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Abstract

Sickle Cell Disease (SCD) is an inherited disorder of haemoglobin, mainly affecting 

people of Afro-Caribbean origin. SCD often becomes symptomatic from the first year of 

life, when foetal haemoglobin is replaced by adult haemoglobin. Up to 25% of patients 

have discrete white matter brain lesions by mid-childhood, which may be detected on MRI 

but are not usually associated with neurological signs or symptoms. There is evidence that 

the frontal lobes are the most common site of neuropathology, but few studies have 

systematically attempted to examine executive function and/or relate the locus of lesion to 

cognitive dysfunction. Moreover, although neuropathology is evident very early in life, its 

possible relationship to neuro-developmental delay in infants has been largely ignored.

Two longitudinal studies are reported in this thesis.

The first was a prospective study of a group of infants with SCD (n=15) and 

controls (n=14) at three critical ages of early development (3-, 9-, and 12-months). Infants 

with SCD were impaired relative to controls from age 3-months on a neurodevelopmental 

screen, but not on experimental measures purporting to assess the early development of 

executive function. There were differences, however, in the event related potentials (ERPs) 

of SCD infants compared to controls, suggesting early abnormality in attention and 

recognition memory.

The second study examined long-term cognitive outcome in children and young 

adults with SCD (n=50) and a group of sibling controls (n=26). Patients with and without 

brain lesions (confirmed by MRI) showed deficits in attention, whereas only patients with 

brain lesions were impaired on tests of working memory and response inhibition. 

Abnormalities were also evident in two ERF experiments assessing neural response to 

novelty and action-monitoring.

It is concluded that patients with SCD may be at risk of neuro-developmental delay 

from infancy, and that this may manifest as executive dysfunction as the child matures into 

adolescence.
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Chapter 1: Introduction

1.1. Introduction to brain and behavioural development.

Neuroscientists have traditionally used human and animal lesion studies to 

understand the relationship between brain structure and function, but the qualitative 

differences between human and animal cognition make generalizations difficult. The 

problem is compounded in developmental studies where the relationship between brain 

structure and function is evolving, and is therefore different from the typical pattern of 

brain organization in adults. Furthermore, brain organization that develops in the presence 

of pathology may be qualitatively different from that which emerges during normal 

development. For these reasons, it is important to review the normal processes of brain and 

cognitive development before considering the effects of brain damage in paediatric 

populations.

This section will first provide a brief review of the literature on normal 

development of the brain (1.1.1.), with particular emphasis on the frontal lobes (1.1.2.).

This will be followed by a description of the theories of three prominent psychologists 

whose ideas have shaped our understanding of cognitive development and brain function 

(1.1.3.). A popular description of normal cognitive development is attributed to Jean 

Piaget, but this account provides little information about how the brain facilitates cognition 

and behaviour. The link between cognition and brain function was made explicit by the 

renowned Soviet psychologist, Alexander Luria, who attempted to relate brain systems to 

aspects of complex mental activity. Subsequently the neuropsychologist, Donald Hebb, 

proposed his neurophysiological theory of brain organization which provided a persuasive 

explanation of how experience and environment influence brain structure and function.

The next section will address the psychological concept of executive function (1.1.4.), with 

special reference to the emergence and maturation of these supervisory functions.

Finally, there will be a brief review of the techniques that have been used over the 

past two decades to study the relationship between brain function and cognition, with
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particular emphasis on measures that can be used with children, especially those with brain 

abnormality (1.1.5.).

1.1.1. Brain Development

The gross anatomy of the brain was described by early 19̂  ̂century investigators 

such as Broca and Cajal, but it was not until later in the 20̂  ̂century that more detailed 

descriptions of brain structures and their connections were made. Trevarthen (1987) 

described very early brain development as progressing from an undifferentiated group of 

cells in the upper part of the embryo, through the formation of the neural tube (central 

nervous system), to the foetal stage of brain cell multiplication and migration. It is only in 

the last phases of foetal development that rudimentary brain structures are visible as five 

main areas. From anterior to posterior, the five main areas are the telencephalon (cerebral 

hemispheres), diencephalon (thalamus, hypothalamus), mesencephalon (midbrain; superior 

and inferior colliculi), metencephalon (cerebellum, pons), and the myelencephalon 

(medulla oblongata). Thus, the telencephalon is destined to become the left and right 

cerebral hemispheres, while the remaining four areas collectively form the brain stem 

(Pinel, 1997).

At 40-weeks gestation, the human infant brain is approximately two-thirds the size 

of the adult brain, and its gross anatomy is almost complete (Trevarthen 1987). However, 

while the gross anatomy of the brain is developed by birth, this does not mean that the 

brain is functionally competent. By contrast, the development of functional competence is 

relatively protracted, extending well into childhood and even adulthood where some 

parameters are concerned, (e.g. myelination; Yakovlev and Lecours, 1967). The 

development of functional competence is associated with both constructive processes that 

form and support intercellular connections, e.g. post-natal dendritic branching, 

synaptogenesis, myelination, metabolic and neurotransmitter development (Yakovlev and 

Lecours, 1967; MacBrown and Goldmann, 1977; Chugani and Phelps, 1986; Goldman- 

Rakic, 1987; Barkovich, 1992), and destructive processes that 'fine-tune' such connections 

in order that functional skills may be further developed, e.g. synaptic elimination 

(Huttenlocher et al., 1982).
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1.1.1.1. Cytoarchitectural maturation o f the cortex. The cortex forms the outer 

layer of the cerebral hemispheres. In humans, about 90% of the cerebral cortex is 

neocortex, consisting of layers I to VI, from the surface to the interface with white matter 

(Pinel, 1997). The six layers are distinguished by the size and density of the cells they 

contain and the connections they form. During the process of cell multiplication some 

brain cells are destined to become neurons and others to become non-neural ‘support’ cells 

(glia; Trevarthen, 1987). More specifically, Rakic (1988) has shown that in the monkey 

brain cortical neurons are generated in the ‘proliferative zone’ beneath the cortical mantle, 

and migrate to the cortex along radial glial cells in an inside-out manner. Thus the outer 

layers of the cortex are the last to develop. Trevarthen (1987) stated that more changes 

occur in the cellular structure of the cortex in the first few months of life than at any other 

time in development. In support of this, Huttenlocher reported in a series of studies (1979; 

1982; 1987; 1997), that synaptic density is greatest in the visual and auditory cortex at 

approximately 3 months, although the prefrontal cortex reaches a peak synaptic density 

somewhat later at age 3 V2 years. Synaptic elimination (‘pruning’) is a reduction in the 

number of axons innervating cells, not a reduction of the number of cells per se, but this 

process results in more protracted modification of the cortical cytoarchitecture.

Huttenlocher found that synaptic pruning is completed first in the visual cortex in late 

childhood, shortly after in the auditory cortex by age 12 years, but continues throughout 

adolescence in the prefrontal cortex.

1.1.1.2. The formation o f neural connections. Easter et al. (1985) described the 

work of Sperry, an early post-war scientist who advanced the ‘chemoaffinity theory’, based 

on observations in amphibians that the severed optic nerve grew back as before. This 

theory predicted the existence of genetically determined surface labels in pre- and post- 

synaptic terminals that influence the trajectory of axons. Subsequent investigators 

hypothesised that the pattern of neural networks is therefore pre-determined, leaving little 

consideration for possible environmental influences on the brain. For example, Rakic 

(1988) proposed that differentiation of the cortex into distinct areas follows a 

predetermined map, and O’Leary (1989) reported that this occurs via the trajectory of 

thalamic projections. However, it was subsequently demonstrated that the trajectory of 

thalamic projections in-vitro was not specific to predetermined areas of cortex (Molnar and
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Blakemore, 1991). These data concur with the seminal studies of Hubei and Weisel (e.g. 

1977a, 1977b), who demonstrated that ocular dominance columns in the primary visual 

cortex of the cat are originally equipotential, and that the development of adult-like 

segregation of visual input is crucially dependent on normal visual activity in the first three 

months of life. Therefore, an alternative hypothesis must be considered, one that is 

consistent with a more dynamic process of connectivity, perhaps involving competition 

driven by experience.

1.1.2. The Frontal Lobes

1.1.2.1. Gross Anatomy. The frontal lobes comprise up to one-third of the brain 

(Stuss, 1996), and are located in the anterior portion of each cerebral hemisphere, 

extending anteriorly from the central sulcus to the frontal pole, and inferiorly to the lateral 

(Sylvian) fissure. The precentral gyrus lies immediately anterior to the central sulcus, 

beyond this is the premotor cortex and then the prefrontal cortex (PFC). The lateral frontal 

surface is divided by the superior and inferior frontal sulci into the superior, middle, and 

inferior frontal gyri. The medial surface extends posteriorly around the rostrum, genu, and 

body of the corpus callosum (cingulate gyrus). The ventro-lateral surface lies immediately 

superior to the eyes (orbital frontal cortex).

1.1.2.2. Cellular Morphology. The cellular morphology of the frontal cortex is 

similar to that of other cortices in that it is composed of neocortex, which is distinguished 

by cell type and connectivity. Motor and premotor cortices are agranular, with five layers. 

By contrast, the prefrontal cortex has an additional granular layer. The thickness of each 

layer is defined by the connectivity of the region. Neocortex is formed of two types of 

cells. Pyramidal cells are the projection cells of the cortex, while stellate cells form local 

connections.

1.1.2.3. Overview o f functional anatomy. Cytoarchitetonic maps of PFC 

nomenclature are based on morphological features of the neocortex and imply
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heterogeneity of function, with some characteristics comm on to both the monkey and 

human brain (e.g. Pandya and Yeterian, 1998). Fuster (1997) differentiated three 

functional regions of the PFC: the dorsolateral PFC (DLPFC), corresponding 

approxim ately to the middle frontal gyrus (M FC) and superior frontal gyrus (SFG); orbito- 

frontal cortex (OFC); and the medial portion o f the frontal lobes (MFL). The 

cytoarchitecture of the frontal lobes as recently reviewed by Petrides and Pandya (1999) is 

presented in Figure 1.1.; this is based on the very early cytoarchitectural maps of 

Brodmann (1905, 1909).

Figure 1.1. Cytoacrhitecture of the prefrontal cortex (Petrides and Pandya, 1999).

The DLPFC includes areas 8, 9, 10 and 46. Area 8 (frontal eye field) was 

subdivided by W alker (1940) into 8A in the arcuate sulcus and 8B extending dorsally 

towards the midline. Petrides and Pandya ( 1999) further divided area 8A into dorsal (8Ad)
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and ventral (8Av) areas. Areas 9 and 46 are located in the mid-DLPFC; area 9 lying more 

dorsal and extending to cingulate structures, and area 46 localized to the principal sulcus in 

the monkey brain (Goldman-Rakic, 1995). Based on characteristics of cellular morphology 

in areas 46 and 9, Petrides and Pandya (1999) proposed a re-classification of areas 9,46 

proper, and dorsal and ventral areas 9/46. Area 10 is rostral to area 46, occupying the most 

anterior region within the frontal pole. The DLPFC has been primarily associated with 

working memory. More specifically, Goldman and Rosvold (1970) reported that damage 

to the principal sulcus impairs performance on spatial tasks when there is a delay (delayed 

response), whereas performance is impaired after damage to the more caudal arcuate sulcus 

regardless of whether or not there is a delay. This suggests that the principal sulcus is 

critical for maintaining information over a delay. The OFC consists of areas 12 and 13 

occupying the inferior lateral surface of each hemisphere lateral to the midline gyrus rectus 

(area 14; Rolls, 1998). The OFC functions within a neural circuit that includes limbic and 

temporal lobe structures, and is critical for associative memory, particularly when mediated 

by reward (Meunier et al., 1997). In this study, object memory in monkeys was more 

severely impaired by lesions in the OFC than lesions in medial areas including the anterior 

cingulate. In contrast, there was no deficit in two spatial tasks, delayed response and 

reversal learning, suggesting that the OFC is less critical for mediating memory for 

locations. Frey and Petrides (2000) concluded that the OFC is more important for memory 

encoding than ‘executive’ processing of more complex and/or attentionally demanding 

stimuli. The MFL includes areas 32 and 24 (cingulate cortex), and is described as 

primarily mediating motivational and attentional functions (Posner and Peterson, 1990; 

Vogt, 1992).

1.1.2.4. Connectivity. As the PFC does not receive primary sensory information, it 

relies heavily on connectivity with sensory cortices. Sensory information is relayed from 

primary areas through higher-order sensory cortices. More specifically, the thalamus 

projects sensory information to primary sensory cortices for all modalities. The primary 

sensory cortices project through cortico-cortical pathways to higher-order sensory 

(‘association’) cortices in the temporal and parietal lobes. The DLPFC receives inputs 

from the higher-order visual, auditory and somatosensory cortices, and OFC is additionally 

connected with gustatory, olfactory and limbic projections (Barbas, 2002). The
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connections of the OFC may be subdivided further (Elliott et al., 2000). The medial OFC 

is strongly connected with limbic structures, including the sub-callosal anterior cingulate 

and parahippocampal regions. Caudal lateral OFC connects with the amygdala, thalamus, 

insula and temporal pole via the uncinate fasciculus, while more anterior lateral OFC 

connects with the insula, inferior parietal lobule and DLPFC. Extensive interconnectivity 

within the frontal lobe provides a means for integrating this distributed sensory 

information.

The PFC has no direct connections with primary motor cortex (Goldman-Rakic, 

1985); control of motor output is achieved indirectly via two pathways as indicated in 

Figure 1.2. The first pathway involves the premotor cortex (Picard and Strick, 1996) and 

may mediate higher-order cognitive control over behaviour, and the second pathway 

involves the neostriatum (Alexander et al., 1986) and may be important for habit formation 

and/or rule learning (Petri and Mishkin, 1994) PFC control of movement is thereby 

effected through connections to premotor and medial cingulate areas for head, limb and 

body movement and frontal eye field (FEF) connections via the superior colliculus for 

control of eye movement. The initiation of autonomic/emotional response is effected 

through OFC connections to limbic structures; in particular the hypothalamic-pituitary- 

adrenal cortex (‘HPAC’) axis.

Figure 1.2. DLPFC control of motor output.

DLPFC PreMotor Cortex Motor Cortex

I
Neostriatum —► Globus Pallidus/ —► Ventral Nuclei Thalamus —► PreMotor Cortex

Substantia Nigrae pars reticulata

The nature of sensory input differs qualitatively between PFC regions (Ungerleider 

et al., 1998). For example, area 8 (FEF) is the terminal connection of early visual areas 

(e.g. V2 and V3) and parietal areas, and processes information about eye movement and 

position. In contrast, the OFC receives information via the temporal cortices about features 

of the visual environment. Goldman-Rakic (1995) described a division of function 

between the DLPFC and ventrolateral prefrontal cortex (VLPFC; incorporating the inferior
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frontal gyrus), with the former specialized for processing of spatial information, and the 

latter specialized for processing of visual object information.

1.1.2,5. Summary. The anatomical organization of the frontal lobes implies bi

directional communication with limbic structures, motor areas, and higher-order sensory 

cortices. This enables integration and control of motivational, emotional, sensory and 

motor aspects of behaviour.

1.1.3. Cognitive Development

1.1.3.1. Piaget’s Theory. Piaget (1896 to 1980) proposed that collaboration 

between genotype and experience underlies the ontogenesis of intelligence and that this 

relationship might be elucidated “by an examination of the sequential character of 

development” (Piaget, 1971, p33). For Piaget, the focus was on behavioural similarities in 

the normal course of development. A major tenet is that all children pass through stages of 

intellectual development. The Sensorimotor stage (from birth to approximately 18 months) 

is characterised by the development and organization of basic reflexes into recognizable 

behavioural patterns or ‘schemas’. The attainment of object permanence, the 

understanding that objects continue to exist when not perceptible, signals the end of the 

sensorimotor stage and the beginning of the Preoperational stage (approximately 18 

months to 7 years). At this time the child is capable of some early symbolic 

representational thought, but is largely concerned with physical features of the 

environment. From the age of seven years, the child enters the stage of Concrete 

Operations, which is characterised by egocentric thought and reliance on concrete 

reasoning. The Formal Operational stage is evident in late childhood (approximately age 

11 years) and early adolescence, and marks the emergence of an adult pattern of intellectual 

function where the child demonstrates logical reasoning (cited: Donaldson, 1978).

The concept of stage-like changes in cognitive development has achieved 

widespread popularity, but the more dynamic aspects of Piaget’s theory have received less 

attention. It is important, however, to consider the underlying mechanisms which might
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allow children to progress through stages of cognitive development. Piaget believed that 

development is driven by two forces: assimilation of external influences and events into 

existing schema, and accommodation of individual behaviour to the environment. Thus, 

Piaget is proposing the active participation of the child in development, and not simply an 

unfolding of behaviour as and when the child reaches a certain age.

While evidence suggests that the majority of children assessed on Piagetian tasks do 

achieve the Sensorimotor, Pre-operational, and Concrete Operational stages of 

development (Dasen et al, 1978), there is less evidence that all children reach the Formal 

Operational stage. Simply stated, evidence supports the order and age at acquisition of 

stage-like-change, when culture and environment are taken into consideration (Fischer and 

Silvern, 1985). When racial, cultural and environmental diversity are the primary focus of 

research, however, developmental differences are found. Particularly relevant is the strong 

evidence obtained mainly in the 1970’s, for precocity of motor development in African 

infants compared to European and American infants of the same age (Super, 1976;

Hopkins, 1976).

Piaget did not attempt to relate stages of cognitive development to brain 

development, although some authors have noted similarities between critical milestones 

associated with cognitive stages and brain synaptogenesis (Fischer, 1987). Fischer and 

Silvern (1985) hypothesised that synaptogenesis in infancy is synchronous with the 

emergence of sensorimotor development. They produce less evidence for structural and 

functional synchrony during later ‘levels’ of child development, between age 4 and 16 

years, but speculate that ongoing processes of synaptic pruning and/or myelination are 

likely to be related. These studies, therefore, have looked for associations between 

cognitive and brain development, but provide little information about how the two may be 

related. The link between cognition and brain function was made more explicit by Luria.

1.1.3.2. Luria's Theory. Luria (1902-1977) proposed a move away from the 

“narrow localizationist” (p23) approaches of the early nineteenth century (e.g. Gall) and 

emphasized instead that complex behaviours are the result of activity in the whole brain 

rather than the result of specific regions of the cerebral cortex (Luria, 1973). His aim was
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to “ascertain by careful analysis which groups of conceitedly working zones of the brain 

are responsible for the performance of complex mental activity; what contribution is made 

by each of these zones to the complex functional system; and how the relationship between 

these conceitedly working parts of the brain in the performance of complex mental activity 

changes in the various stages of its development.” (pp33-34).

Three hierarchically-structured functional units are described. The first unit is 

dedicated to the modulation of a basic level of cortical arousal - ‘regulating tone / waking 

state’. The structure accommodating the activity of this unit is the reticular formation, 

which regulates brain activity through fibres ascending and terminating in higher structures 

such as the thalamus, the basal ganglia, and the neocortex. The second unit is concerned 

with ‘obtaining, processing and storing information’, and is modality specific, reflecting 

the processing of sensory information in the lateral regions of the temporal, parietal and 

occipital cortices. The third unit involves the ‘programming, regulating and verifying of 

mental activity’ or the creation of intentions, plans, and programmes of action, and is 

associated with the frontal lobes.

Luria describes three cortical zones that are common to each unit: a primary 

(projection) area that receives incoming information and sends outgoing information, 

located in layer IV of the cortex; a secondary (projection-association) area for the 

processing of incoming information; and a tertiary area (cortical layers II and HI) that is 

concerned with the most complex forms of mental activity associated with diffuse 

activation of the brain. The secondary and tertiary zones are associated more with the 

second (obtaining, processing and storing information) and third (programming, regulating 

and verifying mental activity) units, located as they are in posterior association cortices and 

the frontal lobes respectively.

Luria hypothesised that the units develop chronologically during childhood. The 

first two units of the model, namely the ‘arousal unit’ and the ‘sensory-input unit’, become 

functionally mature units early in development; shortly after birth and during the first few 

months of life respectively. The ‘organization and planning unit’, located in the frontal 

lobes, starts to function by four to five years of age, but continues to mature up to 

adolescence. In the adult brain, the three units are proposed to “work concertedly” to
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facilitate behaviour; the first unit provides an underlying ‘cortical tone’ to enable the 

second to carry out ‘analysis and synthesis of incoming information’, and the third unit acts 

in a more supervisory or executive capacity, directing active search and co-ordinating 

voluntary movement. Thus, in childhood, the nature of processing is seemingly stimulus- 

driven or ‘bottom-up’, whereas in adulthood, Luria believes that the highest, ‘tertiary’ 

cortical zones operate top-down (“runs from above downwards”; p99) control over the 

work of secondary zones.

In summary, Luria’s theory provides an important contribution to our understanding 

of the link between cognition and the brain, but lacks detail with regard to how the brain 

establishes control over sensory driven behaviour, and, importantly, how this facilitates the 

capacity to learn. In order to address these more dynamic aspects of brain and behavioural 

development it is necessary to turn to Hebb’s theory of brain organization. This continues 

to provide a persuasive explanation of how experience and environment influence brain 

structure and function.

1.1.3.3. Hebb*s Theory. The neuropsychological theory of Hebb (1904-1985) 

placed emphasis on the neural basis of the learning capacity. At birth, the infant brain 

shows little coherence in the pattern of cell firing, evident in a lack of specificity of EEC 

activity. Thereafter, the appearance of ‘large-waves’ in the infant EEG signals the early 

development of sensory-related neural activity. Hebb associated this process with the 

development of cell assemblies, described as large populations of synchronously firing 

cells (akin to neural circuits), and stated that structural changes in the brain may occur 

through repetitive and synchronous fixing of these cell assemblies. More specifically, 

structural changes occur in cell A (the post-synaptic cell) in response to repeated firing 

from cell B (the pre-synaptic cell). Thereafter some ‘growth process’ or ‘metabolic 

change’ takes place in one or both cells to enable more automatic firing from cell A in 

response to firing from cell B. In the adult brain, cell assemblies function as diffuse 

structures, involving cells in the cortex, diencephalon, and basal ganglia which are capable 

of acting briefly as a ‘closed-system’, and have the potential to facilitate other systems 

within the brain. A series of cell assemblies constitutes a ‘phase sequence’, which Hebb 

described as the thought process.
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The non-specificity of the infant EEG is associated with a preference for sensory 

stimuli and a lack of purposeful goal-directed activity that is consistent with Luria’s focus 

on the ‘arousal’ and ‘sensory input’ units early in development. Learning at this stage 

therefore appears inefficient and proceeds slowly. The time taken to establish sensory 

control is positively associated with the size of the association areas, but this is proposed to 

allow for greater complexity in the mature neural network and, presumably, greater 

flexibility in cognition. Hebb highlighted the frontal pole in particular as an area that is 

both extensive and distant from immature sensory projection areas, and thus requires a 

considerable amount of time to reach functional maturity. According to Hebb’s theory, 

adult learning is characterized by the utilization of multiple existing, but perhaps previously 

unrelated, cell assemblies, and the strengthening of facilitations (connections) between 

them. Thus, there is a “recombination of familiar perceptions and familiar patterns of 

movement” that allows for structural changes necessary for permanent learning to take 

place. Through the activation of multiple existing cell assemblies, Hebb inferred the 

increasing ability to learn the overall meaning of an event rather than its more simplistic 

sensory components. This enables the individual to increasingly organize behaviour into 

more complex goal-directed activity.

During childhood, Hebb predicted that the ‘first establishment’ of behaviour is 

associated with larger cell assemblies than are required for that behaviour at maturity. 

Specifically, as synapses are strengthened (grow in size) by increasing experience, fewer 

fibres are required for transmission at the synaptic level. This suggests that even a 

relatively circumscribed brain lesion may result in more generalised functional deficit in 

the infant compared to older children and adults, i.e. in the infant there is a greater chance 

that the lesion will disrupt ‘transmission paths’ of a larger number of cell assemblies that 

are associated with more variable functions. By contrast, brain lesions of equal size 

occurring later in development are more likely to manifest in a selective deficit as cell 

assemblies have developed and become more regionalised. In support of this, Hebb (1942) 

reported generalised intellectual and cognitive impairment in children who had sustained 

early brain damage, and later hypothesised that “early injury [prevented] the development 

of some intellectual capacities that an equally extensive injury, at maturity, would not have 

destroyed.” (Hebb, 1949, p292).
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1.1.4. Executive function

While ‘executive function’ is often used interchangeably with ‘frontal lobe 

function’, it is important to emphasise that the term refers to a psychological concept 

(Stuss, 1992). However, it is also important to acknowledge the numerous studies on adult 

patients with lesions in specific areas of the frontal lobes that have reported deficits in 

selective aspects of executive function. Adults with frontal lobe lesions are commonly 

described as unable to regulate and plan their behaviour, manifesting as impairment in 

various higher-order cognitive functions, including attentional capacity, temporal 

organization and goal-directed behaviour (Milner, 1963, 1972; Petrides and Milner, 1982; 

Duncan, 1986; Petrides, 1985, 1991; 1995; Rogers et al., 1998; Stuss et al., 1999, 2(XX), 

2001; Manes et al., 2002; Aron et al., 2003).

