies (described in Chapter 4).
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6.2.2 Laterality of Language Function

6.2.2.1 Fused Dichotic Words Test

The Fused dichotic word test (FDWT) (Wexler and Halwes, 1983) was administered. This test 

consists of 30 pairs of rhyming words, which differ only on the first consonant (e.g. boy/toy). 

Words were presented via headphones. Subjects were first required to listen to each of the words 

presented binaurally in order to familiarise them with the words used in the subsequent test 

conditions. The same binaural list was then repeated and subjects were instructed to mark the 

word they heard from among four choices printed on paper. The four choices included the word 

that was presented to either ear plus three other words that rhymed with the presented word. In 

cases where the subject was unable to read quickly enough, the subject was instructed to say the 

word they heard aloud, and the experimenter marked the chosen words on the printed sheets. If a 

subject reported a word other than the four choices listed on the printed sheets, this was recorded 

and later scored as an error. If the subject’s response was unclear, the presentation of words was 

paused and the subject was asked to repeat the response. This phase was designed to ensure that 

subjects were able to hear the words equally well with both ears. During the test phase, the task 

was presented with the same procedure as above, but this time, the pairs of words were presented 

dichotically. Subjects were not informed that the words would be presented dichotically. Subjects 

were presented with a total of 120 trials so that they heard each word pair four times, twice in 

each ear. To minimise the possibility of channel asymmetries, the headphones were reversed 

between the ears after the first 30 trials and then returned to their original position after 90 trials, 

so that 60 trials were presented with each headphone position.

6.2.2.2 Functional Magnetic Resonance Imaging

Structural and functional MR images were collected using a 1.5T Siemens Vision system. T l- 

weighted images were acquired for the superimposition of fMRI data to allow anatomical 

localisation. T1-weighted images were acquired using an axial multi-slice 2D-FLASH sequence 

(TR = 31 ms, TE = 11 ms, flip angle = 40®, field of view = 192 mm, matrix size = 256 x 256 x 64, 

voxel size = 0.75 x 0.75 x 3.00 mm). Functional MR images were acquired using a whole brain 

3D echoplanar (BPI) sequence (TR = 87 ms, TE = 40 ms, flip angle = 30®, field of view =192 

mm, matrix size = 64 x 64 x 64, 3 mm isotropic voxels).

fMRI Task Design

Task period: Subjects were instructed to covertly generate verbs in response to auditory 

presentation of nouns. Nouns were presented with a stimulus onset asynchrony (SOA) of 2800 to

4000 ms (depending on the subject’s ability on the verb generation task) via insert headphones.
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Separate word lists were created from the same pool of concrete nouns, and were balanced for 

word frequency across three separate lists using frequency values from Francis and Kucera 

(1982).

Rest period: Subjects were instructed to stop thinking of words while listening to bursts of 

amplitude modulated noise presented via earphones. Bursts of noise had the same mean length 

(650 ms) and root mean square amplitude as the word stimuli.

Subjects were tested on the verb generation task, using a similar set of nouns, before entering the 

scanner to ensure that they were able to carry out the task, and the SOA was adjusted according to 

their ability. The word lists and bursts of noise were delivered from a PC, which was 

synchronised to the scanner via trigger pulses, using in-house software. Two consecutive runs of 

120 3D data sets were collected for each subject. Each run consisted of 10 task/rest cycles, with 

12 nouns presented per task cycle. The presentation of the first stimulus of each cycle was 

triggered by the start of data acquisition in this cycle. Scanning time was 12 minutes per run, 

making total study time (anatomical and functional images) approximately 40 minutes.

6.2.2.3 Event Related Potentials

EEC was recorded continuously (SynAmps amplifiers. Neuroscan Ltd, Herndon, VA) from 31 

electrodes, positioned according to the International 10-20 system, referenced against CPz. 

Horizontal and vertical electro-oculograms (EOG) were recorded from bipolar electrodes placed 

on the left and right outer canthus (hEOG) and above and below the right eye (vEGG). System 

band pass was 0.015 to 100 Hz. Sintered Ag/AgCl ring electrodes were placed on elastic caps 

(Easycap, FMS Services, Germany) matched to the head size of each subject.

ERF Task Design

The ERP language task was based on the fMRI verb generation paradigm, keeping timing 

parameters constant to allow comparison of word retrieval effects between the two methods. 

Subjects were instructed to generate verbs in response to auditory presentation of nouns via 

headphones. Again, separate word lists were created from the same pool of concrete nouns, and 

were balanced for word frequency across six separate lists using frequency values from Francis 

and Kucera (1982). Different word lists were used for the ERP and fMRI sessions. Each trial 

began with the presentation of a small circular picture on a computer screen acting as a visual 

fixation point. After 2000 ms of baseline recording, the stimulus noun was presented, lasting for 

approximately 500 to 1000 ms, depending on word length. This was followed by a task period 

that ended 3000 ms after the onset of the stimulus period. Subjects had been instructed to silently
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generate a verb relating to each stimulus noun in the subsequent task period. The end of the task 

period was indicated by a tone cue (1 KHz, 200 ms long) and a picture change prompting subjects 

to quietly vocalise the verb they had generated. This overt component was included to ensure that 

the task was being performed satisfactorily. A time period of 3000 ms from noun onset to tone 

cue was chosen to correspond to the SOA used in the fMRI verb generation task. All subjects 

were able to provide an accurate response during the allocated time period. Data from two runs of 

the verb generation condition were collected for all subjects. Each run consisted of sixty trials. 

ERP recording time was 5 to 8 minutes for each task run, making total study time (including 

electrode placement) approximately 1 m hours.

6.2.3 Subjects

Neuropsychological data were available for all 17 patients from the second assessment session (at 

least 6 months after onset of stroke) and the current neuropsychological studies. Additional 

neuropsychological data were available for 7 patients (4 with left hemisphere damage and 3 with 

right hemisphere damage) from the first assessment session (between 1 and 6 months after onset 

of stroke). Dichotic listening data were available for 16 patients. All 17 patients took part in the 

ERP studies. Eight ERP data sets were rejected due to movement artifacts. ERP data was 

therefore available for 9 patients (6 with left hemisphere damage and 3 with right hemisphere 

damage). Twelve patients underwent functional MR imaging. Four fMRI data sets were rejected 

due to movement artifacts. fMRI data sets were therefore available for 8 patients (5 with left 

hemisphere damage and 3 with right hemisphere damage). Dichotic listening, ERP and fMRI data 

were acquired for the majority of control subjects, but only data from those matched to the 

subjects in the patient group were included in the statistical analyses.

Details of missing data and reasons for this are given in Appendix D.

6.3 Analyses

6.3.1 Changes in Neuropsychological Function during the Course of Recovery

Statistical analyses of neuropsychological data were carried out using analyses of variance 

(ANOVA). Mixed-design ANOVAs were carried out with a between-subjects factor of side of 

injury (left vs. right) and a within-subjects factor of the scores from the repeated 

neuropsychological assessments to assess for evidence of changes across assessment sessions. 

Comparisons were made between performance on the first and second assessments, the second



Chapter 6: Recovery and Reorganisation o f Language Function in Patients with Basal Ganglia Infarctions
 ^

and third assessments and the first and third assessments. Scores from all three assessment 

sessions were not included in the same analysis because such an analysis would only include the 

lower number of subjects with data from the first assessment session.

The normality of the ANOVA models was checked using the Shapiro-Wilks test on the residuals 

of the model. The homogeneity of variance was measured using Levene’s test on the residuals of 

the model. Findings were interpreted as for the neuropsychological studies reported in Chapters 2, 

3 and 4. P-values of 0.05 to 0.1 were taken as weak evidence for an effect, p-values of 0.01 to 

0.05 were taken as evidence for an effect, while p-values of -0.001 were taken as strong evidence 

for an effect.

All non-significant results are provided in Appendix E.

6.3.2 Laterality of Language Function

6.3.2.1 Fused Dichotic Words Test

Measures of laterality from the FDWT were calculated using an automated computer program. 

Miser 5.2. The statistical significance of the ear advantage based on the 1* index score was 

generated for each subject. Total numbers of subjects with significant left, right and no ear 

advantages are reported based on these probability values. Statistical analyses of FDWT data were 

carried out using Chi-squared tests to assess for differences in frequency of ear advantage 

between patients with left hemisphere injuries and their control subjects, between patients with 

right hemisphere injuries and their control subjects and between patients with left and patients 

with right hemisphere injuries.

6.3.2.2 Functional Magnetic Resonance Imaging

Activation maps -  Main effect of verb generation task: Functional images were processed and 

analysed using Statistical Parametric Mapping software (SPM99, Wellcome Department of 

Imaging Neuroscience, London, UK. http://www.fil.ion.ucl.ac.uk/spm). Functional (EPI) images 

were realigned, coregistered, and then smoothed to three times their original voxel size, i.e. to 9 x 

9 x 9  mm. Fixed effects analyses were used for this study since inferences concerned only the 

population involved in the current studies and not the wider population of patients with child- 

onset infarctions of the basal ganglia (Friston et ah, 1999). The statistical analyses involved the 

comparison of task versus rest states in a block design paradigm. Activation maps for the main 

effect of the verb generation task were created for each group and for each individual subject and 

superimposed onto the group mean and the individual T1-weighted images respectively.

http://www.fil.ion.ucl.ac.uk/spm


Chapter 6: Recovery and Reorganisation o f Language Function in Patients with Basal Ganglia Infarctions
________________________________________________________________________________________207

Statistical Latéralisation Maps (SLMs) -  Task by hemisphere interaction: SLMs provide a 

method for making direct statistical comparisons between hemispheres of activation in homotopic 

voxels to test latéralisation of fMRI activation. This method has been developed by Liegeois et al 

(2002), derived from a voxel-based morphometry study by Salmond et al  (2000). The preparatory 

steps and creation of the SLMs will be described below.

Functional (EPI) images were realigned, coregistered, and then normalised to a synunetric T l- 

weighted template. This minimises anatomical asymmetries that could prevent left and right 

voxels from being homotopic. In order to preserve voxel intensities, a nearest neighbour 

interpolation method was employed to resample the images and produce voxels of 3 x 3 x 3 mm. 

The normalised images were smoothed to three times their original voxel size. These images will 

be referred to as “unflipped” images. Following this, the unflipped images were rotated 180° 

about the y (anterior-posterior) axis so that the left and right hemispheres were reversed using an 

in-house MATLAB program (Salmond et al, 2000) which runs within SPM99. These images will 

be referred to as “flipped” images. The direct comparison of left and right hemisphere task-related 

activation was obtained by contrasting activation in task vs. rest in the unflipped images with 

activation in task vs. rest in the flipped images. The following SPM contrast was used: (T -  R) -  

(T’ -  R’), where T = Task scans, R= Rest scans, and T’ and R’= flipped images of T and R. This 

contrast was entered as 1 - 1 - 1  1 in SPM99. SLMs for the task by hemisphere interaction were 

created for each group and for each individual subject and superimposed onto the group mean and 

the individual T1-weighted images respectively. The SLMs show a whole brain map of the task 

by hemisphere interaction. Significantly activated voxels in the left half of the SLM show regions 

in which task-induced activation was significantly greater in the left hemisphere than in the 

equivalent voxels in the flipped right hemisphere, and vice versa.

Language latéralisation was assessed from the SLMs in the following way: only significant voxels 

in the inferior frontal region were taken to be indicative of language latéralisation. This choice 

was based on evidence that activation of this region best correlates with results from the 

intracrotid sodium amytal (Wada) test, compared to posterior language regions (Lehericy et al, 

2000). Secondly, electrical stimulation mapping has identified the inferior frontal gyrus as the 

most consistent location to give rise to speech interference (Ojemann, 1979). Thirdly, fMRI 

studies have shown that lateralised activity is especially apparent in anterior language sites (Frith 

et al, 1991; Warburton et al, 1996; Papathanassiou et al, 2000). If ail significantly activated 

voxels within the inferior frontal region were located in the left hemisphere on the SLMs, the 

subject was considered to have left hemisphere latéralisation of language. Similarly, if all 

significantly activated voxels within the inferior frontal region were located in the right
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hemisphere, the subject was considered to have right hemisphere latéralisation of language. In 

cases where no voxel survived the statistical threshold within either the left or the right inferior 

frontal region, the subject was considered to have bilateral representation of language. SLMs were 

interpreted together with the activation maps to ensure that (a) they reflected the difference 

between left and right hemispheric activation, and not differences in deactivation, and (b) the 

absence of significant voxels in the SLMs represented bilateral activation and not the absence of 

activation in either hemisphere. In order to determine which lateralised effects were due to 

deactivation in the opposite hemisphere, a separate analysis of the reversed contrast (fMRI 

deactivation, the ‘negative’ BOLD effect) was computed.

Standard analyses were carried out to test for relative changes in regions of activation during verb 

generation in patients compared to their control groups. Firstly, patients with basal ganglia 

damage (EG) (n = 8) were compared to the total control group (C) (n = 8). Secondly, patients with 

left-sided basal ganglia damage (B G l) (n = 5) were compared with patients with right-sided basal 

ganglia damage (B G r) (n = 3). Thirdly, patients with left-sided basal ganglia damage (B G l) (n = 

5) were compared with their control subjects (C l) (n = 5). Fourthly, patients with right-sided basal 

ganglia damage (B G r) (n = 3) were compared with their control subjects (C r) (n = 3). Analyses 

were carried out to test for increases and decreases in activation in the patient groups relative to 

the control groups.

Inferences from statistical parametric maps were made at two different threshold levels for the 

group activation maps and statistical latéralisation maps (SLMs). Firstly, changes in activation 

throughout the entire brain were reported if they reached the significance value corrected for 

multiple comparisons across the entire brain, to avoid reporting regions of significance that may 

have occurred by chance in the whole brain analysis (i.e. p = 0.05, corrected). Secondly, changes 

in activation in regions predicted to be involved in covert verb generation were reported if they 

reached a conservative level of significance but without correction for multiple comparisons (i.e. 

p = 0.001, uncorrected). Since the basal ganglia were of particular interest in the current studies, 

regions of activation involving these structures were also reported if they were significantly 

activated at lower thresholds. Inferences from statistical parametric maps concerning the negative 

BOLD effect were only made if changes in activation throughout the entire brain reached the 

significance value corrected for multiple comparisons across the entire brain (i.e. p = 0.05, 

corrected) since there were no strong predictions regarding regions of deactivation. Inferences 

from individual activation maps and SLMs were made according to individual levels of 

activation. Inferences from statistical parametric maps concerning the group comparisons were 

only made if changes in activation throughout the entire brain reached the significance value 

corrected for multiple comparisons across the entire brain (i.e. p = 0.05, corrected) since there
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were no strong predictions regarding regions of differences in activation between the groups of 

subjects. All statistical inferences were made with a peak voxel threshold of z > 2.5 and a spatial 

extent threshold of 5 voxels. Regions of activation for the group activation maps, SLMs and 

group comparisons that survived a spatial extent threshold of 15 voxels are marked on the results 

tables with an asterisk.

The statistical parametric maps were superimposed onto the mean normalised T1-weighted image 

of the group data in order to aid anatomical localisation. Identification of the anatomical location 

of regions of activation was carried out with reference to Duvemoy’s atlas (Duvemoy, 1991). 

Identification of the anatomical location of inferior frontal gyrus activation was also carried out 

with reference to probability contour maps of this region (Tomaiuolo et al,  1999). All figures 

showing group activation maps and SLMs display the statistical parametric maps superimposed 

onto the mean normalised image of the group data at a threshold of p = 0.01, uncorrected, except 

for activation maps showing the negative BOLD effect, which are displayed at p = 0.05, 

corrected. All figures showing individual activation maps and SLMs display the statistical 

parametric maps superimposed onto the individual XI-weighted images at a threshold appropriate 

for each individual’s level of activation. All figures showing group comparisons display the 

statistical parametric maps superimposed onto the mean normalised image of the group data at a 

threshold of p = 0.005, uncorrected. All figures display the statistical parametric maps with an 

extent threshold of 5 voxels. Figures are displayed in neurological convention (i.e. the left 

hemisphere is on the left, the right is on the right).

6.3.2.3 Event Related Potentials

ERP data were processed using Neuroscan 4.1 (SynAmps amplifiers. Neuroscan Ltd., Herndon, 

VA). Data were first re-referenced to a common average reference. Ocular artifact reduction was 

carried out with a linear regression procedure using the vertical electro-oculogram (vEGG). A low 

pass filter was applied to the data (zero phase shift, 50 Hz, 24 dB), and these data were epoched 

from 500 ms before stimulus onset to 4000 ms post-stimulus to include baseline through to speech 

offset. Data were then subjected to baseline correction (from 200 ms pre-stimulus to 0 ms) and 

artefact rejection (trials exceeding +/- 75 |iV were excluded from the analyses). Thirty to sixty 

trials per subject were averaged for the subsequent analyses. Averages for each subject and grand 

mean averages across subjects in the left- and right-hemispheric injured groups and their 

respective control groups were created. Mean ERP amplitude of surface negativity in homologous 

electrodes from the left and right hemispheres was compared. Mean amplitudes were calculated 

for each subject for the following time windows: 500 to 1500 ms (early transient ERPs, consisting 

of an early transient positivity and an early transient negativity) and 1500 to 30(X) ms (late
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sustained slow cortical potential shift). These two time windows were chosen on the basis of the 

lateralising effects observed in the pilot study using the same ERP methods and verb generation 

task (Rowan et al, 2002).

Statistical analyses of ERP data were carried out using Wilcoxon Signed Ranks tests to compare 

amplitude of lateralised ERP activity in homologous electrode pairs across each subject group. 

Mann-Whitney U tests were also used to compare the differences in electrode pairs between 

subject groups. Non-parametric tests were used because the data were not normally distributed 

when tested using the Shapiro-Wilk test. Findings were interpreted as for the neuropsychological 

studies reported in Chapters 2, 3 and 4. P-values of 0.05 to 0.1 were taken as weak evidence for 

an effect, p-values of 0.01 to 0.05 were taken as evidence for an effect, while p-values of -0.001 

were taken as strong evidence for an effect.

The electrode pairs of interest in the current studies were A1-A2, P7-P8, P3-P4 and CP5-CP6 to 

examine the early transient effects over inferior temporal and temporo-parietal regions, and FC3- 

FC4, FC5-FC6 and C3-C4 to examine the early transient and the later sustained effects over 

frontal regions. Figures are displayed in electrophysiological convention (i.e. negative voltage is 

up and positive voltage is down on the y-axis).

6.3.2.4 Comparison of Functional MRI Activation with Event Related Potential Effects

Latéralisation of fMRI activation was assessed by making a direct statistical comparison between 

hemispheres of activation in homotopic voxels using SLMs (Liegeois et al, 2002). Similarly, 

latéralisation of ERP effects was determined by making a direct statistical comparison of the 

amplitude of surface negativity in homologous electrodes across the left and right hemispheres. 

Results of tests of latéralisation from both ERP and fMRI methods were compared across the 

group and for each individual subject to determine the consistency in latéralisation effects 

between the two methods.

6.4 Results

6.4.1 Changes in Neuropsychological Function during the Course of Recovery

6.4.1.1 General Intellectual Function

Figure 6.1 and Table 6.1 show the results of the comparison of Verbal IQ scores across 

assessment times. Statistical analysis showed no evidence for an interaction between time of 

assessment and side of injury for any of the comparisons across assessment times. Evidence for a
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main effect of time of assessment was observed between the second and third assessments 

(ANOVA: F(l, 15) = 7.851, p = 0.013), and weaker evidence for a main effect of time of 

assessment was observed between the first and third assessments (ANOVA: F(l, 4) = 5.124, p = 

0.086), with a decline in performance at the third assessment in both cases. No evidence for a 

main effect of side of injury was observed for any of the assessment times.

