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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 (ERP) 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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1.1.2 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 er 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 frontal 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 GABA (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 (Coté 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 e 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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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., 2003). 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 (MRI) 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 ef 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 er 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 ez 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
(Coté 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 al., 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-learned 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
prefrontal 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-learned behaviours by automatically
sequencing the relevant cortically stored components of the pre-learned 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 er 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 er 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 e? 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 ez 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 KE 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 FOXP2 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 ez 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 PET
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 ez
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-learned 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 aphasic
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 conceming 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 aphasic
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 ef 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 aphasic. 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).
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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. Skyhgj-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 lateralisation 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), EEG (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
lateralisation 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 lateralisation for language has indeed been suggested to be associated with better
recovery of language function, while a maintenance for right hemisphere lateralisation 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 e? 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., 2000), 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 find 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 PET (Muller et al., 1998) and MEG (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. Early injuries (sustained before the age of 6 years) were associated with right
hemisphere lateralisation, 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) (Thulborn 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 crucial 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).

Aectiology 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 ez 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-learned 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 structures, 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 ez 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 al., 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 ez 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 (& Presentation Number (& percentage)
percentage) of patients
of patients
Chicken pox 8 (47%) BG, BGr
Head injury 3 (18%) Hemiparesis 7 (710%) 7 (100%)
Other infection 2 (12%) Aphasia 6 (60%) 2 (29%)
Not known 3(18%) 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 (BG_ =
patients with left hemisphere injury; BGgr = 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 ez
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.
Sarno and Levita, 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 (BG.3) 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 (BGp2, BGr3, and
BGg6) had a lisp, and one patient (BGr3) 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 (BGp6: Turkish; BG.7: Urdu; BGg3: 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 2.2¢ 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 2.2¢ outlines only the emotional difficulties reported. Three patients (BG.8, BGL9, and
BG_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 Number (& School/Employment Number (&

difficulties percentage) of percentage) of
patients 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 4 (24%)

difficulties

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 2.2¢. 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/ Number (& percentage) Range of duration of

language difficulty of patients difficulties
Expressive speech  BGL 9 (100 %) <10 min — 1 month
BGgr 6 (86%) <10 min - 1 month
Slurred speech BGL 7 (78%) <10 min — 1 month
BGgr 6 (86%) <10 min — 24 hours
Lisp BGL 2 (22%) 4 hours — 1 week
BGgr 4 (57%) <10 min — still present
Stutter BG, 2 (22%) 4 hours — 24 hours
BGr 3 (43%) <10 min — 1 year
Feeding BGL 4 (44%) 48 hours — still present
BGg 2 (29%) 1 month — 1 year
Chewing BGL 3(33%) 2 months — still present
BGr 2 (29%) 1 month — 4/5 months
Swallowing BGL 3 (33%) 48 hours — 2 months
BGg 0 (0%) N/A
Comprehension BG. 6 (67%) <10 min — 24 hours
BGr 6 (86%) <10 min — 1 month
SLT received BGL 5 (50%) Not known
BGr 0 (0%) Not known

Table 2.3. Oromotor, speech and language difficulties (SLT = speech and
language therapy)

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
(Bornstein e 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 (Bornstein 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 al., 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 1 to 5, with 1 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 Mean Age Age Range Sex

Size
BGL 10 12:4 6:10-19:11 8 female; 2 male
CL 10 12:11 7:7-21:5 8 female; 2 male
BGr 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) (BG. = patients with left hemisphere
injuries; BGg = patients with right hemisphere injuries; Cp = control subjects matched to patients
with left hemisphere injuries; Cr = control subjects matched to patients with right hemisphere
injuries)

Subject Group Right-handed Ambidextrous Left-handed
BGL 10 0 0
CL 8 2 (mainly right) 0
BGr 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 ROWPVT Range
Score: Group mean
(standard error

mean)
BGL 101.5 (3.7) 87-123
CL 105.7 (4.3) 88 - 127
BGr 109.3 (3.9) 91-125
Cr 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 (Cr4)
had a single convulsion which was associated with a fever. The only history of note relating to
motor function was that two control subjects (Ci4 and Cr2) 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.3) 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 (Cp3) 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 (Ci2: Punjabi; Cg2: Finnish; Ci 6 and Cg3:

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



Chapter 2: Characterisation of the Study Sample 63

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-III)
(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
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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 from 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 finger-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 ez
al., 1998; Marshall et al., 2000). 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.

2.2.24 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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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-III/WAIS-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 ez 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; Jueptner 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-learned 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 ez 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 nonword 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 learmning 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

















































































































































































































































































































































































































































































































































































































































































































































