Contemporary psychology conceptualises a taxonomy of executive functions as 

simultaneously uniform and diverse (Duncan et al., 1997). Based on a literature review, 

Miyake et al. (2000) proposed three basic functions, namely shifting, updating and 

inhibition that are utilised to varying degrees in tasks assessing executive function in 

adults. ‘Shifting’ refers to the ability to switch attention between different stimuli, or 

switch between different modes of responding, for example in the Wisconsin Card Sorting 

Test (Heaton, 1981) or in the Stroop Test (Comalli et al., 1962). The term ‘updating’ 

describes processes employed in the context of working memory (cf. Baddeley, 1986, 

discussed in detail in Chapter 5). Finally, ‘inhibition’ is required to withhold prepotent, or 

previously rewarded responses. Based on low inter-correlations between executive 

function tasks, but relatively high correlations between factors derived from tasks involving 

shifting, updating and inhibition, Miyake provided strong evidence for Duncan’s 

conceptualisation of executive function. The extent to which these factors describe 

executive function in children, where brain structure/function is evolving, is not known. 

However, a recent study of executive function in 8 to 13 year old normally developing 

children does suggest that three main components of executive function described by 

Miyake may also be identified in children: working memory; inhibition; shifting (Lehto et 

al., 2003). While this infers that the latent structure of executive function is seemingly 

adult-like from late childhood, it may not be assumed that performance on these tasks are
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sub-served by the frontal lobes in childhood, or that each of the components has a similar 

developmental progression, or indeed, that components are absent before age eight. 

Furthermore, the components may be present from an early age, but it is orchestrating them 

simultaneously and constructively into goal-directed behaviour that is the hallmark of 

executive function.

L I  A .I. Definition o f executive function in children. In its adult form, executive 

function is comprised of components (e.g. working memory, shifting-attention, inhibition) 

that work concertedly to facilitate purposeful (i.e. goal-directed) aspects of behaviour, and 

is measured by tasks requiring the individual to multi-task and/or solve relatively complex 

problems. The normal development of executive function in childhood is characterised by 

the maturation of these components and their integration into a more uniform, adult-like, 

‘executive system’. However, it is not clear if children developing cognition abnormally, 

i.e. in the presence of brain injury, have the capacity to develop executive function, and 

whether this manifests as impairment on adult-tests of executive function at maturity. It is 

important to note that, unlike adult definitions of executive function, which are derived 

from descriptions of outcome after late-acquired frontal lobe lesions, the definition in 

children does not allow for a dissociation of executive function from more general 

intellectual function (cf. Luria, 1971; Hebb, 1942, 1949).

1.1.4.2. Evidence for the development o f executive function in relation to the frontal 

lobes. The very early development of sensory information into ‘higher cognitive function’ 

has commonly been measured by the acquisition of search-skill. Wright and Viletstra 

(1975) described a transition in early childhood from random exploration, controlled by 

salient features of stimuli, to systematic search that becomes more logical and goal- 

directed. The authors associate this transition with the acquisition of the concept of object 

permanence (Sensorimotor Stage; cf. Piaget) in the latter half of the second year of life. 

While aspects of behaviour such as goal-directed activity may be related to the frontal 

lobes in adults, Piaget’s theory provides little information on how underlying brain 

maturation relates to Sensorimotor development. However, Luria’ s focus in early 

childhood on the development of the cortical primary zones, and their role in the processing
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of sensory information, appears to relate on some level to the Sensorimotor stage described 

by Piaget, although does not specifically suggest a role for the frontal lobes, which are 

proposed to have a more protracted development until approximately age four to five years. 

More convincingly, Hebb’s theory provides an explanation for the neural correlate of the 

transition from random ‘stimulus controlled’ exploration, to systematic ‘goal-directed’ 

search. That is, the progression from non-specificity of slow-wave activity, and the 

resulting preference for sensory stimuli, to the early development of cell assemblies (neural 

circuits) which allow for increasing cortical control over behaviour. In support of this, 

researchers have associated early changes in infant EEG activity with arousal (Dawson et 

al., 1992), and with putative measures of early components of attention, e.g. the ability to 

sustain attention during a game of peek-a-boo (Stroganova et al., 1998a, b). However, 

there is less evidence to suggest that such processes are dependent on the frontal lobes.

The emergence of the field of developmental cognitive neuroscience in the 1980s 

allowed for a multidisciplinary approach to brain/behavioural relationships and, 

importantly, provided more information about the role of the frontal lobes in early 

development. A series of early infant studies by Diamond (1985, 1988) are particularly 

relevant to our understanding of the very early development of components of executive 

function, and their relation to the frontal lobes. Diamond described a developmental 

progression between the ages of 7 Vi and 12-months (Sensorimotor Stage) on a task (A-not- 

B) originally described by Piaget, and, importantly, related successful performance on this 

task to the frontal lobes. The A-not-B is a two-choice hiding task in which infants are 

required to find a toy that has been hidden at one of two locations (A or B). Piaget 

observed that infants in the Sensorimotor stage can successfully search for an object at the 

initial hiding place (A), but fail to correctly find the object when it is subsequently hidden 

at a new location (B). The A-not-B error refers to the tendency of infants to return to 

location A even though they saw the toy hidden at location B only a few seconds before. 

According to Piaget, this error is indicative of an immature understanding of object 

permanence, the knowledge that objects continue to exist when not perceptible. Diamond 

additionally concluded that the A-not-B task assesses an early form of sustained attention 

or working memory, although she suggested that a degree of inhibitory control is also 

required as the infant must suppress the urge to go back to the previously rewarded well. 

Subsequent studies of experimental lesions in macaques supported the role of the frontal
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lobes, in particular, in mediating behavioural components associated with this task 

(Diamond and Goldman-Rakic, 1989a; Diamond et al., 1989b). Thus, Diamond’s 

interpretation of A-not-B data focuses on the acquisition of components typically 

associated with executive function in adults, and the association of these components with 

the frontal lobes indirectly. Another interpretation is offered by Munakata et al (1997) who 

suggests that infants’ behaviour must be viewed as more dynamic (“graded in nature, 

evolving with experience”). In this ‘adaptive processing approach’, the A-not-B ferror is 

explained by a weak internal representation (i.e. toy now at B) that may be strong enough 

to drive looking behaviour, thus explaining why infants succeed on the A-not-B task at an 

earlier age if they are assessed by looking rather than reaching (Ahmed and Ruffman,

1998), but requires more experience to drive reaching behaviour. Therefore, Munakata’s 

interpretation is in accordance with a more protracted development of looking and reaching 

behaviour progressing from an implicit to an explicit understanding of object permanence. 

Based on this, it might be fairer to interpret Diamond’s results as reflecting development of 

‘higher’ motor control within the more general development of object permanence.

The later stages in Piaget’s theory require the integration of disparate information in 

order to facilitate increasingly sophisticated thought processes. During the Operational 

stage, behaviour is increasingly controlled by the ability to reason, and the extent to which 

behaviour is subordinated to perceptual features of the environment becomes less salient. 

Two studies reported on tests of ‘executive function’ based on those described by Luria, 

and reported gradual emergence of components of executive control from mid- to late- 

childhood (Concrete Operational stage; Passler et al., 1985; Becker et al., 1987). Both 

studies divided children into four groups according to age (6, 8, 10, 12 years). In the first 

of these two studies, Passler et al. (1985) found a ‘stage-like’ development of inhibition 

and ‘mental flexibility’ (measured by extent of perseveration in a simple sorting task). 

Children at all ages were able to master a verbal conflict task, requiring them to say ‘night’ 

when shown a white card and ‘day’ when shown a grey card, implying that attention- 

switching and inhibition components are present by age six years. Two years later, Becker 

et al. (1987) also assessed response inhibition (two versions of a Go/No-Go paradigm). 

Results similar to those of Passler were found, in that performance improved with age, with 

six year olds showing greater variability than older children, whose performance was more 

consistent. This may well reflect children’s increasing ability to control behaviour, and
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therefore improve performance, in these tasks. However, in the absence of imaging or 

lesion data, there is no direct evidence that performance on these tasks was mediated by the 

frontal lobes. Becker concluded that improvement in the ability to inhibit an inappropriate 

response supports a gradual developmental emergence of executive function, which is 

seemingly complete (adult-like) by age 12 years, the age at which Piaget proposed that 

children attain Formal Operational thinking. Although Becker also attributed these results 

as support for Luria’s hypothesis of delayed frontal lobe maturation until age four to seven 

years of age, the absence of a younger age group, as well as lesion and/or imaging data, 

does not allow for this conclusion.

While Luria proposed that the development of executive function may be associated 

with more complex levels of cortical control over components of behaviour, there is less 

information about how such control is achieved, and why it takes so long to achieve it. The 

time taken for the brain to establish such control was proposed by Hebb to be slower in 

humans than in any other species. Although this may initially seem counter-intuitive 

considering the higher intellect of humans in phylogeny, this is assumed to allow for 

greater complexity in the mature neural network, and, therefore, greater flexibility in 

cognition. Hebb stated that the frontal lobes in particular require longer than any other area 

of the brain to establish control over association areas, and by inference, cognitive and 

behavioural components. This theory was supported by Thatcher (1992), who proposed 

that recurring patterns of EEG coherence in the young child may reflect the formation of 

neural connections, and, in particular, facilitate frontal lobe control over previously 

differentiated (predominantly posterior) cortical areas. Furthermore, Thatcher predicted 

that this enables the increasingly efficient processing of novel information and thus plays a 

critical role in learning throughout childhood.

The final attainment in later childhood/early adolescence of Formal Operational 

thought (logical reasoning; cf. Piaget) is remarkably consistent with the age at which 

children attain adult-like performance in traditional tests of executive function (Shute and 

Huertas, 1990). For example, Welsh et al. (1991) reported that children show evidence of 

mastery in the Wisconsin Card Sort Test (WCST) by age 10 years. This test assesses skills 

commensurate with Luria’s third unit, including the ability to formulate programmes of 

action (ways to sort cards), and the regulation of behaviour (the ability to act flexibly and
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inhibit previously rewarded response patterns). Thus, it is suggested that by this age, 

previously fractionated components of executive function may be integrated into an overall 

executive system that is able to work concertedly in order to facilitate executive control 

over behaviour. The morphology and connectivity of the frontal lobes make them ideally 

suited to supporting this executive system.

1.1.5. Techniques that are relevant to the assessment of executive function

1.1.5.1. Behavioural Assessment. Neuropsychological measures of executive 

function, by their nature, reflect the final ‘attainment’ of a goal (e.g. the correct copy of a 

pattern of blocks), or a correct response (verbal answer), although the quality of 

information integration and thought (and brain) processes may be inferred by the 

behavioural response. The majority of neuropsychological assessments are developed for 

use with adults, and are not appropriate for children, particularly those younger than age 10 

years. Despite this, many adult tests are commonly used with child populations. The 

utility of this approach may only be demonstrated when data obtained from normally 

developing children are published alongside data obtained from those with frontal lobe 

abnormality, but there is a lack of such information with studies focusing instead on more 

general brain injury. An example of this approach is seen in two related studies where the 

Wisconsin Card Sort Test (WCST) was administered in its original adult format to a large 

sample of children with and without brain lesions and documented gradual acquisition of 

adult-like performance in late childhood (Chelune and Baer, 1986; Chelune and Thomspon, 

1987; these studies will be reported in greater detail in Chapter 5). By contrast, measures of 

infant behaviour were developed with only this very early age group in mind (e.g.

Diamond, 1985), but some investigators have been concerned with the extent to which they 

relate to cognitive development in later childhood and adulthood (e.g. Thompson et al., 

1991). Finally, some tests are derived from paradigms developed for use with animals (e.g. 

Delayed Non-match/Match to Sample; Diamond et al., 1994), which allow for inferences 

about the neuro-anatomical basis of a function. In summary, behavioural assessments of 

executive function developed for use with younger populations are mainly based on adult
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and animal literature, but such evidence is important considering the relative absence of 

infant and child data.

1.1.5.2. Magnetic Resonance Imaging. This procedure enables the acquisition of 

high-resolution images by applying a combination of radio-frequency magnetic fields, 

linear magnetic field gradients, and a static magnetic field, and detecting the signal 

obtained from hyrdrogen nuclei (Pinel, 1997). High contrast between different tissue types 

can be obtained by weighting the signal intensity to be dependent on a range of tissue 

properties, most commonly the T l- or T2-relaxation times of the tissue (T1-weighted and 

T2-weighted imaging respectively). The intracranial and extracranial cerebrovascular 

circulation may be imaged using Magnetic Resonance Angiography (MRA), and this 

allows the diagnosis of narrowing (stenosis) or blockage (occlusion) of blood vessels. 

Gadian (2002) described two general approaches to investigating structure/function 

relationships using non-invasive magnetic resonance imaging (MRI) techniques. One 

approach allows an indirect comparison of structure and function, by identifying structural 

correlates of cognitive function in children with brain abnormality, e.g. by relating a lesion 

in the frontal lobes to one or more components of executive function. MRI can pinpoint 

the location of brain lesions, and, with increasingly sophisticated applications, allow for the 

measurement of selected brain structures such as the hippocampus (volumetric 

measurement), the metabolic composition of areas of the brain (using proton magnetic 

resonance spectroscopy), the flow of blood around the brain (perfusion imaging), and the 

nature and development of white matter tracts in the brain (diffusion tensor imaging); this 

last technique is described by Ulug (2002) and Li and Noseworthy (2002). An alternative 

approach that enables a more direct comparison of structure/function relationships is 

functional MRI (fMRI). The fMRI method measures localized increases in brain activation 

(generally using blood-oxygenation-level-dependent, ‘BOLD’ contrast) in response to 

external stimuli such as sounds and/or pictures, or in relation to movement and/or 

endogenous cognitive processes (Casey et al., 2002).

1.1.5.3. Event Related Potentials. Event-related potentials (ERPs) offer greater 

temporal resolution, but less spatial resolution, than MRI. ERPs are epochs from an
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electroencephalogram (EEG) recording that are time-locked to an event such as stimulus 

presentation, response type or response om ission, and provide a good basis from which to 

explore many cognitive domains, such as neural response to novelty (Courchesne et ah, 

1975), or, more recently, executive control of actions (Ealkenstein, 1991). Nelson (1997) 

highlighted three properties of ERPs that make them a particularly useful tool for 

investigating neurocognitive processes in younger populations who, because of their age, 

cannot participate in fMRI studies: they are relatively non-invasive; ERF paradigms can be 

relatively short; and a verbal and/or motor response is not always required.

1.1.5.4. Tnmscranial Doppler. The shift in Doppler frequency of moving objects 

transmitting sound or light (stars, whistling trains, or blood cells insonated by an ultrasound 

probe) can be used to determine their velocity. The clinical application of the Doppler 

principle was originally restricted to obstetrics, but over the last twenty-five years has 

become common-place in virtually all specialities. More recently, attention has focused on 

the intracranial arteries (Aaslid et al., 1982), because of the information that Doppler can 

provide about blood flow to the brain, such as changes in perfusion over relatively short 

periods o f time. To measure velocity, the angle between the vessel and the ultrasound 

probe must be small. Eor this reason, the Doppler signal is usually recorded from the 

temporal bone (Eigure 1.3.), where the angle between the middle cerebral artery and the 

probe is small and the bone is less dense, improving the signal-to-noise ratio. Increased 

velocity in an intracranial vessel can be secondary to increased cerebral blood flow or to 

narrowing of the vessel (Kirkham et al., 1986).

Eigure 1.3.: Recording anterior blood flow from the temples.

(ww w.m cg.edu/news/2000NewsRel/Stop)

http://www.mcg.edu/news/2000NewsRel/Stop
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1.2. Development of cognitive function in the presence of frontal lobe abnormality.

Loss of behavioural and emotional control is commonly reported after frontal lobe 

injury in adults, but there are few reports of individual cases of frontal lobe injury acquired 

in childhood. Furthermore, reports that are available tend to focus on the extent and nature 

of cognitive and behavioural abnormality in adulthood, which is often many years after 

injury, (e.g. Price et al., 1990; Marlowe, 1992; Williams and Mateer, 1992; Eslinger et al., 

1992; Gratton and Eslinger, 1992; Anderson et al., 1999: some of these cases are described in 

detail in Appendix A). However, these case studies are of some interest because they 

suggest that frontal lobe lesions acquired in childhood are associated with chronic 

abnormalities of character and cognitive function, perhaps due to atypical development of 

components of executive function and the resulting failure to achieve integration of 

components into an ‘executive system’. Consistent with this hypothesis, some authors 

have suggested that frontal lobe injury acquired in childhood is actually worse than adult- 

onset cases, because it does not allow the child to develop a higher level of ‘understanding’ 

in the first place (e.g. Price et al 1990; Anderson, 1999). This is in support of Hebb (1942, 

1949) who originally reported that the cognitive consequences of early brmn injury impact 

on the system as a whole (generalized learning capacity). Vygotsky (cited in Luria, 1973) 

also proposed a ‘dynamic localization’ theory, predicting a detrimental effect of lesions 

affecting ‘elementary forms of mental activity’ (in this case, components of visual 

processing) on development of higher cognitive functions.

Large cohorts of children with acquired frontal lobe injury are rarer still, and rely on 

poorly defined anatomical localization of injury. For example. Garth et al. (1997) divided a 

group of 22 children with ‘moderate to severe’ frontal lobe injury of variable aetiology, 

confirmed by CT or MRI, into two groups according to age at injury; before (n=12) and 

after (n=10) age 5 years. All children were seen at least 18 months after injury and were 

matched to controls by gender, socio-economic status, and age. Both patient groups 

obtained significantly lower VIQ (‘early’ 86, ‘late’ 95) and PIQ ( ‘early’ 94, ‘late’ 92) 

scores than controls whose mean IQ scores were above 100. While the ‘early’ group 

obtained a lower VIQ score than the ‘late’ group this difference did not reach significance. 

All groups were administered four tests considered by the authors to assess their definition
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of executive function; 20 Questions, Matrix Analogies (K-ABC), Tower of London, REY 

Figure. Although all scores were lower in both younger and older patient groups compared 

to controls, only the Tower of London test was sensitive to brain pathology independent of 

IQ (covaried). In general, children with an IQ less than 90 made the most errors. Garth et 

al. concluded that while frontal lobe injury in childhood may impact on the development of 

executive function, these effects are not dissociable from general intellectual function. 

However, the lack of information about hemispheric locus and extent of lesion in each 

child, did not allow the authors to reject the possibility that the involvement of additional 

brain structures, beyond the frontal lobes, may have significantly contributed to the 

cognitive deficit. In addition, significant differences in volume of damaged tissue within 

the frontal lobes may influence the extent to which executive functions are dissociable.

In summary, there is limited information about the effects of frontal lobe lesions on 

cognition in childhood. It is important, therefore, to study greater numbers of children with 

frontal lobe abnormality in order to further elucidate commonalities and differences in 

atypical development of executive function.

1.3. Sickle Cell Disease

Sickle cell disease (SCD) refers to a group of inherited disorders of haemoglobin, 

mainly affecting people of Afro-Caribbean origin. The abnormal structure of haemoglobin 

within red blood cells results in a ‘sickle’ shape, rather than the normal biconcave disc 

shape, and this can affect oxygen transport in the body. The associated haemolytic 

anaemia may lead to high blood flow to organs, including the brain, which means that the 

reserve capacity for an increase in blood flow in an emergency is reduced and there is a risk 

of ischaemia. In addition, these sickle cells may adhere to the lining (endothelium) of the 

blood vessels, eventually blocking them and resulting in ischaemia and tissue infarction. 

SCD often becomes symptomatic from the first year of life, when foetal haemoglobin is 

replaced by adult haemoglobin. In this section, the normal physiology of red blood cells is 

described, as a basis for understanding the pathophysiology, phenotypes, and clinical signs 

and symptoms of SCD (1.3.1.). The relatively high incidence of neurological abnormality 

will also be discussed (1.3.2.).
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1.3.1. General Pathophysiology

The abnormality of blood composition and function in SCD is best understood in 

the context of the normal physiology of red blood cells. The information described below 

is based on two main references. A standard textbook for medical students (Murphy,

1999), outlines the normal structure and physiology of blood. Information about the 

pathophysiology of SCD, and its geographical distribution is described by Serjeant and 

Serjeant (2001). Additional references are provided in the text as appropriate.

13.1.1. Normal structure and physiology o f red blood cells. The bone marrow 

produces red blood cells, also called erythrocytes. Each erythrocyte contains haemoglobin 

(Hb), consisting of complex proteins called globin and an iron-containing substance called 

haem. The composition of haemoglobin changes with development and is governed by the 

availability of six different polypetide globin chains labelled epsilon, zeta, alpha, gamma, 

beta and delta. In the embryonic stages, there is a predominance of epsilon and zeta chains, 

which produce the earliest forms of haemoglobin (Hb-Gower I and II, and Hb Portland). 

Later in prenatal development, these chains are replaced by alpha and gamma chains, 

which produce foetal haemoglobin (HbF). HbF accounts for 70 to 90% of red blood cells 

at birth, but falls to around 10% in the first year, although it does not reach adult levels of 

about 1% until puberty. At this time, haemoglobin is similar in composition to that of an 

adult and is characterized by alpha, beta and delta chains, which mostly produce ‘HbA’ 

(about 97% of red blood cells), and a lesser amount of ‘Hb-A2’.

Red blood cells pass through the lung vasculature where haemoglobin combines 

with oxygen to form oxyhaemoglobin. Oxygen is transported around the body and diffuses 

into tissue. This process is repeated throughout the normal life span of red blood cells, 

which is approximately 120 days. Red blood cells are produced at the same rate as they are 

destroyed and excreted from the body via the liver by a process called haemolysis.
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1.3.1.2. Haemoglobinopathy and Sickle Cell Disease. There are a large num ber of 

mutations which affect the production of globin chains (Huisman, 1 9 9 3 ) .  The disorders are 

classified according to the globin chain that is involved. The sickle mutation is a change in 

a single DNA-base pair which alters an am ino acid in the beta(p)-globin chain. The 

heterozygous form, sickle cell trait, where only one half of the DNA double helix has the 

abnormality, appears to protect against m alaria (Allison, 1 9 5 4 ) ,  and therefore 

predominantly occurs in those countries where malaria is prevalent. Figure 1.4 . illustrates 

the high incidence of malaria (plasmodium falciparum) across central, sub-Saharan Africa, 

and the associated distribution of the sickle cell gene. The pink area represents areas that 

are not affected by the malaria gene, and the hatched area represents areas where there is a 

high incidence of SCD.

Figure 1.4. Distribution of the Sickle Cell gene in Africa, (www.sicklecellsociety.org)

E3 Distribution of 
sickle-cell gene

□  Distribution of 
Piasmodkjm faicsparum  
malaria

□  Areas not a f fe c te d  by 
P{asmo<^ijm f^afcsparam 
malaria

Deoxygenated sickle haemoglobin polymerises into a stack, which changes the red 

blood cell into the characteristic elongated crescent or ‘sickle’ shape (Figure 1 .5 .) .  On re

oxygenation, red blood cells may regain their normal disc shape but become weaker with 

subsequent sickling and unsickling. Some cells remain sickle shaped after reoxygenation, 

in which case they are called irreversibly-sickled cells. Repeated sickling-unsickling leads

http://www.sicklecellsociety.org
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to early destruction (haemolysis) of red blood cells, reducing their normal lifespan and 

resulting in a reduction in the quantity of haem oglobin in the blood (haemolytic anaemia). 

In areas of low oxygen tension, the increase in viscosity and adhesion of the sickle cells to 

endothelium  can lead to blood clots (thrombosis) and tissue ischaemia, resulting in pain. 

Extrem es of temperature, physical and emotional stress, and dehydration are associated 

with an increase in the number of painful events.

Figure 1.5. Sickle haemoglobin.

Normal Red Blood Cells Sickled Cells

?
(www.sicklecellsociety.org)

SCD is inherited in a Mendelian pattern. People who are heterozygous are 

described as having the sickle cell trait (HbAS) and can pass this on to their children. If 

both parents have the sickle trait, there is a 25% chance their child will be born with 

homozygous sickle cell anaemia (HbSS), a 50% chance that the child will have sickle cell 

trait, and a 25% chance the child will have normal haemoglobin (HbAA). If one parent has 

sickle cell trait and the other carries a slightly different mutation of the same gene which 

leads to production of haemoglobin C, there is a 25% chance that there offspring will have 

symptomatic haemoglobin SC disease (HbSC), a 25% chance of sickle trait or 

heterozygous haemoglobin C, which like sickle trait is usually asymptomatic, and a 25% 

chance of inheriting normal haemoglobin. Each o f these states is clarified below according 

to M urphy (1999).