150

140

130

120

% 110
1  100

50
assessm en t 1 assessm en t 2  assessm en t 3

- patient left 
-patient right

Figure 6.1. Verbal IQ standard scores (mean +/- SEM)

G r o u p A ssessm ent 1 A ssessm ent 2 A ssessm ent 3

B G l 105.7 (8.2) 95.5 (5.6) 91.7 (5.5)

B G r 103.5 (3.5) 109.6 (3.5) 102.6 (4.2)

Table 6.1. Verbal IQ scaled scores (mean +/- SEM) ( B G l = patients with left hemisphere injuries; 
B G r = patients with right hemisphere injuries). (N.B. Assessment 1 included only 7 subjects 
while assessments 2 and 3 included all 17 subjects).

Figure 6.2 and Table 6.2 show the results of the comparison of Performance IQ scores across 

assessment times. Statistical analysis showed no evidence for an interaction between time of 

assessment and side of injury and no evidence for a main effect of time of assessment or side of 

injury for any of the comparisons across assessment times.
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Figure 6.2. Performance IQ standard scores (mean +/- SEM)
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Group Assessment 1 Assessment 2 Assessment 3

BGl

B G r

105.7 (5.2) 

103.5 (6.5)

90.5 (5.0) 

98.9 (5.6)

94.5 (5.7) 

93.3 (3.5)

Table 6.2. Performance IQ scaled scores (mean +/- SEM). (N.B. Assessment 1 included only 7 
subjects while assessments 2 and 3 included all 17 subjects).

6.4.1.2 General Language Function

Figure 6.3 and Table 6.3 show the results of the comparison of CELF-III Receptive Language 

scores across assessment times. Statistical analysis showed no evidence for an interaction between 

time of assessment and side of injury and no evidence for a main effect of time of assessment or 

side of injury for any of the comparisons across assessment times.
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Figure 6.3. CELF-III Receptive Language standard scores (mean +/- SEM)

Group Assessment 1 Assessment 2 Assessment 3

B G l 103.0(14.8) 93.1(5.9) 91.3 (6.5)

B G r 97.3(11.5) 100.4 (7.1) 90.6 (4.8)

Table 6.3. CELF-III Receptive Language scaled scores (mean +/- SEM). (N.B. Assessment 1 
included only 7 subjects while assessments 2 and 3 included all 17 subjects).

Figure 6.4 and Table 6.4 show the results of the comparison of CELF-III Expressive Language 

scores across assessment times. Statistical analysis showed no evidence for an interaction between 

time of assessment and side of injury for any of the comparisons across assessment times. Weak 

evidence for a main effect of assessment time was observed in the comparison of performance 

from the second and third assessments (ANOVA: I, 15) = 4.136, p = 0.060), with an
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improvement in performance at the third assessment session. No evidence for any other main 

effects of time of assessment or side of injury was observed.
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Figure 6.4. CELF-III Expressive Language standard scores (mean +/- SEM)

Group Assessment 1 Assessment 2 Assessment 3

B G l 90.2 (8.5) 84.6 (5.5) 88.9 (7.0)

B G r 1 0 1 .7 (8 .2 ) 95 (5.3) 100.7 (4.8)

Table 6.4. CELF-III Expressive Language scaled scores (mean +/- SEM). (N.B. Assessment I 
included only 7 subjects while assessments 2 and 3 included all 17 subjects).

6.4.2 L aterality  of Language Function

6.4.2.1 Fused Dichotic Words Test

Table 6.5 shows the results of the dichotic fused words test. A right ear advantage was most 

frequently observed across all subjects, followed by no detectable ear advantage, with the least 

number of subjects showing a left ear advantage. Statistical analyses showed no evidence for 

differences in ear advantages in comparisons between patients with left hemisphere injuries and 

their control subjects, between patients with right hemisphere injuries and their control subjects or 

between patients with left and patients with right hemisphere damage.

Subject group Right ear advantage No ear advantage Left ear advantage

c, 6 2 2

B G l 4 5 I

C r 2 4 1

B G r 5 1 0

Table 6.5. Frequency of ear advantage as assessed by the FDWT for each subject group
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6.4.2.2 Functional Magnetic Resonance Imaging 

Control Subjects: Individual Activation Maps

Figure 6.5 and Table 6.6 show the results of the main effect of the verb generation task in the 

individual subjects in the control group. The activation maps show a left-lateralised pattern of 

activity that was most prominent in the inferior frontal cortex in all subjects in the control group.

Coordinates Subject Z
score

Corrected/
uncorrected

P
value

-38, 34, 1 C l5 3.58 Uncorrected <0.001

-40, 32, 5 C l7 5.25 Corrected 0.004

-38, 33, 13 C l8 3.15 Uncorrected 0.001

-38, 9, 20 C l9 5.00 Corrected 0.010

-55, 25, 17 C l IO 4.79 Uncorrected <0.001

-52, 24, 1 C r I 3.23 Uncorrected 0.001

-45, 20, 2 C r5 2.62 Uncorrected 0.004

-40, 11, 14 C r6 2.78 Uncorrected 0.003

Table 6.6. Results of main effect of the verb generation task for fMRI activation in the individual 
subjects in the control group

Control Subjects: Individual Statistical Latéralisation Maps

Figure 6.6 and Table 6.7 show the results of the task by hemisphere interaction of the verb

generation task in the individual subjects in the control group. The SLMs confirmed that the most

pronounced lateralised activation was observed in the left inferior frontal cortex in all subjects in

the control group.

Coordinates Subject Z
score

Corrected/
uncorrected

P
value

-42, 30, 0 C l5 2.83 Uncorrected 0.002

-45, 33, 6 C l7 3.24 Uncorrected 0.001

-45, 39, 15 CL8 4.84 Corrected 0.040

-45, 15 ,21 C l9 4.12 Uncorrected <0.001

-54, 30, 9 C l IO 5.15 Corrected 0.012

-57, 30, 9 C r I 2.68 Uncorrected 0.004

- 5 1 ,2 7 ,0 CR5 3.60 Uncorrected <0.001

-45, 9, 24 CR6 2.06 Uncorrected 0.020

Table 6.7. Results of the task by hemisphere interaction for fMRI activation in the individual 
subjects in the control group
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C l5 ( 0 .0 0 1 )

I
C l7 ( 0 .0 0 1 )

Cu8 (0.01) C l9  ( 0 .0 0 1 )

C lIO (0.001) C r I (0.01)

Ca5 (0.05) CRÔ (0.05)

Figure 6 .5 . A ctiv a tio n  M ap s for each  subject in the contro l group (d isp la y ed  at s ig n ifica n ce  le v e ls
sh ow n  for each  subject)
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L
Cl5 (0.01) Cl7 (0.01)

Cl 8 (0.001) C L 9 ( 0 . 0 1 )

m

C l IO ( 0 . 0 1 ) C R l ( 0 . 0 5 )

-

CR5 (0.01) CRÔ ( 0 . 0 5 )

F igure 6 .6 . S tatistica l L atéralisation  M aps for each  subject in the contro l group (d isp layed  at
s ig n ifica n ce  le v e ls  sh ow n  for each  subject)
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Control Subjects: Group Activation Maps

Figure 6.7 and Table 6.8 show the results of the main effect of the verb generation task for the 

total control group. The activation maps show a pattern of activity that involved the left frontal 

cortex and separate regions of the left and right temporal cortices in the total control group, with 

most prominent activation in the left inferior frontal gyrus (Broca’s area). Additional activation 

was observed in the right inferior frontal gyrus, bilateral anterior insular cortices, left medial 

superior frontal gyrus, predominantly in the supplementary motor area (SMA), bilateral precentral 

gyri (premotor cortex), left posterior inferior temporal cortex, right superior temporal gyrus, left 

putamen and caudate nucleus, bilateral globus pallidum and right cerebellum.

Coordinates Location Z
score

Corrected/
uncorrected

P  value

-48, 12, 18 Left inferior frontal gyrus, pars opercularis* 6.01 Corrected <0.001

-51,30,9 Left inferior frontal gyrus, pars triangularis* 4.38 Uncorrected 0.001

54, 21, 30 Right inferior frontal gyrus, pars opercularis 3.34 Uncorrected <0.001

-33, 33, 12 Left anterior insular cortex 3.97 Uncorrected <0.001

36, 18, 0 Right anterior insular cortex 3.68 Uncorrected <0.001

-3, 18, 57 Left medial superior frontal gyrus* 6.83 Corrected <0.001

-45, 0,45 Left precentral gyrus* 5.55 Corrected 0.001

48, -3,45 Right precentral gyrus 4.86 Corrected 0.028

-54, -54, -15 Left posterior inferior temporal cortex 3.61 Uncorrected <0.001

63,-9 ,0 Right superior temporal gyrus* 5.93 Corrected <0.001

-21, 6, 0 Left putamen* 3.40 Uncorrected <0.001

-12, -6, 18 Left caudate nucleus 2.87 Uncorrected 0.002

-12, 3, 0 Left globus pallidus* 2.88 Uncorrected 0.002

12, 3, 0 Right globus pallidus* 2.94 Uncorrected 0.002

33, -78, -21 Right cerebellum* 5.42 Corrected 0.002

Table 6.8. Results of main effect of the verb generation task for fMRI activation in the total 
control group (N.B. Regions of activation that survived a spatial extent threshold of 15 voxels are 
marked with an asterisk).
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Figure 6.7. Activation Maps for the total control group (displayed at p = 0.01, uncorrected)

Control Subjects: Group Statistical Latéralisation Maps

Figure 6.8 and Table 6.9 show the results of the task by hemisphere interaction for the total 

control group. The SLMs confirmed that most of the lateralised activation was observed in the left 

frontal cortex, while activation was also seen in separate regions of both the left and right 

temporal cortices. Lateralised activity was observed in the left inferior frontal gyrus (Broca’s 

area), middle frontal gyrus, SMA, premotor cortex, posterior superior temporal gyrus (Wernicke’s 

area), posterior inferior temporal cortex, angular gyrus, supramarginal gyrus, and right middle and 

superior temporal gyri. The majority of regions of significant activation observed on the SLMs 

were also apparent on the activation maps. However, significant activation in the left angular 

gyrus and supramarginal gyrus was not apparent on the activation maps, suggesting that these 

regions may represent contralateral deactivation, while all other regions on the SLMs are likely to 

represent lateralised activation.
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Coordinates Location Z
score

Corrected/
uncorrected

P value

-51, 12, 18 Left inferior frontal gyrus, pars opercularis 3.29 Uncorrected <0.001

-51,30,9 Left inferior frontal gyrus, pars triangularis 3.26 Uncorrected 0.001

-30, 18, 54 Left middle frontal gyrus 4.04 Uncorrected <0.001

-3, 15, 54 Left medial superior frontal gyrus 3.48 Uncorrected <0.001

-54, -9,42 Left precentral gyrus 4.33 Uncorrected <0.001

-60, -51,21 Left posterior superior temporal gyrus 3.59 Uncorrected <0.001

63,-12,0 Right middle/ superior temporal gyri 4.89 Corrected 0.028

-54, -57,-15 Left posterior inferior temporal cortex 4.22 Uncorrected <0.001

-60, -51,21 Left angular gyrus 3.59 Uncorrected <0.001

-54, -42, 45 Left supramarginal gyrus 3.21 Uncorrected 0.001

Table 6.9. Results of the task by hemisphere interaction for 
group (N.B. No regions of activation survived a spatial extent

fMRI activation in the total control 
threshold of 15 voxels).

Figure 6.8. Statistical Latéralisation Maps for the total control group (displayed at p = 0.01, 
uncorrected)
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Control Subjects: Group Deactivation

Figure 6.9 and Table 6.10 show the results of the main effect of the rest condition, i.e. regions of 

deactivation for the control group. The analysis of the negative BOLD effect confirmed that the 

majority of activation observed on the SLMs could not be explained by contralateral deactivation. 

Regions of deactivation were observed in the precuneus, posterior cingulate gyrus, right angular 

gyrus, superior frontal gyrus, and anterior cingulate gyrus, suggesting that significant voxels in 

the left hemisphere observed on the SLMs in these regions should not be interpreted as lateralised 

activation in the control group.

Coordinates Location Z
score

Corrected/
uncorrected

P
value

0, -57,21 Precuneus/posterior cingulate gyrus* Infinite Corrected <0.001

51,-63, 30 Right angular gyrus 7.36 Corrected <0.001

24, 21,48 Right superior frontal gyrus* 5.98 Corrected <0.001

0, 54, -3 Anterior cingulate gyrus* 5.89 Corrected <0.001

Table 6.10. Results of main effect of rest for fMRI activation, i.e. fMRI deactivation, in the 
control group (N.B. Regions of activation that survived a spatial extent threshold of 15 voxels are 
marked with an asterisk).

Figure 6.9. Deactivation Maps for total control group (displayed at p = 0.05, corrected)
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Patients: Individual Activation Maps

Figure 6.10 and Table 6.11 show the results of the main effect of the verb generation task in the 

individual subjects in the patient group. The activation maps show a left-lateralised pattern of 

activity that was most prominent in the inferior frontal cortex in all subjects in the patient group, 

regardless of their side of injury.

Coordinates Subject z
score

Corrected/
uncorrected

P
value

- 4 1 ,3 1 ,  15 B G l5 5.81 Corrected < 0 .001

-46 , 29 , 9 B G l7 Infinite Corrected < 0 .001

-48 , 18, 18 B G l8 3 .70 Uncorrected < 0 .001

-45 , 35 , 9 B G l9 2.88 Uncorrected 0 .0 0 2

-44 , 1 8 , 0 B G lIO Infinite Corrected < 0 .001

-53 , 20 , 15 B G r I 2 .4 0 Uncorrected 0 .008

-52 , 23 , 15 B G r5 5 .47 Corrected 0 .0 0 2

-54 , 20 , 21 B G r6 5 .8 0 Corrected < 0 .001

Table 6.11. Results of main effect of the verb generation task for fMRI activation in the individual 
subjects in the patient group

Patients: Individual Statistical Latéralisation Maps

Figure 6.11 and Table 6.12 show the results of the task by hemisphere interaction of the verb 

generation task in the individual subjects in the patient group. The SLMs confirmed that the most 

pronounced lateralised activation was observed in the left inferior frontal cortex in all subjects in 

the patient group, regardless of their side of injury.

Coordinates Subject z
score

Corrected/
uncorrected

P
value

-48, 39, 21 B G l5 4.47 Uncorrected <0.001

-51,21, 18 B G l7 6.88 Corrected <0.001

-57, 24, 9 B G l8 4.70 Uncorrected <0.001

-48, 36, 18 B G l9 3.36 Uncorrected <0.001

-54, 12, 3 B G lIO 5.77 Corrected <0.001

-48, 33, 18 B G r I 2.22 Uncorrected 0.013

-54, 30, 21 B G r5 4.41 Uncorrected <0.001

-54, 21, 27 B G r6 2.71 Uncorrected 0.003

Table 6.12. Results of the task by hemisphere interaction for fMRI activation in the individual 
subjects in the patient group
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B G l5 (0 .001 ) B G l7 (0 .001)

BG l 8 (0 .05) BGl9 (0 .01 )

B G lIO (0 .001) BG r I (0 .05)

Im

B G r5 (0 .001) BG r6 (0 .001)

F igure 6 .1 0 . A ctiva tion  M ap s for each  su bject in the patient group  (d isp la y ed  at s ig n ifica n ce
lev e ls  sh ow n  for each  subject)
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Patients; Group Activation Maps

Figure 6.12 and Table 6.13 show the results of the main effect of the verb generation task in the 

total patient group. Patients with left and right hemisphere injuries were included in the same 

group for these analyses because there were no obvious differences in their individual patterns of 

activation. The activation maps show a left-lateralised pattern of activation in the total patient 

group, with most prominent activation in the left inferior frontal gyrus (Broca’s area). Additional 

activation was observed in the right inferior frontal gyrus, left anterior insular cortex, middle 

frontal gyrus, SMA, premotor cortex, posterior superior temporal gyrus (Wernicke’s area), 

posterior inferior temporal cortex, caudate nucleus and right cerebellum.

Coordinates Location Z
score

Corrected/
uncorrected

P value

-54, 15, 0 Left inferior frontal gyrus, pars opercularis/ 
frontal operculum*

Infinite Corrected <0.001

-54, 33, 12 Left inferior frontal gyrus, pars triangularis 3.18 Uncorrected 0.001

54, 15, 3 Right inferior frontal gyrus, pars opercularis/ 
frontal operculum

4.68 Uncorrected <0.001

-36, 21, 3 Left anterior insular cortex 3.22 Uncorrected 0.001

-51, 12, 36 Left middle frontal gyrus* 5.41 Corrected 0.002

-3, 18,45 Left medial superior frontal gyrus* 6.32 Corrected <0.001

-42, 6, 30 Left precentral gyrus 3.52 Uncorrected <0.001

-66, -36, 15 Left posterior superior temporal gyrus 4.86 Corrected 0.032

-57, -45, -12 Left posterior inferior temporal cortex 4.19 Uncorrected <0.001

-12, 0, 15 Left caudate nucleus 2.77 Uncorrected 0.003

36, -78, -30 Right cerebellum 3.05 Uncorrected 0.001

Table 6.13. Results of main effect of the verb generation task for fMRI activation in the total 
patient group (N.B. Regions of activation that survived a spatial extent threshold of 15 voxels are 
marked with an asterisk).
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Figure 6.12. Activation Maps for the total patient group (displayed at p = 0.01, uncorrected)

Patients: Group Statistical Latéralisation Maps
Figure 6.13 and Table 6.14 show the results of the task by hemisphere interaction for the total 

patient group. The statistical latéralisation maps (SLMs) confirmed that the most pronounced 

lateralised activation was observed in the left hemisphere. Lateralised activity was seen in the left 

inferior frontal gyrus (Broca’s area) extending into the anterior insular cortex, SMA, anterior 

cingulate gyrus, anterior middle temporal gyrus, posterior middle and superior temporal gyrus 

(Wernicke’s area), angular gyrus and the right cerebellum. All regions of significant activation 

observed on the SLMs were also apparent on the activation maps, except for the left anterior 

cingulate gyrus and angular gyrus, suggesting that these regions may represent right-sided 

deactivation, while all other regions on the SLMs are likely to represent lateralised activation.
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Coordinates Location Z
score

Corrected/
uncorrected

P value

-48, 12, 36 Left inferior frontal gyrus, pars opercularis/ 
inferior frontal sulcus*

5.14 Corrected 0.007

-54, 12,0 Left inferior frontal gyrus, pars opercularis/ 
frontal operculum

4.01 Uncorrected <0.001

-42,21,-3 Left anterior insular cortex* 5.30 Corrected 0.003

-3, 33, 54 Left medial superior frontal gyrus 6.12 Corrected <0.001

4^54,6 Left anterior cingulate gyrus 3.90 Uncorrected <0.001

-57,-6,-18 Left anterior middle temporal gyrus 3.51 Uncorrected <0.001

-63, -36, 3 Left posterior middle/ superior temporal 
gyrus*

4.99 Corrected 0.015

-45, -63, 30 Left angular gyrus 3.41 Uncorrected <0.001

39, -69, -42 Right cerebellum 4.54 Uncorrected <0.001

Table 6.14. Results of the task by hemisphere interaction for fMRI activation in the total patient 
group (N.B. Regions of activation that survived a spatial extent threshold of 15 voxels are marked 
with an asterisk).

Figure 6 .1 3 . S tatistica l L atéralisation  M ap s for the total patient group (d isp la y ed  at p =  0 .0 1 , uncorrected)
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Patients; Group Deactivation

Figure 6.14 and Table 6.15 show the results of the main effect of the rest condition, i.e. regions of 

deactivation for the patient group. The analysis of the negative BOLD effect confirmed that the 

majority of activation observed in the SLMs could not be explained by contralateral deactivation. 

Regions of deactivation were observed in the right precuneus, SMA, anterior cingulate gyrus, 

angular gyrus, and left cerebellum, suggesting that significant voxels in the contralateral 

hemisphere observed on the SLMs in these regions should not be interpreted as lateralised 

activation in the control group. Additional regions of deactivation were observed in the bilateral 

caudate nuclei in this group.

Coordinates Location Z
score

Corrected/
uncorrected

P
value

3, -75, 45 Precuneus* Infinite Corrected <0.001

3,27,57 Right medial superior frontal gyrus 7J# Corrected <0.001

6, 54, 6 Anterior cingulate gyrus 6.01 Corrected <0.001

39, -51,48 Right angular gyrus 5.31 Corrected 0.004

3,15,3 Right caudate nucleus* 6J6 Corrected <0.001

-15, 18,0 Left caudate nucleus 4.96 Corrected 0.021

-39, -69, -42 Left cerebellum 5.31 Corrected 0.004

Table 6.15. Results of main effect of rest for fMRI activation, i.e. fMRI deactivation, in the 
patient group (N.B. Regions of activation that survived a spatial extent threshold of 15 voxels are 
marked with an asterisk).

Figure 6 .1 4 . D ea ctiv a tio n  M ap s for total patient group (d isp la y ed  at p =  0 .0 5 , corrected )
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Results from the Comparison of the Total Patient Group versus the Whole Control Group

Figures 6.15 and 6.16 and Table 6.16 show the results of the comparison of the total patient group 

with the total control group. There was a significant decrease in activation in bilateral caudate 

nuclei, with extension into the internal capsule (anterior limb), in patients compared to the control 

group. A significant increase in activation in the left opercular portion of the inferior frontal gyrus 

in patients compared to the control group was also observed.

Figure 6.15. Decreased activation in bilateral caudate nuclei, with extension into the internal 
capsule, anterior limb: 3, 12, 3

Figure 6.16. Increased activation in left inferior frontal gyrus, pars opercularis: -54, 15, 0

Coordinates Contrast Location Z
score

Corrected/
uncorrected

P
value

Fig.
no.

3,12,3 C>BG Right caudate nucleus 5.72 Corrected <0.001 6.15

-1:2, 9,-3 C>BG Left caudate nucleus 4.92 Corrected 0.020 6.15

-54, 15,0 BG>C Left inferior frontal gyrus, 
pars opercularis

7.67 Corrected <0.001 6.16

Table 6.16. Results of main effect of changes in fMRI activation in the whole patient group 
compared to the whole control group (BG: patient group; C: control group) (N.B. No regions of 
activation survived a spatial extent threshold of 15 voxels).
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Results from the Comparison of Patients with Left Hemisphere Basal Ganglia Infarctions 

versus Patients with Right Hemisphere Basal Ganglia Infarctions
Figures 6.17 to 6.19 and Table 6.17 show the results of the comparison of patients with left 

hemisphere damage with patients with right hemisphere damage. There was a significant decrease 

in activation in bilateral caudate nuclei, with extension into the internal capsule (anterior limb), 

and anterior cingulate cortex in patients with left hemisphere damage compared to patients with 

right hemisphere damage. Significant increases in activation in the left opercular portion of the 

inferior frontal gyrus in patients with left hemisphere damage compared to patients with right 

hemisphere damage was also observed.

Figure 6.17. Decreased activation in bilateral caudate nuclei, with extension into the internal 
capsule, anterior limb, and anterior cingulate cortex: -6, 15, 3

Figure 6.18. Increased activation in left inferior frontal gyrus, pars opercularis: -54, 18, 0
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Figure 6.19. Increased activation in left inferior frontal gyrus, pars opercularis: -60, 12, 15

Coordinates Contrast Location Z
score

Corrected/
uncorrected

P
value

Fig.
no.

-6, 15,3 B G r>B G l Left caudate nucleus 5.57 Corrected 0.001 6.17

6,15,3 BG r>B G i. Right caudate nucleus 5.27 Corrected 0.004 6.17

-54, 18,0 B G l>B G r Left inferior frontal gyrus, 
pars opercularis

6.64 Corrected <0.001 6.18

-60, 12,15 B G l>B G r Left inferior frontal gyrus, 
pars opercularis

5.70 Corrected 0.001 6.19

Table 6.17. Results of main effect of changes in fMRI activation in the patients with left 
hemisphere damage compared to patients with right hemisphere damage (BGl: patients with left 
hemisphere damage; BGr: patients with right hemisphere damage) (N.B. No regions of activation 
survived a spatial extent threshold of 15 voxels).

Results from the Comparison of Patients with Left Hemisphere Basal Ganglia Infarctions 

versus their Control Group
Figures 6.20 to 6.22 and Table 6.18 show the results of the comparison of patients with left 

hemisphere damage with their control group. There was a significant decrease in activation in 

bilateral caudate nuclei, with extension into the internal capsule (anterior limb), and anterior 

cingulate cortex in patients with left hemisphere damage compared to their control group. A 

significant increase in activation in the left opercular portion of the inferior frontal gyrus in 

patients with left hemisphere damage compared to their control group was also observed.
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Figure 6.20. Decreased activation in bilateral caudate nuclei, with extension into the internal 
capsule, anterior limb, and anterior cingulate cortex: 3, 12, 3

Figure 6.21. Increased activation in left inferior frontal gyrus, pars opercularis: -54, 18, 0

Figure 6.22. Increased activation in left inferior frontal gyrus, pars opercularis: -60, 12,15
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Coordinates Contrast Location Z
score

Corrected/
uncorrected

P
value

Fig.
no.

3,12,3 C l>B G l Right caudate nucleus* 5.96 Corrected <0.001 6.20

-6, 15,3 Cl>B G l Left caudate nucleus* 5.74 Corrected <0.001 6.20

-54, 18, 0 B G l>C l Left inferior frontal 
gyrus, pars opercularis

Infinite Corrected <0.001 6.21

-60, 12,15 B G l> C l Left inferior frontal 
gyrus, pars opercularis

5.47 Corrected 0.002 6.22

Table 6.18. Results of main effect of changes in fMRI activation in the patients with left 
hemisphere damage compared to their control group (N.B. Regions of activation that survived a 
spatial extent threshold of 15 voxels are marked with an asterisk).

Results from the Comparison of Patients with Right Hemisphere Basal Ganglia Infarctions 

versus their Control Group

No significant regions of decreased or increased activation were observed in the comparison of 

patients with right hemisphere damage with their control group.

6.4.2.3 Event Related Potentials

Data from the patients with left hemisphere injuries and their control group were available for 

analyses. Data were only available from three patients in the right-hemispheric injured group, due 

to an insufficient number of trials surviving artefact rejection in the remaining four patients in this 

group. Data from these three patients will be displayed but not statistically analysed. A 

preliminary inspection of data obtained from control subjects indicated that the ERF waves of 

interest might be influenced by age. To check this possibility, data from the total control group 

were divided into two groups: a younger control group (mean age = 9 years, range = 7 to 11 

years) and an older control group (mean age =16 years, range = 12 to 20 years). The groups were 

divided at 11-12 years because the adult pattern of ERF activity appeared to emerge at this stage 

in the control data acquired here. Data from one patient from the left-hemispheric injured patient 

group (B G l3) were excluded since she was younger (8 years) than the remainder of the group (all 

12 years and over). The older control group (consisting of the subjects matched to the patients in 

the left-hemispheric injured patients) therefore served as the comparison group in these analyses. 

Statistical analyses of the lateralising effects within both groups of control subjects as well as in 

the group of patients with left hemisphere injuries, between the two groups of control subjects and 

between the older group of control subjects and patients with left hemisphere damage were 

carried out. The lateralising effects of interest were (1) an early transient negativity; (2) an early 

transient positivity; and (3) a late sustained slow cortical potential (SCF) shift. These lateralising 

effects in the two time windows of interest are shown in Figure 6.23.
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Figure 6.23 shows the results of the ERP verb generation task for the older control group. An 

early transient effect, consisting of a large bilateral positivity over the mastoids (A1-A2), was 

observed. Weak evidence for this effect was also apparent with a leftward preponderance over 

temporo-parietal regions (P7>P8, Wilcoxon Signed Ranks: z = -1.753, p = 0.080). There was also 

evidence for an additional early transient lateralising effect, consisting of bilateral negativity with 

a rightward preponderance over the inferior frontal region (FC4>FC3, Wilcoxon Signed Ranks: z 

= -2.023, p = 0.043). Evidence for a further lateralising effect, consisting of a late SCP shift with a 

leftward preponderance over the inferior frontal region (FC5>FC6, Wilcoxon Signed Ranks: z = - 

2.023, p = 0.043), was observed. Weak evidence for this effect was also seen in a slightly more 

dorsal frontal region (FC3>FC4, Wilcoxon Signed Ranks: z = -1.753, p = 0.080).

Figure 6.24 shows the results of the ERP verb generation task for the younger control group. An 

early transient effect, consisting of a large bilateral positivity with a leftward preponderance over 

the mastoids (A1-A2, Wilcoxon Signed Ranks: z = -2.201, p = 0.028), was observed. Additional 

early lateralising effects, consisting of bilateral negativity with a rightward preponderance over 

inferior frontal (FC4>FC3, Wilcoxon Signed Ranks: z = -2.201, p = 0.028; FC6>FC5, Wilcoxon 

Signed Ranks: z = -2.197, p = 0.028) and central regions (C4>C3, Wilcoxon Signed Ranks: z = - 

2.208, p = 0.043), were seen. This effect continued into the second time window of interest over 

central regions (C4>C3, Wilcoxon Signed Ranks: z = -1.992, p = 0.046). No late sustained 

negativity over the left hemisphere was observed in the younger control group.

Figure 6.25 shows the results of the ERP verb generation task for the left-hemispheric injured 

patient group. No evidence for lateralising effects was observed in any of the electrode pairs 

examined in either of the time windows of interest. However, patterns of ERP activity resembling 

those of the older control group were seen. There was an early transient effect, consisting of a 

large bilateral positivity over the mastoids (A1-A2) and inferior temporal regions (P7-P8). An 

early lateralising effect, consisting of bilateral negativity with a rightward preponderance over 

inferior frontal (FC4>FC3 and FC6>FC5) and central (C4>C3) regions, was observed, with a 

longer latency than seen in the older control group. A further lateralising effect, consisting of a 

late sustained SCP shift with a leftward preponderance over inferior frontal (FC3>FC4 and 

FC5>FC6) and central (C3>C4) regions, was also seen. This appeared to occur with a delayed 

onset in comparison to the older control group.

Figure 6.26 shows the results of the ERP verb generation task for the right-hemispheric injured 

patient group. An early transient effect, consisting of a large bilateral positivity over the mastoids 

(A1-A2), inferior temporal (P7-P8) and temporo-parietal (CP5-CP6) regions, was observed. An 

early lateralising effect, consisting of bilateral negativity with a rightward preponderance over
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inferior frontal (FC4>FC3 and FC6>FC5) and central (C4>C3) regions, was observed, again with 

a longer latency than seen in the older control group. A further lateralising effect, consisting of a 

late sustained SCP shift with a leftward preponderance over the inferior frontal region 

(FC5>FC6), was seen, again with a delayed onset in comparison to the older control group.

The results of the comparison of the older group of control subjects with the younger group of 

control subjects revealed evidence for a difference in the extent of early transient latéralisation 

over the inferior frontal region (FC4-FC3, Mann-Whitney U: z = -2.008, p = 0.045), with the 

younger control group showing greater negativity in the right hemisphere. Evidence for a 

difference in the extent of latéralisation of the late sustained SCP shift was also seen over the 

inferior frontal region (FC5-FC6, Mann-Whitney U: z = -2.739, p = 0.006), with the younger 

group showing a reversal of the effect found in the older control group, so that the SCP shift was 

positive over the left hemisphere. There was also weak evidence for this between-groups effect 

over the central region (C3-C4, Mann-Whitney U: z = -1.826, p = 0.068).

The comparison of the patients with left hemisphere damage with their control group revealed 

weak evidence for a difference in the extent of early transient latéralisation over the inferior 

temporal-parietal region (P7-P8, Mann-Whitney U: z = -1.938, p = 0.053), with control subjects 

showing greater positivity in the left hemisphere. No evidence for differences in the extent of 

early transient negative latéralisation over frontal regions or late sustained SCP shift between the 

patient and control groups was observed.



Chapter 6: Recovery and Reorganisation

A1-A2-1 2 .5

-1 0  5

Noun Tone cue
-500.0 0.0 500.0 1000.01500.02000.02500.03000.0350

ms

P7-P8

guage Function in Patients with Basal Ganglia Infarctions
235

000.0

12.5

1. Early transient positivity

2. Early transient negativity

3. Late sustained slow cortical 

potential (SCP) shift

-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000.0 
ms

-1 2 .5  

-1 0 .5  

- 7 .5  

-5 .5 i 

- 2 .5  

nV 0 .51

2 .5

5 .5

7 .5

1 0 .5

12.5J

P3-P4

-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000.0 
ms

12̂  CP5-CP6
- 1 0 .5

- 7 5  

-5 .5  

-2.5- 

uV  0 .5-

2 .5-

5 .5-

7 .5-

1 0 .5

1 2 .5
-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000.0 

ms

-12.51 C3-C4
- 1 0 .5

- 7 . 5

-5 .5- 

-2 .5  

uV  0 .5-

2 . 5  

5.5-

7 .5

10.5

12.5
-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000.0 

ms

-12.51 FC3-FC4
- 1 0 .5  

- 7 .5  

- 5 .5  

-2 .5

pV 0
2 .5

5 .5

7 .5

1 0 .5

1 2 .5

1251 FC5-FC6
-10.51

- 7 .5  

- 5 .5  

- 2 .5  

pV  0 .5

2 . 5

5 .5

7 .5

1 0 .5

1 2 .5

3.

I 1 2 .

-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000.0
ms

-500.0 0.0 500.0 100001500.02000.02500.03000.03500.04000.0
ms

F igure 6 .2 3 .E R P  a ctiv ity  in the o ld er  group o f  control su b jects



Chapter 6: Recovery and Reorganisation of Language Function in Patients with Basal Ganglia Infarctions
236

-1 2 .5  

- 10.0 

-7 .5  

-5 .0  

-2 .5  

pV 0 .0-

2 .5  

5.0-

7 .5

10.0
1 2 .5

A1-A2

Noun Tone cue

-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000.0 
ms

P7-P8

1 2 .5
-500.0 0.0 500.0 1000 01500 02000 02500 03000 03500.04000.0  

ms

-1 2 .5  

- 10.0 

-7 .5  

-5 .5  

-2 .5  

pV 0.0
2 .5

5 .5

7 .5

1 0 .5

12 .5

P3-P4

-500.0 0.0 500.0 1000.01500 02000.02500 03000 03500.04000.0  
ms

-1 2 .5

1 2 .5

CP5-CP6

-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000.0 
ms

-12 5 C3-C4
-1 0 .5  

-7 .5  

-5 .5  

-2 .5  

pV  0 .5

2 .5

5 .5

7 .5

1 0 .5

1 2 .5
-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000.0  

ms

12.5 FC3-FC4
-1 0 .5  

-7 .5  

-5 .5  

-2 .5  

pV 0
2 .5

5 .5

7 .5

1 0 .5

1 2 .5
-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000.0

-12 5 FC5-FC6
-1 0 .5  

-7 .5  

-5 .5  

-2 .5  

pV  0 .5

2 .5

5 .5

7 .5

1 0 .5

1 2 .5
-500.0 0.0 500.0 1000.01500.02000.02500.03000.03500.04000 0

ms

Figure 6.24. ERP activity in the younger group of control subjects
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Figure 6.26. ERP activity in patients with right hemisphere injuries
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6.5 Discussion

6.5.1 Changes in Neuropsychological Function during the Course of Recovery

The results of the comparison of neuropsychological performance across assessment times on the 

whole showed no evidence for improvements in performance over the course of recovery. Some 

evidence for a decline in Verbal IQ was observed at the third assessment session in comparison to 

the first and second assessment sessions. This decline in performance was relative to expectations 

of changes over the course of normal development, and not an absolute decline in function. This 

might reflect a general slowing in learning potential as a result of the brain injury (Copland et al, 

2000). This result is also consistent with the observations of Banich et al  (1990) that an increase 

in time since brain injury is associated with a decline in function, possibly reflecting vulnerability 

to the increasing demands of more complex functions that emerge during the course of normal 

development. No evidence for differences in Performance IQ between the three assessment times 

was observed in either left- or right-hemispheric injured patients. Similarly, no evidence for a 

change in performance across the three assessment times was observed in either left- or right- 

hemispheric injured patients on the CELF-III measure of receptive language. Weak evidence for 

an improvement in performance on the CELF-III expressive language scale was observed at the 

third assessment session in comparison to the second assessment session. Comparisons of scores 

at the second and third assessment times with those at the first assessment time might have been 

less likely to yield evidence for differences because only a small number of patients underwent 

the earliest assessments. Also, it might be that the group who had the earlier assessments under

represent patients with poorer function at that stage since some patients may have been unable to 

undergo neuropsychological assessments due to poorer health at that time.

The results reported here suggest that measures of intellectual performance in the current studies 

were not an underestimation of difficulties in these groups of patients that might have improved 

or resolved with increasing time since the injury, at least at a group level. This also appears to be 

the case for the CELF-III measure of receptive language. However, the evidence for an 

improvement on performance of the CELF-III measure of expressive language implies that there 

had been some resolution of function over the course of recovery. The findings of only weak 

evidence for expressive language difficulties in the current studies (reported in Chapter 4) might 

therefore be a slight underestimation of the difficulties experienced by these patients, at least on a 

group level. The weak evidence for this effect, however, suggests that further studies are required 

to determine the validity of this observation.
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A potential problem with these data is that different versions of the IQ and CELF tests were used 

at different assessment sessions. IQ data were collected using the WPPSI-R and WISC-IH 

(depending on age at assessment) at the time of the first and second assessments, and the WISC- 

III and WAIS-III (again depending on age at assessment) were used at the time of the present 

studies. Similarly, the CELF-Preschool and CELF-R (depending on age at assessment) were used 

for the first two assessment sessions, while all subjects were tested on the CELF-III at the time of 

the present studies. The correlation between the WPPSI-R and the WISC-III, however, is good 

(Verbal IQ: R = 0.85; Performance IQ: R = 0.73), while the mean difference in scores is said to be 

4 points in favour of the WISC-III (Wechsler, 1992). The difference in scores between the two 

subtests is relatively narrow near the middle of the IQ distribution, while the differences widen at 

the more extreme ends of the IQ distribution. The correlation between WISC-III and WAIS-III 

scores is unknown. The correlations between the CELF-R and the CELF-III are high (Receptive 

Language: R = 0.72; Expressive Language: R = 0.75), while the mean difference in scores is said 

to be approximately 3 and 8 points for the Receptive and Expressive language scales respectively 

in favour of the CELF-III (Semel et al,  1995). The correlation between the CELF-Preschool and 

CELF-III is somewhat lower than between the CELF-R and the CELF-III (Receptive Language: 

R = 0.49; Expressive Language: 0.59). The magnitude and direction of the mean difference was 

not stated for this comparison, so it is difficult to judge the validity of comparing CELF-HI data 

with CELF-Preschool data. The direction of the differences between the CELF-III and CELF-R 

and between the WISC-III and WPPSI-R suggest that the results presented here are not likely to 

be an underestimation of improvements over the course of recovery, and might even be an 

overestimation of performance in the long-term when compared to previous results.

6.5.2 Laterality of Language Function

6.5.2.1 Dichotic Fused W ords Test

The results of the Fused Dichotic Words Test (FDWT) showed that a right ear advantage was 

most frequently observed across all subjects, followed by no detectable ear advantage, with the 

least number of subjects showing a left ear advantage. This implies that the majority of subjects 

had left hemisphere latéralisation of language function. The proportion of subjects who fell within 

each category of ear advantage was similar between patients and control subjects. Absence of an 

ear advantage might reflect bilateral auditory processing or it could be that the test was not 

sensitive enough to determine ear advantage in these subjects. A similar proportion of control 

subjects as patients demonstrated either no ear advantage or a left ear advantage, suggesting that 

the pattern observed in the left-hemispheric injured patients was not abnormal. No evidence for 

differences in ear advantage between patients with left hemisphere injuries and their control 

subjects, patients with right hemisphere injuries and their control subjects and between patients
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with left and right hemisphere injuries was observed. However, the absence of an ear advantage in 

a number of the patients and control subjects indicates that the FDWT might not have been as 

reliable in detecting laterality of language in these groups of patients as observed in previous 

studies (Fernandes and Smith, 2000). A further difficulty with the interpretation of these data is 

that an auditory processing preference does not necessarily indicate latéralisation of language, and 

therefore, these data should be considered alongside the results of the other studies used here to 

determine the laterality of language function.