1.3.1.2.1. Sickle cell trait (HbAS): The haemoglobin in sickle trait consists 

of 40% of sickle cell haemoglobin (HbS) and up to 60% of normal adult 

haemoglobin (HbA). It is unusual for children who inherit the heterozygous

http://www.sicklecellsociety.org
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carrier state for HbS to have any clinical manifestations. In the early post

war period, there were sporadic reports of clinically significant 

manifestations in patients with HbAS based on autopsy findings (Hodges et 

al., 1965; Adams, 1957; McCormick et al., 1961; Greer and Schotland,

1962). McCormick et al. (1961) reported two cases of cerebral infarct in an 

autopsy series of 120 patients. The following year Greer and Schotland 

(1962) described ‘neurologic manifestations’ in 11 (6.4%) out of 175 

children and adults with HbAS, but concluded that the risk of HbAS in 

otherwise healthy individuals is only evident in environments where there is 

reduced oxygen, and when they are undergoing surgery. There have since 

been a few reports of stroke in sickle cell trait, but it is still uncertain 

whether this is more common than in the general Black population. In 

general, children with SCD trait are mildly anaemic but otherwise appear 

normal. There are few studies on growth and cognitive development and the 

data are conflicting. A study of African-American children from 

Philadelphia suggested that children with sickle cell trait were mildly 

compromised in terms of weight and cognitive function (McCormack et al., 

1976). In contrast, a Jamaican study assessed the height and weight at age 

two, as well as educational achievement at age 10 years, in a cohort of 21 

children with SCD trait compared to 200 normally developing children 

(Ashcroft et al., 1976). The authors did not find any differences between 

these two groups on any measure at either age, and concluded, therefore, 

that SCD trait does not affect growth or educational attainment. Since this 

time there has been little interest in studying the physical and cognitive 

development of children with sickle cell trait. Indeed these children 

frequently participate as sibling controls in studies of cognition and 

behaviour in SCD, without comment as to whether or not they are carrying 

the trait (DeBaun: personal communication).

1.3.1.2.2. Homozygous sickle cell anaemia (HbSS): If both parents carry the 

sickle cell trait (HbS gene), there is a 25% chance their child will develop 

homozygous sickle cell anaemia. Sickle cell anaemia is characterised by 80 

to 95% sickle haemoglobin (HbS), 1 to 20% foetal haemoglobin (HbF), and



Chapter 1 : Introduction___________________________________________ AMH 2003 43

no adult haemoglobin (HbA). Very high proportions of HbS make the 

sickling process more likely, resulting in chronic haemolytic anaemia, 

multiple organ damage, and pain. Twenty-five percent of patients with 

HbSS have had a stroke by the age of 45 years (Ohene-Frempong et al.,

1998).

1.3.1.2.3. Haemoglobin SC disease (HbSC): Children with HbSC are double 

heterozygotes for the HbS and HbC mutations. HbSC is reported to have a 

more limited geographical distribution than HbSS, and is particularly 

prevalent in Ghana (Serjeant and Seqeant, 2001). The phenotype is usually 

less severe, although 10% have had a stroke by the age of 45 years (Ohene- 

Frempong et al., 1998).

1.3.1.3. Clinical features o f Sickle Cell Disease. The clinical manifestations of 

SCD are multifaceted and involve a number of body systems. Chronic effects include 

growth retardation and anaemia, and acute presentations include infection and vaso- 

occlusion. Acute events can cause severe pain, which is sometimes only relieved by 

administration of strong analgesics in hospital. Such events are called "crises'. SCD crises 

occur intermittently and vary in frequency and strength in children. Unless otherwise 

stated, Murphy (1999) continue to provide the main source of reference for this 

information.

1.3.1.3.1. Anaemia: SCD is a form of haemolytic anaemia characterized by 

an imbalance in the production and destruction of red blood cells. A 

reduction in volume of red blood cells restricts the oxygen-carrying capacity 

of haemoglobin, a condition referred to as hypoxaemia (deficient 

oxygenation of blood). This term should be distinguished from ‘hypoxia’, 

the reduction of oxygen supply to tissue. Most patients are chronically 

anaemic, which is compensated for by increase in blood flow to organs and 

does not require treatment. Additional (acute) episodes of reduction in 

haemoglobin may exceed the capacity to increase blood flow and require 

blood transfusion to prevent hypoxic-ischaemic damage.
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1.3.1.3.2. Growth retardation: There is evidence of delayed physical 

maturation compared to standards obtained from normally developing 

children. Children with SCD weigh less and are of shorter stature 

(McCormack et al., 1976; Stevens et al., 1986), and have delayed onset of 

puberty (Abbasi et al., 1976; Platt et al., 1984). McCormack et al. (1976) 

compared a number of parameters including height, weight and skèletal 

maturation, in 46 American children with HbSS and showed reduced scores 

on all measures compared to normative data. The authors concluded that 

abnormal skeletal maturation rates were largely responsible for delayed 

growth. Delayed growth was also reported in a Jamaican cohort of 298 

children with HbSS and 157 children with HbSC, studied longitudindly 

from birth, and compared with 231 normal controls (Stevens et al., 1986).

At final assessment, children were aged between 2 16 and 11 years of age. 

The HbSC group did not differ significantly from control children on the 

growth measure, but the HbSS group was significantly delayed in both 

height and weight from before the age of two years. The authors noted that 

growth impairment was particularly striking in very young children, 

especially in the second half of the first year of life. One study, however, 

suggested that, while children with SCD do have a moderate degree of 

growth delay, they attain final height values within normal limits by 

adulthood (Caruso-Nicoletti et al., 1992). There is evidence for delayed 

onset of puberty (Abbasi et al., 1976; Platt et al., 1984), but children proceed 

normally through pubertal stages, and delay is not accounted for by a 

primary endocrinological cause.

1.3.1.3.3. Infection: In SCD, the spleen is often involved at an early stage 

and has reduced function initially, eventually progressing to infarction in 

most patients; in some, the spleen may have to be removed. The abnormal 

function of the spleen in SCD renders children vulnerable to infections, 

particularly with encapsulated organisms, such as pneumococcus, which the 

spleen would normally remove. In developed countries children are 

typically prescribed prophylactic penicillin from around six months of age.
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when spleen action normally commences, but this varies between hospitals 

and there are no set standards of care (Telfer; personal communication). 

Increased vulnerability to infection is a particular concern in poorer 

countries where penicillin is less readily available.

1.3.1.3.4. Vaso-occlusion: The abnormal shape and increased viscosity of 

sickle cells can cause obstruction in vessels. Obstruction of blood flow 

results in localized tissue ischaemia commonly manifesting as painful and 

swollen hands and feet in infants and toddlers (dactylitis) and as bone and/or 

abdominal pain in older children and adults. Vaso-occlusive events may 

also occur in other organs, for example the chest (acute chest syndrome), 

and in the major arteries of the brain (stroke).

1.3.1.4. Incidence o f clinical events in Sickle Cell Disease. Longitudinal studies 

have been conducted in Jamaica, the USA (the Collaborative Study of Sickle Cell Disease 

[CSSCD], an NIK funded multicentre programme), France and the UK, and have focussed 

on reporting the incidence of clinical events in infants, children and adults with SCD, and 

the associated risk factors.

The Jamaican study (Serjeant and Seijeant, 2001) has followed a birth cohort of 

patients with HbSS and age and sex-matched controls. The frequency of painful crisis 

increases during adolescence, particularly in boys, and is relatively rare over the age of 40 

years. Precipitating factors may include cold, dehydration, infection, and hypoxaemia. By 

the age of 14 years, 7.8% of children had suffered a stroke (Balkaran et al., 1992).

The CSSCD reported the nature and frequency of SCD-related complications in a 

cohort of 694 children recruited at less than six months of age and followed for up to 10 

years (Gill et al., 1995). Painful crises and acute chest syndrome were the most common 

complaints, with an incidence in children with HbSS of 32.4 and 24.5 per 100-person 

years, respectively. In young children, less than four years of age for HbSS and less than 

two years of age for HbSC, bacterial infections were most common. Cerebrovascular 

accidents (CVAs) affected 13 children with HbSS and no children with HbSC. The highest
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incidence of CVAs occurred between the ages of six and seven years, at a rate of 2 per 100- 

person years. In total, 20 children died during the course of the study, 11 of them from 

infections; the authors note that this mortality rate is lower than expected based on earlier 

studies. Ohene-Frempong (1998) looked in more detail at cerebrovascular events in the 

whole cohort including adults, and found that by the age of 45 years, 25% of patients with 

HbSS and 10% of those with HbSC had had a stroke, with the highest incidence in 

childhood.

The CSSCD also attempted to identify very early risk factors predictive of severity 

of SCD in later life (Miller et al., 2000). A sample of 392 infants with SCD, were followed 

prospectively for an average of 10 years. Adverse outcome was defined as either death, 

CVA, or an average of at least two painful events per year for the duration of follow-up, 

and an average of at least one episode of acute chest syndrome. Three statistically 

significant early predictors of adverse outcome were found; an episode of swollen hands 

and/or feet (dactylitis) in the first year of life, low haemoglobin level, and an increase in 

white blood cells (leukocytosis) without evidence of infection during the second year. It is 

not documented whether or not these effects were cumulative.

A 10-year French survey of 299 patients with SCD, aged between 1 and 32 years, 

reported the frequency of main clinical events over a mean follow-up duration of four years 

(Neonato et al., 2000). The incidence of acute anaemia was high (50.5%). Approximately 

half the sample (58%) had at least one painful crisis that lasted more than 4 hours and 

required hospital treatment. Serious infection (meningitis, septicaemia, osteomyelitis) was 

common before the age of five years, occurring in 11-12% of the total population. Acute 

chest syndrome was also common before the age of five years, with at least one episode 

occurring in 44.8% of patients. Twenty patients (6.7%) developed a stroke, predominantly 

between the age of 10 and 15 years.

The East London study was based on an unselected cohort of patients attending 

Queen Elizabeth Hospital for Children between 1991 and 1998; clinical follow-up was 

extended to 2002 after the clinic transferred to the Royal London Hospital. Of 147 patients 

recruited, 19(11%) had a neurological event (stroke, transient ischaemic attack, seizure or 

coma) over a median follow-up period of six years (Kirkham et al., 2001a). Although, in
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line with Miller’s data, this study suggested a trend for an effect of early anaemia and 

leukocytosis, the occurrence of neurological events and the frequency of painful crises 

were most strongly related to the severity of nocturnal hypoxaemia (Kirkham et al., 2001b; 

Hargrave et al., 2003). Data from this cohort on the cognitive effects of SCD have been 

published (Watkins et al., 1998) and these patients were invited to return for this study.

1.3.2. Neuroloev

Neurological studies of SCD patients have documented three important findings:

(i) Chronically reduced levels of oxygen in the blood (hypoxaemia; Bookchin and Lew, 

1996; Samuels et al., 1992; Kirkham et al., 2001b), and associated compensatory increases 

in blood flow (Prohovnik et al., 1989). The hypoxaemia and the turbulent increased blood 

flow are associated with adhesion of red and white cells and platelets to the lining 

(endothelium) of blood vessels (Setty and Stuart, 1996; Inwald et al., 2000), resulting in 

swelling and subsequent narrowing (stenosis), (ii) There is a high incidence of stroke, 

mainly secondary to infarction in children and to haemorrhage in adults. ‘Clinical stroke’ 

(focal symptoms such as hemiparesis lasting more than 24 hours usually associated with 

brain infarction) and ‘silent’ brain infarction (not associated with overt symptoms) are both 

common. Clinical stroke and/or silent infarcts occur in approximately 25% of the SCD 

population, with greater susceptibility in early to middle childhood (Hindmarsh et al. 1987; 

Prohovnik et al. 1989; Brass et al. 1991; Seibert et al. 1993; Moser et al. 1996, Steen et al. 

1996; Armstrong et al. 1996; Powers et al. 1999). Clinical stroke is usually associated with 

stenosis and/or occlusion of the large cerebral vessels (Stockman et al., 1972), although 

other pathologies such as venous sinus thrombosis (van Mierlo et al., 2003) have been 

described. These vascular abnormalities may result in a loss of blood supply to an area of 

the brain (infarction). Infarction can be a direct result of thrombosis, with blood cells 

clumping-together and forming a clot that blocks a blood vessel (Baird, 1964), or it may 

also occur if the metabolic demand exceeds the reserve capacity of the cerebral circulation, 

as is common with chronically increased brain-blood flow (Prohovnik et al., 1989). (iii) A 

predominant involvement of anterior brain regions due to greater participation of the 

internal carotid artery and its two branches, the anterior and middle cerebral arteries 

(Figure 1.6.), in SCD cerebrovascular neuropathology compared to vessels supplying
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posterior brain regions (Gerald et al. 1980; Prohovnik et al. 1995; Pavlakis et al. 1988; 

W ang et al. 1992; Kugler et al. 1993). In 50-60% of stroke cases pathology primarily 

affects the terminal segment (bifurcation) o f the internal carotid artery, and anterior and 

middle cerebral artery branches (Serjeant, 1992). These main findings are considered in 

greater detail below.

Figure 1.6. Arterial anatomy of the brain. (Hanaway et al., 1998)

(̂jsteriof

Fro ti:a! lu b e

C[jiic cnia3rra
VI (3d G
COrODM 
artc fy

I n t e n a l  
c a f o l 'd

Piiuila' V 
qiarc

T o r - p - r a  
lobe

Occip la I 
lobe

O r d e  of Willis:

* Anüer of 
c e r e t x a l  a  t t r y

* A nterior
comrpunii.atn ij 
a r te ry

* Posterior 
coT i^uoicatir^q  
a rtery

* P o ster io r  
c e r e b r a l

B a si ar artery-

artery

C e r e n o l  u m

1.3.2.1. Chronic neurological problem s associated  with sickle cell.

1.3.2.1.1. Hypoxaemia: Anaemia o f any origin is associated with reduced 

oxygen (Bookchin and Lew, 1996), and may result in chronic baseline 

hypoxaemia. In addition, intermittent nocturnal hypoxaemia is a feature of 

SCD (Sammuels et al., 1992), and is usually secondary to obstructive sleep 

apnea (OSA), a common complaint in children with SCD at least partly due 

to abnormality of the adenoids and tonsils in the context o f frequent upper
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respiratory tract infection. Case reports suggested that OSA was associated 

with stroke in SCD (Robertson et al., 1988; Davies et al., 1989). A recent 

prospective study of 95 children and young adults with SCD, aged between 

1 and 23 years, followed for up to 10 years, found that neurological events 

(stroke, transient ischaemic attack, seizures, coma) were more frequent in 

those with lowered mean arterial oxygen (<96% SaOi, normal values are 

between 97 and 100%; Kirkham et al., 2001b). OSA is associated with 

cerebrovascular disease in adults (Silvestrini et al., 2002) and children 

(Kirkham et al., 2000) and may also lead to an acute decrease in blood flow 

in the MCA (Netzer et al., 1998).

1.3.2.1.2. Brain-blood flow  abnormality: In SCD, the cerebral blood vessels 

may be abnormal for many years without a clinical stroke occurring. While 

structural imaging reveals mature infarcts, reduced perfusion identifies brain 

tissue which has not infarcted but is ‘at risk’ of irreversible ischaemia. 

Cerebral blood flow (CBF) studies are generally invasive and have rarely 

been performed in normal children, so there are few data with which to 

compare CBF values in children with SCD. Compared to adults, higher 

CBF values were obtained by Settergren et al. (1980) in seventy pre-surgical 

anaesthetized children aged between 11 days and 15 years, but there was no 

difference between child and adult groups in cerebral uptake of oxygen and 

glucose. There is one study of CBF in awake children (Kennedy and 

Sokoloff, 1957) which, perhaps because of anxiety, showed much higher 

values compared to those obtained in Settergren’s cohort.

In adults with SCD, studies with Xenon gas and positron emission 

tomography (PET) demonstrated that global CBF was around two-thirds 

greater than in controls (Herold et al., 1987; Prohovnik et al., 1989; Kugler 

et al., 1993). This increase in CBF is a compensatory response to chronic 

anaemia, but patients may fail to increase CBF at critical periods in 

development when extra blood is required by the brain, i.e. they have a 

reduced ‘reserve capacity’ (Prohovnik et al., 1989), which leaves the brain 

vulnerable to focal and global ischaemia.
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It is therefore not surprising that studies of regional cerebral blood 

flow (rCBF) and metabolism have shown focal hypoperfusion in SCD 

patients with and without symptoms (Herold et al., 1987; Powars et al.,

1999). Powars et al. (1999) used PET and showed hypoperfusion and/or 

hypometabolism in 36 (73%) of a group of 49 patients with SCD. Of the 19 

who had had a stroke, 17 (89%) were abnormal, of 20 who had had a life- 

threatening hypoxic episode or soft neurological signs, 13 (65%) were 

abnormal, and of 10 who were neurologically normal and asymptomatic, six 

were abnormal. Huttenlocher et al. (1984), obtained CBF using Xenon 

inhalation from 16 children (3 to 18 years) with SCD (13 HbSS) and 

suspected cerebrovascular disease. Abnormality, defined by total, 

hemispheric, or ‘regional’ decreases in CBF, was found in 17 out of 26 

studies performed on this group.

There are few data on rCBF in acutely symptomatic patients, but the 

available studies suggest that those with vessel occlusion have an area of 

reduced CBF, distal to the site of occlusion and that children with stupor, 

coma or seizures have a global reduction in CBF (Huttenlocher et al., 1984). 

Two additional finding in Huttenlocher’s study are particularly important. 

Firstly, CBF was highly variable and did not show an age-related decrease. 

Secondly, abnormal values were found in children less than five years of 

age, suggesting CBF abnormality may be a very early feature of SCD.

More recently, information about CBF has been obtained using MR- 

perfusion. This technique involves intravenous injection of a contrast agent, 

and the close monitoring of its progress through the brain (Gadian, 1995).

In particular, measures of the rate of flow (mean transit time: MTT) and 

regional distribution of flow (rCBF) provide important information about 

perfusion in the individual child, and may indicate tissue at risk of infarction 

(Kirkham, 2001a). Kirkham et al. (2001a) investigated CBF abnormalities 

in 48 patients with SCD, aged between 4 and 34 years. Perfusion 

abnormality, defined as reduced rCBF and increased MTT was present in 25
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patients, one of whom was asymptomatic but had evidence of cognitive 

impairment (Wisconsin Card Sort Test). The perfusion abnormality affected 

the frontal lobes in the majority of cases (14/25); parietal, occipital, and/or 

temporal cortices were additionally involved in all but one of these cases. 

Bilateral involvement was present in 11 cases. Interestingly, this study 

found evidence of perfusion deficit in patients who appeared normal when 

assessed by other neuro-pathological markers (e.g. Magnetic Resonance 

Angiography). Oguz et al. (2003) used an arterial spin-labelling MR 

perfusion technique and showed increased global CBF in patients with SCD 

compared with controls; focal reductions in CBF were again found in 

territories which were apparently normal on MRI.

1.3.2.2. Brain infarction.

1.3.2.2.1. Clinical Stroke: Stroke may occur as a result of a vaso-occlusive 

episode in the brain. In SCD, this may be due to the formation of a clot 

(thromboembolism) or a result of progresssive narrowing of the major 

cerebral arteries (stenosis). Pathophysiologically, stenosis appears to be 

secondary to endothelial proliferation (Rothman, 1986), and may be 

detected by conventional (Stockman et al. 1972) or magnetic resonance 

(Witzinger 1989) angiography. Clinical stroke is defined as focal 

symptoms, including altered mental status, hemiparesis, and/or disturbances 

in speech and language function, lasting longer than 24 hours. In a follow- 

up of children (age 1 to 14 years) discharged from 46 hospitals in the 

Washington area with a diagnosis of stroke, SCD was the commonest cause 

(39%; Earley et al., 1998). The estimated incidence of stroke in SCD is 

285/100,000, similar to that for a population of elderly adults, whereas the 

incidence of stroke in a non-SCD paediatric population is 2.5/100,000 

(Schoenberg et al., 1978). In the same year as Barley’s study, Ohene- 

Frempong et al. (1998) reported a high incidence of clinical stroke (4.01% 

SS and 0.84% SC) in a large sample of 4,082 children studied 

longitudinally. Incidence of stroke was low in very young children (less
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than age two), highest in children aged 1 to 9 years, and intermediate in 

adolescents. While infarcts were common in children and the elderly, young 

adults (20 to 29 years) were at increased risk of haemorrhagic stroke 

(usually due to rupture of a blood vessel). In addition, a relatively high 

recurrence rate of 14% was reported for patients surviving the first day after 

initial stroke. The incidence of infarction in children is higher when silent 

lesions are considered, and detection of covert infarcts in vivo has been 

made possible with advances in imaging technology.

1.3.2.2.2 .Silent Infarction: Small areas of infarction may occur without 

overt neurological symptoms (Mercuri et al. 1995). In this case the infarct is 

considered ‘silent’ or covert. Moser et al. (1996) found that 17% of children 

with HbSS between the ages of 6 and 16 years, had changes in the brain 

consistent with silent infarction. The follow-up CSSCD study of 415 

children with SCD found an even higher prevalence of 22%, probably 

because of improved technology (Pegelow et al., 2002). A history of 

seizures, lower ‘crises’ rate, and low haemoglobin level are all associated 

with increased risk of infarction (Kinney et al., 1999). Silent infarcts were 

mostly present in children with HbSS, but also affected children with less 

severe SCD phenotypes (e.g. HbSC 5.8%). Two other interesting findings 

emerged. Firstly, silent infarcts increased with age in boys, reaching a 

plateau after age the age of 10 years, while in girls there was no association 

between age and prevalence of silent infarct; girls were less likely in general 

to have a silent infarct between the ages of 6 and 16 years, but the reason for 

this is not clear. Secondly, approximately one quarter of children with HbS 

who had a silent infarct at baseline, had additional silent infarction at 

follow-up, while new infarcts were less likely in children who had a normal 

baseline MRI (2.5%).

1.3.2.3. Sites o f neuropathology. A very early series of autopsy studies 

documented heterogeneous effects of SCD on the brain, with subsequent studies focussing 

more on radiological findings as mortality reduced and post-mortem studies were
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performed less frequently. Wertham et al. (1942) described two types of abnormality in the 

brains of five patients: (i) large vascular lesions in the basal ganglia, parieto-occipital 

region, and the pons in 3 cases, and, in addition, (ii) small focal lesions of a more diffuse 

nature, typically associated with areas of white matter demyelination in the borderzones 

between cortical grey matter and subcortical white-matter. It was noted that some lesions 

were in rows of two or three, indicating ‘their development along the course of blood 

vessels’. Kimmelstiel (1948) also reported ‘numerous foci of degeneration’, primarily in 

the white matter. Vasculopathy, defined as capillary abnormality with ‘clumping’ of sickle 

cells, was found in three children without evidence of large vessel occlusion by Baird 

(1964). This was also associated with multiple micro-infarcts mostly located in the white 

matter. In contrast, in 12 patients undergoing post mortem, Rothman (1986) found 

evidence for large vessel disease, leading to either perfusion failure or embolisation in the 

borderzones between arterial territories. He found that infarction was most common in the 

territory of the internal carotid artery (ICA), particularly in the borderzone between the 

middle (MCA) and anterior cerebral arteries (ACA). He also found organising thrombus in 

the distal internal carotid and proximal MCA and ACA. Finally, a more recent study by 

Koshy et al. (1990) described prominent large arterial occlusion in the terminal portions of 

the ICA and proximal segments of the MCA and ACA. Brain pathology showed numerous 

microinfarcts in the deep white matter and cerebral grey matter of this anterior circulation, 

even when there was no evidence of neurological abnormality in life. Koshy et al. 

hypothesised that neuropathology may underlie alterations in intellectual and emotional 

function in some SCD patients during their lifetime.

Using MRI, Adams et al (1988) and Pavlakis et al. (1988) confirmed Rothman’s 

finding that the anterior borderzone as particularly susceptible to infarction. Three types of 

brain lesions visible on MRI were described by Verlhac (1998): cortico-subcortical 

infarction (often in the Perisylvian region), anterior infarction in the cortical borderzones 

between the MCA and ACA, and small infarcts in the basal ganglia, internal capsule and 

white matter (periventricular areas). Thus, there is evidence that lesions predominantly 

affect the frontal lobes. In support of this, a relatively large study by Seibert et al. (1993) 

reported that lesions were mostly in the anterior circulation territory (the internal carotid - 

ICA, MCA and ACA) in 28 abnormal MRI scans obtained from children and adults aged 

between 3 to 22 years. While clinical stroke may involve both the cortex and white matter.



Chapter 1 : Introduction___________________________________________ AMH 2003 54

silent infarction is more likely to occur in white matter (Moser et al., 1996). In the CSSCD 

follow-up MRI study of 415 children, some of whom had suffered multiple events, lesions 

were more likely to occur in the frontal lobe (81%), compared to parietal (45%), 

subcortical (16%) or temporal (9%) lobes; lesions in the occipital lobe or cerebellum were 

rare (Pegelow et al., 2002). Clinical stroke may involve both the cortex and white matter 

(Moser et al., 1996; Pegelow et al., 2002). In Pegelow's paper, 77.8% of clinical strokes 

were associated more with cortical lesions (77.8%) than silent infarcts (20.7%), Which, like 

the earlier study by Moser et al., tended to affect white matter.

In vivo, vasculopathy may be detected by MR-Angiography (MRA), a non-invasive 

MRI sequence, producing structural images of the vasculature (e.g. Witzinger 1989), and/or 

Transcranial Doppler (TCD; e.g. Adams et al., 1992). The frequency of the reflected 

ultrasound is converted to a measure of velocity, but change in velocity does not always 

predict change in cerebral blood flow (CBF; Kirkham et al., 1986). Change in CBF may be 

measured if the vessel diameter is constant, but not in the presence of stenosis (Kirkham et 

al., 1986). Abnormally high or low velocity may be present in children due to 

cerebrovascular disease, and high velocity is predictive of stroke (Adams et al., 1992). In 

Adams’ study, abnormal velocity in the internal carotid artery or middle cerebral artery, 

defined as blood flow equal to or greater than 170 cm per second, was found in 23 out of 

190 patients aged between 3 and 18 years. Seven children suffered a stroke during follow- 

up, six of whom had an abnormal TCD. The later inclusion of 125 more children 

confirmed the high risk of stroke in children with a high TCD velocity (Adams et al.,

1997).

1.3.2.4. Critical Ages for onset o f neuropathology and associated neurological 

symptoms. Greer and Schotland (1962) originally reported that neurological signs and 

symptoms, defined as ‘...abnormalities or symptoms [...] sufficiently specific to indicate a 

focal neurologic deficit’, appeared to be relatively common in children with SCD under the 

age of 10 years. Patients with complaints of headache, dizziness, faintness, or ill-defined 

paresthesiae were not included unless accompanied by signs of neural damage, defined by 

abnormal neurological examination. Out of a total of 72 patients categorised as abnormal 

by this definition, onset of neurological symptoms was between the ages of 6 months to 5
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years in 20 cases, between the ages of 6 to 10 years in 11 cases, and thereafter fell to 8 and 

6 cases respectively for the 11 to 15 year, and 16 to 20 year age groups; the remaining 27 

cases showed symptom onset between 21 and 50 years. However, as this was not a 

longitudinal study, it is possible that the neurological symptoms in the older age groups 

were evident earlier in life but not formally recognised. If so, the prevalence of 

neuropathology in childhood may have been even higher.

More recent studies have confirmed the susceptibility to neuropathology of young 

children with SCD. Stroke in children with SCD occurs at a median age of six years (range 

15 months to 14 years) and is less frequent after age 10 (Balkaran et al 1992). The majority 

of lesions are sustained in early to middle childhood, and are present by the age of eight 

years (Pegelow et al., 2002), occurring earlier in girls than boys. Huttenlocher et al.

(1984) cautioned that blood-flow abnormalities without brain lesions may be present very 

early, before the age of five years. Very early neuropathology was also demonstrated in a 

study of basilar artery dilatation (Steen et al., 1998). Dilatation (ectasia) of major arteries 

in the brain may be a compensatory effect for reduced levels of oxygen, and may therefore 

be an early indication of cerebrovascular disease. MRA scans were performed on 47 

children (2 to 16 years), the majority of whom had HbSS (n=37), and 49 controls with 

neurological diagnoses other than SCD (e.g. brain tumour). In this study, Steen et al. found 

that 37% of children with SCD had abnormally high basilar artery volume, with a mean 

volume 74% higher in SCD than in controls. One particularly important finding was that 

about a third of children aged between two and five years had abnormally large volumes, 

implying that significant vasculopathy can be apparent at a very young age. In support of 

this, Manci et al. (1996) also found evidence of vasculopathy in children with SCD by two 

years of age. Thus, the accumulated evidence indicates that it is unwise to ignore the 

potential for brain damage in very young children with SCD.

1.3.3. Summarv

In summary, SCD is a genetically inherited disorder of haemoglobin affecting 

multiple body systems, but principally associated with anaemia. There is a high incidence 

of brain pathology, involving grey and white matter in the territory of the anterior
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circulation (ICA, MCA and ACA). In the majority of cases, neurological abnormality 

begins to manifest in children under the age of 10 years. This raises the possibility that 

SCD may be associated with atypical cognitive development, but the nature and extent of 

cognitive deficits, and the underlying neural mechanisms, have not been extensively 

documented.

1.4. SICKLE CELL DISEASE: COGNITIVE OUTCOME

Despite the increasing realisation that SCD is associated with neurological 

complications, there were only sporadic reports of cognitive outcome during the mid- to 

late-20* century. This was probably due to a lack of information about the nature of brain 

abnormality. This review is divided into three sections in order to take into account the 

relatively recent availability of brain imaging data. Firstly, there is a brief review of those 

studies published before the routine application of CT, PET, and MRI technology. (1.4.1.). 

During the 1990’s, increasingly sophisticated brain imaging techniques enabled the 

investigation of cognitive correlates of brain lesions in children with SCD, and a number of 

representative studies are described (1.4.2.). Finally, the relatively high incidence of 

frontal lobe lesions in SCD is addressed by four studies reporting the results of tests of 

executive function (1.4.3.).

1.4.1. Barlv studies of cognitive outcome

At a time when behavioural abnormality was not routinely associated with SCD, 

Wertham et al. (1942) related chronic psychopathology, such as psychosis and suicidal 

intent, to autopsy findings in the brains of five adults with SCD. Despite the implications 

for more general behavioural and cognitive abnormality, the earliest study of outcome in 

children with SCD did not report any intellectual deficits. Chodorkoff and Whitten (1963) 

administered tests of intelligence (Binet to children under the age of eight years, and 

Wechsler Intelligence Scale for Children, WISC, to older children) to 19 children and 

found no effect on intellectual or psychological functioning. For many years, this study
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was held as the ‘gold-standard’ and interest in possible cognitive deficits waned. In the 

1970’s, however, Logothetis et al. (1971), administered the Porteus Maze and Wechsler IQ 

tests to 138 children and adults with homozygous P-Thalassemia (a disease with genetic 

and clinical similarities to SCD) and found relatively lower IQ scores compared to controls 

in patients with more severe symptoms and those on ‘less vigorous’ transfusion 

programmes. In addition, ‘abnormalities in character’ and ‘behaviour’ were reported in 96 

cases, reflecting a high incidence of emotional problems. This study effectively re-focused 

interest in the cognitive consequences of anaemia, including those with SCD.

Later studies considered the possibility that common symptoms of SCD, such as 

higher susceptibility to infection, influenced learning and cognition by increasing the time 

spent away from school. Fowler et al. (1985) considered the effects of SCD, and other 

chronic health conditions, on school achievement and absence in a sample of 270 American 

children. Children with epilepsy, sickle cell disease, or spina bifida were found to have the 

lowest scores on achievement tests compared to those children with other chronic 

conditions. The authors did not suspect that SCD would directly increase the risk of 

intellectual deficits or learning disabilities, unlike epilepsy or spina bifida. Instead, they 

considered the actual number of days away from school and other socio-economic factors 

as the likely cause of low levels of achievement. Support for this hypothesis has come 

from a number of investigators. For example, Richard and Burlew (1997), examined 

school grades and did not find any differences in the academic performance of 42 children 

with SCD compared to their peers (n=26).

However, several studies have documented cognitive difficulties in SCD. A later 

study by Fowler et al. (1988) reported the results of a more systematic study of SCD. 

Twenty-eight children with SCD and 28 socio-economic matched controls, aged between 6 

and 17 years, were administered one subtest from the WISC-R (Coding), measures of 

academic achievement (WRAT), a measure of attention (Kagan MFFT), and a test of 

visuo-motor skill (VMI). Older children with SCD (>12 years) were found to be worse on 

visuo-motor and attention tests than on tests of educational achievement, but this 

discrepancy was not evident in the scores of young children. Fowler concluded that the 

results continued to support her earlier hypothesis, that cognitive deficit is not related to
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severity of SCD, but conceded that SCD may nevertheless be associated with subtle 

neuropsychological deficit.

Swift et al. (1989) compared the results of a study of neuropsychological outcome 

in 21 children with SCD to 21 controls (aged between 7 and 16 years) and found that the 

mean Full Scale IQ (FSIQ) of children with SCD was approximately 16 points lower than 

that obtained by children without SCD. In addition, academic achievement levels were 

reported to be appropriate for IQ in both groups as measured by a battery of tests assessing 

learning, visuo-motor skills and behaviour. These authors interpreted their results as 

evidence for neuropsychological deficits in the absence of a neurological impairment.

A more direct association between SCD and cognitive deficit was made by Knight 

et al. (1995). In this relatively large study, Wechsler IQ tests were administered to 60 

patients with SCD and age and sex matched controls, aged between 15 and 18 years. 

Although a discrepancy of only five points was found between the verbal IQ (VIQ) and the 

performance IQ (PIQ) scores of patients compared to controls, the attention factor score 

was significantly lower in children with SCD. In contrast to the Fowler et al. studies (1985, 

1988), differences in IQ were not accounted for by parental occupation, school 

absenteeism, school drop out, or reported levels of overactivity. Instead, pre-pubertal 

height made a larger contribution to the difference in IQ, leading the authors to speculate 

that early factors, possibly nutritional, contributed to impaired mental development.

1.4.2. Cognitive outcome in relation to neuropathologv and other factors.

Two studies suggested that overt stroke in SCD made an important contribution to 

cognitive deficits. Hariman et al. (1991) documented lower IQ (68.1 +/- 17.8) in children 

with SCD who had had a stroke than in age- and gender-matched patients with SCD 

without overt stroke (91.4 +/- 13.1). Cohen et al. (1994) reported that children with SCD 

were significantly impaired after stroke on a large battery of tests including measures of 

intellect, vocabulary, academic achievement, visuo-spatial and motor function. Increasing 

availability of brain imaging techniques, such as MRI and PET, has made it possible to 

make more direct comparisons between children with SCD with and without silent, as well
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as overt (clinical stroke), lesions. Subsequent evidence suggests that the cognitive 

impairment found in children studied by Swift et al. (1989) might have been due to silent 

stroke.

Evidence for an association between silent stroke and cognitive impairment has 

been reported by Watkins et al. (1998). Forty-one children with SCD were compared to 15 

sibling controls, aged between 5 and 16 years. MRI scans revealed that among the children 

with SCD, five children had large infarcts encroaching on frontal lobe tissue and four had 

silent frontal lobe infarcts. Those children with silent stroke achieved mean scores that fell 

between the scores of children with clinical strokes (lowest scores on all measures) and 

sibling controls, although scores of the silent stroke group were not significantly lower than 

controls. Similarly, in the study by DeBaun et al. (1998) results of tests of attention and 

executive function were found to be sensitive to presence of silent stroke in seven children 

with SCD compared to 17 normal sibling controls.

The intra-hemispheric locus of lesion may impact the nature and severity of 

cognitive outcome, but few studies of SCD have addressed this issue. Most authors have 

relied on general categories of ‘anterior’ or ‘posterior’ rather than more specifically 

pinpointing affected regions within these areas. For example. Craft et al. (1993) used MRI 

to categorise children with SCD into three groups; ‘diffuse cortical’ stroke (n=l 1),

‘anterior’ stroke (e.g. anterior watershed, including centrum semiovale, middle cerebral 

artery territory and basal ganglia; n=6), and no observable lesion (n=12), and compared 

them to 20 sibling controls. Compared to controls, the diffuse cortical stroke group was 

found to be impaired on tests of spatial function, whereas children with anterior lesions had 

more intrusions during word list recall on a test of verbal learning. No significant 

difference between patient groups and controls were found on tests of motor, verbal or 

memory functioning. More recently, Schatz et al. (2000) studied 28 children and young 

adults with SCD and stroke, aged between 7 and 21 years, and 17 sibling controls of 

similar age, and found a different neuropsychological profile for patients with multiple 

‘anterior’ and ‘posterior’ infarcts (determined by MRI; n=18), compared to children with 

infarcts restricted to anterior regions. Children with ‘anterior’ infarcts (anterior to the 

central sulcus; n=7) were more likely to score lower on tests of attention and executive 

skill, e.g. TOVA, WCST, whereas children with more diffuse damage had additional
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deficits in a large battery of tests of visuo-spatial function, Furthermore, the volume of 

lesion was significantly associated with visuo-spatial and language measures, but not 

significantly associated with attention, memory or executive functions.

Reports of an association between abnormal metabolism in the frontal lobes on PET 

studies and cognitive deficits suggest that functional abnormalities, in the absence of 

structural lesions, may occur in SCD. Rodgers et al. (1988) performed fluoro- 

deoxyglucose PET studies in six adults with SCD with no neurological abnormality, and 

age-matched controls, and found no difference in global cerebral metabolic rate between 

the two groups. There were, however, some abnormal areas of decreased glucose uptake in 

the frontal lobes of SCD patients, implying some blood flow abnormality in this region. In 

a PET study of 18 adults, Prohovnik et al. (1995) identified three patients with subcortical 

frontal hypometabolic abnormality. The group as a whole was significantly worse than 44 

controls on neuropsychological tests of attention, motor speed and drawing, with 20% 

meeting the authors' criteria for dementia. The authors concluded that pervasive frontal 

cortex dysfunction in SCD may exist, even when frontal lobe tissue appears structurally 

normal on MRI. Powars et al. (1999) also found hypoperfusion and hypometabolism on 

PET in symptomatic and asymptomatic patients with SCD, often in the frontal regions.

While there may be multiple factors associated with poor cognitive outcome in 

SCD, systematic information is only available for some.

1.4.2.1. Lesion Location. Cohen et al. (1994) described the neuropsychological 

pattern of deficits in children with SCD as similar to that in adults with stroke; children 

with a left hemisphere lesion had evidence of apraxia and aphasia with generalised 

academic problems, whereas children with a right hemisphere lesion had a pattern of 

dysfunction involving visual-motor construction and memory, and difficulties with maths.

Restricted intellectual status in children with SCD may be partly due to the 

increased prevalence of bilateral infarct. Of the 41 children with SCD studied by Watkins 

et al. (1998), five had bilateral involvement as a result of overt stroke. In contrast, three of 

the four children with silent stroke had unilateral lesions, and the remaining 30 children had
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no structural abnormality on MRI. Children with clinical stroke (all bilateral) had a mean 

FSIQ score of 67.6, whereas only one child with silent stroke had bilateral involvement and 

mean FSIQ for this group was higher (79). In the study of Hariman et al. (1991) of 

children with SCD and overt stroke, a lower mean FSIQ (52) was obtained after bilateral 

lesions in four children, compared to five with left hemisphere strokes and five with right 

hemisphere strokes, who obtained mean full scale IQs of 67 and 81, respectively.

IA.2.2. Age at assessment. The age at which brain damage is sustained has a 

profound influence on the subsequent maturation of cognitive functions and the 

development of cerebral organization in the face of early injury. However, the occurrence 

of silent stroke makes the determination of the age at which individual children acquire 

lesions less certain. In addition, there is a relatively high incidence of multiple infarctions. 

Powars et al. (1978) reported a 67% incidence of second infarct within three years in a 

group of children with SCD who had already had one stroke. In view of this confound, 

studies investigating cognitive outcome typically use age at assessment rather than age at 

injury as the basis for comparison of groups. The study by Fowler et al. (1988) was one of 

the first to consider the effect of age at assessment in children with SCD. The 50 children 

with SCD in this series were categorised as young (6 to 11 years) or old (greater than 12 

years). The young group obtained higher scores than the old group on tests of academic 

achievement (WRAT Reading and Maths), short-term memory (WISC-R Digit Span 

subtest) and visuo-motor skill (VMI). Similarly, a later study hypothesised that children 

with SCD would have greater cognitive impairment with increasing age (Brown et al.

1993), but did not find any evidence to support this prediction.

The critical age for susceptibility to stroke in SCD is early to middle childhood (i.e. 

between 2 and 6 years), but the age at assessment in many cohorts is considerably older and 

therefore potentially sensitive periods are often overlooked. Although Earley et al (1998), 

among other researchers, have highlighted the need for early (under 2 years) screening for 

stroke prevention treatment, there are hardly any published studies of this age group.

Wang et al. (1993) have published the only series of very young children with SCD. They 

administered the Denver Developmental Screening Test to 344 children with SCD aged 

between 6 and 60 months, and concluded that development is ‘relatively normal’ before the
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age of 3 years. ‘Questionable’ and ‘abnormal’ test results were more common in children 

aged 3 to 5 years. However, as with the studies of older children, the study design was 

cross-sectional. The opportunity to determine the age at which brain abnormalities start to

have an effect on development may therefore have been missed.

There is only one longitudinal study of infants. Thompson et al. (2002) 

administered the Bayley’s Scales of Infant Development to a total of 89 infants at 6, 12, 24

and 36 months, and reported a significant decrease in cognitive but not psychomotor 

functioning over time. These findings indicate that very young children are at risk of 

cognitive impairment, but the absence of an ethnically matched control group restricted the 

extent to which cognitive impairment could be associated with SCD in this study. In a 

study of 34 preschool children with SCD (age 5 years), Steen et al. (2002) administered the 

Developing Skills Checklist in order to assess kindergarten readiness skills. Four areas of 

skill were examined (mathematics, language, memory and auditory discrimination, and 

while children with SCD obtained lower scores than their classroom peers in all areas, only 

auditory discrimination was significantly impaired. This implies that early cognitive deficit 

is subtle, but may nevertheless contribute to future learning.

1.4.3. Chronic neuropatholoeical concerns (constraints on plasticitvl

Clinical studies have highlighted more chronic abnormalities of blood-oxygen level 

(hypoxaemia) and blood flow, with these adverse events occurring independently of stroke. 

The extent to which these factors influence cognition is, at this stage, unknown. However, 

it is possible that stroke in children with SCD may be an additional burden on an already 

compromised system.

1.4.3.1. Hypoxaemia. At around the age of six months, levels of foetal 

haemoglobin (HbF) fall and the proportion of sickle cells (HbS) increases with associated 

anaemia and the risk of hypoxaemia. In addition, young children are at risk of intermittent 

hypoxaemia secondary to upper airway obstruction in the context of enlarged tonsils and 

adenoids (adenotonsillar hypertrophy). Afro-Caribbean children may be at particular risk 

(Redline et al., 1999).
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The detrimental effects of hypoxia on cognitive development have been 

documented, but such studies are associated with the more acute occurrence of birth 

asphyxia, (see Simon 1999 for a review). Less devastating but chronic levels of hypoxia are 

more likely in SCD (Kirkham et al., 2001b). Evidence for a detrimental effect of chronic 

hypoxia was found in a study of 31 children with cardiac abnormalities by O’Dougherty et 

al (1985). Chronic hypoxia was associated with inability to sustain attention and low 

academic achievement. The behavioural and cognitive problems (poor attention, 

hyperactivity and poor school performance) associated with sleep disordered breathing in 

the general paediatric population (Chevrin et al., 2002; Gozal 2001), may be secondary to 

intermittent hypoxaemia, which is associated with poor performance on spatial and 

executive function tasks in animals (Decker 2003), or to sleep fragmentation or both 

(Beebe and Gozal, 2002). Thus, cognitive performance in SCD might also be affected by 

hypoxaemia secondary to anaemia and/or sleep disordered breathing.

1.4.3.2. Blood Flow Abnormalities. As discussed above, the brain responds to 

hypoxaemia by increasing blood supply in an attempt to keep brain-oxygen at an optimal 

level. The increase in CBF may lead to remodelling of the cerebral vasculature, with 

ectasia (dilation) of major arteries. Ectasia of the basilar artery may be a marker for brain 

vulnerability (Steen et al. 1998). These authors retrospectively compared extent of ectasia 

of the basilar artery, measured by MR angiography, with levels of intellectual function in 

47 children, aged between 2 and 16 years; IQ had been measured in 17 of these children. 

Basilar artery volume was significantly and inversely correlated with FSIQ (r = -.62) and 

Freedom from Distratibility (r = -.61). The authors concluded that intellectual impairment 

may result from a chronic insufficiency of oxygen delivery to the brain, independently of 

stroke. Watkins et al. (1998) also speculated that metabolic insufficiency without structural 

abnormality may influence cognition. Mean FSIQ obtained from 30 children with 

structurally normal MRI brain scans was approximately six points below healthy sibling 

controls. While this difference was not clinically or statistically significant, it is 

nevertheless a robust finding that was later supported in a meta-analysis (Schatz, 2002).
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1.4.4. Evidence of executive dysfunction

Although there is substantial evidence that the frontal lobes are the most common 

site of neuropathology in SCD, few studies have systematically attempted to examine 

executive function and/or associate the locus of lesion with cognitive outcome.
t

1.4.4.1. Attention. Goonan et al. (1994) concluded that the results obtained from 

two tests of attention and inhibitory control ‘refute the notion of disease-related 

neurocognitive impairment’. A total of 24 patients (4 to 15 years) with ‘sickle cell 

syndrome’, and 11 sibling controls (7 to 15 years), were administered a test of sustained 

attention (computerised vigilance task), and a test purported to measure inhibitory control 

(Matching Familiar Figures Test: MFFT). The authors hypothesised that patients would be 

impaired on both of these tasks compared to controls due to the high incidence of frontal 

lobe abnormality associated with SCD. However, as no significant differences were found 

for either of these measures, it was concluded that the development of attention and 

inhibitory control proceeds normally in the presence of SCD. The basis for this conclusion 

should be examined further. Firstly, the extent to which the MFFT examines inhibitory 

control is uncertain. This test requires the subject to identify a target picture from amongst 

six variants, and may therefore examine visual discrimination skills more than inhibitory 

control per se. Secondly, the patients in this study were included only if there was an 

absence of ‘apparent cerebral neurological complications, including cerebrovascular 

accidents, hemiplegia, seizures, alteration of mental status, sensory deficits, central nervous 

system infection, cerebral fat embolism or cerebral haemorrhage, as verified in medical 

records.’ In addition, patients who were receiving chronic blood transfusion were also 

excluded. It may be more circumspect to conclude, therefore, that children who are at an 

early, asymptomatic, disease stage are unimpaired on these tasks. Related to this, without 

CT or MRI evidence it is impossible to confirm whether or not these children had silent 

infarcts, the presence of which may have been associated with impairment. It is possible 

that some children did have silent lesions and that this ‘subgroup’ may have been impaired 

relative to those without lesions. Categorising children with SCD according to presence or 

absence of neuropathology may be a more appropriate way to confirm whether or not there
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is disease-related cognitive impairment. This approach would indicate if cognitive 

impairment declines with disease stage.

Craft et al. (1993) used MRI to divide a group of 29 children with SCD according to 

lesion site: anterior (ACA or MCA territory; n = 6), diffuse (‘not confined to anterior 

regions’; n = 11), and no detectable lesion (n = 12). The mean age at assessment in all 

groups was 10 years. Attention (auditory vigilance; detection of target letter) and the 

ability to distinguish relevant from irrelevant stimuli (total number of intrusions across 

trials) were assessed in all patients and 20 sibling controls. The test of attention revealed a 

greater mean number of errors in the anterior group (7.2), compared to the diffuse group 

(5.7), no-lesion group (4.1), and sibling controls (3.6). Similarly, the mean number of 

intrusions was significantly greater in the anterior group (12.0) than any of the other 

groups; diffuse (2.0), no-lesion (6.1) and sibling controls (2.4).

1.4.4.2, Rule learning and inhibition. The Wisconsin Card Sorting Test (WCST), 

which provides a measure of perseverative behaviour, is conunonly used with adult 

patients. Watkins et al. (1998) found deficits on this test in SCD children with frontal lobe 

pathology. The results revealed a significantly greater number of perseverative errors in 

children with lesions involving prefrontal areas than in two children whose lesions did not 

involve frontal areas; one case had a small infarct in parietal white matter and another had a 

choroidal fissure. Furthermore, a high rate of perseverative responding was not accounted 

for by age effects as an age-matched sibling control group obtained results comparable to 

normal adults. Interestingly, one child in this cohort had MRI confirmation of frontal lobe 

perfusion abnormality which was originally predicted on the basis of a worsening in WCST 

performance (Kirkham et al., 2001a).

1.4.4.3. Working Memory. Working memory has been associated with the frontal 

lobes in a number of animal lesion studies and in patient populations (Goldman et al. 1971; 

Petrides and Milner 1982; Petrides 1991, 1995). White et al. (2000) examined working 

memory in children with SCD, aged between 7 and 15 years, within the framework of the 

working memory model proposed by Baddeley and Hitch (1974). This cognitive model
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involves a central executive component aided by two subsidiary ‘slave’ systems: the 

‘phonological loop’ and the ‘visuo-spatial scratchpad’. Baddeley preferred not to assign 

anatomical locations within the brain to components of the working memory system. 