6.S.2.2 Functional Magnetic Resonance Imaging

The activation maps showed a pattern of left-lateralised activity that was most prominent in the 

inferior frontal cortex in all subjects in the control group. Similarly, all subjects in the patient 

group were found to have a pattern of left-lateralised activity that was most prominent in the 

inferior frontal cortex. This pattern of lateralised activity occurred regardless of side of injury in 

the patient group. The pattern of leftward latéralisation was confirmed by the statistical 

latéralisation maps (SLMs) for all individual control subjects and patients.

The results from the fMRI activation maps in the total control group revealed a pattern of 

activation that involved the left frontal cortex and bilateral temporal regions, with most prominent 

activation in the left inferior frontal cortex (Broca’s area). Additional activation was observed in 

the right inferior frontal gyrus, left medial superior frontal gyrus (SMA), bilateral insular cortices 

and precentral gyri (premotor cortices), as well as left posterior inferior temporal cortex, and right 

superior temporal gyrus. Activation was also observed in the left putamen and caudate nucleus, 

bilateral globus pallidum and right cerebellum.

The total patient group was found to have a similar pattern of left-lateralised activity, with most 

prominent activation in the left inferior frontal gyrus (Broca’s area). Additional regions of 

activation were similar to those observed in the control group, although they tended to be more 

strongly left-lateralised in the patient group. These additional regions of activation included the 

left anterior insular cortex, middle frontal gyrus, SMA, premotor cortex, posterior superior 

temporal gyrus (Wernicke’s area), posterior inferior temporal cortex, as well as some right frontal 

opercular activation. Activation was also observed in the left caudate nucleus and right 

cerebellum.

The patterns of lateralised activity observed on the activation maps were confirmed by the SLMs, 

with control subjects showing left lateralised activity in the left frontal cortex and separate regions 

of activation in the left and right temporal cortices. Patients also showed most pronounced
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activation in the left inferior frontal gyrus. Additional regions of activity in the left angular gyrus 

and supramarginal gyrus in the control group and in the left anterior cingulate gyrus and the 

angular gyrus in the patient group were observed on the SLMs. These regions were taken to 

represent contralateral deactivation as they had not been apparent on the activation maps. This 

was confirmed by analyses of the negative BOLD effect. An additional region of deactivation in 

the caudate nuclei bilaterally was observed in the patient group. The results from both the patient 

and the control groups are consistent with activation patterns seen in healthy adults (e.g. Raichle 

et al,  1994; Warburton et al, 1996; Papathanassiou et al, 2000) and children (e.g. Gaillard et al, 

2000; Holland et al, 2001) in functional imaging studies using verb generation paradigms.

The comparisons of fMRI activation between subject groups revealed that patients had a 

significant reduction in activation in the caudate nuclei bilaterally (extending into the anterior 

cingulate cortex) which might be due to the lesions in this region. A significant increase in 

activation in the left inferior frontal gyrus was also seen in the patients when compared to the 

control group. These significant differences appeared to be accounted for by the left-hemispheric 

injured group, who showed similar significant changes in activation patterns in comparison with 

the patients with right hemisphere damage and with their control group. Moreover, no significant 

differences were observed between patients with right hemisphere damage and their control 

group, suggesting that this group of patients have a normal pattern of language activation, 

consistent with expectations that language was less likely to be affected following right 

hemisphere infarctions.

These results suggest that cross-hemispheric reorganisation of language function did not occur in 

this group of patients, regardless of side of injury, and was not observed in any individual patient. 

This finding is contrary to indications from previous imaging studies of patients with left 

hemisphere damage in which right hemisphere activation in response to verbal tasks was 

associated with recovery of function in children (Muller et al, 1998; Simos et al, 2000) and in 

adults (e.g. Weiller et al, 1995: Cappa et al, 1997; Musso et al, 1999; Thulbom et al, 1999; 

Rosen et al, 2000). Activation in the right cortical hemisphere has also been observed in 

individuals with subcortical injuries acquired during adulthood (Heiss et al, 1999) and during 

childhood (Staudt et al, 2001), suggesting that it is not necessarily the subcortical nature of the 

lesions of the patients in this study that prevents cross-hemispheric cortical reorganisation from 

occurring.

Regional differences in activation were, however, observed in the left hemisphere in the patients 

with left hemisphere injuries involved in these studies in comparison to their control subjects and 

the patients with right hemisphere injuries. Patients with left hemisphere damage were found to
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have greater activation in the left inferior frontal gyrus, particularly in the ventral region, but also 

to a lesser extent in the dorsal part of the left inferior frontal gyrus. These results might be 

indicative of intra-hemispheric reorganisation, as has been observed in a number of other studies 

of patients with left hemisphere damage in adults (Heiss et al, 1993; Frackowiak et al, 1997). 

Much inter-subject variability is thought to exist in the representation of language (Ojemann et 

al, 1989b), and it might be that the maintenance of left hemisphere activation represents sparing 

or restitution of normal activation rather than reorganisation of function (Rosen et al, 2000).

The possibility of intra-hemispheric reorganisation of language in the left-hemispheric injured 

group should be regarded with caution, and a number of alternative possible explanations for 

these findings must be considered. Firstly, several patients in this group were found to have 

haemodynamic abnormalities in the left cortical hemisphere (reported in Chapter 5). Only two 

patients with such abnormalities had fMRI data that were included in the analysis. Interestingly, 

these two patients (B G l7 and B G lIO) were the two individuals with highly significant frontal 

activation on the activation maps and SLMs (shown in Figures 6.10 and 6.11 and Tables 6.11 and 

6.12). It seems possible that haemodynamic abnormalities might be related to the changes in 

activation patterns in these patients. Alterations in BOLD signal intensity detection have been 

observed in patients with arteriovenous malformations (AVMs) in whom there were marked flow 

abnormalities (Lehericy et al, 2002). Changes in cerebral blood flow (Barnett et al, 1987; Young 

et al, 1990) or in perfusion pressure (Young et al, 1994), oxygen metabolism (Fink, 1992), 

autoregulation processes and vasoreactivity (Barnett et al, 1987; Young et al, 1994), may alter 

BOLD signal intensity detection, which have been found to occur in areas adjacent to AVMs and 

some may occur following infarctions. In contrast to this, Rosen et al (2000) demonstrated strong 

similarities between activation patterns on PET and fMRI both within and across groups of 

subjects who had left inferior frontal gyrus infarctions, suggesting that the BOLD fMRI responses 

are not impaired in the presence of a stroke lesion and related metabolic effects on surrounding 

and distant cortical tissue.

The differences in left inferior frontal activation patterns observed in the left-hemispheric injured 

group might be related to the reduction in grey matter density in cortical language areas, including 

the inferior frontal gyrus, observed in the VBM analyses of 3D data sets in these patients 

(reported in Chapter 5). Regions where there is such cortical grey matter loss might be associated 

with increased blood flow for normal levels of functional activation in this region. A region of 

increased fMRI activation was observed in these patients in the inferior frontal gyrus similar to 

the region of decreased grey matter density observed in the VBM analyses. However, the greatest 

region of significantly increased fMRI activation was observed in a more ventral and posterior 

region of the inferior frontal gyrus than that of the decreased grey matter density observed on the
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VBM analyses (increase in fMRI activation was observed with a maximum at -54, 18, 0; decrease 

in grey matter was observed with a maximum at -52, 30,18).

A further possibility is that the task is behaviourally more demanding for the patients than the 

control subjects, depending on the levels of functional recovery. All patients who were scanned 

for fMRI were able to perform the task when tested outside the scanner to an equal level to the 

control subjects. Also, the pace of the presentation of the stimuli nouns was adjusted according to 

ability so that activation differences should not be a reflection of performance differences. 

However, it might be that increased cortical activation is required in patients to perform this task 

to the same behavioural level as the control subjects. Individual differences in levels of attention 

and arousal as well as verbal skills may cause between-subject activation differences. Also, 

differences in the search strategies employed might cause variation in activation patterns (Thomas 

etal., 1997).

The interpretation of these data may be confounded by a number of methodological difficulties. 

The number of subjects in each group contributing to the analyses was small. This was partly due 

to some subjects being unwilling to take part in the fMRI study and partly due to the exclusion of 

a number of data sets as a result of movement artefacts. The individual patterns of language 

organisation prior to stroke were unknown for these patients. Moreover, changes in language 

organisation resulting from stroke might have been confounded by differences in language 

organisation related to development (Bookheimer and Dapretto, 1997). Studies of age-related 

effects on functional neuroanatomy might themselves be confounded by performance differences 

across development. Performance and age-related differences have been observed in the pattern of 

lateralised fMRI activity within the left frontal cortex between adults and children (aged 7 to 10 

years) (Schlaggar et al, 2002), with adults showing greater activation in this region. This suggests 

that age-related effects are reflected as differences in activity within the left hemisphere rather 

than between the two hemispheres. Other studies have shown consistency in regions of language 

activation between children and adults in response to verbal fluency tasks, with greatest 

lateralised activity in the left inferior frontal cortex (Gaillard et al,  2000; Holland et al, 2001). 

Left-lateralised language activation has been observed in infants as young as 3 months old 

(Dehaene-Lambertz et al, 2002). The assessment of age-related differences in activation within 

the left hemisphere was not possible in this study because of the small number of subjects. 

However, control subjects were individually age-matched to the patients in the analyses of the 

fMRI data. Changes in the developmental course of language organisation were therefore less 

likely to affect these results. Furthermore, a left-lateralised pattern of activation was observed in 

all patients and control subjects who participated in the fMRI study, including the youngest 

patients and control subjects (aged 7 years). It is therefore highly unlikely that the left-lateralised
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pattern of activation in the patients represents cross-hemispheric reorganisation from language 

representation that was previously right-lateralised. Another potential difficulty with the fMRI 

studies carried out here was that it was not known whether the subjects were performing the task 

while they were in the scanner since a covert verb generation task was used to avoid motion 

artefacts during vocalisation. However, all subjects were able to perform the task when tested 

outside the scanner, and the patterns of activation observed here are consistent with expected 

regions of activation, suggesting that it is highly likely that subjects were performing the task 

correctly whilst in the scanner.

6.S.2.3 Event Related Potentials

The results of the ERP verb generation task in the older group of control subjects revealed weak 

evidence for a lateralising effect, consisting of bilateral positivity with a leftward preponderance 

over temporo-parietal regions. This early transient lateralised effect was also seen in the pilot 

study with adult subjects over inferior temporal and temporo-parietal regions (Rowan et al, 

2000), but was not as strongly lateralised in the control subjects here as seen in the adult subjects. 

There was evidence for an additional early transient lateralising effect consisting of bilateral 

negativity with a rightward preponderance over the inferior frontal region. A further lateralising 

effect, consisting of a late sustained slow cortical potential (SCP) negativity with a leftward 

preponderance over the inferior frontal cortex and extending to more dorsal regions was also seen. 

This pattern of lateralised activity is consistent with previous observations of late sustained 

lateralised ERP activity in adults (Altenmuller et al, 1993; Thomas et al, 1997; Rowan et al, 

2002).

The results of the ERP verb generation task in the younger group of control subjects revealed 

evidence for an early transient lateralising effect consisting of a large bilateral positivity with a 

leftward preponderance over the mastoids, and extending with a more bilateral pattern to inferior 

temporo-parietal regions, as seen in the older group of control subjects, and in adults (Rowan et 

al, 2002). There was no evidence for differences in this effect between the younger and older 

groups of control subjects. Evidence for an additional early lateralising effect, consisting of 

bilateral negativity with a rightward preponderance over inferior frontal and central regions, was 

also observed in the younger control group. This effect resembled the transient lateralising effect 

seen over the same regions in the older control group, but was considerably more prolonged in 

this younger group. Between group comparisons suggested that this negativity was more strongly 

lateralised to the right hemisphere in the younger control group. Strong evidence for a difference 

in the extent of latéralisation of the late sustained SCP shift was also observed over the inferior 

frontal region, with the right lateralised negativity continuing into this second time window in the
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younger group and with no evidence for a late sustained left-lateralised effect. This suggests that 

the late sustained negative SCP shift, apparent in adults and older control children, is age related. 

The effect, however, might represent differences in time course and not differences in laterality 

across the age groups. The early lateralising effect resembled that seen in adults and older control 

children but was more protracted in younger subjects, and in this experiment extended until 

speech onset. It is possible that if the task period were to be extended, a lateralised pattern of 

activity as seen in the older subject groups would become apparent. Further studies are required to 

verify the time course and pattern of lateralised SCPs in response to language related stimuli 

during development.

The results of the ERP verb generation task in the left-hemispheric injured patient group revealed 

no evidence for lateralising effects. However, the patterns of lateralised activity seen in the older 

control group were still apparent in this patient group. An early transient effect, consisting of a 

large bilateral positivity over the mastoids and inferior temporal regions, was observed. An 

additional early transient lateralising effect, consisting of bilateral negativity with a rightward 

preponderance over inferior frontal and central regions, was also seen. This effect resembled the 

transient lateralising effect seen over frontal and central regions in the older control group, but in 

this patient group, appeared to be more protracted. There was a further lateralising effect, 

consisting of a late sustained SCP shift with a leftward preponderance over inferior frontal and 

central regions. This lateralised activity was again similar to that observed in the older control 

group, but in this patient group, occurred with a later onset. The results of the ERP verb 

generation task for the right-hemispheric injured patient group were not statistically analysed due 

to the small number of subjects with useable data in this group. However, the pattern of activity 

observed for this patient group resembled that of the patients with left hemisphere damage.

These results suggest that left latéralisation for language function was maintained, with no 

evidence for cross-hemispheric reorganisation of language in these ERP studies. This is contrary 

to studies of SCP shifts in which evidence for cross-hemispheric reorganisation has been found in 

patients with temporal lobe epilepsy (Gerschlager et al, 1998), patients with a history of transient 

loss of speech (Altenmuller et al, 1993) and aphasie patients following stroke (Thomas et al, 

1997). These findings also contradict the results of imaging studies showing right hemisphere 

activation in association with recovery of function in patients with subcortical damage (e.g. Staudt 

et al, 2001). The findings are, however, consistent with the results of the fMRI studies in the 

same group of subjects, and provide additional evidence about the time course of activation, with 

a delayed response to verbal material in the patients with left hemisphere damage.
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The comparison of patients with left hemisphere damage with their control group (i.e. the older 

control group) revealed weak evidence for a difference in the extent of early transient 

latéralisation over the inferior temporal-parietal regions, with the control group showing greater 

positivity over the left hemisphere. This suggests that patients with left hemisphere damage have 

a more bilateral pattern of language processing over inferior temporal-parietal regions than the 

control subjects. No evidence for differences in the extent of early transient negative latéralisation 

over frontal regions or late sustained SCP shift between the patient and control groups was 

observed. This suggests that the pattern of lateralised activity in the frontal cortex in patients with 

left hemisphere injuries had not changed, although the extent of latéralisation was somewhat 

attenuated in this group, as indicated by the within-group comparisons across electrode pairs. 

However, the time course of lateralised ERP activity appeared to differ between the two groups, 

with patients having more protracted early fronto-central latéralisation and a delayed onset of the 

later sustained SCP shift over the left inferior frontal cortex. These possible differences in the 

time course of ERP activity in the patients with left hemisphere latéralisation might be explained 

by some of the same factors discussed in relation to the slight difference in location of fMRI 

activation observed in this group. Grey matter loss in the left cortical hemisphere observed on the 

VBM analyses in these patients (reported in Chapter 5) might underlie the time differences in 

electrical activity observed here. A further possibility is that the task is behaviourally more 

demanding for the patients than the control subjects, depending on the levels of functional 

recovery. The inclusion of the overt speech component at the end of the task period meant that 

task performance could be monitored. All patients were able to perform the task to an equal level 

to the control subjects. However, it might be that increased effort is required in patients to 

perform this task to the same behavioral level as the control subjects. Individual differences in 

levels of attention and arousal as well as verbal skills may cause between-subject activation 

differences. Also, differences in the search strategies employed might cause variation in activation 

patterns (Thomas et al,  1997). Further analyses would, however, be required to confirm any 

differences in the time course of activation in these patients.

The interpretation of these data may be confounded by a number of methodological difficulties. 

Firstly, the number of subjects in each group contributing to the analyses was small. This was 

mainly due to the exclusion of a number of data sets due to gross movement and eye movement 

artefacts. Such artefacts were also present in the data that were used for the analyses, but were 

more successfully removed from the affected channels. Secondly, some of the potentially 

confounding factors discussed in relation to the fMRI data might also apply to the interpretation 

of the ERP data. For example, the pre-injury patterns of language latéralisation are unknown for 

these patients. However, the ERP data provide some evidence for consistency in the pattern of 

lateralised activity over the frontal cortex between patients with left hemisphere injuries and their
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control group. This is concordant with the findings of left-lateralised activity in the frontal cortex 

in the fMRI studies. The ERP studies also provided evidence to suggest that patients with left 

hemisphere damage have a more bilateral pattern of language processing over the temporo

parietal cortices. This is contrary to the fMRI findings, in which temporo-parietal activity was 

more lateralised to the left hemisphere in the patient group than in the control group. However, 

lateralised activity is less reliably observed over the temporo-parietal cortices (Lehericy et al, 

2000), suggesting that the ERP finding in these patients might not be unusual, particularly in view 

of the greater bilateral activity over these regions in control subjects on the fMRI studies. These 

differences in activity seen on the fMRI and ERP studies might be a reflection of differences in 

the processes being measured by the two methods. The box-car design of the fMRI studies meant 

that state-related changes were being measured, while in the ERP studies, stimulus-related 

changes were being measured. It appears that in healthy adult brains, activation patterns during 

language processing are concordant (Rowan et al, 2002). However, in the presence of brain 

damage, the mechanisms underlying fMRI and ERP activity might be affected differently.

6.6 Conclusions

The results discussed here provide little evidence for a change in performance on measures of 

intellectual and language function over the course of recovery. Some evidence for a decline in 

Verbal IQ and a very slight improvement in expressive language was apparent in the current 

studies in comparison to previous post-acute assessments with the same patients. These effects 

occurred independently of side of injury. No changes were observed in Performance IQ or 

receptive language function. This suggests that the results of the neuropsychological studies 

(reported in Chapter 4) are unlikely to be confounded by improvements over the course of 

recovery. The measures of laterality of language function used here provide convergent evidence 

for the maintenance of left lateralised language representation in the frontal cortices after 

unilateral damage to the basal ganglia, regardless of side of injury. This suggests that the cortical 

abnormalities present in some patients after infarctions of the basal ganglia are not sufficient to 

result in cross-hemispheric reorganisation of function. Some evidence for a slight difference in the 

localisation of fMRI activation in the left inferior frontal cortex was apparent, with patients with 

left hemisphere damage showing increased activation in the ventral portion of the left inferior 

frontal gyrus. The time course of ERP activation in patients and control subjects appeared to 

differ, with patients showing a delayed onset of lateralised activity. However, the maintenance of 

left frontal representation of language despite damage to the basal ganglia of this hemisphere 

suggests that the results of the neuropsychological studies in this thesis are not a reflection of 

recovery and reorganisation of language profiles.
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Chapter 7; General Discussion and Future Directions

The investigations reported in this thesis were designed to examine the influence of unilateral 

basal ganglia lesions acquired during development on speech and language function. There were 

three primary aims. The first aim was to characterise the nature and extent of any long-term 

speech and language difficulties in the children and young adults with infarctions of the basal 

ganglia. The second aim was to investigate the relationship between speech and language 

difficulties and MR imaging abnormalities involving the basal ganglia nuclei themselves, 

surrounding white matter tracts and structural and perfusion abnormalities in cortical language 

areas. The predictions for these studies were guided by the neuropsychological findings. The third 

aim was to examine the extent of recovery and reorganisation of function, since the patients 

involved in these studies were seen in the long-term after their infarctions. Recovery and/or 

reorganisation of function might therefore have taken place, thus obscuring the relationship 

between the basal ganglia and speech and language.

Two groups of patients were studied: a group of patients with infarctions confined to the left 

hemisphere basal ganglia and surrounding white matter and a group of patients with infarctions 

confined to the right hemisphere basal ganglia and surrounding white matter on neuroradiological 

examination of conventional MR images. The patient groups were compared to two groups of 

control subjects, matched by age, sex and receptive vocabulary to each patient group. The results 

of these investigations will be summarised here and discussed in relation to previous research. 

The findings reported in this thesis have generated a number of questions that might be addressed 

in future studies with a similar sample of patients. Possible directions for future studies will 

therefore be suggested in this chapter.

7.1 Summary of Findings

7.1.1 Speech and Language Function

The first aim of these studies, to characterise the nature and extent of any speech and language 

difficulties, was addressed using standardised and experimental neuropsychological methods of 

general speech and language abilities and specific tests of speech and language functions thought 

to be dependent on intact basal ganglia circuitry. Results of these studies were reported in 

Chapters 3 and 4.
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The comprehensive evaluation of speech function in the patients with unilateral basal ganglia 

injuries provided convergent evidence to suggest that a number of the predicted aspects of motor 

speech control were impaired relative to control subjects. Deficits were observed in the 

production of simultaneous and sequential orofacial movements, the automatic execution of well- 

leamed verbal material, and the generation of unfamiliar verbal stimuli requiring the formation of 

sequences of syllables. The acquisition of novel articulatory sequences and the production of 

novel inflectional verb forms was also lower in the patients relative to control subjects. These 

deficits in the patients occurred regardless of hemispheric side of injury, with the exception of 

performance on a test of rapid automatic naming, and on the production of novel past tense 

morphology. On these tasks, patients with left hemisphere injuries performed more poorly than 

patients with right hemisphere injuries, while both patient groups performed more poorly than 

control subjects. This might be a reflection of a greater dependence on lateralised verbal abilities 

required to succeed in these tasks, although neither of these effects could be accounted for by 

differences in Verbal IQ between the left- and right-hemispheric injured groups. Functional levels 

on the tests of rapid naming were related to age at injury and time elapsed since injury in the 

right-hemispheric injured group, suggesting that earlier injuries and/or a greater time since 

injuries resulted in better performance in this group. The younger age at injury of the patient 

group with right hemisphere injuries might therefore explain their relative superiority over 

patients with left hemisphere injuries on the tests of rapid naming.

The overall pattern of results was one of lower performance in patients relative to control subjects 

regardless of hemispheric side of injury, indicating that any effects of side of injury might have 

been obscured by the more dramatic effects of stroke in general. The results presented here 

provide evidence for the participation of bilateral basal ganglia nuclei and their circuitry in the 

motor control of speech during childhood, with specific involvement of these structures in the 

automatic execution of previously learned sequential motor speech procedures and the acquisition 

of novel articulatory plans. This is in accordance with investigations of other patient groups with 

basal ganglia pathology, such as the KE family (Vargha-Khadem et al, 1995; 1998; Watkins et 

al, 1999; Alcock et al, 2000; Watkins et al, 2002a), patients with Parkinson’s disease (Darley et 

al, 1975; Ho et al, 1998) and children with infarctions of the basal ganglia (e.g. Aram et al, 

1983; Cranberg et al, 1987; Nass et al, 1988; Martins and Ferro, 1992; Martins, 2000). The 

results of these investigations also add to the evidence from anatomical studies (e.g. Kermadi and 

Joseph, 1995; Aldridge et al, 1997; Miyachi et al, 1997; Brainard and Doupe, 2000) and 

functional imaging studies (e.g. Jueptner and Weiller, 1998) suggesting that the basal ganglia and 

their circuitry participate in the acquisition and automatic execution of sequential motor 

procedures. The observation that the motor-speech difficulties reported here persisted in the long
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term after unilateral basal ganglia damage suggests that these structures in the unlesioned 

hemisphere do not entirely compensate for difficulties in performance.

The comprehensive evaluation of language performance in the patients with unilateral basal 

ganglia injuries highlighted difficulties in a number of aspects of language function, although the 

pattern of impairments was by no means consistent across the group. Patients were found to be 

impaired in the performance of receptive, and to a lesser extent, expressive language functions, as 

well as in reading and spelling abilities. The finding of greater receptive than expressive language 

difficulties was contrary to the prediction that expressive language would be selectively impaired 

following basal ganglia injuries, based on evidence from previous studies of children (e.g. Aram 

et al, 1983; Cranberg et al, 1987; Aram and Eisele, 1992; Martins and Ferro, 1992; 1993; Nass 

et al, 1998; Martins, 2000) and adults (e.g. Wallesch et al, 1983; Mega and Alexander, 1994; 

Copland et al, 2000) with infarctions of the basal ganglia. The unexpected difficulties in 

receptive language were attributed to the necessity for intact working memory to perform 

successfully on the measures of receptive language used here. Receptive language difficulties 

have previously been reported in patients with short-term memory impairments, with greater 

difficulties occurring as demands on working memory increase, particularly when the retention 

and processing of long sentences is required for accurate comprehension (Vallar and Baddeley, 

1984; Baddeley and Wilson, 1988). The explanation for working memory deficits underlying 

language difficulties in the patients studied here is also consistent with the relationship between 

working memory and the basal ganglia circuitry established in studies of animals with 

experimental lesions of the basal ganglia (Goldman-Rakic, 1995; Levy et al, 1997) and patients 

with disorders of the basal ganglia (Lawrence et al, 1996; 2000).

No evidence for an effect of hemispheric side of injury on language performance was observed 

for any of the assessments of language, reading or spelling. This absence of a predicted effect of 

side of injury on language function was attributed, at least in part, to the greater variance in 

performance of patients with left hemisphere injuries. Some patients in this group showed no 

evidence for language deficits, while others were found to have considerable language difficulties 

in both receptive and expressive domains. Three of the patients in the left-hemispheric injured 

group had CELF-III Total Language scores that were greater than two standard deviations below 

the mean, suggesting that language performance in these patients was clinically abnormal. These 

results provide evidence to suggest that damage to the left hemisphere basal ganglia alone was not 

sufficient to result in long-term language deficits. This variation in presence of language deficits 

following basal ganglia damage in these patients is similar to that reported in studies of adults 

with similar lesions (e.g. Cappa et al, 1983; Fromm et al, 1985; Alexander et al, 1987; Basso et 

al, 1987; Kertesz, 1992; Weiller et al, 1990; 1993; Nadeau and Crosson, 1997). The variation in
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abilities could not be accounted for by differences in age at injury or the time elapsed between the 

injury and neuropsychological assessments. Language deficits in some of the patients in this 

group were therefore thought to be related to the presence of additional factors such as imaging 

abnormalities extending beyond the basal ganglia that were not apparent on conventional MR 

imaging.

Previous studies of the relationship between language deficits and basal ganglia damage have 

been hampered by a number of methodological difficulties that might obscure patterns of 

language impairments. The studies reported in this thesis were intended to control for a number of 

potentially influential variables, such as the variability in aetiology and the presence of additional 

complications such as seizure disorders, that might influence the course of recovery (Vargha- 

Khadem et al, 1992; Mega and Alexander, 1994). The creation of a purer study sample, however, 

reduced the number of subjects available for analyses.

Pre-injury abilities were not known for the patients involved in the studies reported in this thesis, 

and therefore any functional deficits could only be stated in comparisons between the two groups 

of patients and in relation to the groups of matched control subjects. Such comparisons provided 

indications for a reduction in speech, language and verbal intellectual abilities in the patients 

involved in these studies. Although performance deficits on some measures remained even when 

Verbal IQ was included in the analyses as a covariate, a number of results were weakened or 

abolished with the inclusion of Verbal IQ in the analyses. It is difficult to dissociate these 

functions and it is likely that speech, language and verbal intelligence are highly interactive, 

influencing each other in the functional outcome of stroke. The possibility that the observed 

deficits in the patient groups are simply a reflection of a reduction in learning potential or 

cognitive resources (Copland et a l, 2000) as a result of the brain injury, and not a reflection of 

specific deficits in speech and language, however, cannot be ruled out from these studies.

7.1.2 MR Imaging Abnormalities and Structure-Function Relationships

The second aim of these studies, to examine the relationship between speech and language 

difficulties and MR imaging abnormalities, was investigated using a range of magnetic resonance 

imaging (MRI) techniques, including conventional clinical imaging, voxel based morphometric 

(VBM) analyses of 3D data sets and diffusion tensor images, and perfusion-weighted imaging. 

The latter techniques were used primarily to search for any pathology extending beyond the basal 

ganglia. The results from these studies were presented in Chapter 5.
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The imaging studies carried out for this thesis provided evidence for abnormalities remote from 

the core site of the lesion that are not detectable on conventional MR imaging in patients with 

infarctions of the basal ganglia. These abnormalities included a reduction in cortical grey and 

white matter, as well as cortical haemodynamic abnormalities. Regions of decreased grey matter 

in the left hemisphere and white matter in the right hemisphere precentral gyri were observed in 

the left- and right-hemispheric injured groups respectively. These abnormalities were consistent 

with the known connections between the basal ganglia and motor cortices (Carpenter, 1991) and 

were possibly related to the motor impairments reported in Chapter 2. Both patient groups were 

also found to have decreased diffusion anisotropy in the internal capsule and in precentral gyrus 

white matter on the side of the lesions. Haemodynamic abnormalities were observed in both 

patient groups in cortical areas remote from the core site of infarction on the side of the lesion. 

Such abnormalities were observed only in patients with MRA evidence for residual ICA or MCA 

stenosis or occlusion.

Patients with left hemisphere injuries were found to have additional grey matter loss in cortical 

areas thought to be involved in speech and language, including the left inferior frontal gyrus, 

superior temporal gyrus, insular cortex and ventral precentral gyrus, as well as the caudate 

nucleus. The cortical regions of abnormality might represent a reduction in basal ganglia input to 

their cortical targets, as suggested by Perani et al. (1987), and could help to explain the speech 

and language deficits observed in this patient group in comparison to their control group.

In order to investigate the possibility of a relationship between cortical abnormalities and speech 

and language difficulties more directly, correlation analyses were carried out between speech and 

language performance and structural changes. No evidence for a correlation between structural 

changes in the basal ganglia or cortical areas and speech function was observed. Similarly, no 

evidence for a correlation between damage to specific basal ganglia nuclei and language function 

was observed. In particular, the head of the left caudate nucleus was not damaged in all patients 

with language impairments and was damaged in some patients without language difficulties in 

those with left hemisphere lesions. This is contrary to the suggestion made by Damasio et al. 

(1982) and Gurd and Bamford (1997) that damage to the head of the caudate nucleus is crucial in 

the manifestation of language deficits in patients with basal ganglia infarctions.

Evidence for significant positive correlations between language performance and regions of grey 

matter density outside the basal ganglia was observed in patients with left hemisphere damage. 

These regions were all in the left hemisphere and included the inferior frontal gyrus, middle 

frontal gyrus, insular cortex and superior temporal cortex. The same regions were not correlated 

with language performance in the right-hemispheric injured group or in the total control group.
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suggesting that the correlation does not extend to the normal population. Both white matter 

density and white matter anisotropy in left hemisphere deep frontal white matter were correlated 

with language scores in the left-hemispheric injured group. Anisotropy in the left internal capsule 

in the region of the infarctions was also found to be related to language performance in this 

patient group. This might suggest that more extensive lesions are associated with poorer language 

performance. Alternatively, this could be indicative of cortical disconnection of basal ganglia 

inputs leading to degeneration of cortical sites previously connected to the basal ganglia (Perani et 

al, 1987), and might possibly explain some of the regions of cortical grey matter loss observed in 

the VBM analysis of 3D data sets. A further relationship was observed in the left-hemispheric 

injured group between haemodynamic abnormalities and language function, with the three 

patients with poorest language function having haemodynamic abnormalities involving left 

hemisphere cortical language areas. All other patients either had cortical haemodynamic 

abnormalities that did not encompass these sites or showed no evidence for cortical 

haemodynamic abnormalities. This was in accordance with a recent study by Hillis et al (2002), 

in which cortical haemodynamic abnormalities in the MCA territory were related to aphasia or 

neglect in adult patients with subcortical infarctions.

The findings reported in this thesis provide evidence for grey matter loss, interruption to white 

matter tracts and haemodynamic abnormalities involving left hemisphere cortical language 

regions underlying language difficulties after basal ganglia infarctions acquired during childhood 

and adolescence. Damage confined to the left hemisphere basal ganglia alone was not sufficient to 

result in long-term language deficits in this group of patients. The absence of evidence for a 

relationship between site and extent of basal ganglia damage and speech and language 

performance does not necessarily imply that the basal ganglia are not involved in these processes. 

The nature of the relationship between cortical grey matter loss, white matter abnormalities, 

cortical haemodynamic abnormalities and the basal ganglia lesions in the manifestation of 

language impairments, however, remains unclear. Damage to the basal ganglia, or to white matter 

surrounding the basal ganglia, is thought to result in the anterograde degeneration of connected 

fibre pathways and connected cortical sites that are remote from the core site of the lesion 

(Werring et a l, 2000). However, the possibility that functional deactivation in the cortex leads to 

degeneration of fibres projecting from the cortex to the basal ganglia cannot be excluded on the 

basis of these results. It is also possible that blood flow abnormalities in cortical language areas 

cause language deficits and a reduction in functional activity leads to degeneration of grey matter 

in these sites. In support of this possibility, Weiller et al (1990) observed regions of focal cortical 

atrophy on MRI one year after infarction that was not visible acutely in regions that were 

previously hypoperfused. The converse situation for the haemodynamic abnormalities could also 

be true, in which degeneration of cortical grey matter resulting from a lack of basal ganglia input
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and/or white matter tract damage leads to a reduction in recruitment of blood to these regions, as 

suggested by Perani et al (1987). A combination of these factors might explain language 

impairments following basal ganglia infarctions, and the influence of these different mechanisms 

might vary between individuals. The current studies have highlighted the importance of 

considering abnormalities beyond those observed on conventional MR imaging when relating 

functional impairments to site of injury in patients with infarctions of the basal ganglia.

7.1.3 Recovery and Reorganisation of Language Function

The third aim of these studies, to examine the extent of recovery and reorganisation of language 

function, was investigated by comparing neuropsychological data acquired over the course of 

recovery and by using a dichotic listening task, functional magnetic resonance imaging (fMRI) 

and event related potential (ERF) methods to determine latéralisation of language. The results 

from these studies were presented in Chapter 6.

The comparison of results from neuropsychological assessments over three time points provided 

little evidence for improvements in performance on measures of intellectual and language 

function over the course of recovery. This indicated that the absence of language difficulties in 

some of the patients in these studies was not a reflection of improvements in function over the 

course of recovery, at least on a group level, and that language outcome after basal ganglia injury 

was indeed highly variable in these patients.

The measures of laterality of language function used here provided convergent evidence to 

suggest that left hemisphere language representation was maintained after damage to the basal 

ganglia regardless of side of injury. The results of the dichotic fused words test provided no 

evidence for differences in ear advantage between patients with left hemisphere injuries and their 

control subjects, patients with right hemisphere injuries and their control subjects or between both 

patient groups. The fMRI studies suggested that patients and control subjects showed evidence for 

left hemisphere language latéralisation in the frontal cortex, with some bilateral temporal 

activation, mainly in the control subjects. A slight difference in the localisation of left inferior 

frontal activation was apparent in patients with left hemisphere damage in comparison to patients 

with right hemisphere damage and control subjects, in the form of increased activation in the 

ventral portion of the left inferior frontal gyrus. Similarly, the ERF studies showed left-lateralised 

responses over the left inferior frontal cortex. A sustained slow cortical potential negativity was 

evident during verb generation, which was more pronounced in patients with left- and right- 

hemispheric damage and control subjects over the left inferior frontal cortex compared to their 

right hemisphere homologues. Evidence for differences in the time course of activation between
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patients and control subjects was observed in the ERP studies, with patients showing a delayed 

onset of lateralised frontal activity. Contrary to the fMRI findings, ERP activity in patients with 

left hemisphere damage was more bilateral over left inferior temporo-parietal regions than seen in 

control subjects.

Although no direct inferences about the cortical ERP generators can be made in this study, there 

were similarities in the pattern of lateralised sustained ERPs and fMRI activation in the frontal 

cortex in patients and control subjects. The slight differences in localisation of fMRI activation 

within the inferior frontal cortex, and delayed onset of ERP activation over this region in the 

patients might be related to the reduction in grey matter density in cortical language areas, 

including the inferior frontal gyrus, observed in the VBM analyses of 3D data sets in these 

patients. The differences in temporo-parietal activation between the ERP and fMRI studies 

suggest that different processes might underlie the activation being measured by these two 

methods. It appears that in healthy adult brains, activation patterns during language processing are 

concordant (Rowan et al, 2002). However, in the presence of brain damage, the mechanisms 

underlying fMRI and ERP activity might be affected differently.

The number of subjects in each group contributing to the analyses of fMRI and ERP data was 

small. Nevertheless, the convergent evidence from these studies suggests that left hemispheric 

representation of language was maintained despite damage to the basal ganglia of this 

hemisphere, and that additional abnormalities affecting language cortices in some patients were 

not sufficient to result in cross-hemisphere reorganisation. This in turn indicates that the results of 

the neuropsychological studies reported in this thesis are imlikely to be confounded by the 

processes of recovery and/or reorganisation of function.

7.2 Future Studies and Directions

The results of the investigations in this thesis have generated a number of questions that could 

form the basis of future studies with similar groups of patients. The studies reported here are the 

most comprehensive to date involving patients with infarctions of the basal ganglia acquired 

during childhood and adolescence, and are essentially exploratory in nature. It is therefore crucial 

to reproduce these findings on a new and larger group of children with infarctions of the basal 

ganglia.

Further studies are required to extend the understanding of the specific nature of the speech and 

language deficits described in this thesis. For example, some evidence for difficulties in the
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acquisition and automatic execution of sequential articulatory procedures has been provided by 

these studies. More detailed characterisation of such deficits might highlight the role of different 

processes, such as articulation, phonological perception, phonological segmentation and working 

memory in the manifestation of these deficits. Moreover, the observed difficulties in learning 

novel articulatory procedures might extend to learning in other domains, and therefore studies of 

the wider implications of such deficits are required. The relationship between difficulties in the 

acquisition of novel speech programmes and the automatic execution of previously learned 

sequential articulatory procedures and structural and functional brain abnormalities was not 

established in these studies. Previous research suggests the existence of a dissociation between the 

functions of the anterior and posterior striatum. The acquisition of novel sequential motor 

procedures is thought to be dependent on the anterior striatum, while the automatic execution of 

previously learned motor sequences is said to involve the middle-posterior striatum (Miyachi et 

ah, 1997; Jueptner and Weiller, 1998). More detailed analysis of structure-function relationships 

in lesion-based studies might confirm this dissociation.

The emphasis on the effects of brain injury acquired during development in this thesis suggests 

the need for detailed longitudinal assessments of patients. Changes in behavioural outcome in 

relation to age and developmental stage at injury, time since injury, and the effects of brain 

damage on the emergence of higher level skills over the course of development could then be 

documented more thoroughly. Longitudinal studies would also be important to relate changes in 

functional performance to structural and functional changes in the brain over the course of 

recovery from infarctions of the basal ganglia. This would make it possible to gain an improved 

understanding of the mechanisms underlying the expression of language difficulties after basal 

ganglia damage, and to address the relationship between structural grey and white matter damage 

and haemodynamic abnormalities.

The findings of a relationship between long-term language impairments and cortical perfusion 

abnormalities beyond the lesion have implications for treatment in such patients. Hillis et al. 