However, some investigators have implicated anterior brain regions in subserving the 

phonological loop and central executive components (e.g. Petrides et al. 1993). White et al. 

hypothesised that the nature of deficits in a verbal recall task may suggest which 

component of the working memory model is at risk in children with SCD, and further, that 

there may be some association with lesion location. Specifically, if word-length affected 

performance this would point to a phonological loop deficit. However, if there was a 

general decline in memory span across conditions, this may suggest central executive 

dysfunction. Thirty-one children with SCD were grouped according to MRI confirmed 

lesion location; anterior (ACA territory and anterior MCA territory. Basal Ganglia,

Centrum Semiovale; n = 4), posterior (posterior to ‘anterior’ structures; n = 4), diffuse 

(including ‘anterior’ and ‘posterior’ structures; n = 12), SCD no-lesion (n = 11). Lists of 

real words with one, two or three syllables were presented and children were asked to 

immediately recall them. In the anterior group overall memory span was comparable to 

controls, but there was a reduced effect of word-length indicating dysfunction limited to the 

phonological loop. There was no evidence of reduced memory span or impaired word- 

length effect in the posterior group, indicating an intact central executive and phonological 

loop. Finally, children in the diffuse group demonstrated an intact word-length effect but a 

reduced overall memory span compared to controls, thus suggesting a dysfunctional central 

executive. White et al. concluded that these results were evidence for a variable pattern of 

performance in children with SCD depending on lesion location. They also suggested that 

impairments in working memory may contribute to cognitive and academic deficits in 

children with SCD.

1.4.5. General Summary

There is a high incidence of brain lesions occurring in mid- to late-childhood in 

SCD. Consistent with this a number of authors have reported lowered IQ scores, and, in 

some cases, additional cognitive deficits particularly relevant to frontal lobe function. 

While these studies give some indication of the incidence and types of cognitive deficits
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associated with SCD, many limitations have been identified. Very few studies have 

examined cognitive functioning in either very young children or in adults, but the age at 

which SCD begins to affect development, and the extent to which cognitive deficits 

improve or persist into adulthood, has profound implications for our understanding of this 

condition. For example, the extent to which plasticity may be constrained by persisting 

neuropathological concerns may have implications for the way in which SCD is managed 

clinically. In addition, the determination of modifiable risk factors has relevance for 

cognitive development as well as clinical management. The majority of studies are cross- 

sectional in design and therefore do not address the possibility of intermittent or persistent 

cognitive deficit in SCD. By conducting longitudinal studies of intellectual and executive 

functioning, and providing convergent evidence on the functional integrity of the brain 

through physiological indices of lesion location, blood flow and oxygen levels, it is 

anticipated that infants and children at risk of brain damage may be identified and a greater 

understanding of cognitive impairment may be reached.
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Chapter 2: Study Aims and Characteristics of the Participants

In this chapter, the study aims are stated (2.1.) and the study is outlined (2.2.). The 

patient populations participating in this study: (i) Infant, and (ii) Child, Adolescent and 

Young Adult, are introduced (2.3.), and the test protocols described (2.4.).

2.1. Main Study Aims

2.1.1. To determine if SCD affects the early development of cognitive functions

As SCD is an inherited disorder it is important to consider the relationship between 

the timing of possible brain damage and the emergence of those aspects of cognition that 

are associated with executive function. In SCD brain lesions tend to occur in early to mid

childhood, but the majority of studies have focused on older children. It is important to 

adopt a more developmental approach and extend the relevant investigations downwards as 

early as infancy, as this may allow some insight into the effect of neuropathology on the 

developing brain. While a longitudinal study spanning the entirety of infancy, childhood 

and adolescence is unrealistic, it is practical to investigate critical time windows, 

particularly during early development. In doing so it may be possible to establish whether 

or not SCD affects the development of cognition in general or certain of its components 

from the very early stages of life.

2.1.2. To determine whether there is evidence of executive dvsfiinction in SCD

The case for a deficit in executive dysfunction in SCD has received little attention, 

although there is some evidence in support of such an association (Craft et al., 1993; 

Watkins et al., 1998; White et al., 2000; but see Goonan et al., 1994). Based on the 

suggestion of Baddeley (1998), it is important to first establish a prima facie case for an 

executive function deficit in SCD. If SCD is indeed associated with executive dysfunction.
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then it can be predicted that patients may be more impaired than controls on tasks sensitive 

to executive function. Simply stated, those at a more advanced disease stage, defined by 

the presence of a brain lesion, may be more impaired than those at an earlier disease stage, 

defined by the absence of a brain lesion. There is already some evidence to support these 

predictions. It has been reported that children with SCD without evidence of structural 

brain lesions obtain lower scores (on intellectual and executive function measures) 

compared to sibling controls (Watkins et al., 1998), and this functional abnormality may be 

a reflection of occult brain damage. Finally, there is currently no evidence to indicate if 

SCD exerts a temporary or chronic effect on executive function. In order to address this 

issue, it is important to investigate children longitudinally using the same measures of 

executive function. By doing so, the natural history of executive dysfunction in SCD may 

be more clearly defined.

2.1.3. To investigate whether deficits in executive function in SCD are related to frontal 

lobe abnormalitv

The frontal lobes are proposed to have an important role in co-ordinating disparate 

information to reach a desired goal, such as using existing knowledge of the environment 

and current sensory input, and subsequently formulating a goal-directed motor programme 

in order to respond to a particular task demand. This requires a high level of cognitive co

ordination, which is probably mediated by a large number of neural networks that have in 

common reciprocal connections with the frontal lobes. It is therefore reasonable to predict 

that any deficits in executive function in patients with SCD may be a reflection of an 

underlying neuropathology in the frontal lobes.

2.2. Outline of Study

To address the study aims, two studies were carried out; Figure 2.1. shows the time 

line for the investigation of the two groups of participants.
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The first was a prospective study investigating a group of infants with SCD and 

ethnic and age-matched controls at three critical developmental time points within the first 

year of life (Figure 2.1. left-side). A total of 15 infants with SCD and 14 control infants, 

matched for age and ethnicity, were recruited at birth and assessed at 3-, 9-, and 12-months 

of age.

The second study (Figure 2.1. right-side) examined cognitive outcome in felation to 

measures of brain function in a large group of children and young adults with SCD (n=50) 

and a group of sibling controls (n=26), the majority of whom (88% SCD patients, 65% 

controls) had been investigated at a younger age (Time 1) as part of a separate research 

project (Watkins et al., 1998). Thus, there were longitudinal data available for the majority 

of patients and controls, on a putative measure of executive function (Wisconsin Card Sort 

Test) and on a test of intellectual function.

The right-side of Figure 2.1 represents the age range of the older cohort at Time 1 

and at the time of assessment for this study (Time 2).

• The first vertical line represents the mean age at first assessment in the subgroup 

of patients and controls who had previously been assessed at Time 1 (SCD 

(n=44): 8 years 8 months. Standard Deviation = By 4m (8:8 '̂ )̂; Controls 

(n=17): 8:9  ̂ P=0.957).

• The second vertical line represents the mean age at assessment of all patients 

and controls in the present study -  Time 2 -  including all those seen at Time 1 

(SCD (n=50): 16:6 Controls (n=26): 16:2 P=0.719).

• The mean interim between Time 1 and Time 2 for those participants seen 

longitudinally was eight years (standard deviation = 2 years) in both groups 

(range -  SCD: 1 year to 13:2 years; Controls: 1:1 years to 10:4 years;

P=0.813).
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Figure 2.1. Time line of the two studies illustrating the ages at assessment of the 
participants. [Infant Study: * actual assessment age of patients and controls (corrected for prematurity); 
Child, Adolescent and Young Adult Study: the first vertical line represents the mean age at first assessment 
for children who participated at Time 1, and the second vertical line represents the mean age at assessment for 
all children and young adults who participated in the present study. The dotted line represents the standard 
deviation for SCD patients, and the dashed line represents the standard deviation for controls. Age 4 to 25 
years is the entire age range during which the assessments for Timel and Time 2 took place.]
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2.3. Participants

2.3.1. Infant Study

2.3.1.1. SCD Infants. (n=15; 11 male): Parents of 18 SCD infants diagnosed with 

SCD, aged between one and three months, were approached at their first outpatient 

appointment at The Royal London Hospital in Hackney, East London, and consent was 

obtained for 15 infants to participate in the study. For the duration of the study, all infants 

remained resident in the East End of London. Of these 15 infants, 14 were diagnosed with 

HbSS either by prenatal screening or by cord-blood screening at birth, and one infant was 

diagnosed with HbSC. All infants were bom to mothers of Afro-Caribbean decent; three 

from Nigeria, three from the Congo, two from Angola, and one each from Gambia, 

Uganda, Ghana, Zaire, Montserrat and Jamaica. The parents of the infant with HbSC were 

both bom in the UK but the infant’s grandparents were of African decent. All infants were 

bom at term (defined as a gestational age greater than 37 weeks), except two who were 

both bom at 34 weeks; one of these infants had abdominal surgery at the age of one day, 

but both were otherwise healthy and were discharged from hospital within one week of 

birth. Ten infants were bom by normal vaginal delivery, and five were bom by Caesarean
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section, three elective and two emergency due to maternal pre-eclampsia. All infants were 

breastfed and in good health; one baby had mild Erb’s palsy but this did not significantly 

interfere with hand and arm function. Additional information on this sample is reported in 

Table 2.1.

2.3.1.2. Control Infants. (n=14; 6 male): Ethical permission was obtained to 

approach parents of babies on the post-natal ward at The Royal London Hospital; infants 

with SCD attend outpatient appointments at the same hospital. Criteria for inclusion were 

at least one parent of Afro-Caribbean descent, a negative test for SCD at either prenatal 

testing or cord-blood screening at birth, and absence of significant medical history (e.g. 

assisted ventilation). On this basis, 20 families were approached and 13 gave consent for 

their infant to participate. Subsequently, one of these infants was excluded as it was 

discovered that he had spent the first two weeks of life in the Special Care Baby Unit. Two 

additional control infants were recruited through the families of the older SCD cohort; one 

control infant is the cousin of the HbSC infant, and the other was bom to a participant 

(control) in the Child, Adolescent and Young Adult Study. In total, 14 control infants were 

recruited, all of whom had at least one Afro-Caribbean parent (usually mother); six were 

from Nigeria, three each from Jamaica and Ghana, and one from Montserrat. For one 

control infant, the Father’s country was specified only as ‘Africa’. One control infant was 

bom at 34 weeks, but all remaining infants were bom at term. The majority were bom by 

normal vaginal delivery; three were bom by elective Caesarean section, and three by 

emergency section due to matemal complications and/or foetal distress. All control infants 

were breastfed and in good health. Additional information on this sample is presented in 

Table 2.1.
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Table 2.1. Infant study: Participant information and overview of attendance compliance.

[X = attended]

I D . Sex Birth

Weight

(kg)

ExDOSure to 

African language

3 mo 9 mo 12 mo Reason for non-attendance

SCD

1. A.A. M 3.3 Daily (Yoniba) X X X

2. K.J.D. M 3.9 Never X X X

3. K.K. F 3.5 Daily (Luganda) X X Lost contact

4. T.K. M 3.0 Daily (French) X X X

5. J.O. M 4.0 Infrequently (Ibo) X X X

6. B.W. M 3.7 Daily (Lingala) X X X

7. A.K. M 3.0 Daily (Lingala) X X X

8. E.B. M 3.5 Daily (Twi) X X Moved house and lost contac

9. C.M. F 2.8 Daily (French) X X X

10. P.M.* M 2.3 Daily (French) X X Age miscalculated

11. E.L. M 3.4 Daily (Lingala) X X X

12. C.G. M 4.3 Never X X X

12b. C.O. F 3.3 Never X X Recruited at 4 mo

14. E.H. M 3.7 Never X X X

15. D.A.* F 2.5 Infrequently (Yoruba) X X X

Control

1. K.F. M 3.1 Never X X X

2. A T . F 2.7 Never X X X

3. D.G. M 3.8 Infrequently (Yoruba) X X Moved to USA

4. J.W. F 2.7 Never X X X

5. D P . M 3.8 Never X X X

6. P.K. F 3.6 Never X Recruited at 8 mo; lost contai

7. O P. M 4.3 Infrequently (Ibo) X X X

8. B.H. F 3.2 Daily (Twi) X Father withdrew consent

9. J.A. F 3.9 Weekly (Gha) X X X

10. K.Kp.* M 2.8 Daily (Ewe) X X X
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11. L.D. F 3.2 Never X X X

12. A .W . F 3.7 Never X X  X

12b. E.O. F 3,1 Weekly ( ‘Nigerian’) X X Recruited at 8 mo

14. K.R. F 2.7 Infrequently (Yoruba) X X Recruited at 8 mo

* Premature

2.3.2. Child. Adolescent and Young Adult Study

2.3.2.1. Previously published neuropsychological results obtained from the ICH 

cohort. In 1998, Watkins et al. published neuropsychological results obtained from a group 

of 41 children with SCD and 15 sibling controls from the Institute of Child Health (ICH) 

SCD cohort. Children with SCD were categorised according to presence or absence of 

lesion determined by MRI; five children had suffered a clinical stroke (symptomatic), four 

children had a lesion on MRI but had no history of stroke (asymptomatic), and 30 children 

did not have a lesion (SCD/nrm). Intelligence, memory, and an aspect of executive 

function were assessed and the results were as follows, (i) Intelligence -  Full Scale IQ was 

lowest in the Symptomatic group (67.6), and highest in the Control group (92.0), with the 

Asymptomatic (79.0) and SCD/nrm (86.0) groups obtaining mean scores in between; only 

the Symptomatic group obtained a significantly lower mean Full Scale IQ than either the 

SCD/nrm or Control groups. Verbal IQ was higher than Performance IQ in all groups, but 

this difference was not significant, (ii) Memory -  The Wechsler Memory Scale (Adapted) 

provided measures of immediate and delayed verbal and visual recall, as well as verbal 

paired associate learning. The Symptomatic group obtained significantly lower mean 

scores than SCD/nrm and Control groups for all areas of memory and learning examined. 

The Asymptomatic group achieved significantly higher mean scores than the Symptomatic 

group in some subtests (such as Immediate Design Recall, Paired Associate Learning and 

Delayed Verbal Recall), (iii) Executive Function -  This was assessed by the Wisconsin 

Card Sorting Test (WCST). A significant group difference was found only for number of 

perseverative errors. As before, the Symptomatic group made a significantly greater 

number of perseverative errors than either the SCD/nrm or the Control groups; although the 

Symptomatic group also made more perseverative errors than the Asymptomatic group.



Chapter 2: Study Aims and Populations______________________________ AMH 2003 75

this difference was not significant. This study therefore identified neuropsychological 

deficits in the SCD cohort studied at ICH.

23.2.2. Study Population

2.3.2.2.I. SCD Patients (n=50). Since the SCD study began in 1992 a total 

of 108 children with SCD and 21 sibling controls have participated in 

neuropsychological assessment at ICH (Time 1). The majority of this 

cohort were recruited by Kate Watkins, in 1992/3 (n=77 SCD; n=15 

controls; not all of this sample was included in the 1998 paper), and additional 

children (31 SCD children, 11 controls) were recruited by Alexandra Hogan 

and Sarah Bayless between 1997 and 2002.

Although there was some, albeit limited, knowledge of results of 

earlier imaging studies due to familiarity with the patient cohort, the results 

did not influence the selection of patients invited for follow-up; all of the 

original cohort were invited to return regardless of presence and/or location 

of lesion. Due to the high mobility, and other socio-demographic 

characteristics of this population, there was a high probability that only a 

proportion of the original sample could be located. In some cases families 

had returned to Africa, and in other cases, young adults were attending 

University at locations throughout the UK. Attempts were made to locate as 

many of the original cohort as possible, by attending local meetings of the 

SCD-Society, and by asking children if they were still in contact with 

friends they met through clinic.

A total of 44 patients who were seen previously (Time 1) agreed to 

participate in the present study. In addition to this sample, who were 

investigated longitudinally, six children who had not previously been 

assessed at Time 1 participated due to parental request. These families were 

introduced in the course of tracing original patients. Thus a total of 50 

patients with SCD participated in the study.
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The majority of patients were identified at birth as HbSS (n=44), and 

the remaining six cases all had HbSC. Socio-demographic, developmental 

and general health information was requested in all cases, but not always 

provided. It is likely that some parents were reluctant to fill in the 

questionnaire due to language and literacy difficulties. In addition, it is 

suspected that a number of children were living with relatives othdr than 

close family members and were therefore unable to provide information 

about their own early development. While hospital records document the 

prescription of medication, in particular prophylactic penicillin and folic 

acid, it became clear during the course of the study that a number of older 

children and young adults were non-compliant at the time of assessment, 

and some did not attend haematology appointments regularly. The number 

of crises varied from none in the year before assessment (majority), to one 

or more (minority). Crises mainly took the form of joint and stomach pain, 

although headaches were common. In general, there was a high level of 

anxiety about the possibility of research participation leading to hospital 

treatment, particularly blood transfusion, and this suggests that reports of 

medication and incidence of crises, particularly in those over age 16 years, 

may have been unreliable. These variables were therefore not considered 

further. All subjects of school-age were in mainstream education, and the 

majority of young adults were attending university.

2.3.2.2.2. Controls (n=26). All of the 21 original sibling controls 

investigated at Time 1 were invited to return for follow-up, and 17 agreed to 

participate. An additional nine controls were recruited for this study and 

therefore did not have longitudinal data. Two of these controls were related 

to SCD participants, and the remaining seven were recruited from other 

studies in the same department; all control subjects were African-British. 

The incidence of SCD trait in this group is uncertain as not all controls had 

been screened at birth for the disorder, and many of those who had been 

screened were not aware of the result.
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Chapter 3: Development of cognitive function in infants

This chapter first examines the development of cognitive and motor function in 

SCD infants from the age of 3-months, and, where possible, relates indices of 

developmental delay to underlying blood flow and oxygenation abnormality as 

measured by Transcranial Doppler and oximetry (3.1.). Following this, the early 

development and subsequent maturation of those aspects of cognition associated with 

executive function (e.g. ‘inhibition’, ‘attention’) are assessed in greater detail in 9- and 

12-month infants. The increasing capacity to organize and systematize search 

behaviour into goal-directed patterns of behaviour is measured in two paradigms. A- 

not-B (3.2.) and Object Retrieval (3.3.) have been indirectly linked to frontal lobe 

function in a number of human infant and monkey lesion studies, and are proposed to 

require skills analogous to adult executive functions in adults, namely working memory 

and inhibition. Finally, the extent to which SCD affects selective aspects of infant 

cognition is investigated. Novelty Preference (3.4.) is a measure of early recognition 

memory and is associated with the temporal lobes. If SCD results in selective brain 

abnormality, from an earlier age than previously considered, impairments may be 

detectable on one or more of these measures. More specifically, impairment may be 

greater on A-not-B and Object Retrieval tasks than on Novelty Preference as these 

measures assess skills that have been associated with frontal lobe development.

3.1. Neurodevelopmental Screen

3.1.1. Studies reporting the results of developmental scales in infants with SCD.

Only two studies have examined early development in infants with SCD. Wang 

et al. (1993) administered the Denver Developmental Screening Test to 344 children 

with SCD aged between 6- and 60-months, and concluded that development is 

‘relatively normal’ before the age of three years. ‘Questionable’ and ‘abnormal’ test 

results were more common in children aged three to five years. However, the study 

design was cross-sectional. The opportunity to determine the age at which brain
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abnormalities start to have an effect on development may therefore have been missed. 

The only longitudinal study of infants was published by Thompson et al. (2002). These 

authors administered the Bayley’s Scales of Infant Development (BSID) to a total of 89 

infants at 6-, 12-, 24- and 36-months, and reported a significant decrease in cognitive 

but not psychomotor functioning over time. These findings indicated therefore that 

very young children are at risk of cognitive impairment, but the absence of an ethnically 

matched control group limited the extent to which cognitive impairment may have been 

associated with SCD and not other socio-demographic factors.

3.1.2. Hvpotheses

It was hypothesised that infants with SCD would be delayed compared to 

controls on a measure of early cognitive, language and motor development, and that this 

would be evident at 3-, 9- and 12-months. Where possible, attempts were made to 

relate the results of Doppler and oximetry studies to neurodevelopmental scores. In 

relation to this, it was hypothesised that those infants who were at greatest risk of 

developmental delay may also have shown an abnormal Doppler and/or oximetry 

recording.

3.1.3. Method

3.1.3.1. Bay ley Infant Neurodevelopmental Screen. In 1995, a number of 

original items from the BSID were incorporated into the Bayley Infant 

Neurodevelopmental Screener (BINS; Aylward 1995), but the BINS is not simply an 

abbreviation of the original BSID. The BINS was specifically developed in order to 

identify infants at risk of developmental delay associated with neurological impairment, 

although by examining neurological function and cognitive/motor development in 

tandem, it may only be assumed that there is an association between neurological and 

developmental functions. In summary, the BENS is a brief screen of motor, cognitive 

and language development, assessing the presence/absence of skills such as grasping, 

sitting, walking, babbling, responding to requests, looking for hidden objects and 

solving simple problems, e.g. removing a pellet from a small container.
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3.1.3.2. Scoring. The BINS was administered to all infants at 3-, 9- and 12- 

months. A raw score was obtained from subtests m easuring four areas of ability: Basic 

Neurological Functions / Intactness; Receptive Functions; Expressive Functions; 

Cognitive Processes. Infants were also categorised by raw score into one of three ‘risk’ 

domains for neurodevelopmental delay; ‘low-risk’, ‘m oderate-risk’, and ‘high-risk’.

3 .1.3.3. Classification o f  neuropathology in SCD infants. W hile it was not 

possible to obtain M Rl brain images in infants without sedation, it was possible to 

identify those infants with signs of hypoxaemia and/or abnormal brain-blood flow by 

other means. Such infants may be considered ‘at risk’ of future stroke (Adams et al., 

1992). This was done by measuring the percentage of oxygen saturation in the blood 

CSaO]’), and the velocity of blood-flow in the major brain arteries (transcranial 

Doppler ultrasonography; TCD; see Introduction section 1). Oximetry was measured 

by placing a probe on the infant’s finger or toe, and recording the percentage SaO? every 

10 seconds over a three minute period. The mean SaOi was then calculated for each 

individual infant. A low SaO] (normal values are 97% and above) represents a decrease 

in the level of oxygen in the arterial blood supply, and may infer decreased oxygen 

supply to the brain. Transcranial Doppler was performed by an experienced doctor 

(Mara Prengler) and was typically recorded while the infant fed or slept. The infant 

was seated on the m other’s lap and a probe was held to the side of the infant’s head 

over the temples, as illustrated in Picture 1. This is a good place to hold the probe as 

the skull is less thick in this area.

Picture 1 : M easurement of blood flow by TCD in an infant with SCD
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The mean velocity was recorded for each major artery (anterior cerebral artery - 

ACA, middle cerebral artery -  MCA, and posterior cerebral artery - PCA) on both the 

left and right sides of the infant’s head. The velocity of the basilar artery was recorded 

from the back of the head, just below the inion. It was not possible to obtain measures 

in controls due to restrictions on the time of the examining doctor. However, individual 

scores from each major artery (ACA, MCA, PCA, and Basilar) were compared to 

normative data obtained from a sample of 38 normally developing infants in Kilifl, 

Kenya (F. Kirkham; unpublished data). Abnormal scores are defined as greater than two 

standard deviations from the normative mean for each major artery.

3.1.4. Results

3.1.4.1. Oximetry and TCD results: Values obtained from individual SCD , 

infants are presented in Table 3.1. In this table, a list of abnormal arteries is given for 

each individual infant at each assessment, i.e. if only the left ACA is listed, then all 

other arteries were tested and found to be normal in that infant at that assessment. 

These data suggest that abnormal TCD and SaOz recordings were evident in infants 

with SCD from the age of 3-months, but were more common at both 9- and 12-months. 

In addition, the ACA and MCA appeared disproportionately affected. These arteries 

supply anterior brain regions including the frontal lobes. Two infants (T.K. and E.L.) 

showed evidence of improvement over time. The reason for this was not known.