(2002) found that intervention with reperfusion therapy to induce reversal of cortical 

hypoperfusion was associated with a resolution of aphasia in all six of the adult patients with 

subcortical infarctions who underwent intervention. The study by Hillis et al involved patients 

with acute infarctions, while the investigations reported here suggest that perfusion abnormalities 

persist into the long-term after the acute stages of recovery, possibly leading to greater functional 

consequences and potential structural changes. Perfusion therapy might therefore be beneficial to 

such patients, in terms of both additional structural changes and cognitive function. Similarly, 

patients with speech and language difficulties might benefit from speech and language therapy.
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Functional improvements might in turn be related to functional changes on imaging data. More 

research is required to establish the relationships between these factors.

The findings from this thesis have implications for other patient groups with apparently discrete 

lesions. The imaging techniques used here suggest that well-circumscribed lesions on 

conventional MR imaging might be associated with additional pathology in other brain areas that 

might result in more widespread functional deficits. The continuing advances in MR acquisition 

and analysis techniques are likely to highlight the importance of additional pathology beyond that 

seen on conventional MR images. For example, the development of diffusion tensor imaging has 

the potential to allow fibre tracking, and thus provide indications about the connectivity or 

disruption to connectivity between different brain regions.

7.3 Conclusion

The investigations described in this thesis have comprehensively documented patterns of 

impairment in speech and language functions after basal ganglia infarctions acquired during 

childhood and adolescence. Importantly, the results have highlighted the necessity to consider the 

relationship between behavioural outcome and structural and functional abnormalities in the brain 

beyond the core site of the lesion seen on conventional MR images. On the one hand, this 

enhances understanding of the outcome of speech and language after infarctions of the basal 

ganglia in the developing brain. On the other hand, it highlights the complexity of the numerous 

interacting factors that must be taken into consideration in lesion-based studies of structure- 

function relationships during development.
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Appendix A .l

Medical details associated with the stroke for individual patients obtained from Great Ormond Street Hospital medical records

Patient Sex Age at 
injury

Presentation Risk factor prior to 
stroke

Vascular
abnormality

Side of 
infarct

Location of 
infarct

Non-vascular
abnormality

BGlI Female 3y 11m R hemiparesis; speech 
difficulties (x 5 episodes in 1 
day)

Chicken pox 4 months 
earlier

L MCA stenosis 
(?thrombus)

Left Cd head; Pu; 
IC ;C R

Mild upper airway 
obstruction; large 
tonsils; snores

BGl2 Female 4y 6m 10 day history of acute onset 
R chorea; slurred speech; 
vomiting

Chicken pox 6 months 
earlier

L MCA stenosis Left Cd head Snores

BGl3 Female 4y 9m LOG for 5 mins; R 
hemiparesis; global aphasia

Head injury L IC A  dissection; L 
MCA occlusion

Left Cd head; Cd 
body; Pu; 
GP; IC

None identified

BGl4 Female 5y 6m Expressive aphasia; R facial 
weakness

Respiratory tract 
infection around time 
of stroke; chicken pox 
12 months earlier; 
glandular fever 16 
months earlier

Not known (MRA = 
normal)

Left Cd head; Cd 
body; Pu; IC

None identified

BGl5 Male 5y 10m R hemiparesis Chicken pox 1 month 
earlier

L MCA stenosis Left Cd body; 
Pu; IC; CR

None identified

BGl6 Female 6y 8m R hemiparesis Not known L ICA, MCA and 
ACA stenoses

Left Cd head; Pu; 
Bxte; IC

Nasal and tonsilar 
obstruction; snores

BGl? Female 7y 6m R hemiparesis; aphasia Hypertension Severe L MCA 
stenosis (not occluded)

Left Pu; Exte; 
CR; CSC

Homozygous for 
MTHFR gene mutation

BGlS Female lOy 10m R hemiparesis; headache; 
generalised seizure; aphasia

Not known L ICA, MCA and 
ACA stenoses

Left Cd head; Cd 
body; Pu; IC

None identified
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BGl9 Female 13y 6m R hemiparesis; global 
aphasia; slurred speech; 
disorientation

Recent upper 
respiratory tract 
infection

L MCA occlusion Left Cd head; Cd 
body; Pu; 
GP; IC; CR; 
CSO

Heterozygous for 
MTHFR gene 
mutation; snores

BGlIO Male I5y Om R hemiparesis; speech loss, 
headache (x 5 episodes in 5 
days)

Mild head injury 4 
days earlier

L ICA dissection; L 
MCA stenosis

Left Cd head; Pu; 
IC; Exte;
CR

Decreased factor XII

BGrI Female ly  Im L hemiparesis Chicken pox I month 
earlier

R ICA and MCA 
stenoses

Right Cd body; 
Pu;IC

Coagulation
abnormalities;
increased
anticardiolipin
antibodies

BGr2 Male 2y 10m L hemiparesis, speech loss Not known Not known (MRA = 
normal)

Right Cd head; Pu; 
IC

Obstructive sleep 
apnoea; recurrent 
tonsilitis; snores

BGr3 Male 3y 8m L hemiparesis, slurred 
speech

Chicken pox around 
time of stroke

R MCA stenosis Right Cd head; Pu; 
IC ;C R

Sleep apnoea; 
obstructive upper 
airway disease

BGr4 Female 4y Om L hemiparesis; speech loss (x 
7 episodes in I day)

Chicken pox 1 year 
earlier

R ICA stenosis Right Cd head; Pu Decreased factor XII; 
snores

BGr5 Female 4y Im L hemiparesis; slurred 
speech

Non-specific viral 
infection a few days 
earlier

Severe R MCA 
stenosis; R MCA 
occlusion? (embolus?)

Right Cd head; Cd 
body; Pu; IC

Increased
anticardiolipin
antibodies

BGr6 Female 6y 5m Collapsed; walking 
difficulties; slurred speech

Chicken pox; upper 
respiratory tract 
infection

R MCA occlusion Right Cd head; Cd 
body; Pu; 
insula; IC; 
CR

None identified

BGr7 Male 6y 8m Headache; nausea; dizziness; 
L hemiparesis

Mild head injury 10 
days earlier

?dissection (MRA = 
normal?)

Right Cd body; 
Pu; IC

Decreased factor XII

(L = left; R = right; ICA = intracarotid artery; MCA = middle cerebral artery; Cd head 
GPi= globus pallidus, internal segment; GPe = globus pallidus, external segment; IC = 
semiovale; MTHFR = methylenetetrahydrofolate reductase)

= head of caudate nucleus; Cd body = body of caudate nucleus; Pu = putamen; 
internal capsule; Exte = external capsule; CR = corona radiata; CSO = centrum
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Appendix A.2

Outcome of motor, academic and behavioral and emotional function following stroke reported in parental questionnaires and Great Ormond Street 

Hospital medical records

Patient Duration
of
unilateral
motor
difficulties

Side
affected

Handedness 
prior to 
stroke

Handedness
change

Clumsiness Persistent
motor
disorder

Physio OT School/ 
Employment

Statement 
at school

Behavioural
difficulties

Emotional
difficulties

BGlI Still
present

Right Right Yes Yes (mild) Hemiparesis;
dystonia

Yes No Mainstream Yes None Anxiety

BGl2 1 year Right Right No Yes
(marked)

Clumsiness No No Mainstream Yes None Anxiety; 
low self
esteem

BGl3 Still
present

Right Right Yes Yes
(marked)

Hemiparesis
(marked)

Yes Yes Mainstream Yes None More easily 
upset

B G l4 None N/A Right No No None No No Mainstream No None None
B G l5 Still

present
Right Right Yes Yes Dystonia Yes Yes Mainstream Yes None Anxiety;

depression
B G l6 Still

present
Right Right Yes Yes Hemiparesis

(marked);
dystonia

Yes No Mainstream Yes Yes Yes

B G l7 1 year Right Right Yes Yes Fine hand 
motor 
difficulties 
(mild)

No No College N/A None None

BGlB Still
present

Right Right Yes Yes (mild) Dystonia Yes Yes Mainstream Yes None Anxiety; 
depression; 
low self
esteem
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BG l9 Not known Right Right No Not known Hemiparesis
(mild)

No Yes Full-time
employment

N/A Immaturity Depression 
; low self
esteem; 
emotionall 
y mobile

BG lIO 1 month Right Right Yes No Hemiparesis
(mild)

Yes Yes Full-time
employment

N/A None Anxiety

B G rI 2 weeks Left Right No Yes (mild) None No No Mainstream No None None
BG r2 Still

present
Left Right No Yes Hemiparesis;

dystonia
Yes Yes Mainstream Yes None None

BG r3 4 hours Left Right No Yes Hemiparesis
(mild)

No No Mainstream No Hyperactivity Over
sensitive; 
easily upset

B G r4 Few
minutes

Left Left No Yes (mild) None No No Mainstream No None None

B G r5 48 hours Left Right No Yes (mild) Fine hand 
motor 
difficulties 
(mild)

Yes No Mainstream No None None

B G r6 Still
present

Left Right No Yes Hemiparesis
(marked);
dystonia

Yes Yes Mainstream Yes None None

B G r7 10 days Left Ambidextrous No No None No No Mainstream No None Anxiety
(Physio = physiotherapy received; OT = occupational therapy received)
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Appendix A 3

Outcome of speech, language and oromotor function following stroke reported in parental questionnaires and Great Ormond Street Hospital medical 

records

Patient Duration
of
expressive
speech
difHculties

Duration 
of slurred 
speech

Duration 
of lisp

Duration 
of stutter

Duration 
of feeding 
difficulties

Duration 
of chewing 
difficulties

Duration
of
swallowing
difficulties

Duration of
comprehension
difHculties

Persistent
speech/language/related
difHculties

SLT

BG lI 4 hours 4 hours None None None None None None None No
BG l2 48 hours 48 hours None None None None None 24 hours None Yes
B G l3 1 month None None None 2 months 2 months 2 months None Expressive speech; 

comprehension; reading; 
writing

Yes

BG l4 Few
minutes

None None None None None None None Expressive speech; 
occasional stutter; STM

No

BG l5 48 hours 24 hours 1 week 24 hours 1 week 1 year 48 hours 24 hours None No
B G l6 24 hours 4 hours 4 hours 4 hours Still

present
Still
present

1 month 24 hours Expressive speech; stutter 
lisp; comprehension; 
reading; writing

Yes

BG l7 48 hours Few
minutes

None None None None None Few minutes Expressive speech No

BG lB 24 hours 4 hours None None None None None 24 hours None No
BG l9 Not known Not

known
Not
known

Not
known

Not known Not known Not known Not known Not known Yes

BG lIO 48 hours 1 month None None 48 hours None None Few minutes None Yes
BG rI 1 month None None 1 year None None None 1 month Reading; spelling; STM No
BG r2 Few

minutes
Few
weeks

None None 1 year 4-5 months None Few minutes None No
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B G r3 4 hours 4 hours 4 hours Few
minutes

None None None Few minutes Expressive speech; lisp; 
reading; writing; 
comprehension; 
concentration

No

B G r4 Few
minutes

Few
minutes

Few
minutes

Few
minutes

None None None Few minutes None No

B G r5 None 24 hours None None None None None Few minutes None No
B G r6 Few

minutes
24 hours Still

present
None 1 month 1 month None None Lisp No

B G r7 Few
minutes

4 hours Few
minutes

None None None None Few minutes None No

(SLT = speech and language therapy received; STM = short-term memory)
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Appendix B .l

Pre-injury Development Questionnaire -  Pre-school Age

Name:

Date of birth: / /

Age at time of stroke: years months

Today’s date: / /

1. Medical

• Before your child’s first stroke, did he/she eyer haye a seizure (fit)? Yes No

If yes, how often did your child haye a seizure (fit) before the stroke?

Was the seizure(s) associated with feyer? Yes No

2. Developmental milestones

• At what age did your child first:

smile/giye eye contact?

sit?

crawl?

walk?

say first words?

say first sentences?

3. Development

• Before your child’s stroke, did he/she have sleeping problems? Yes No

• Before your child’s stroke, did he/she have feeding difficulties? Yes No

• Before your child’s stroke did he/she have any difficulties with

swallowing? Yes No

chewing? Yes No

• Before your child’s stroke, did he/she have any difficulties with

washing? Yes No

dressing? Yes No
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4. Family history

• Is there any family history of neurological problems (e.g. epilepsy)? Yes No 

If yes, please give details

Is there a family history of learning difficulties (either specific, e.g. dyslexia, or general)?

Yes No

If yes, please give details

Is there a family history of speech or language difficulties? Yes No

If yes, please give details

5. Handedness

• Before your child’s stroke, was he/she 

6. Motor

Right handed Left handed Mixed

• Before your child’s stroke was he/she able to: 

walk? Yes No

run? Yes No

throw and catch a ball? Yes No

ride a bicycle? Yes No

draw simple pictures? Yes No

Before your child’s stroke, did he/she show any signs of clumsiness (more than you would 

expect for his/her age before the stroke)?

Yes No

If yes, please give details
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7. Speech and language

• Before your child’s stroke, did he or she have any difficulties with speech or language (more 

than you would expect for his/her age before the stroke)?

If yes, did these difficulties involve:

Yes No

stuttering? Yes No

lisp? Yes No

saying what he/she intended to say? Yes No

understanding others? Yes No

other (please give details)? Yes No

• Before your child’s stroke, was he/she ever referred to a speech and language therapist?

Yes No

If yes, for what reason?

Did these problems resolve? Yes No

• What is your child’s first language?

• Has your child had exposure to other languages? Yes No

If yes, which language(s) and for how long?

8. Behaviour

• Before your child’s stroke, did you have any concerns about his/her behaviour at nursery 

school?

Yes No

If yes, please give details
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• Before your child’s stroke, did you have any concerns about his/her behaviour outside of 

nursery school?

Yes No

If yes, please give details

9. Other

• Before your child’s stroke, did you have additional concerns about any of the issues raised 

here or about anything else?

Yes No

If yes, please give details

Thank you for completing this questionnaire.
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Appendix B.2

Pre-injury Development Questionnaire -  School Age

Name: __________________________________

Date of birth: /______ /

Age at time of stroke: _  years _______months

Today’s date:__ /______ /_____

10. Medical

• Before your child’s first stroke, did he/she ever have a seizure (fit)? Yes No 

If yes, how often did your child have a seizure (fit) before the stroke?

Was (were) the seizure(s) associated with fever? Yes No

11. Developm ental m ilestones

• At what age did your child first:

smile/give eye contact? 

sit?

crawl?

walk?

say first words? 

say first sentences?

12. Developm ent

Before your child’s stroke, did he/she have sleeping problems? Yes No

Before your child’s stroke, did he/she have feeding difficulties? Yes No

Before your child’s stroke did he/she have any difficulties with

swallowing? Yes No

chewing? Yes No

Before your child’s stroke, did he/she have any difficulties with

washing? Yes No

dressing? Yes No
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13. Family history

• Is there any family history of neurological problems (e.g. epilepsy)? Yes No 

If yes, please give details

Is there a family history of learning difficulties (either specific, e.g. dyslexia, or general)?

Yes No

If yes, please give details

• Is there a family history of speech or language difficulties? Yes No

If yes, please give details

14. Handedness

• Before your child’s stroke, was he/she 

6. Motor

Right handed Left handed Mixed

• Before your child’s stroke was he/she able to: 

cut with scissors? Yes No

draw and write? Yes No

throw and catch a ball? Yes No

tie shoelaces? Yes No

do up buttons/zips? Yes No

ride a bicycle? Yes No

Before your child’s stroke, did he/she show any signs of clumsiness (more than you would 

expect for his/her age before the stroke)?

Yes No

If yes, please give details
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7. Academic

• What type of school did your child attend before his/her stroke?

mainstream school Yes No

mainstream school with help Yes No

special school (please give details) Yes No

other (please give details) Yes No

• Before your child’s stroke, did he/she have a statement of special educational needs?

Yes No

Had a statement been initiated? Yes No

Which stage of the statement procedure had it reached?

8. Speech and language

Before your child’s stroke, did he/she have any difficulties with speech or language (more 

than you would expect for his/her age before the stroke)?

Yes No

If yes, do these difficulties involve:

saying what he/she intended to say? Yes No

stuttering? Yes No

lisp? Yes No

understanding others? Yes No

reading? Yes No

writing? Yes No

other (please give details)? Yes No
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• Before your child’s stroke, was he/she ever referred to a speech and language therapist?

Yes No

If yes, for what reason?

Did these problems resolve? Yes No

• What is your child’s first language?

• Has your child had exposure to other languages? Yes No

If yes, which language(s) and for how long?

9. Behaviour and emotion

• Before your child’s stroke, did you have any concerns about his/her behaviour at nursery 

school or school?

Yes No

If yes, please give details

Before your child’s stroke, did you have any concerns about his/her behaviour outside of 

school?

Yes No

If yes, please give details

• Before your child’s stroke, did your child have any emotional difficulties?

Yes No

If yes, please give details
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10. Other

• Before your child’s stroke, did he/she need help in any areas (more than you would expect for 

his/her age before the stroke)?

Yes No

If yes, is this at school? Yes No

at home? Yes No

If yes, please give details

Before your child’s stroke, did you have additional concerns about any of the issues raised 

here or about anything else?

Yes No

If yes, please give details

Thank you for completing this questionnaire.
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Appendix B.3

Outcome Questionnaire

Name:

Date of birth: / /
Age at time of stroke: _  years __

T oday ’ s date:  /______ /_

months

1. Medical

Have there been any further episodes similar to the initial stroke? Yes No

If yes, did they resolve fully? Yes No

Has your child had more than one stroke? Yes No

Has your child had a seizure (fit) since having the stroke? Yes No

If yes, how often does your child have a seizure (fit)?

Please describe the type(s) of seizure (fit)

Is your child on medication to control his/her seizures?

If yes, please state the type of medication and the dose taken

Yes No

2. Motor

• Following your child’s stroke, did he/she 

have difficulties moving one arm/hand?

Yes No

If yes, how long did it last? 

few mins 

4 hours 

24 hours 

48 hours 

one week 

one month 

one year

still present (you may tick more than one box).

Did your child have difficulties with 

his/her left or right arm/hand?

Left Right

Following your child’s stroke, did he/she 

switch hand preference?

Yes No
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• Did he/she have any feeding difficulties? • Did he/she have difficulties with

swallowing?

Yes No Yes No

If yes, how long did it last? If yes, how long did it last?

few mins few mins

4 hours 4 hours

24 hours 24 hours

48 hours 48 hours

one week one week

one month one month

one year one year

still present still present

(you may tick more than one box). (you may tick more than one box).

• Did he/she have any difficulties with • Is your child able to use his her

chewing? weaker hand now to:

Yes No cut with scissors?

If yes, how long did it last? draw and write?

few mins throw and catch a ball?

4 hours tie shoelaces?

24 hours do up buttons/zips?

48 hours unscrew lid from jar?

one week ride a bicycle?

one month (you may tick more than one box).

one year

still present

(you may tick more than one box).

Does your child show any signs of clumsiness now? Yes No

If yes, please give details
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3. Academic

• What type of school does your child attend now?

mainstream school Yes No

mainstream school with help Yes No

special school (please give details) Yes No

other (please give details) Yes No

• Following your child’s stroke, has he/she had a statement of special educational needs?

Yes No

Has a statement been initiated? Yes No

Which stage of the statement procedure has it reached?

4. Speech and language

• Following your child’s stroke, was he/she able to 

speak 

in the first... 

few mins 

4 hours 

24 hours 

48 hours 

week 

month 

year

still present

(you may tick more than one box).
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• If yes, was his/her speech slurred

in the first...

few mins

4 hours

24 hours

48 hours

week

month

year

still present

(you may tick more than one box).

• Did he/she stutter

in the first....

few mins

4 hours

24 hours

48 hours

week

month

year

still present

(you may tick more than one box).

• Did he/she have a lisp

in the first... 

few mins 

4 hours 

24 hours 

48 hours 

week 

month 

year

still present

(you may tick more than one box).