Table 3.1. Abnormal TCD and/or SaÛ2 in individual SCD infants

ID. 3 months 9 months 12 months

1. A.A. normal SaOi 89% Left ACA

2. K.J.D. normal normal SaOz 96%

3. K.K. Basilar SaOz 93% -

4. T.K. Left PCA normal Bi. MCA + ACA, Basilar; SaOi 94%

5. J.O. - Bi. MCA + ACA, Basilar Bi. MCA, Basilar

6. B.W. - normal Left ACA

7. A.K. - normal normal



Chapter 3: Infant Development AM H 2003 8

8. E .B . normal Left ACA -

9. C M . normal normal Left ACA

10. P .M . - - Bi. MCA

11. E .L . normal SaÜ2 95% normal

12. C.G . normal normal normal

12b. C.G . - normal normal

14. E .H . normal Left ACA -

15. D .A . - Right ACA -

Dash -  represents either non-attendance or failure to obtain a TCD and/or SaÜ 2 measure.
Blank cell -  represents a normal TCD and SaO? measure.
ACA -  anterior cerebral artery, MCA -  middle cerebral artery, PCA -  posterior cerebral artery. Basilar 
basilar artery. SaO ?- level o f oxygen saturation in the blood

3.1.4.2. 3-months. At this age, a BINS score was obtained for 13 SCD infants 

and 11 controls. Individual BINS raw scores are presented in Figure 3.1.

Figure 3.1. BINS scores obtained from infants at 3-months. (The line represents the median 

score for each group.]
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While the median score obtained from both groups was in the low risk range, the 

Control infants scored significantly higher than the SCD infants (M ann-W hitney 

U=34.5, P=0.021). At this age, two infants with SCD had abnormal Doppler scores, 

indicating abnormal blood-flow to the brain. One of these infants obtained the lowest
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BINS rating (6) and the other infant obtained a rating of nine. Although the infant 

scoring eight had a Doppler rating that was 1.8 standard deviations from the mean, this 

did not reach the criterion for ‘abnorm al’ (defined as >2 standard deviations).

3.1.4.3. 9-Months. Scores were obtained from all SCD infants and 13 out of 14 

controls. Individual BINS raw scores are presented in Figure 3.2. It is important to 

note that at each age the BINS has different thresholds for risk categories of raw scores.

Figure 3.2. BINS scores obtained from infants at 9-months.
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At this age there was more variability in scores, with eight SCD infants and four 

controls obtaining scores in the m oderate-high risk range. The median score in 

Controls remained in the low-risk range, whereas the median score in SCD infants had 

fallen from the low-risk to the m oderate-risk range. W hile there was a very strong trend 

for a significant group difference, this fell just short o f statistical significance (Mann 

W hitney U=57.0, P=0.056). This may be explained in part by the small sample size 

(see Chapter 8: for discussion about the statistical power of the study). Four SCD infants had 

an abnormal Doppler study, two of whom scored in the low-risk range (both scored 12), 

one scored in the m oderate-risk range (10) and one scored in the high-risk range (9).

The infant with the lowest BINS score (7), and therefore at highest risk of 

developmental delay, had a normal Doppler rating but had the lowest level of oxygen in 

the blood measured by oximetry (SaOi of 89%; normal ratings are 97% and above).
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Interestingly, this was the same infant who scored in the high-risk range at 3-months 

(BINS score of 8). Two other infants had abnormal SaO? scores at this age, one of 

whom scored within the high risk range (BINS score 8: SaOi 95%), but the other scored 

within the low-risk range (11; 93%). The infant with the lowest score at 3-months 

continued to score within the high-risk range at 9-months (8), but this was not 

associated with any Doppler or blood-oxygen abnorm ality at this age.

3.1.4.4. 12 Months. Scores were obtained from 13 SCD infants and 10 controls. 

Individual BINs raw scores are presented in Figure 3.3.

Figure 3.3. BINS scores obtained from infants at 12-months.
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Although there continued to be a trend for a higher BINS rating in controls 

compared to SCD infants this fell short of statistical significance (U=38.00, P=0.082). 

The SCD infant with the lowest score (7) had a normal Doppler and SaOi; although it 

was noted that this infant had a slightly lowered SaO? at 9-months (95%). Six SCD 

infants score within the moderate-risk range, o f whom half had an abnormal Doppler 

and/or SaOi. However, four SCD infants scoring in the low-risk range also had an 

abnormal Doppler study.
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3.1.4.5. Developmental comparisons. In order to compare performance across 

all three ages, infants were re-categorised into one of two risk categories: ‘low’ risk; 

‘moderate-high’ risk. There was no significant decline in performance in controls, 

reflecting the fact that the majority of infants scored in the ‘low’ risk range at 3-, 9- and 

12-months. By contrast, performance in SCD infants, when analysed separately, 

significantly declined during the first year of life defined by a greater number of infants 

obtaining scores in the ‘moderate-high’ risk range as they grew older (Cochran’s Q 

=6.3(2), P=0.044). This was attributable to an increase in the number of infants 

obtaining ‘moderate-high’ risk scores at 9-months compared to 3-months (P<0.05); 

performance at 12-months did not significantly differ compare to performance at 3- or 

9-month.

3.1.5. Discussion

Based on the hypothesis that infants with SCD would be delayed compared to 

controls, a measure of early cognitive, language and motor development was 

administered to all infants at 3-, 9- and 12-months. At 3-months SCD infants were at 

significantly greater risk of developmental delay compared to controls, but at 9- and 12- 

months the group difference was reduced. This does not allow us to conclude, however, 

that all SCD infants ended their first year of life at little or no risk of developmental 

delay. The fact remains that more SCD infants than controls scored in the moderate to 

high risk range for developmental delay at each age. In addition, one SCD infant 

consistently scored within the moderate-high risk range at all three assessments, and 

four others scored within this range on two occasions (typically at 9- and 12-months). 

By contrast, no control infant scored within the moderate-high risk range on more than 

one occasion. The performance profile of individual infants over the duration of 

follow-up was not examined by Thompson et al. (2002), probably due to the 

considerable sample size (n=89). Thus the present study provides an insight into the 

persistence of developmental delay in individual infants within the first year of life, but 

does not indicate whether these difficulties may persist into childhood.

While this study uniquely attempted to indirectly relate neuropathology to risk 

of developmental delay, there was no clear relationship between these measures at any 

age. In addition there was evidence of variability with some infants showing evidence
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of abnormality at one time point, but little or no evidence of abnormality only a few 

months later. This underlies the importance of obtaining natural history data in large 

numbers of infants with SCD. Larger population-based studies are clearly required to 

confirm whether or not early neuropathology in SCD is episodic or chronic in nature. 

Although some infants scoring in the moderate to high risk range for developmental 

delay in this study were also found to have an abnormal Doppler and/or level of oxygen 

saturation, this was also found in some infants scoring in the low-risk range. Thus, the 

relationship between these markers of neurological and developmental abnormality may 

be complex, requiring populations of considerable size and longitudinal assessment 

extending beyond the first year of life to reveal any effects. It is nevertheless 

encouraging that both Doppler and oximetry, and a developmental risk score, were 

fairly easily obtained, indicating the practicality of any large-scale study should it be 

undertaken.

3.2. A-not-B

3.2.1. Theoretical background

The Sensorimotor stage, from birth to approximately 18-months, is characterised 

by the development and organization of basic reflexes into recognizable behaviours or 

‘schemas’. It is during this stage that the child acquires knowledge of the environment 

through activity. Particularly important is the acquisition of the concept of the 

permanent object, i.e. the fact that objects still exist when not perceptible. Piaget 

(1954) described six sub-stages of Sensorimotor development that underlie the 

attainment of object permanence. For Stage I and II infants, if the object is out-of-sight 

it is out-of-mind. Stage EQ infants may, however, demonstrate some preliminary 

understanding by retrieving the object if they have already begun to reach for it when it 

is covered. It is not until Stage IV that infants will retrieve an out-of-sight object.

Piaget used the A-not-B paradigm to demonstrate the development of object 

permanence. This is a two-choice hiding tasks in which infants are required to find a 

toy that has been hidden at one of two locations (A or B). Piaget observed that Stage IV 

infants can successfully search for an object at the initial hiding place (A), but fail to
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correctly find the object when it is subsequently hidden at a new location (B). The A- 

not-B error refers to the tendency of infants to return to location A even though they 

saw the toy hidden at location B only a few seconds before. Piaget argues that the A- 

not-B error is not a simple case of forgetting where the toy was, but a case of failing to 

distinguish the toy from the place where it was originally found. This is because an 

immature object concept limits the extent to which objects are viewed as independent 

from locations, i.e. ‘toy-of-f/iaf-place’.

3.2.2. Developmental studies

In a series of studies in the early 1970s the A-not-B phenomenon was confirmed 

with some limitations (Gratch and Landers, 1971; Evans and Gratch, 1972; Gratch et 

al., 1974). In these experiments the task was slightly modified to require success on 

multiple A trials before the examiner switched to B; Piaget had previously administered 

only one A trial. In the first study, the A-not-B error was confirmed to be one in a 

sequence of age-graded responses to the traditional hiding task. At 6-months, infants 

could retrieve a toy that was partially hidden. Shortly after this, at 7-months, infants 

could retrieve a toy that was hidden while the infants were still grasping it. Eight month 

infants could successfully retrieve the toy from location A but made the A-not-B error 

when location of hiding was reversed. In the second study, Evans and Gratch 

introduced a new toy on the first reversal trial in order to address Piaget’s prediction 

that the A-not-B error reflected a failure to distinguish between ‘toy’ and ‘toy-of-that- 

place’. It was hypothesised that if infants failed because the toy had become associated 

with a particular place, they would make fewer errors when a new toy was hidden at the 

new location (B). A total of 24 infants were followed longitudinally between the ages 

of 8 V2- and 1016-months, but it was found that the A-not-B error occurred regardless of 

whether or not a new toy was introduced on the B trial. The authors suggested 

therefore, that the A location had become a ‘place where hidden toys are found’ rather 

than, as Piaget argued, the place where a particular toy is found. In the third study, 

Gratch et al. repeated the traditional A-not-B paradigm, but this time incorporated 

delays between hiding and searching of up to seven seconds. This allowed for the 

testing of the Piaget’s prediction that the A-not-B error is not a failure of memory. A 

total of 48 infants were tested longitudinally between the ages of 7- and 10-months. 

Infants did not make the A-not-B error when there was no delay, but they erred equally
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at delays of one, three and seven seconds. Contrary to Piaget’s prediction, therefore, 

this suggests that forgetting may occur very soon after the toy is hidden and that 

memory failure may contribute to the A-not-B error.

In the 1980’s a series of influential studies by Diamond provided further 

confirmation of the A-not-B error, and, importantly, indirectly assessed the contribution 

of the frontal lobes to success on this task (Diamond 1985; Diamond and Goldman- 

Rakic 1986; Diamond and Goldman-Rakic, 1989a). Diamond originally administered a 

modified A-not-B paradigm to two infant cohorts: (i) 25 normally developing infants 

assessed bi-weekly between the ages of 5- and 12-months; (ii) a cross-sectional study of 

an additional 84 infants of similar ages. An age-related pattern of performance was 

revealed, ranging from inability to uncover a hidden toy in the youngest infants to 

success on B trials at delays in excess of 10 seconds in the oldest infants. Once infants 

began to demonstrate the ability to uncover a hidden toy at approximately seven 

months, performance gradually improved and the mean delay required to demonstrate 

the A-not-B error increased at a rate of two seconds every month. At 9- to 10-months a 

delay of greater than two seconds was required to reveal the A-not-B error, increasing 

to between five and eight seconds at 10- to 11-months, and greater than 10 seconds by 

12-months; the A-not-B error was still apparent in infants aged over 12-months but only 

when increasing delays were incremented. It was found, however, that infants 

performed successfully during the same session if the memory requirements of the task 

were reduced, either by reducing the length of the delay, allowing the infant to reach 

towards the hidden location during the delay, and/or by using transparent or no covers; 

the latter was originally tested by Butterworth (1976). These findings led Diamond to 

conclude that the A-not-B task assesses an early form of sustained attention or working 

memory, although a degree of inhibitory control is also required in that the infant must 

suppress the urge to go back to the previously rewarded well.

3.2.3. Functional neuroanatomv

Diamond and Goldman-Rakic (1986) reported a similar developmental A-not-B 

progression to human infants in four normally developing rhesus monkeys. A level of 

performance comparable to 12-month human infants was achieved by these monkeys at 

4-months. Further studies of A-not-B in adult monkeys with lesions of the dorsolateral
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prefrontal cortex (DLPFC) suggested that this is an important brain structure facilitating 

performance in A-not-B (Diamond and Goldman-Rakic 1989a), but that parietal 

(Diamond and Goldman-Rakic, 1989a) or hippocampal regions (Ammons Horn and 

Dentate Gyrus; Diamond et al., 1989b) were less involved. Monkeys with non-frontal 

lesions performed well on the A-not-B task at delays up to 10 seconds. In contrast, the 

frontally-lesioned monkeys made the A-not-B error at delays as short as two seconds 

and showed little improvement in performance over a number of test sessions. At 

delays of between two and five seconds these monkeys made the typical A-not-B error 

by succeeding on the first two trials at A and failing on the first reversal (B) trial, at 

longer delays, however, performance was random.

3.2.4. Patient populations

Two previous studies have attempted to distinguish atypical behaviour in 

abnormally developing human infants using the A-not-B paradigm, one with greater 

success than the other (Diamond, 1994a / Diamond et al, 1997; Matthews et al., 1996). 

Diamond (1994a) administered the A-not-B task to infants with phenylketonuria (PKU) 

aged between 6- and 12-months. PKU is an inherited disorder of protein metabolism 

adversely affecting the production of dopamine. Diamond hypothesised that PKU 

might impair A-not-B performance, because the increased demand for dopamine in the 

prefrontal cortex, compared to other brain regions, may not be met in these infants. It 

was found that infants with large imbalances in dopamine due to PKU (defined as 

plasma phenylalanine levels three to five times above the normal level) were impaired 

in the acquisition of working memory and inhibitory skills as assessed by the A-not-B 

task. In the study by Matthews et al. (1996), 10 pre-term infants (> 14 days premature 

and < 5.5. pounds in weight) and 10 full-term infants were assessed longitudinally 

between the ages of 7-months and 1-year 3-months, but neither group obtained the 

levels of performance originally recorded in normally developing infants by Diamond 

(1985). While Diamond reported that 12-month old infants make the A-not-B error at a 

10 second delay, the 12-month premature and full-term infants in Matthews’ study 

could only tolerate a five and one second delay, respectively.

There are, however, subtle differences in methodology between these studies, in 

particular the presence of three wells rather than two in the pre-term study; although
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only two wells were used on any one trial (the centre and either the left or right well). 

However, it is reported that the presence of an additional well did not deter infants from 

typically reaching to the empty covered well rather than the empty uncovered well 

when they made the A-not-B error. In addition, the scoring criterion adopted by 

Matthews et al. (1996) was the delay needed to cause the A-not-B error in two out of 

three reversal trials. This is also in contrast to Diamond (1985), who scored infants 

according to a pattern of responding that takes into account the possibility of random 

and/or deteriorated performance (described below). It is, nevertheless, somewhat 

surprising that the premature infants outperformed the full-term infants. Despite 

methodological differences between the studies of Matthews and Diamond, this finding 

is clearly intriguing. Matthews et al. speculate that the relatively better performance of 

the premature infants was due to longer post-natal interaction with their environment 

(age uncorrected).

3.2.5. Hvpothesis

The A-not-B paradigm is believed to assess the development of search-related 

skill in Sensorimotor stage infants. The task is associated with the development of two 

main skills: (i) the ability to hold in mind the location of a hidden toy during a delay, 

and (ii) the ability to inhibit a previously rewarded response in order to retrieve the 

desired toy. Based on the study of monkeys with frontal lobe lesions by Diamond and 

Goldman Rakic (1989a), and the study of infants with PKU by Diamond (1994a), it 

may be predicted that SCD infants who are also at risk of frontal lobe abnormality will 

be impaired on this task. In order to test this hypothesis, the A-not-B task was 

administered to infants with SCD and ethnic-matched controls at 9-and 12-months.

3.2.6. Methods

A-not-B is a two choice hiding task that requires the infant to find a toy hidden 

in one of two wells, either well A or well B. A modified version based on the 

description of Diamond (1985) was administered to both SCD and control infants. This 

version consists of trials at the centre (not involving either well), followed by the 

traditional order of A then B trials (see below). An A-not-B table was built to
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Diamond’s specifications. The table had two wells that were flush to the table top and 

approximately in line with the infant’s shoulders when they were seated on their 

mothers lap. Two identical 15cm^ blue cloths served as covers for the wells.

3.2.6.L Pre-test procedure. Before testing began the infant was allowed to play 

with the blue cloths and a selection of toys pre-selected to fit into the wells. The 

purpose of this was to habituate the infant to the cloths, and to establish which toy the 

infant was most interested in; in most cases the infant went for the noisiest toys such as 

a silver bell or rattle. Once a toy was chosen it usually held an infant’s interest for the 

whole of the session. In the event that the infant became bored with a toy, usually 

demonstrated by fussing and/or throwing it on the floor, a selection of alternative toys 

was offered. In each case, toy preference was decided by the infant and not the 

examiner. Toys were not changed on a reversal trial; although Evans and Gratch (1972) 

found that this did not affect A-not-B performance, this study was not intended to prove 

or disprove this finding.

Clear instmctions were given to the mother about how to hold their infant during 

the task. This involved the mother reaching giround the infant so that they could take 

each of the infant’s hands in each of their hands. The infant’s arms were then ‘crossed’ 

over their chest. This form of gentle restraint prevents the infant reaching before the 

delay period is over and may help the infant to focus on the task (Diamond; personal 

communication); Other investigators have allowed the infant to reach towards the well 

during the hiding and delay. It was unusual for an infant to protest at being restrained, 

but when they did fuss this was generally in older infants and at longer delays. In this 

case the examiner took each of the infant’s hands and clapped them together as she 

counted. The mother was instructed not to let go of the infant until the examiner 

indicated that she should do so. Each mother was also asked to remain facing forward 

and not lean towards either of the wells, or give her infant any other help.

3.2.6.2. Trials at the centre. 1) Partial - On the first centre trial, the mother was 

asked to gently restrain the infant on her lap. The examiner then waved the chosen toy 

in front of the infant before partially hiding it under a blue cloth. Infants were allowed 

to retrieve the toy without delay. If the infant was apprehensive they were verbally 

encouraged to go ahead and get the toy. Other than this the examiner remained neutral 

until the infant had retrieved the toy, at which point there was clapping and cheering;
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this was not so much intended as a reward as a way of keeping the infant interested in 

the toy, but in all well trials the infant was scored as correct if they removed the correct 

cover, 2) Complete -  The trial was repeated but this time the toy was completely 

covered and there was a delay of three seconds for 9-month infants, and a delay of five 

seconds for 12-month infants; these delays are based on Diamond’s findings in 

normally developing infants. During the delay, the infant’s gaze towards the table was 

broken for at least part of the delay. This was done to ensure that the memory demand 

of the task was consistent across infants; while it is impossible to ensure that all infants 

maintain their gaze on the table during the whole of the delay, it is possible to 

consistently, albeit momentarily, break an infant’s gaze with the table. Gaze was 

broken by establishing eye-contact with the infant by counting out-loud, and/or by the 

examiner waving above her head. If the infant did not uncover the toy after the delay 

he/she was verbally encouraged to find it. If he/she still did not look for the toy, the 

examiner jiggled the toy through the blue cloth. After this the cloth was slowly 

removed in order to show the infant where the toy was. The infant was not allowed to 

have the toy and the trial was inunediately repeated without imposing a delay. If an 

infant could not uncover a completely hidden toy after a few attempts the test was 

stopped and no A or B trials were administered. In this case the mother was advised 

that their infant might prefer the Object Retrieval game and that the wells would be 

used on another occasion.

3.2.63. A-not-B Testing. 1) Well A -  The trial was administered in the same 

manner as centre trials, but this time the toy was hidden in well A (examiner’s right- 

side; 3 or 5 second delay for 9- and 12-month infants respectively). After hiding the 

toy, both wells were completely and simultaneously covered by two identical cloths; 

care was taken to ensure that the cloths were smooth to the table and did not overlap in 

the middle. After a delay the infant was released to find the toy (Picture 2). The infant 

was clapped and cheered if they retrieved the toy from well A, and they were allowed to 

play with the toy for a few seconds. If the infant attempted to retrieve the toy from well 

B they were told ‘no, its not there’ in a sad voice and shown where the toy was (in well 

A). In this case the infant was not allowed to play with the toy and the examiner 

repeated the trial. If the infant was unable to retrieve the toy at well A on two 

successive trials, the delay was decremented to 0 (in practice this involved briefly 

calling the infant’s name to get him/her to momentarily break his/her gaze with the



Chapter 3: Infant Developm ent________________________________________AM H 2003 92

table) and trials were continued at well A. If the infant subsequently managed to 

retrieve the toy on two successive trials the examiner moved on to well B but remained 

at zero delay for the rem ainder of the test. If the infant continued to err at well A the 

exam iner used only one cloth in order to help the infant end their test session with 

success. 2) W ell A -  The trial was re-administered in the same format. 3) W ell B -  If 

the infant had successfully retrieved the toy at well A on the first two trials, the toy was 

then hidden in well B; all other aspects of the administration remained the same. 4)

Well B - If the infant was successful on the first reversal trial, the B trial was re

administered with a higher delay (2-3 seconds was added). When infants are successful 

at the A-not-B task it becomes a double alternation task, e.g. AABBAABBAABB.

Picture 2. Infant successfully retrieving a toy from well A.

S.2.6.4. Scoring. In D iam ond’s modified A-not-B task a minimum of 15 trials, 

incorporating five reversals and two delay increments, are administered to successfully 

performing infants. The A-not-B error is defined by a particular response pattern within 

a session. Diamond scores the infant as making the A-not-B error if they fail on a 

reversal trial, and follow this by a correct response or make at least one more reversal 

error, and make no more than one error on a repeat-following-correct trial. W hile this 

criterion allows for greater confidence that infants are indeed making the A-not-B error 

and not just responding randomly, it relies on the exam iner’s success at administering 

the minimum num ber of trials. It was considered that, in the present study, sufficient 

trials to meet this criterion may not be obtained in enough infants. This was due to the 

smaller sample size and limited understanding of the English language in some mothers. 

In practice, a considerable amount o f time was required by some mothers in learning 

how to hold the infant during the delay. Unlike the studies by Diamond, infants were
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also required to participate in other assessments (e.g. ERP, Doppler) in the same 

morning, so the examiner was less inclined to devote a disproportionate amount of time 

to one assessment if the infant was clearly less interested in it. For these reasons, 

infants were marked by a criterion based on the findings of Gratch (1971; described 

above).

Infants were marked according to their level of success. Infants who obtained a 

partially hidden toy were categorised as ‘PARTIAL’, if they obtained a completely 

hidden toy at the centre (with only one cloth) they were categorised as ‘CENTRE- 

COM PLETE’. Infants who successfully retrieved a toy from well A (two cloths) but 

who were unable to switch to well B within the first five trials were categorised as A- 

not-B’. Finally, infants who were able to switch to well B after at least two correct 

trials at well A were categorised as AB’ In any trial the infant was scored as correct if 

they removed the cover; while this criterion was decided before testing began, in 

practice all infants who removed the cover grasped or touched the toy. An infant was 

not scored if they looked to the correct well but did not reach. In this case the trial was 

re-administered with a different toy to give the infant more incentive to reach. Category 

scores were analysed by non-parametric statistics (Chi Square). All trials were video

taped for scoring. Video-tapes from two randomly selected infants (including both 9- 

and 12-month sessions) were independently rated by a Developmental Psychologist 

blinded to SCD status. The inter-rater reliability for A-not-B, Object Retrieval, and 

Novelty Preference, is discussed in Appendix B.

3.2.7. Results

Frequency data for both 9- and 12-month assessments are presented in Figure

3.4.a and b. These graphs show the number of infants whose performance was 

consistent with each category: Partial; Centre-Complete; A-not-B; AB. The actual 

number of infants scoring within each category is presented in Figure 3.4, but these 

graphs should only be used as a guide due to the unequal number of infants in each 

group (group sizes at 9- and 12-months are indicated below).
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Figure 3.4. Number of infants scoring in each category at 9- and 12-months. 

[Nb. The numbers of infants in each group are not equal]
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3.2.7.1. 9-Months. The A-not-B task was attempted with all 15 infants with 

SCD, and 13 control infants; one control infant did not attend a 9-month assessment.

As only one infant (control) was unwilling to participate in the game, reliable data were 

obtained from all SCD infants and 12 controls. At 9-months, all infants were able to 

uncover a partially hidden toy, but two controls and five SCD infants were unable to 

progress to retrieving a completely covered toy. The A-not-B error was more common 

in control infants, and SCD infants were more likely to successfully switch from A to B 

(AB score). There was, however, no significant difference between groups (x“(3)=3.2, 

P=0.351).

3.2.7.2. 12-Months. A total o f five infants did not attend for 12-month 

assessment (2 SCD; 3 controls). In addition to this, one SCD infant and one control 

were unwilling to participate. The group sizes were reduced to 12 SCD infants and 10 

controls. By 12-months all infants could uncover a completely hidden toy, but one 

SCD infant and two controls were unable to uncover a hidden toy at A for two trials in a 

row, and therefore graded as ‘com plete’. The m ajority of infants, however, either 

demonstrated the A-not-B error or were able to perform the task successfully at a five 

second delay. There was no significant difference between groups (%'(2)=.7, P=0.688).
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3.2.8. Discussion

Based on the study of Diamond and Goldman Rakic (1989a), and Diamond 

(1994a), it was hypothesised that SCD infants, who may be at risk of frontal lobe 

abnormality, would be impaired on the A-not-B task measured by reaching. The 

present study was methodologically similar to Diamond (1985), but did not apply the 

same scoring criteria. However, the results are in line with the descriptions of 

developmental progression on this task by Gratch (Gratch and Landers, 1971; Evans 

and Gratch, 1972; Gratch et al., 1974). While the majority of infants in the control 

group made the A-not-B error or could switch from A to B (AB) at 9-months, in line 

with the early predictions of Piaget and the studies by Gratch and Landers (1971), and 

Diamond (1985), SCD group performance was more widely distributed, with infants in 

both the least able and most able categories; one-third of SCD infants were unable to 

uncover a completely hidden toy, and approximately one-third achieved perfect AB 

performance on this task. At 12-months, there was less variability in performance, with 

the majority of infants in both groups making the A-not-B error, or switching from A to 

B (AB) As there are no significant group differences at either 9- or 12-months, and 

both groups show progress when performance at these two ages is compared, it must be 

inferred from this small sample that infants with SCD are not significantly delayed in 

the development of object concept knowledge, as measured by this reaching A-not-B 

paradigm, compared to ethnic-matched controls. However, it is important to assess 

larger numbers of infants as this finding may be due to the small sample sizes. This is 

particularly important due to the large variability in performance that is a common 

feature of infant assessments.

In the present study, perseverative responding was a strong feature in some 

infants, one of whom even made an initial move towards the uncovered (previously 

rewarded) well A even when the examiner resorted to just one cloth over well B. 

Although no attempts were made to associate performance with either TCD or 

Oximetry measures, it is noted that this infant had a very low SaO: (89%) at 9 months. 

This infant’s behaviour seems intuitively similar to anecdotal evidence of overt 

separation of line of sight and line of reach. Diamond originally described this 

phenomenon, where on reversal trials the infant reaches back to well A at the same time 

as looking towards well B, as an indication that, on some level, the infants know where
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the toy is hidden but are unable to inhibit relatively immature motor pathways from 

returning to the originally rewarded location.

The study by Matthews et al. (1996), which had a similar sample size as in the 

present study, reported that premature infants performed better than their controls on the 

A-not-B task. However, the fact that these infants were only mildly premature (two 

weeks) and did not require any special care can only be taken as evidence that 

performance was unaffected by presumably very mild brain abnormality. The fact that 

there was no significant difference in performance between infants with and without 

SCD also suggests that any brain abnormality associated with SCD at this age may also 

be very mild and consequently does not interfere with object concept development as 

measured by reaching. In contrast, a significant difference in favour of controls was 

found between the performance of infants with and without PKU, implying that this 

condition may have a more adverse effect on the developing infant brain (Diamond,, 

1994a; 1997). However, it is important to note that the results are not directly 

comparable due to the different marking criterion used in the three studies: Matthews, 

Diamond, and the present study.

In summary, developmental progression of object concept knowledge, as 

measured by the A-not-B task, was similar in SCD infants and their controls. However, 

due to the considerable variability in performance that is a feature of any infant study, 

and particularly those with small sample sizes, it is important to replicate these findings 

with larger numbers of infants. In the meantime, this study shows that groups of infants 

with SCD may be assembled and assessed by a reaching A-not-B task.

3.3. Object Retrieval

3.3.1. Theoretical background

The primary feature of infant Sensorimotor development is the acquisition of 

knowledge of the environment through activity. In particular, infants must learn to 

reach around barriers in order to obtain a desired object (e.g. hidden toy), and learn how 

to alter the course of their movement (e.g. crawling) in order to circumnavigate barriers.
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Bruner (1970) observed that Senosorimotor infants make ‘awkward detours’ in the 

pursuit of a desired object that is partly occluded, and concluded that this was a normal 

feature of development reflecting the acquisition of inhibitory control of reaching.

Since this time, a number of developmental studies have been published (e.g. Lockman, 

1984; Diamond 1990a), and evidence has been provided to associate the inhibitory 

control of reaching with the frontal lobes (e.g. Moll and Kuypers, 1977; Diamond and 

Goldman-Rakic, 1987; Wallis et al., 2000). In these studies, the development of 

reaching and inhibitory control have been assessed by tasks that require infants and 

monkeys to overcome the desire to reach straight for a desired object by forcing them to 

make detours around barriers.

3.3.2. Developmental studies

A study by Lockman (1984) examined the development of detour ability in 12 

Sensorimotor stage infants (8- to 9-months) by administering four tasks: (i) Reaching 

Detour with Opaque Barrier; (ii) Reaching Detour with Transparent Barrier; (iii) 

Locomotor Detour with Opaque Barrier; (iv) Locomotor Detour with Transparent 

Barrier. Lockman additionally assessed the relation between the development of detour 

ability and object permanence, by administering two further tests of Stage IV and Stage 

VI development. Stage IV development was measured by a three-cloth variation of the 

A-not-B task, and Stage VI development was measured by sequentially ‘hiding’ the toy 

under each of the cloths before finally hiding it under just one; the extent to which 

infants followed the order of ‘hiding’ in their search pattern was observed. Lockman 

hypothesised that infants would achieve success on the detour tasks at a time that was 

intermediate between success on Stage IV and Stage VI tasks. Most infants did indeed 

solve the Stage IV test several weeks before achieving success on any of the detour 

tasks. When detour ability did manifest, success on each of the four tasks was related to 

age; such that the infants could do the reach tasks (opaque before transparent) before 

the locomotor tasks (also opaque before transparent). However, only one infant 

achieved success on the Stage VI task in the final testing session, and only after all four 

detour tasks had been solved. Thus, detour ability followed shortly after the infant 

starts to develop object permanence, and reaching tasks appear to be solved earlier than 

locomotor tasks. In addition, infants are able to retrieve a toy when obscured by an 

opaque barrier before they can retrieve a toy obscured by a transparent barrier. When
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confronted with a transparent barrier, infants would tend to try and reach or crawl 

straight through it to get to the toy. Lockman suggests that this may be explained by 

dominance of visual over motor information-processing in the infant brain.

An alternative, although not contrasting, view is proposed by Diamond (1990a) 

who believes that infants fail to retrieve an object because of immature inhibitory 

control. Infants aged 5- to 6-months are unable to retrieve a toy even if hidden just 

inside the opening of a transparent box with the opening facing them, but over 90% of 

infants this age are able to retrieve the toy if it partially extends out of the box. By the 

age of 6 Vi to 7-months infant’s reaching becomes more precise, with the majority 

obtaining a toy that is just inside the opening. Early improvement on object retrieval is 

associated with increasing control over reflexive grasping; young infants will 

reflexively grasp the first object their hand comes into contact with, usually the edge of 

the box. Reflexive grasping may also be demonstrated by adults with lesions in the 

SMA and premotor cortex (Luria, 1973), suggesting that maturation of this region may 

underlie successful retrieval of an object.

Diamond (1990a; for review) developed an Object Retrieval task that, when 

administered in a longitudinal design to normally developing infants between the ages 

of 6 Vz to 12-months, implied a developmental progression in the inhibitory control of 

reaching. This task requires the infant to obtain a desired toy from under a transparent 

plastic box. Once in place on the table, the infant must identify the open side of the box 

and reach in for the toy in order to retrieve it. As the toy is always on display, i.e. the 

box is see-through so the infant can see it at all times, it is considered that this test does 

not tax working memory or sustained attention to the same extent as A-not-B; what is 

important in this test is the ability to switch attention between box and toy is important. 

Infants at age 6- to 8-months generally try to obtain the toy through the closed top of the 

box and are only successful if their line of sight changes to allow them to see the toy 

through the opening. By 9-months, infants began to separate line of sight and line of 

reach. They are more likely to briefly glance at the toy through the opening before 

sitting-up and reaching in to retrieve it. Fast and efficient performance on the Object 

Retrieval task was evident in infants by 12-months. As in the study by Lockman 

(1984), successful performance was achieved earlier when opaque rather than 

transparent boxes were used, suggesting that inhibitory control over visually-guided 

direct reaching is a necessary skill to master for success on this task.
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3.3.3. Functional neuroanatomv

Infant monkeys were assessed longitudinally on the Object Retrieval task by 

Diamond and Goldman-Rakic (1986). Fast and efficient object retrieval, commensurate 

with human infant performance at 12-months, was apparent in infant monkeys aged 3- 

to 4-months. Before this time, the developmental progression on this task was similar 

to that of human infants from age 7-months onwards. Interestingly, while performance 

in monkeys with lesions in the parietal cortex or hippocampus did not differ from that 

of un-operated monkeys, two monkeys with lesions of the DLPFC were impaired 

(Diamond and Goldman Rakic, 1986). In particular these monkeys were unable to 

inhibit the urge to reach directly by line of sight; to the extent that if they accidentally 

pushed a food reward from partially out of the box opening to inside the box, they 

subsequently changed their approach by trying to retrieve the food directly through the 

top of the box. Moll and Kuypers (1977) alsô found that rhesus monkeys with large 

frontal lobe lesions extending from the DLPFC to the SMA and premotor cortex, tried 

to reach directly through a transparent barrier in order to obtain a food reward. More 

recently, Wallis et al. (20ÇK)) distinguished between the contribution of orbito-frontal 

(OFC) and DLPFC regions in this task. Adult monkeys with OFC lesions attempted to 

reach directly for a food reward through the top of a transparent box, but were able to 

inhibit this response and detour around the box after extensive training with an opaque 

box. By contrast monkeys with DLPFC lesions were unable to transfer knowledge 

gained from opaque trials to the transparent box trials, reaching directly through the top 

of the box by line of sight when previously they had learned to detour around the side.

In summary, the inhibitory control of reaching develops gradually during the 

first year of life, progressing from control over basic reflexive grasping to fast and 

efficient retrieval of an obstructed object. The use of transparent barriers limits the 

extent to which memory processes are assessed by the Object Retrieval task, placing 

greater emphasis on the development of inhibitory control of reaching. Adult monkeys 

with frontal lobe lesions are impaired on object retrieval tasks with transparent barriers, 

performing in a similar manner to young infants with an immature inhibitory control of 

reaching; both groups tend to reach directly by line of sight rather than detouring 

around the barrier.
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3.3.4. Hypothesis

In order to assess the developmental progression of inhibitory control of 

reaching in infants with SCD, who may be considered at risk of frontal lobe 

abnormality, the Object Retrieval task was administered at 9- and 12-months. It was 

hypothesised that infants with SCD would be impaired compared to ethnic-matched 

controls on both the accuracy of reaches and the time taken to complete each trial.

3.3.5. Methods

3.3.5.1. Pre-test procedure. A detour paradigm developed by Diamond (1990a; 

for description of versions of the ‘Object Retrieval’ task) was administered to all infants at both 

9- and 12-months, inunediately following the A-not-B paradigm. This paradigm is 

often easier than the A-not-B task, and therefore greater numbers of infants complete all 

the trials (Diamond, personal communication). The infant sat on their mother’s lap 

across a table from the examiner. Two Perspex boxes were constructed with two open 

sides; when the box was on the table effectively only one side was open. One box was 

slightly larger than the other (width 16cm^ by depth 4.5 cm; width 12cm^ by depth 

6cm), but both were sufficiently deep that they could contain both a small toy and an 

infant’s hand. The infant was given both boxes to explore before testing began. This 

ensured that they habituated to the boxes and were less likely to be attracted to them 

during the test. A selection of toys was also provided to allow the infant to indicate 

which one they were most interested in. The mother was told that she would be asked 

at the beginning of each trial to briefly hold her infant’s hands back (not a restraining 

hold).

3.3.5.2. Object Retrieval Test. A total of 22 trials were attempted by the 

majority of infants. Three trial-types (1. Front Open; 2. Side 1 Open; 3. Side 2 Open) 

are tested at different locations (Front: box at the back, middle and front of the table 

with opening facing infant; Side: box in line with infant’s shoulder with opening facing 

inwards, box at centre with opening at the infant’s midline and box in line with infant’s 

other shoulder with opening facing outwards). In addition, there are three different toy 

positions relative to the box opening (partially out; just inside; deep inside [defined as
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the centre if a small toy is chosen by the infant and against the back of the box if a 

larger toy is selected]); these three toy positions are not tested at all box locations. For 

all trials the examiner asked the mother to lightly hold her infant’s hands back from the 

table. The toy was placed on the table and the box was lowered from above in order to 

give no indication of the side of opening. The infant was not prevented from watching 

as the box was positioned and allowed to search as soon as the box was in place. Cues 

were given if the infant was unable to retrieve the toy. The time at which the examiner 

intervened was determined on an individual basis, but was usually indicated by the 

infant sitting back and starting to fiiss. Cues were never given before the infant had 

made some attempt to get the toy independently. A cue involved briefly lifting or 

sliding the box back, and was given in order to keep an infant interested in the task. If a 

cue was given the trial was scored as incorrect. In the event that an infant did not make 

any attempt to reach for the toy within the first few seconds, the trial was aborted and 

attempted again with another toy.

3.3.5.3. Scoring. Scores across trials were collapsed such that each infant 

obtained three accuracy scores and three time scores. Accuracy scores are defined as 

the percentage of correct reaches on: 1) Easv trials (toy partially out; 5 trials), 2) 

Moderate trials (toy just inside; 5 trials), and, 3) Hard trials (toy deep inside; 9 trials). 

Time scores are the time taken for the infant to retrieve the toy at each of the three trial 

types. This is measured from the time the infant’s hands are released by his/her mother, 

or from the time the infant looked down and moved their hand towards the box if they 

were initially inattentive, until the time at which the infant’s hand made contact with the 

toy, i.e. a purposeful grasp rather than simply brushing against the toy and immediately 

retracting their hand. Infant performance on the ‘hard’ trials where the side opening 

was at the infant’s midline or facing outwards (left or right side open) was examined 

closely for predominant style of reaching. Reaching on these trials was graded as either 

‘Line of Sight’ or ‘Separation of Line of Sight and Line of Reach’. The former was 

defined as any reach where the infant leaned to look through the box opening at the 

same time or just before reaching for the toy. If the infant did not need to look through 

the box opening to successfully retrieve the toy they were graded as being able to 

separate line of sight and line of reach. Data was analysed by non-parametric statistics. 

All trials were video-taped for scoring.
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3.3.6. Results

Accuracy and response time data from 9- and 12-month infants are presented in 

Figures 3.5. a, b, c and d.

Figure 3.5. Object Retrieval accuracy and time scores at 9- and 12-months.
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3.3.6.1. 9-Months. Data were obtained from all SCD infants and 10 out of 14 

controls; one control did not attend for 9-month assessment, and the rem aining three 

infants did not complete enough trials due to excessive fussiness or tiredness. All 

infants successfully retrieved the toy without a cue in the easy condition, but 

performance levels declined in the moderate and hard conditions. This decline across 

conditions was significant in both the SCD {Friedman}(2)= 19.8, P<0.001) and 

Control (x “ (2)=11.4, P=0.003) groups. As level of difficulty increased, there appeared 

to be a greater decline in performance in the SCD infants compared to controls. There 

were, however, no significant group differences for either moderate (M ann-W hitney 

U=62.5, P= 0.495) or hard (U=2.0, P= 0.121) conditions. Both SCD and control infants
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took longer to retrieve the toy as the task became more difficult. This is reflected in a 

significant increase in time across conditions for SCD infants (%^(2)=22.1, P<0.001) 

and controls (x^(2)=16.8, P<0.001). There was, however, no difference between groups 

in the mean time to retrieve the toy in easy (Mann-Whitney U=63.5, P= 0.523), 

moderate (U=47.5, P=0.127) or hard (U=45.0, P=0.215) conditions.

3.3.6.2.12-Months. Data were only obtained from 10 SCD infants; two cases 

did not attend for assessment, the video equipment failed in one case and two infants 

were too fussy/tired to participate. Data were obtained from an equal number of 

controls (n=10); three infants did not attend for 12-month assessment and one infant 

was too fussy/tired. At 12 months all infants successfully retrieved the toy in both easy 

and moderately hard conditions. There was no significant reduction in performance 

levels between conditions in either SCD infants (% ̂ (2)4.0, P=0.135), or controls (% 

^(2)4.0, P=0.135). Similarly, there was no significant group difference for the hard 

condition when analysed separately (Mann-Whitney U=49.5, P=0.971). Once again, a 

significantly longer time was required to retrieve the toy as level of difficulty increased, 

more so in SCD infants (x^(2) 12.8, P=0.002), than controls (x^(2)7.8, P=0.020). There 

was, however, no significant difference between groups in the mean time to retrieve the 

toy in easy (Mann-Whitney U=32.0, P= 0.174), moderate (U=38.0, P=0.364) or hard 

(U=35.0, P=0.257) conditions.

3.3.6.3. Reach style. The predominant reaching style in younger (9 month) 

infants was by line of sight. At this age infants tended to aim straight for the toy, 

banging and scratching the top of the box as if out of frustration. This usually lasted for 

a few seconds before the infant either lost interest or shifted their posture in order to 

look around the box. On occasion some infants did make contact with the edge of the 

open side of the box, and sometimes even brushed against the toy with their hand, but 

unless they were actually looking in through the opening of the box at the same time 

they did not retrieve the toy and returned to scratching the top of the box. If they did 

look at the toy through the open side the infant would then tend to reach in with the 

hand that was contralateral to the opening. Diamond describes this as an ‘awkward 

reach’ (personal communication); an example of an infant making an awkward reach is 

shown in Picture 3. At 12 months there were very few instances of the awkward reach.
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with the majority of infants reaching in for the toy while maintaining both their upright 

posture and their gaze on the top of the box.

Picture 3. Awkward Reach: commonly seen in infants at 9-months ( ‘line o f sight’).

There was no difference between groups in the predominant reaching style at 9- 

months (x"= .l(l), P=0.734) or 12-months (x “= .2 (l), P=0.639). At 9-months, reaching 

style was by line of sight in the m ajority of infants ( 10 out of 15 SCD infants; 6 out of 

10 controls). By 12-months, however, the majority of infants were able to separate line 

of sight from line of reach (7 out of 10 SCD infants; 6 out of 10 controls).

3.3.7. Discussion

It has been proposed that infants have an immature inhibitory control of 

reaching (Dempster, 1992). The extent to which the development of this mechanism is 

abnormal in infants with SCD was assessed by the administration of the Object 

Retrieval paradigm described by Diamond (1990a). This task requires infants to inhibit 

the urge to reach directly for a toy by forcing them to detour underneath or to the side of 

a transparent box. At 9 months, all infants were able to retrieve a toy that was partially 

outside the opening of the box, and additionally, the majority of infants were able 

retrieve a toy that was just inside the opening. This provides support for Diamond 

(1990a) who reported that infants are efficient at object retrieval at this level of
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difficulty by 7-months. At the highest level of difficulty, when the toy is hidden deep 

inside the box, infants with SCD managed to retrieve the toy on approximately 75% of 

trials compared to 85% of trials in controls, but this difference is not significant in this 

small sample. Level of difficulty is also associated with time taken to retrieve the toy, 

with easier trials taking a shorter amount of time than harder trials, but this association 

is found equally in SCD and control infants. At 12-months, all infants were able to 

retrieve the toy in both easy (toy partially out of box) and moderate (toy just inside box) 

trials, although some infants continued to have some difficulty obtaining the toy in hard 

(toy deep inside box) trials; there were no significant group differences. Once again, 

time taken to retrieve the toy increased in both groups as a function of level of 

difficulty.

On the basis of these data, it may be concluded that developmental progression 

in the inhibitory control of reaching proceeds normally in the latter part of the first year 

of life in infants with SCD, when measured by the Object Retrieval task. Both SCD 

and control infants initially tended to reach by line of sight, commonly manifesting in 

an ‘awkward reach’. This exaggerated gesture may be used by infants because it allows 

them to keep visual fixation on the object throughout the process of reaching to retrieve 

it. The awkward reach was particularly pronounced at 9-months, but was also seen in 

some infants at 12-months. In addition, when evident, the awkward reach was typically 

seen in multiple trials in a session. This indicates that it is more likely to be the result 

of immature inhibitory control associated with age rather than an initial reach-style that 

is overcome through learning within the session; if this was the case it would be 

reasonable to assume that it should only have occurred on the first few trials.

The indication that the developmental progression of inhibitory control proceeds 

normally in SCD infants suggests three possibilities: (i) the sample sizes were too small 

to reveal any significant group differences; (ii) the test is not sensitive enough to detect 

very early changes in the development of inhibitory control, and by implication, 

changes in the neural substrate subserving this development; (iii) there is no 

vulnerability to inhibitory control, and by implication, frontal lobe regulation of this 

function. The second argument is contested by evidence from monkey lesion studies 

indicating that the frontal lobes are part of the neural circuit mediating inhibitory 

control of reaching (Moll and Kuypers, 1977; Diamond and Goldman-Rakic, 1986; 

Wallis et al., 2001). Similarly, there is evidence, albeit limited, to suggest very early
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susceptibility to neuropathology in SCD (Greer and Schotland, 1962; Balkaran et al., 

1992; Steen et al., 1998; Pegalow et al., 2002), and evidence for blood flow 

abnormality, primarily in the anterior circulation, in this sample of infants with SCD 

{see 3.L). This leaves the possibility that the sample sizes were too small to reveal any 

significant group differences. In order to rule this out, further studies should be carried 

out with larger numbers of infants. In the meantime, the significance of the present 

study lies in its contribution to earlier findings demonstrating a developmental 

progression in the inhibitory control of reaching.

3.4. Novelty Preference.

3.4.1. Theoretical background

Fantz (1956) originally described the tendency of infants to look at one picture 

more than another, hypothesising that this reflected early development of the ability to 

distinguish between stimuli on the basis of their visual attributes. In a later report it was 

demonstrated that infants would look longer at a novel stimulus, if paired with a 

familiar stimulus (Fagan, 1967). Fagan proposed that a preference for novelty implied 

that the infant recognised the old stimulus. Based on this evidence the Visual Paired 

Comparison (VPC) paradigm was developed as a measure of recognition memory in 

infants.

3.4.2. Developmental studies

Three studies in the early 1970’s used the VPC to confirm the existence of a 

novelty preference in infants’ aged 3- to 6-months (Fagan, 1971; 1972; 1973). 

Specifically, nine separate experiments revealed longer time spent looking at the novel 

compared to familiar stimulus in 64.4% of test trials (range 58.9% to 74.6%). In the 

following year, however, Fagan reported that novelty preference critically depends on 

the type of stimuli and the age at which infants are tested (Fagan, 1974). Infants will 

reliably demonstrate a novelty preference for highly contrasting black and white 

abstract pictures such as checkerboards at the age of 3-months. One month later they
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can recognise abstract black and white pictures that have lower contrast. Photographs 

of faces are recognised at 5- to 6-months, and line drawings of faces are recognised last 

at around 7- to 8-months. Fagan (1990) concluded that “If one asks at what age will an 

infant demonstrate recognition memory, the answer must be that it depends on what the 

infant is being asked to recognise.”

Evidence from the parallel development of reaching rather than looking 

paradigms made this caution particularly pertinent, suggesting that the demonstration of 

recognition memory was also dependent on how the infant was asked to recognise 

something. A number of studies showed that recognition memory assessed by reaching 

is not apparent until later in the second year of life in humans (e.g. Overman, 1990a; 

Diamond, 1994b). Similarly, Bachevalier (1990) found that infant monkeys had a 

robust novelty preference as early as two weeks of age on the VPC, but could not 

perform consistently on the Delayed Non-Match to Sample (DNMS) reaching paradigm 

until 4 months of age. The DNMS paradigm was originally developed for testing 

recognition memory in animals, but is very similar to the VPC paradigm. The DNMS 

procedure involves familiarization with one object and subsequent presentation of this 

familiar object alongside a novel object. The subject is required to displace the novel 

object in order to obtain a reward.

The discrepancy between the age at which infants are successful on recognition 

memory tasks assessed by looking and reaching is approximately one year. This 

suggests two possibilities: (i) VPC and DNMS assess qualitatively different skills; or, 

(ii) methodological differences mask the extent to which these tests measure the same 

underlying skill. The fact that both tests are purported to measure recognition memory 

by recording response to novelty argues against the former possibility. In support of the 

second possibility. Diamond (1995) found that a slightly modified version of the DNMS 

allows infants to demonstrate robust recognition memory on this measure at ages more 

comparable with the VPC.