• Was your child able to understand 

others 

in the first.... 

few mins 

4 hours 

24 hours 

48 hours 

week 

month 

year

still present

(you may tick more than one box).
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• Does your child have any difficulties with speech or language now (more than you would 

expect for his/her age)?

If yes, do these difficulties involve:
Yes No

expressing what he/she intends to say? Yes No

stuttering? Yes No

lisp? Yes No

understanding others? Yes No

reading? Yes No

writing? Yes No

other (please give details)? Yes No

• Since your child’s stroke, has he/she been referred to a speech and language therapist?

Yes No

If yes, for what reason?

Have these problems resolved? Yes No

When speech and language problems resolved, was the quality of language: 

the same 

better

or worse than before the stroke?

5. General

• Since your child’s stroke, has he/she had sleeping problems? Yes No

• Since your child’s stroke, has he/she had any feeding difficulties? Yes No

• Since your child’s stroke, has he/she had any difficulties with:

washing? Yes No

dressing? Yes No
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6. Behaviour and emotion

• Since your child’s stroke, have you had any concerns about his/her behaviour?

Yes No

If yes, please give details

• Since your child’s stroke, has your child had any emotional difficulties (e.g. excessive 

anxiety)?

Yes No

If yes, please give details

7. Other

• Does your child need help with any area of activity (more than you would expect for his/her 

age)

at school? Yes No

at home? Yes No

If yes, please give details

• Since your child’s stroke, have you had additional concerns about any of the issues raised 
here or about anything else?

Yes No
If yes, please give details

Thank you for completing this questionnaire.
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Appendix B.4

Control Subject Questionnaire

Name:

Date of birth: 

Today’s date:

1. M edical

• Has your child ever had a seizure (fit)? Yes No

If yes, how often has your child had a seizure (fit)?

Was (were) the seizure(s) associated with fever? Yes No

2. Developmental milestones

• At what age did your child first:

smile/give eye contact? 

sit?

crawl?

walk?

say first words? 

say first sentences?

3. Development

Has your child ever had sleeping problems? Yes No

Has your child ever had feeding difficulties? Yes No

Has your child ever had any difficulties with

swallowing? Yes No

chewing? Yes No

Has your child ever had any difficulties with

washing? Yes No

dressing? Yes No
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4. Family history

• Is there any family history of neurological problems (e.g. epilepsy)? Yes No 

If yes, please give details

Is there a family history of learning difficulties (either specific, e.g. dyslexia, or general)?

Yes No

If yes, please give details

Is there a family history of speech or language difficulties? Yes No

If yes, please give details

5. Motor

Is your child able to:

cut with scissors? Yes No

draw and write? Yes No

throw and catch a ball? Yes No

tie shoelaces? Yes No

do up buttons/zips? Yes No

ride a bicycle? Yes No

Has your child ever shown any signs of clumsiness (more than you would expect for his/her 

age)? Yes No

If yes, please give details
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6. Academic

• What type of school does your child attend?

mainstream school Yes No

mainstream school with help Yes No

special school (please give details) Yes No

other (please give details) Yes No

• Does your child have a statement of special educational needs?

Yes No

Has a statement been initiated? Yes No

Which stage of the statement procedure has it reached?

7. Speech and language

• Has your child ever had any difficulties with speech or language?

Yes No

If yes, do these difficulties involve:

saying what he/she intended to say? Yes No

stuttering? Yes No

lisp? Yes No

understanding others? Yes No

reading? Yes No

writing? Yes No

other (please give details)? Yes No

• Has your child ever been referred to a speech and language therapist?

Yes No

If yes, for what reason?

Have these problems resolved? Yes No
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•  What is your child’s first language?

•  Has your child had exposure to other languages? Yes No

If yes, which language(s) and for how long?

10. Behaviour and emotion

Have you ever had any concerns about your child’s behaviour at nursery school or school?

Yes No

If yes, please give details

Have you ever had any concerns about your child’s behaviour outside of school?

Yes No

If yes, please give details

Has your child ever had any emotional difficulties?

Yes No

If yes, please give details

11. Other

•  Does your child need help in any areas (more than you would expect for his/her age)?

Yes No

If yes, is this at school? Yes No

at home? Yes No

If yes, please give details
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• Do you have additional concerns about any of the issues raised here or about anything else?

Yes No

If yes, please give details

Thank you for completing this questionnaire.
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Appendix C.l

Description of subtests that make up the WPPSI-R 

Verbal Scale suhtests
Information: a series of orally presented questions to measure the subject’s knowledge of events 

or objects in the environment

Similarities: the subject is required to demonstrate an understanding of the concept of similarity 

in three ways. Firstly, the subject is required to choose which of several pictured objects is the 

most similar to a group of objects that share a common feature by pointing to the picture. 

Secondly, the child is required to complete a verbally presented sentence that reflects a similarity 

or analogy between two things. Thirdly, the subject is required to explain how two verbally 

presented objects or events are alike

Arithmetic: a series of arithmetic problems presented pictorially, progressing to simple counting 

tasks, and ending with more difficult word problems

Vocabulary: a series of pictured objects which the subject is required to name, and with 

increasing difficulty, a series of words presented orally which the subject is required to define 

Comprehension: a series of orally presented questions that require the subject to express an 

understanding of the reasons for actions and the consequences of events

Sentences (supplementary subtest): a series of orally presented sentences that the subject is required 

to repeat verbatim

Performance Scale subtests

Picture Completion: a set of pictures of common objects and events that all have an important part 

missing which the subject is required to identify

Animal Pegs: the subject is required to place pegs of the correct colours in holes below a series of 

pictured animals. Both accuracy and speed of performance are measured

Geometric Design: firstly, the subject looks at a simple design, and with the stimulus still in 

view, is required to point to one exactly like it from an array of four designs. Secondly, the 

subject is required to draw a geometric figure from a printed model

Block Design: the subject is required to analyse and reproduce within a specified time limit, 

patterns made from flat two-coloured blocks

Mazes: the subject is required to solve pencil-and-paper mazes of increasing difficulty within 

time limits
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Appendix C.2

Description of subtests that make up the WISC-III 

Verbal Scale suhtests

Information: a series of orally presented questions to measure the subject’s knowledge of 

common events, objects, places, and people

Similarities: a series of orally presented word pairs, for which the subject is required to explain 

the similarity between the objects or the concepts they represent

Arithmetic: a series of arithmetic problems that the subject is required to solve mentally and respond 

to orally

Vocabulary: a series of words presented orally which the subject is required to define 

Comprehension: a series of orally presented questions that require the subject to solve everyday 

problems or to show understanding of social rules and concepts

Digit Span (supplementary subtest): a series of orally presented number sequences that the subject 

is required to repeat verbatim for Digits Forward, and in reverse order for Digits Backward

Performance Scale suhtests

Picture Completion: a set of pictures of common objects and scenes that all have an important part 

missing which the subject is required to identify

Coding: a series of simple shapes or numbers each paired with a symbol are provided as a key. The 

subject is required to draw the symbol in its corresponding shape or under its corresponding number 

according to the key within a time limit

Picture Arrangement: a series of pictures describing a story, presented in the wrong order, for 

which the subject is required to rearrange into a logical story sequence

Block Design: a set of three-dimensional blocks that the subject is required to use to reproduce 

two-dimensional abstract patterns

Object Assembly: a set of jigsaw puzzles of common objects that the subject is required to assemble 

to form a meaningful whole

Symbol Search (supplementary subtest): a series of paired groups of symbols, each pair consisting 

of a target group and a search group: the subject is required to decide whether any of the symbols in 

the target group are also present in the search group within a time limit
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Appendix C.3

Description of subtests that make up the WAIS-III

The description of the WlSC-m subtests apphes for the WAIS-III with the exception of those given 

below.

Digit Symbol-Coding: as for Coding B on the WlSC m

M atrix Reasoning: a series of incomplete gridded patterns that the subject is required to 

complete by pointing to or saying the number of the correct response from five possible choices.

Object Assembly: this is a supplementary subtest on the WAIS-III
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Appendix C.4

Description of subtests that make up the CELF-Preschool 

Receptive Language Suhtests

The Linguistic Concepts subtest evaluates the subject’s ability to interpret oral directions that 

contain linguistic concepts requiring logical operations such as “and”, “either” ...”or” and “some” 

and “first”, with increasing complexity.

The Basic Concepts subtest evaluates the subject’s ability to interpret oral directions that contain 

references to attributes, dimensions/size, direction/location/position, number/quantity, and 

equality. The subject is required to point to pictures in response to spoken sentences.

The Sentence Structure subtest evaluates the subject’s comprehension of early acquired sentence 

formation rules. The subject’s ability to comprehend and respond to spoken sentences that 

increase in length and structural complexity is evaluated.

Expressive Language Subtests

The Formulating Labels subtest evaluates the subject’s ability to name pictures that represent 

nouns and verbs (referential word knowledge/naming).

The Recalling Sentences in Context subtest evaluates the subject’s ability to recall and 

reproduce sentence surface structure as a function of length and syntactic complexity. The subject 

is required to listen to sentences spoken by the examiner and then recall and reproduce surface 

structure of sentences with increasing syntactic complexity.

The Word Structure subtest evaluates the subject’s knowledge and use of early acquired 

morphological rules and forms. The subject is given two sentences, with the final word missing 

from the second sentence. The subject is required to provide this final word according to word 

structure rules provided in the given sentences.
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Appendix C.5

Description of sub tests that make up the CELF-R 

Receptive Language Subtests

Ages 5 to 7 years only: The Linguistic Concepts subtest evaluates the subject’s ability to 

interpret oral directions that contain linguistic concepts requiring logical operations such as “and”, 

“either” . . .’’or” and “i f ’. . .’’then”, with increasing complexity.

Ages 5 to 7 years only: The Sentence Structure subtest evaluates the subject’s comprehension of 

structural rules at the sentence level. The subject is required to point to pictures in response to 

sentences requiring the comprehension of differing structural rules.

All ages: The Oral Directions subtest evaluates the subject’s ability to interpret, recall and 

execute oral commands of increasing length and complexity that contain concepts requiring 

logical operations. The subject is required to select a series of shapes that differ in size, colour or 

position, in response to verbal instructions.

Ages 8 and above: The Word Classes subtest evaluates the subject’s ability to perceive 

relationships between words that are categorised by part-whole and semantic class features and 

synonyms and antonyms. The subject is required to listen to a list of three and four words and then 

say which two are linked, e.g., girl, boy, car, table, requiring the categorisation of words that are 

related or words that are unrelated by semantic class, opposites, spatial or temporal features.

Ages 8 and above: The Semantic Relationships subtest evaluates the subject’s ability to interpret 

semantic relationships (temporal, spatial, passive and comparative) in spoken sentences. The 

subject is required to listen to and complete or answer a series of sentences with two of four 

possible given answers that are semantically related to the sentence.

Expressive Language Subtests

Ages 5 to 7 years: The Word Structure subtest evaluates the subject’s ability to comprehend 

word structure rules at the sentence level. The subject is given two sentences, with the final word 

missing from the second sentence. The subject is required to provide this final word according to 

word structure rules provided in the given sentences, such as plurals and tense.

All ages: The Formulated Sentences subtest evaluates the subject’s ability to formulate simple, 

compound and complex sentences. The subject is given a word, and instructed to make up a 

sentence containing that word and related to a given picture for each sentence.

All ages: The Recalling Sentences subtest evaluates the subject’s ability to recall and reproduce 

sentence surface structure as a function of syntactic complexity. The subject is required to listen to 

sentences spoken by the examiner and then recall and reproduce surface structure of sentences with 

increasing syntactic complexity.
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Ages 9 and above: The Sentence Assembly subtest evaluates the subject’s ability to assemble 

syntactic structures into grammatically acceptable and semantically meaningful sentences. The 

subject is presented with sets of written words in a random order and required to rearrange the sets 

of words to make two grammatically and semantically correct sentences.
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Appendix D 

Details of Missing Data

Assessment Subject Reason

BGl9 Not completed

Outcome questionnaire (patients only) BGl9 Not completed

Development questionnaire (controls only) -
WISC-IIIAVAIS-III -
Crovitz and Zenner Handedness Inventory -
Annett Pegs Test of Hand Moving Skill right hand BGl3 Unable to use affected hand

Annett Pegs Test o f Hand Moving Skill left hand BGr2 Unable to use affected hand

Finger Opposition dominant hand BGl3 Unable to use affected hand

BGl5 Unable to use affected hand

BGl6 Unable to use affected hand

Finger Opposition non-dominant hand BGr2 Unable to use affected hand

BGr6 Unable to use affected hand

Achenbach Child Behaviour Checklist BGl9 Not completed

CAVLT -
Test of Simultaneous and Sequential Orofacial Movements BGl5 Uncooperative

CMS Sequences -
CMS Sequences letter-number task -
CTOPP Rapid Naming -
CTOPP Alternate Rapid Naming -
Test of Diadochokinesis -
CNRep BGlI Distortion during video recording

Nonword Learning -
CELF-III -
TCL-E Recreating Speech Acts/Recreating Sentences -

EOWPVT -

COWAT -
WORD Basic Reading -
WORD Spelling -
PhAB Nonword Reading -
PALPA Nonword Spelling -
T1-weighted images -
T2-weighted images -
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3D-FLASH images BG l4 Unwilling to be scanned

BG r4 Unwilling to be scanned

BG r7 Unwilling to be scanned

DTIs BG l2 Movement during scan

BG l3 Movement during scan

BG l4 Unwilling to be scanned

BG l9 Movement during scan

BG r I Movement during scan

BG r4 Unwilling to be scanned

BG r7 Unwilling to be scanned

PWIs BG l4 Unwilling to be scanned

BG l5 Unwilling to be scanned

BG r I Distressed by scanning

BG r2 Unwilling to be scanned

BG r4 Unwilling to be scanned

BG r6 Unwilling to be scanned

B G r7 Unwilling to be scanned

MRAs -

DFWT BG r2 Uncooperative

fMRI BG lI Movement during scan

B G l2 Unwilling to be scanned

BG l3 Movement during scan

BG l4 Unwilling to be scanned

B G l6 Movement during scan

BG r2 Unwilling to be scanned

B G r3 Movement during scan

BG r4 Unwilling to be scanned

B G r6 Unwilling to be scanned

ERPs BG lI Movement during recording

B G l2 Movement during recording

B G l4 Movement during recording

B G l6 Movement during recording

B G rI Movement during recording

B G r2 Movement during recording

B G r3 Movement during recording

B G r4 Movement during recording

N.B. where patient data was missing, the data from their matched control subject was also excluded from 
the analyses to ensure that the control groups were still matched to the patient groups
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Appendix E .l

Chapter 2 Results

Task Effect Result Statistic p-value VIQ covaried 
F p-value

Verbal IQ -  Performance IQ Condition *side 3.198 0.094 — —

Verbal IQ Side B G l =  B G r 2.116 0.166 — —

Performance IQ Side B G l =  B G r 0.270 0.872 — —

Left group Condition VIQ = PIQ 0.513 0.492 - -
Right group Condition VIQ = PIQ 2.505 0.165 - -

Verbal IQ (age covaried) Condition*side - 1.669 0.217 - -

Side B G l =  B G r 0.931 0.351 - —

Condition VIQ = PIQ 0.631 0.440 - -

Verbal IQ Stroke*side - 0.053 0.819 - —

Stroke B G < C 6.788 0.014 — —

Verbal IQ (ROWPVT covaried) Stroke*side - 0.061 0.806 - -

Stroke B G < C 13.420 0.001 - -

Performance IQ Stroke*side - 0.960 0.335 - —

Stroke B G < C 14.713 0.001 - -

Digit Span Stroke* side - 0.663 0.422 - -

Stroke B G < C 8.467 0.007 - -

CAVLT Immediate Memory Stroke* side - 0.614 0.440 0.546 0.466
Stroke B G < C 3.063 0.091 0.867 0.360

CAVLT Level of Learning Stroke*side - 0.064 0.802 0.029 0.866
Stroke B G < C 5.375 0.028 0.702 0.409

CAVLT Immediate Recall Stroke*side - 0.911 0.348 — —

Stroke BG = C 2.091 0.159 - —

CAVLT Delayed Recall Stroke*side - 0.228 0.637 - -

Stroke BG = C 2.270 0.143 - -
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Annett Peg Moving Test of Hand Skill -  
dominant hand (left group)

Stroke B G l <  C l -2.531 0.011 — —

Annett Peg Moving Test of Hand Skill -  
non-dominant hand (left group)

Stroke B G l <  C l -2.449 0.012 —

Annett Peg Moving Test of Hand Skill -  
dominant hand (right group)

Stroke B G r <  C r -2.492 0.013 —

Annett Peg Moving Test of Hand Skill -  
non-dominant hand (right group)

Stroke B G r <  C r -2.937 0.003 — —

Finger Opposition -  dominant hand (left 
group)

Stroke B G l <  C l 10.544 0.006 — —

Finger Opposition -  non-dominant hand 
(left group)

Stroke B G l <  C l 8.008 0.012 — —

Finger Opposition -  dominant hand 
(right group)

Stroke B G r < C r 2.419 0.148 — —

Finger Opposition -  non-dominant hand 
(right group)

Stroke B G r <  C r 4.542 0.062 — —

Child Behaviour Checklist withdrawn Stroke BG = C -1.491 0.136 — —
Child Behaviour Checklist somatic 
complaints

Stroke B G < C -2.081 0.037 — -

Child Behaviour Checklist 
anxious/depressed

Stroke B G < C -2.280 0.023 — —

Child Behaviour Checklist social 
problems

Stroke B G < C -2.703 0.007 — —

Child Behaviour Checklist thought 
problems

Stroke BG = C -0.107 0.915 — —

Child Behaviour Checklist attention 
problems

Stroke B G < C -2.668 0.008 — —

Child Behaviour Checklist delinquent 
behaviour

Stroke BG = C -0.094 0.925 — —

Child Behaviour Checklist aggressive 
behaviour

Stroke BG = C -1.128 0.259 — —
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Chapter 3 Results

Task Result Statistic p-value VIQ covaried 

Statistic p-value

Digit Span
covaried
Statistic P-value

Test of simultaneous and sequential Condition*stroke*side - 1.542 0.220 1.583 0.211 — —

orofacial movements Condition *stroke - 1.352 0.275 0.141 0.901 — —

Condition*side - 1.786 0.172 0.701 0.187 — —

Stroke*side - 0.286 0.609 0.382 0.543 — —

Stroke B G < C 4.857 0.037 0.378 0.545 — —

Condition sequential > 
parallel; 
order > 
accuracy

6.906 0.001 6.124 0.002

CMS total Stroke* side - - - 0.013 0.909 0.004 0.950
Stroke B G < C - - 5.205 0.031 9.405 0.005

CMS letter-number sequencing Stroke*side - - 5.311 0.031 5.628 0.026
Left group Stroke B G l < C l - - - - 0.643 0.437

Right group Stroke B G r < C r - - 8.954 0.019 8.515 0.019
CMS forward vs. backward sequencing Condition*stroke*side - - - 0.005 0.944 0.004 0.948

Condition*stroke - - - 2.306 0.410 2.539 0.123
Condition*side - - - 0.018 0.896 0.014 0.906
Stroke*side - - - 1.379 0.251 1.308 0.263
Stroke B G < C - - 4.163 0.052 6.945 0.014
Condition Backward < 

forward
— — 6.964 0.014 7.186 0.012

CTOPP Condition*stroke*side 4.676 0.039 — — — —

Rapid naming Stroke*side 4.621 0.040 4.702 0.039 - -

Left group Stroke B G < C 20.520 <0.001 9.033 0.008 - -

Right group Stroke B G < C 6.048 0.032 3.758 0.081 -

Alternate rapid naming Stroke*side - <0.001 0.999 0.002 0.963 - -

Stroke B G < C 7.377 0.011 2.752 0.108 - -
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DDK time taken Condition*stroke*side - 0.211 0.650 - - - -

Condition*stroke - 0.436 0.514 - - - -

Condition *side - 0.439 0.513 - - - -

Stroke* side - 0.452 0.507 - - - -

Stroke BG = C 1.988 0.170 — — — —

Condition Real words <
sequenced
syllables

11.257 0.002

DDK errors Condition*stroke*side - 1.563 0.222 1.453 0.239 — —

Condition*stroke — 0.217 0.645 0.108 0.745 — —

Condition *side — 1.217 0.279 1.684 0.205 — —

Stroke*side - 2.463 0.128 0.424 0.521 — —

Stroke B G < C 9.339 0.005 6.056 0.021 — —

Condition - 1.466 0.236 1.944 0.175 — —

CNRep Condition*stroke*side - 0.479 0.683 0.456 0.699 0.332 0.785
Condition *stroke - 1.119 0.334 0.768 0.506 0.613 0.595
Condition *side - 0.444 0.707 0.445 0.706 0.411 0.729
Stroke* side - 0.593 0.448 0.574 0.455 0.499 0.487
Stroke B G < C 15.207 0.001 4.385 0.046 3.975 0.057
Condition Low > high 

syllable no.’s
3.128 0.034 2.801 0.059 2.578 0.060

CNRep simple vs. complex Condition *stroke * side - 0.673 0.420 0.555 0.464 1.377 0.253
Condition*stroke - 0.164 0.689 0.389 0.538 0.048 0.829
Condition*side - 0.944 0.341 0.627 0.436 1.242 0.277
Stroke* side - 2.381 0.135 2.417 0.133 2.428 0.133
Stroke B G < C 11.482 0.002 3.013 0.904 3.007 0.096
Condition Simple > 

complex
17.286 <0.001 17.709 <0.001 24.043 <0.001

Test of Non word Learning Condition*trial * stroke 
*side

- 0.125 0.727 0.091 0.766 - -

Condition*trial * stroke - 0.014 0.908 0.339 0.565 - -
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Condition *trial * side — 0.110 0.742 0.267 0.610 — —

Condition*trial - 0.152 0.700 0.046 0.831 — -
Condition*stroke*side — 1.443 0.240 1.334 0.258 — -
Condition*stroke - 0.094 0.761 0.083 0.775 — -
Condition*side - 0.038 0.846 0.002 0.964 — —
Condition 4-syllables > 5 

syllables
4.360 0.046 3.708 0.065 — —

Trial*stroke*side - 0.650 0.427 0.753 0.393 - -

Trial* stroke - 2.457 0.128 3.969 0.057 - -
Trial*side - 0.048 0.829 0.001 0.976 - —
Trial - 0.852 0.364 0.558 0.462 - -
Stroke*side - 0.397 0.534 — — — —
Stroke B G < C 6.187 0.019 — — — —

Trial 1 Condition*stroke*side - - - 0.388 0.539 — —

Condition*stroke — - - 0.013 0.911 — —
Condition*side - - - 0.093 0.763 — —
Condition - - — 1.415 0.245 — —
Stroke* side - - - 0.020 0.888
Stroke - - - 0.004 0.950

Trial 6 Condition*stroke*side - - - 1.850 0.185 — —

Condition*stroke - - - 0.529 0.473 — —
Condition*side - — - 0.123 0.728 — —
Condition 4-syllables > 5 

syllables
— — 4.194 0.050 — —

Morphological Production
Regular Group BG = C 0.579 0.569 - - - -

Condition*stroke*side - 1.266 0.270 — — — —

Condition*stroke - 0.280 0.601 — — — —
Condition*side 6.442 0.017 — — — —

Irregular Stroke*side - 0.077 0.783 — - — —
Stroke BG = C 1.246 0.274 — — — —

Nonword Stroke*side - 0.727 0.401 0.819 0.373 - -



Appendix E: Statistical Results 323

Side
Stroke

BGl <BGr 
B G < C

5.148
3.084

0.031
0.090

4.332
0.701

0.047
0.410

— —

Chapter 4 Results

Task Effect Result Statistic p-value VIQ covarled 

F p-value

Digit Span
covaried
F p-value

CELF-III Receptive Language scale Stroke*side - 0.480 0.494 0.413 0.526 0.074 0.787
Stroke B G < C 5.935 0.021 0.366 0.550 0.679 0.417

CELF-III Sentence Structure Stroke*side - 4.655 0.068 4.216 0.086 1.929 0.214
Stroke B G < C 8.074 0.025 4.543 0.077 8.083 0.029

CELF-III Concepts and Directions Stroke*side - 1.140 0.294 - - — —

Stroke BG = C 0.692 0.412 — — — —
CELF-III Word Classes Stroke*side - 0.934 0.342 0.749 0.395 0.457 0.505

Stroke B G < C 6.209 0.019 0.833 0.370 1.879 0.182
CELF-III Semantic Relationships Stroke*side - 0.344 0.565 - — — —

Stroke BG = C 0.040 0.844 — — — —

CELF-III Expressive Language scale Stroke*side - 0.010 0.921 0.001 0.976 - -

Stroke B G < C 3.748 0.063 0.003 0.957 — -
CELF-III Word Structure Stroke* side - 0.159 0.704 — — — —

Stroke BG = C 1.431 0.277 — — — —
CELF-III Formulated Sentences Stroke* side - 0.081 0.778 — — — —

Stroke BG = C <0.001 0.998 — — — —

CELF-III Recalling Sentences Stroke*side - 0.062 0.805 0.218 0.644 1.029 0.319
Stroke B G < C 3.259 0.081 0.081 0.778 0.017 0.899

CELF-III Sentence Assembly Stroke*side - 2.783 0.113 2.505 0.132 — —

Stroke B G < C 8.397 0.010 1.880 0.188 — —

TCL-E Recreating Sentences Stroke*side - 2.282 0.440 — — — —

Stroke BG = C 0.466 0.502 - - - -
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EOWPVT Stroke*side — 2.656 0.140 2.823 0.104 - -

Stroke B G < C 3.072 0.090 0.002 0.969 - -

COWAT Stroke*side — 0.081 0.778 0.116 0.736 - -

Stroke B G < C 4.049 0.054 1.036 0.317 - -

WORD Basic Reading Stroke*side - 1.105 0.302 1.167 0.289 - -

Stroke B G < C 16.542 <0.001 3.919 0.058 - -

WORD Spelling Stroke*side - 2.566 0.120 2.957 0.097 — -

Stroke B G < C 24.187 <0.001 7.995 0.009 — —

PhAB Non word Reading Stroke*side - 0.189 0.668 0.592 0.449 - -

Stroke B G < C 17.041 <0.001 3.886 0.060 — —

PALPA Nonword Spelling Stroke*side - 0.407 0.530 0.301 0.588 - -

Stroke B G < C 9.141 0.006 2.262 0.146 - -

Chapter 6 Results: Neuropsychology

Task Effect Result Statistic p-value

Verbal IQ assessment #1 vs. #2 Assessment time*side — 0.523 0.510
Side - 0.211 0.670
Assessment time - 0.006 0.940

Verbal IQ assessment #2 vs. #3 Assessment time*side - 0.689 0.419
Side - 0.103 0.168
Assessment time #2 >#3 7.851 0.013

Verbal IQ assessment #1 vs. #3 Assessment time*side — 0.046 0.841
Side - 0.028 0.876
Assessment time — 5.124 0.086

Performance IQ assessment #1 vs. #2 Assessment time*side - 0.122 0.745
Side - 0.691 0.453
Assessment time - 2.528 0.187

Performance IQ assessment #2 vs. #3 Assessment time*side - 2.538 0.132
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Side - 0.267 0.613
Assessment time - 0.068 0.797

Performance IQ assessment #1 vs. #3 Assessment time*side - 0.177 0.696
Side - 0.465 0.533
Assessment time - 1.304 0.317

CELF-III Receptive Language Assessment time*side - 0.083 0.785
assessment #1 vs. #2 Side - 0.190 0.681

Assessment time - 0.002 0.969
CELF-III Receptive Language Assessment time*side - 0.905 0.357
assessment #2 vs. #3 Side - 0.173 0.683

Assessment time - 1.894 0.189
CELF-III Receptive Language Assessment time*side - 0.245 0.641
assessment #1 vs. #3 Side - 0.365 0.572

Assessment time — 0.421 0.545
CELF-III Expressive Language Assessment time*side - 1.131 0.336
assessment #1 vs. #2 Side - 0.255 0.635

Assessment time - 0.948 0.375
CELF-III Expressive Language Assessment time*side - 0.082 0.778
assessment #2 vs. #3 Side - 1.790 0.201

Assessment time #3 >#2 4.136 0.060
CELF-III Expressive Language Assessment time*side - 2.910 0.149
assessment #1 vs. #3 Side - 0.136 0.727

Assessment time - 1.602 0.261

Chapter 6 Results: ERPs

Group Area Electrode Pair Result Statistic p-value

Cl -  older group Area 1 A1-A2 - -0.535 0.593
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Cl -  older group P7-P8 P7>P8 -1.753 0.080
Cl -  older group P3-P4 - -1.214 0.225
Cl -  older group CP5-CP6 - -1.214 0.225
Cl -  older group FC3-FC4 FC4>FC3 -2.023 0.043
Cl -  older group FC5-FC6 - -1.604 0.109
Cl -  older group C3-C4 - -1.214 0.225
Cl -  older group Area 2 A1-A2 - -0.730 0.465
Cl -  older group P7-P8 - -0.405 0.686
Cl -  older group P3-P4 - -0.365 0.715
Cl -  older group CP5-CP6 - -0.365 0.715
Cl -  older group FC3-FC4 FC3 > FC4 -1.753 0.080
Cl -  older group FC5-FC6 FC5>FC6 -2.023 0.043
Cl -  older group C3-C4 - -1.214 0.225
Cl -  younger group Area 1 A1-A2 A1 >A2 -2.201 0.028
Cl -  younger group P7-P8 - -0.365 0.715
Cl -  younger group P3-P4 - -0.944 0.345
Cl -  younger group CP5-CP6 - -0.507 0.612
Cl -  younger group FC3-FC4 FC4>FC3 -2.201 0.028
Cl -  younger group FC5-FC6 FC6>FC5 -2.197 0.028
Cl -  younger group C3-C4 C4>C3 -2.028 0.043
Cl -  younger group Area 2 A1-A2 - -0.105 0.917
Cl -  younger group P7-P8 - -0.105 0.917
Cl -  younger group P3-P4 - -1.183 0.237
Cl -  younger group CP5-CP6 - -0.845 0.398
Cl -  younger group FC3-FC4 - -0.314 0.753
Cl -  younger group FC5-FC6 - -0.105 0.917
Cl -  younger group C3-C4 C4>C3 -1.992 0.046
B G l Area 1 A1-A2 - -0.365 0.715
B G l P7-P8 - -0.674 0.500
B G l P3-P4 - -0.674 0.500
B G l CP5-CP6 — -0.674 0.500
B G l FC3-FC4 - -0.944 0.345
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BGl FC5-FC6 - -1.483 0.138
BGl C3-C4 - -0.365 0.715
BGl Area 2 A1-A2 - -0.365 0.715
BGl P7-P8 - -1.604 0.109
BGl P3-P4 - -1.069 0.285
BGl CP5-CP6 - -0.365 0.715
BGl FC3-FC4 - -0.674 0.500
BGl FC5-FC6 - -0.944 0.345
BGl C3-C4 - -0.674 0.500

Group Comparison Area Electrode Pair Result Statistic p-value

Cl -  old vs. young group Area 1 A1-A2 - -0.775 0.439
Cl -  old vs. young group P7-P8 - -1.225 0.221
Cl -  old vs. young group P3-P4 - -0.313 0.754
Cl -  old vs. young group CP5-CP6 - -0.189 0.850
Cl -  old vs. young group FC3-FC4 Cl young > old -2.008 0.045
Cl -  old vs. young group FC5-FC6 - -1.481 0.138
Cl -  old vs. young group C3-C4 - -0.244 0.808
Cl -  old vs. young group Area 2 A1-A2 - -0.213 0.831
Cl -  old vs. young group P7-P8 - -0.183 0.855
Cl -  old vs. young group P3-P4 - -0.567 0.571
Cl -  old vs. young group CP5-CP6 - -0.189 0.850
Cl -  old vs. young group FC3-FC4 - -0.548 0.584
Cl -  old vs. young group FC5-FC6 Cl old > young -2.739 0.006
Cl -  old vs. young group C3-C4 Cl old > young -1.826 0.068
Cl -  older group vs. BGl Area 1 A1-A2 - -0.354 0.724
Cl -  older group vs. BGl P7-P8 - -1.149 0.251
Cl -  older group vs. BGl P3-P4 - -1.567 0.117
Cl -  older group vs. BGl CP5-CP6 - -0.289 0.773
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C l -  older group vs. B G l FC3-FC4 -0.313 0.754
C l -  older group vs. B G l FC5-FC6 -0.149 0.881
C l -  older group vs. B G l C3-C4 -0.490 0.624
C l -  older group vs. B G l Area 2 A1-A2 -1.155 0.248
C l -  older group vs. B G l P7-P8 B G l > C l old -1.938 0.053
C l -  older group vs. B G l P3-P4 0.000 1.000
C l -  older group vs. B G l CP5-CP6 -0.289 0.773
C l -  older group vs. B G l FC3-FC4 -1.567 0.117
C l -  older group vs. B G l FC5-FC6 -0.731 0.465
C l -  older group vs. B G l C3-C4 -0.731 0.465
(P values in bold indicate significant results)
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Appendix E.2

Correlation Matrix

Left-sided infarctions Right-sided infarctions
age at stroke time since stroke age at stroke time since stroke

Chapter 2
WISC-III Verbal IQ Pearson 0.08 -0.14 Pearson 0.24 -0.47

Sig. (2-tailed) 0.82 0.69 Sig. (2-tailed) 0.60 0.29
N 10.00 10.00 N 7.00 7.00

WISC-III Performance IQ Pearson 0.28 -0.21 Pearson -0.22 0.23
Sig. (2-tailed) 0.43 0.57 Sig. (2-tailed) 0.63 0.62
N 10.00 10.00 N 7.00 7.00

Chapter 3
CMS Sequences total Pearson -0.28 -0.52 Pearson -0.52 0.10

Sig. (2-tailed) 0.43 0.13 Sig. (2-tailed) 0.23 0.84
N 10.00 10.00 N 7.00 7.00

CTOPP Rapid Naming Pearson -0.32 -0.43 Pearson -0.39 0.77*
Sig. (2-tailed) 0.37 0.22 Sig. (2-tailed) 0.38 0.04
N 10.00 10.00 N 7.00 7.00

CTOPP Alternate Rapid Naming Pearson -0.25 -0.25 Pearson -0.76* 0.78*
Sig. (2-tailed) 0.48 0.48 Sig. (2-tailed) 0.05 0.04
N 10.00 10.00 N 7.00 7.00

Left-sided infarctions Right-sided infarctions
age at stroke time since stroke age at stroke time since stroke

Chapter 4
CELF-III Receptive Language Pearson 0.05 -0.15 Pearson 0.41 0.20

Sig. (2-tailed) 0.89 0.67 Sig. (2-tailed) 0.36 0.67
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N 10.00 10.00 N 7.00 7.00
CELF-III Expressive Language Pearson -0.17 -0.05 Pearson -0.12 -0.23

Sig. (2-tailed) 0.65 0.90 Sig. (2-tailed) 0.79 0.62
N 10.00 10.00 N 7.00 7.00

TCL-E Recreating Sentences Pearson -0.37 -0.41 Pearson -0.31 -0.35
Sig. (2-tailed) 0.33 0.27 Sig. (2-tailed) 0.50 0.44
N 9.00 9.00 N 7.00 7.00

EOWPVT Pearson 0.07 -0.08 Pearson 0.45 -0.26
Sig. (2-tailed) 0.84 0.83 Sig. (2-tailed) 0.31 0.57
N 10.00 10.00 N 7.00 7.00

COWAT Pearson -0.30 0.21 Pearson -0.58 0.42
Sig. (2-tailed) 0.40 0.56 Sig. (2-tailed) 0.17 0.35
N 10.00 10.00 N 7.00 7.00

WORD Basic Reading Pearson 0.45 -0.08 Pearson -0.12 -0.21
Sig. (2-tailed) 0.20 0.83 Sig. (2-tailed) 0.79 0.66
N 10.00 10.00 N 7.00 7.00

WORD Spelling Pearson -0.19 -0.11 Pearson 0.29 -0.52
Sig. (2-tailed) 0.59 0.77 Sig. (2-tailed) 0.53 0.23
N 10.00 10.00 N 7.00 7.00

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0 .01 level (2-tailed).
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Appendix F

Abbreviations and Definitions

Abbreviation Definition

3D-FLASH

ACA

AFP

AIF

ANCOVA

ANOVA

BA

BG

B G l

B G r

BOLD

C

CAVLT

CELF-III

CELF-Preschool

CELF-R

Cl

CMS

CNRep

COWAT

C r

CSF

CTOPP

CVA

DSC-PWI

DDK

DFWT

DTI

DWI

EEC

EOG

Three-dimensional Fast Low Angle Shot

Anterior cerebral artery

Anterior forebrain pathway

Arterial input function

Analysis of covariance

Analysis of variance

Brodmann area

Patients with basal ganglia infarctions

Patient group with left-hemispheric basal ganglia infarctions

Patient group with right-hemispheric basal ganglia infarctions

Blood oxygen level dependent

Control subjects

Children’s Auditory Verbal Learning Test

Clinical Evaluation of Language Fundamentals -  3'̂ '̂  Edition

Clinical Evaluation of Language Fundamentals -  Preschool

Clinical Evaluation of Language Fundamentals -  Revised

Control group matched to patient group with left-hemispheric damage

Children’s Memory Scale

Children’s test of Nonword Repetition

Controlled Oral Word Association Test

Control group matched to patient group with right-hemispheric injuries 

Cerebrospinal fluid

Comprehensive Test of Phonological Processing 

Cerebrovascular accident

Dynamic susceptibility contrast perfusion-weighted imaging

Diadochokinesis

Dichotic Fused Words Test

Diffusion tensor imaging

Diffusion-weighted imaging

Electroencephalogram

Electroocc ulogram
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EOWPVT Expressive One Word Picture Vocabulary Test

EPI Echoplanar image

ERP Event Related Potential

FA map Fractional Anisotropy Map

fMRI Functional magnetic resonance imaging

GPP Global field power

GM Grey matter

GPe Globus pallidus, external segment

GPi Globus pallidus, internal segment

HD Huntington’s disease

ICA Internal carotid artery

LI Laterality index

MCA Middle cerebral artery

MEG Magnetoencephalography

MRA Magnetic resonance angiography

MRI Magnetic resonance imaging

MTT Mean transit time

PALPA Psycholinguistic Assessment of Language Processing in Aphasia

PCA Posterior cerebral artery

PD Parkinson’s disease

PET Positron emission tomography

PhAB Phonological Assessment Battery

PIQ Performance IQ

PVWM Periventricular white matter

PWI Perfusion-weighted imaging

rCBF Regional cerebral blood flow

rCBV Regional cerebral blood volume

ROWPVT Receptive One Word Picture Vocabulary Test

SCD Sickle cell disease

SLM Statistical latéralisation map

SLT Speech and language therapy

SMA Supplementary Motor Area

SNpc Substantia nigra pars compacta

SNpr Substantai nigra pars reticulata

SPECT Single positron emission tomography

STN Subthalamic nucleus

SVC Small volume correction
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SVD

TE

TCL-E

TCMA

TCSA

TMS

TSE

TTP

TR

VBM

VIQ

WAIS-III

WISC-III

WM

WORD

WPPSI-R

Single value deconvolution 

Echo time (MRI parameter)

Test of Language Competence -  Expanded Edition

Transcortical motor aphasia

Transcortical sensory aphasia

Transcranial magnetic stimulation

Turbo spin echo

Time to peak

Repetition time (MRI parameter)

Voxel-based morphometry 

Verbal IQ

Wechsler Adult Intelligence Scale -  3̂  ̂Edition 

Wechsler Intelligence Scale for Children -  3"̂  ̂Edition 

White matter

Wechsler Objective Reading Dimension

Wechsler Preschool and Primary Scale of Intelligence -  Revised