Diamond (1995) hypothesised that the reason infants fail DNMS in the first year 

of life is due to an immature concept of how a reward is contingent on a particular 

object, rather than a failure of recognition memory per se. In the traditional DNMS 

paradigm the reward is underneath the stimulus object, thus the infant must perform two 

actions; first identify the novel object then displace this object to obtain a reward. The
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DNMS therefore requires the infant to link a sequence of actions rather than make a 

simple preference. Diamond argued that if the DNMS objects were the reward infant’s 

might succeed on this task earlier. In order to test this hypothesis Diamond compared 

infant recognition memory performance on the VPC with performance on a modified 

DNMS paradigm (‘DNMS stimulus=reward’). In the VPC ten pairs of trial-unique 

items were passively administered and scored according to the traditional format; the 

only difference being that infants looked at 3D objects rather than 2D pictures. In the 

modified DNMS, the same format was repeated, but this time infants were allowed to 

touch the object during familiarization, and were permitted to play with whatever object 

they selected during the test phase. In support of Diamond’s hypothesis, the results of 

these two tests were highly consistent. At 6-months, infants succeed by looking more at 

the novel object at both short (10s; 90%) and long (Bmin; 70%) delays; while they do 

not succeed at a 10 minute delay the novelty preference is in the right direction (60%). 

Infant’s at 6-months succeed, however, at all delays by reaching to the novel object in 

the modified DNMS (10s delay = 85%; 3 min delay = 65%; 10 min delay = 70%). At 

9-months infants’ success on both the VPC and modified DNMS is significant at all but 

one delay (VPC 3min delay 65%), and degree of novelty preference is comparable 

between the two tasks; in fact novelty preference is marginally stronger on the modified 

DNMS. At 12-months, only the modified DNMS was administered, but there continued 

to be a highly significant novelty preference at all delays (> 85%). This evidence 

therefore suggests a caveat to the view put forward by Fagan: early recognition memory 

depends on what the infant is being asked to recognise and how they are being asked to 

recognise it, although it is also possible that this could have more to do with the 

experimenter’s ability to detect recognition than infant recognition memory per se.

It has been argued that the extent to which a novelty preference is demonstrated 

is dependent on the length of familiarization time (Rose et al., 1982). In this view, the 

novelty preference will not be observed at brief familiarization times as younger 

children require longer than older children to encode the stimulus. In the series of 

studies by Fagan (1971-1973), the length of study time ranged from one to five minutes, 

but in the 1974 study the length of familiarization required to elicit a novelty preference 

was directly examined. In 5-month infants, only a few seconds was necessary but only 

when the familiar and novel item appeared highly dissimilar. When items were similar, 

approximately 17 seconds was required to differentiate a novel stimulus, and even more 

time (20-30s) was required to differentiate between faces.
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3.4.3. Functional neuroanatomv

Recognition memory assessed by novelty preference is reported to be sensitive 

to temporal lobe lesions. Overman et al. (1990b) reported that monkeys with combined 

lesions of the hippocampus and amygdala are impaired on the traditional DNMS at 

delays in excess of 10 seconds, but are successful at shorter delays. A greater deficit 

was reported by Bachevalier et al. (1993) who found that visual recognition memory 

assessed by the VPC is abolished by lesions in the medial temporal lobes acquired as 

early as one month of age in monkeys, implying that limbic-dependent recognition 

memory is present very early in development. More recently it was further 

demonstrated that temporal lobe lesions acquired early in development impair 

performance at long but not short delays, but in contrast to the study by Overman, this 

was only on the VPC paradigm (Pascalis and Bachevalier, 1999). In the VPC task, 

adult monkeys with lesions sustained in the neonatal period involving the dentate gyrus, 

comus ammon, subicular complex, and parahippocampal areas TH and TF, showed a 

novelty preference at short delays (10s) but not at longer delays (>30s), while in 

controls there was a robust novelty preference at all delays (up to 24 hours). By 

contrast, the lesioned monkeys performed normally on the traditional DNMS, indicating 

that some skills assessed by this measure are not mediated by the hippocampus. In 

support of this, it has been shown that the inferior prefrontal cortex is additionally 

involved in acquiring the novelty-reward rule in this task (Weinstein et al., 1988; 

Kowalska et al., 1991), although ventromedial frontal lobe structures, which are more 

associated with limbic networks, do result in a deficit in the recognition memory 

component of the traditional DNMS (Kowalska et al., 1991). In summary, the 

recognition memory requirements of the VPC and DNMS tasks may be mediated by 

limbic networks including temporal lobe structures, whereas mle-leaming and/or 

reward-related aspects of the DNMS may be additionally associated with the inferior 

frontal lobes. As the modified version of the DNMS (Diamond 1995) was designed to 

minimise the rule-leaming requirement of the original task, it is reasonable to assume 

that the abilities assessed by the modified task are more reflective of temporal lobe 

function.
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3.4.4. Hypotheses

The modified DNMS (mDNMS) was administered to SCD and control infants at 

9- and 12-months in order to compare recognition memory performance between these 

two groups. The increased risk of frontal lobe rather than temporal lobe abnormality in 

SCD suggests that these infants will not be impaired on this measure compared to 

controls. Thus, this paradigm was considered to be a control task against the 

background of A-not-B and Object Retrieval, where there is more evidence for an 

association with frontal lobe function, albeit indirect. Novelty preference will be 

greater (i.e. novel object selected on more trials than the familiar object is selected) at 

brief compared to longer delays at both 9- and 12-months.

3.4.5. Methods

3.4.5.1. Equipment. A total of 24 objects, in 12 pairs, were constructed from 

household objects and toy-parts (Appendix C). Novel objects were used to ensure that 

the infant would have had no prior experience (habituation) with them and that each 

object was sufficiently interesting to capture the infant’s attention. Objects were trial- 

unique, but attempts were made to make the objects in each pair similar in size and 

shape. Pilot testing was conducted with three normally developing infants (Appendix 

D).

3.4.5.2. mDNMS procedure. The infant was seated on their mother’s lap across 

a table from the examiner. Trials began with familiarization involving presentation of 

one object from the pair. The infant was allowed to play with this object, although 

discouraged from putting it in their mouth as the purpose was for them to see as well as 

feel it. If the infants threw the toy on the floor, the toy was returned to them for further 

familiarization. After a delay the familiar and novel object in the pair, were presented 

at the back of the table. Once it was determined that the infant had looked at both 

objects, they were moved forward at opposite diagonals such that each object ended-up 

just outside each of the infant’s shoulders (Picture 4); this discouraged the infant from 

simultaneously reaching for both objects. The infants were allowed to briefly play with
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whatever object they reached for, before the table was cleared ready for the next trial.

If the infant attempted to reach for both objects, the objects were imm ediately re

presented at the back o f the table then moved forward so that they were further apart. 

The side o f novel object presentation was alternated according to D iam ond’s protocol 

(personal com m unication).

Picture 4. Novelty Preference

Fam iliarization  T esting

3.4.5.3. Duration o f  familiarization and delay. Familiarization time was either 

brief (approximately 5 seconds; 6 trials) or long (approximately 20 to 30 seconds; 6 

trials). The delay between familiarization and testing was either brief (approxim ately 5 

seconds), moderate (approximately 30 seconds) or long (3 minutes); m oderate and long 

delays were m easured with a stopwatch and during brief delays the exam iner counted 

out-loud ‘w ith’ the infant. Each delay was tested twice at each fam iliarization time, i.e. 

brief fam iliarization x 2 5s delay, x 2 30s delay, x 2 3m delay; long fam iliarization x 2 

5s delay, x 2 30s delay, x 2 3m delay. During brief and moderate delays the examiner 

played peek-a-boo with the infant. At longer delays, infants were perm itted to move 

about the room, and/or complete items from the Bayley’s Infant Neuro-Screen.

3.4.5.4. Scoring. All trials were video-taped for scoring. Trials were marked 

according to which object the infant reached to first; in practice it was very unusual for 

infants to reach to an object and then immediately reach to the other one. All data was 

analysed by non-parametric statistics.
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3.4.6. Results

At 9-months, a total of 14 SCD infants and nine controls successfully 

participated in the majority of trials of the modified DNMS. This task was attempted 

with all infants, but two data sets were lost to equipm ent failure, one to examiner error, 

and three to infant non-cooperation; where partial data from individual infants is 

available this is included in the comparison of familiarization (brief versus long). At 

12-months, data was obtained from 11 SCD infants and 10 controls; five infants did not 

attend for 12-month assessment (2 SCD), and three infants were too fussy/tired to co

operate.

3.4.6.1. 9-months. When responses were collapsed across both familiarization 

and all delay times, there was a significant difference between groups in the percentage 

of reaches to novel items, indicating that SCD infants reached for the novel object on a 

greater number of trials than controls (SCD; 62.2% Controls 48.8% Mann- 

W hitney U=28.0, P=0.026). When the test was administered in its entirety, there were 

two trials at each delay for both brief (~5 sec) and long (20-30 sec) familiarization 

times. The percentage of reaches to the novel object for all trials in each of these 

categories is presented in Figure 3.6. This shows that the percentage of reaches to novel 

items only significantly differs from chance in SCD infants, and only with a long 

familiarization time and at moderate to long delays.

Figure 3.6. Novelty Preference at 9-months.

[The black line represents ‘chance’, meaning the probability that infants reached to familiar and novel 

objects on an equal number o f trials, i.e. they did not show any preference in either direction].
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3A.6.2. 12-months. There was no significant difference between groups in the 

overall novelty preference (SCD: 71.0% Controls 66.1 % U= 45.0, P=0.480). 

The percentage of reaches to the novel object for all trials in each o f these categories is 

presented in Figure 3.7. This time both SCD and control infants reached for the novel 

object compared to the fam iliar object on a significantly greater num ber o f trials, but 

mostly at long delays. This was regardless of the length of fam iliarization.

Figure 3.7. Novelty Preference at 12-months.
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3.4.7. Discussion

It has been dem onstrated that infants have a preference for novelty (Fagan,

1967) and that this is associated with recognition memory processes mediated by limbic 

networks including the temporal lobes (Pascalis and Bachevalier, 1999). The modified 

DNMS paradigm  was developed by Diamond (1995) to maximise the recognition 

memory requirem ents and minimise the rule-learning requirements of the original task. 

As SCD poses a risk for development of frontal lobe function, but there is no evidence 

that it affects developm ent of temporal lobe function, it was hypothesised that this task 

would elicit a com parable novelty preference in patients and controls, implying normal 

developm ent o f recognition memory which is claimed to be subserved by the medial 

temporal lobes (Bachevalier et al, 1993).
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The modified DNMS was administered to SCD and control infants at 9- and 12- 

months. At 9-months there was a significant difference in overall performance, when 

averaged across familiarization and delays, between SCD infants and controls.

Contrary to the hypothesis, only the SCD infants showed a significant novelty 

preference, but only with a long familiarization and at moderate and long delays. It is 

not known why a novelty preference was found only in SCD infants and only under 

specific conditions, although it is likely that the small sample size contributed to greater 

variability in the data, and thus reduced the statistical power of the study. Fagan (1971; 

1972; 1973) reported a novelty preference of between 58 and 74% (average 64%) on 

the VPC. On the modified DNMS paradigm. Diamond (1995) reported a stronger effect 

with normally developing infants reaching to the novel object on >85% of trials at both 

9- and 12-months at delays of up to three minutes. However, this high level of novelty 

preference was not found in infants with SCD or their controls, who demonstrated a , 

novelty preference of 62% and 48% respectively at 9-months, and 71% and 66% 

respectively at 12-months. Based on this, the degree of novelty preference in SCD 

infants is more conunensurate with that reported on the VPC task by Fagan, and less 

consistent with results obtained by Diamond (1995) on the same task. Performance 

significantly differed between infants with and without SCD only at 9-months; although 

the results obtained from controls implies a more random pattern of response that is at 

chance levels, compared to the pattern of response obtained from SCD infants.

It is not known why the infants in this study did not reach towards the novel 

object on a higher percentage of trials. It is intuitively hard to conclude that these 

infants are, on some level, impaired relative to the infants in Diamond’s study. The 

only methodological difference between the two studies is that the duration of 

familiarization was pre-determined as either brief (~5 seconds) or long (20-30 seconds) 

in the present study, whereas the study by Diamond used a habituation criterion 

consisting of any combination of four or more instances of ‘looking away’ and/or 

discarding the stimulus. While there is evidence to suggest that infant-controlled 

familiarization is more likely to elicit a novelty preference (Rose et al., 1982), it has 

also been demonstrated that infants as young as 5-months require only a few seconds to 

discriminate the novel stimulus on the VPC (Fagan, 1974). Diamond (1995) found that 

the infants in her study required longer (22 to 66 seconds) to habituate during 

familiarization, but between 9- and 12-months there was minimal difference in the
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habituation time required; the majority (70%) of infants aged 9-months required only 

20-30 seconds.

Based on this it was also predicted that the extent of novelty preference would 

be dependent on the length of familiarization, and there is some support for this at 9- 

months. At this age, the SCD infants demonstrated a novelty preference that 

significantly exceeds chance, but only with a long familiarization time. In contrast, 

reach preference in controls tended towards a familiarity preference, although these 

scores did not significantly differ from chance. By 12-months, however, there is 

evidence that both SCD infants and controls reach to the novel object on a significantly 

higher number of trials than they reach to the familiar object, but this appears to be 

independent of familiarization time. Interestingly, novelty preference, when it 

occurred, was most common at long (Bmins) delays. It is not known why this was the 

case. However, the absence of a significant novelty preference on more trials suggests 

that even at long familiarization times, some infants may have had insufficient 

opportunity to encode the object, leaving a superficial memory trace vulnerable to 

decay.

A more tentative explanation for the limited demonstration of novelty 

preference in this study is that some infants separated look-choice from reach-choice, 

i.e. initially looking more at the novel object when it was at the back of the table beyond 

reach, thus registering a novelty preference, but preferring to physically play with the 

familiar object. Diamond (1995) uniquely examined novelty preference by recording 

the direction of the longest initial gaze in a VPC paradigm. When measured in this 

way, novelty preference was even more robust than when it was measured by 

percentage of total looking time. However, as Diamond recorded a higher level of 

novelty preference using a very similar paradigm, separation of look-choice and reach- 

choice may be unlikely. This hypothesis should be tested by re-administering the 

modified DNMS, and carefully recording initial visual preference as well as subsequent 

reach preference. In conclusion, as the novelty preference was more evident after a 

long familiarisation, it is likely that an interaction between this factor and the nature of 

the task (reaching) accounts for the demonstration of a novelty preference.
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3.5. General Summary

The results of a neurodevelopmental screen revealed that SCD infants may be at 

risk of neurodevelopmental delay from the first year of life. The precursors of higher- 

cognitive (‘executive’) function may also be examined in infants, but when such 

behaviours are observed critically depends on how they are observed. In this study, 

cognitive development was inferred by reaching behaviour. The development of ̂ 

higher-cognitive function was measured in three paradigms, but there were no 

significant differences between infants with and without SCD at either 9-months or 12- 

months on any of these three tasks. While it might be concluded that the developmental 

progression of the skills assessed by these tasks is essentially normal in infants with 

SCD up until the age of 12-months, the small number of infants tested, and therefore 

considerable variation in co-operation, limits the appropriateness of this conclusion.

The relevance of these results lies in the implication that cognition may be successfully 

assessed in populations of infants at risk of neuropathology, and, in particular, in infants 

with SCD should larger cohorts be studied.
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Chapter 4: Child, Adolescent and Young Adult Study: 
Neuropathology and Methodology

The presence or absence of neuropathology was determined by Magnetic 

Resonance Imaging (MRI) brain scans, performed on the same day as 

neuropsychological assessment in all 50 patients with SCD, but not in Controls. 

MRI results are presented first (4.1.) as this serves as a basis from which to 

address a main aim of the study, namely that executive function may be subserved 

by frontal lobe function. Next, the general methodology adopted in this study is 

outlined (4.2.), with regard to the classification of SCD patients (4.2.1.), and 

selection of neuropsychological assessments (4.2.2.).

4.1. Presence or absence of neuropathology determined by Magnetic 

Resonance Imaging

Structural MRI scans were performed in all patients with SCD on the same 

day as neuropsychological and ERF assessments. This enabled individual MRI 

scans to be consistently obtained, i.e. using the same MRI scanner (1.5 Tesla) and 

sequence (Tl, T2, FLASH), and precisely categorised by one neuroradiologist 

according to lesion location. Based on this rating, brain lesions were detected in 

approximately half the sample (22 out of 50 patients). Thus, brain lesions were 

present in an unexpectedly large number of patients. This may be due to a 

sampling bias, i.e. parents of children who had clinical symptoms (e.g. headache) 

or learning difficulties at school associated with brain lesions, may have been 

more willing to allow their child to participate. In some cases, the examiner was 

aware of the presence of a lesion as an earlier scan had been obtained due to 

clinical concern. The results from earlier scans are reported alongside the current 

data where available (Table 4.1.).
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Table 4.1. Child, Adolescent and Young Adult Study: Categorisation of SCD 
patients by lesion location. [NILD = no ischaemic lesions detected; § = excluded from 
study]

NO LESION

Patient ID Hb Status Ace at Test Sex Previous Scan 
Ace (y): Result

1. D .F . SS 9 M
2. L .V . ss 10 M
3. A. Ad. SC 11 M
4. A. Ag. ss 11 F
5. D. A. ss 12 F 9 :  NILD
6. C. L. ss 13 F 5 : NILD
7. M. B. sc 13 F
8. 0 .  D. ss 14 F 10: NILD
9. P. Ap. ss 14 F 11 :NILD
10. C .C . ss 15 M 9 : NILD
11. J .A . ss 15 M 8 :  NILD
12. E .P . sc 15 M
12b. E. A. ss 16 M 7 : NILD
14. D .S . ss 17 F
15. K .T . ss 17 M 7 : NILD
16. S. Or. ss 17 M
17. A .B . ss 15 M 7 :  NILD
18. B .G . ss 16 M 7 :  NILD
19. M .G . sc 16 F 13 : NILD
20. D .J . ss 18 M 7 :  NILD
21. O .M . ss 19 F 9 : ?tiny foci?
22. D .P . ss 20 F 16: NILD
23. M .G . ss 20 M 10 : ?tiny foci?
24. E .G . ss 21 M 11: NILD
25. G .I. sc 21 F 11 :NILD
26. S .R . sc 21 M 11 :NILD
27. P .G . sc 22 M 19 : NILD
28. A .J . ss 25 M 13 : (CT) NILD

LESION

Patient ID Hb Age Sex Comment Previous Scan 
Ace fv): Result

White Matter fWM)
Lesion

I. Left Frontal Lobe
1. S .G l. SS 11 F 6 : NILD
2. S .F . SS 15 M
3. M .I. ss 18 F 12 : lesion present
4. L .J. ss 19 M + Benign choridal fissure cyst 8 : NILD (cyst)
5. M .N . ss 22 M 12 : lesion present
6. A .G . ss 23 M 19 : lesion present
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7. M .S . SS 23 M 14 : lesion present

n . Right Frontal 
Lobe
1. A .R . SS 16 M 7 : NILD
2. E .S . SS 16 F 10 : lesion present
3. B .R . SS 21 F 12 : NILD

III. Bilateral 
Frontal Lobe
1. S .T . SS 12 M + Left temporal lobe WM 8 : lesions present
2. W .K . SS 15 M + Left parietal lobe WM 9 : lesions present
3. S .F . SS 18 F + Right parietal lobe WM 14: lesions present
4. K .I. SS 18 M + Left basal ganglia 8 : lesions present
5. J.P. ss 19 F 9 : present in left

IV. Parietal Lobe
1. D .T . ss 13 F Bilateral
2. P. An. ss 14 F Bilateral 10 : lesions present
3. P .P . ss 24 M Left 15 : NILD

Grev Matter Lesion 

I. Cortical
1. D. R. ss 11 M Small infarct in left superior 

frontal gyrus
2. D .C .§ ss 15 M Bilateral anterior + posterior 

watershed
8 : (CT) NILD

3. C .J. § ss 15 F Left frontal cortex 7 : lesion present

n . Subcortical
1. S .M . ss 24 F Left basal ganglia 14 : lesion present

While the majority of these patients had small, silent lesions in white 

matter, two patients were distinguished by very large cortical infarctions 

involving the entire left frontal cortex in one case and both bilateral anterior and 

posterior regions in the other (patients C J. and D C. respectively - 1. Cortical 

section). In one of these children (D.C.) this lesion was not present at an earlier 

scan obtained at age 8 years. Due to the fact that there were only two such cases, 

it was subsequently decided not to include data obtained from these patients in the 

study; cases indicated in Table 4.1. (§).
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A total of 19 cases in the present study with identified lesions had an 

earlier MRI or CT. In over half ( 13) of this subgroup the lesion was present at an 

earlier assessment. In the remaining patients, the lesion was acquired at an 

unknown time point between the first scan and the second scan performed for the 

purposes of this study.

The majority of frontal lobe lesions ( 1 5 )  involved dorsal white matter, 

adjacent to the frontal horn (see Picture 5);  ten patients had unilateral lesions 

(seven left hemisphere; three right hemisphere) and five patients had bilateral- 

symmetrical lesions (4 of these patients had additional lesions in parietal white 

matter). Parietal white matter was the second most common area of silent 

infarction, affecting three patients, two of whom had bilateral-symmetrical 

lesions. Small grey matter lesions were detected in only two patients and 

involved the left frontal cortex and the basal ganglia. In summary, the high 

incidence of silent lesions in SCD is confirmed. The majority of lesions involve 

frontal lobe white matter. Furthermore, more precise classification of the location 

of these lesions within the frontal lobes, confirms that dorsal areas are involved in 

all cases.

Picture 5: MRI scans obtained from two patients with SCD.
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In order to provide a further indication of the homogeneity of lesion 

location within the frontal lobes, lesion density maps were constructed by 

transferring lesion tracings from MRI onto a standard brain atlas (MRIcro 

software: C.Rorden, Nottingham University). The colour spectrum represents the 

extent of frontal lobe lesion overlap in the 15 patients with white matter frontal 

lobe lesions, e.g. 1 = only one patient had a lesion in this area; 15 = all 15 patients 

had a lesion in this area. M aximum lesion overlap (-50%  indicated by light blue 

in the fourth slice; first picture in the second row) was in the dorsal frontal white 

matter.

Picture 6: Lesion density maps for frontal lobe lesions (Left-Right orientation)

1 15

V
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4.2. Methodology

4.2.1. Categorisation of subjects

In order to address the two study aims, the cohort was divided in two ways.

• Study Aim - To determine whether there is evidence o f executive 

dysfunction in SCD ( ‘Disease Stase*): Three groups are compared: 

Controls (n=26); SCD patients with no brain lesion (SCD-NL, n=28); 

SCD patients with one or more brain lesions (SCD-LES, n=20); two SCD 

cases were excluded due to cortical involvement. It was hypothesised that 

if SCD is associated with executive dysfunction, those at a more advanced 

disease stage, defined by the presence of a lesion, would be more impaired 

than those without lesions. The mean age of these groups did not differ 

significantly (Controls: 16 years 2 months  ̂ -  range 8 to 22 

years; SCD-NL: 16:2  ̂° -  9 to 25 years; SCD-LES: 16:6 ^=^-11 to 24 

years; F=.8(2), P=0.461).

• Study Aim - To investigate whether deficits in executive function in SCD 

are related to frontal lobe abnormality ( ‘Lesion Location’): To 

investigate the contribution of frontal lobe pathology to executive 

dysfunction in SCD, patients with unilateral frontal lobe lesions (n=10; 7 

left frontal lobe, 3 right frontal lobe) were compared to patients with 

bilateral frontal lobe lesions (n=5). Although a number of studies in adults 

(e.g. Rogers et al. 1998) have identified a differential pattern of deficit 

after right compared to left frontal lobe injury, it was considered that even 

if laterality differences occurred in this group of patients with early onset 

of brain pathology, they would be too subtle to be detected. Furthermore, 

the number of patients with right frontal lobe lesions was too small and 

therefore statistical analysis as a separate group was not advisable. 

However, in all graphs the right frontal lobe cases are distinguished from 

the left so that they may at least be identified.
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4.2.2. Overview of neuropsychological assessments

• Age appropriate Wehcsler Intelligence Test (WISC-III or WAIS-III)

• Self-Ordered Pointing Test: Petrides & Milner (1982) developed this test of 

working memory for use with animal and patient populations. The basic 

SOFT paradigm requires the subject to point to one of an array of designs or 

objects only once; after each point the pictures are re-grouped, thus 

encouraging the subject to rely on working memory to remember what they 

had already pointed to. In monkeys, lesions of the dorsal and ventral bands of 

the principal sulcus impair performance in self-ordered tasks, but do not affect 

basic mnemonic processing (Petrides, 1991; 1995). PET studies in healthy 

human volunteers have substantiated the role of dorsolateral prefrontal cortex 

in the SOPT (Petrides, 1993a). In this study an abstract picture condition was 

used and increased blood supply was maximal over the right dorsolateral 

prefrontal cortex. Bilateral prefrontal activation was demonstrated in a verbal 

analogue of the task (Petrides, 1993b). Abstract pictures and representational 

pictures of objects, and high and low imagery word versions of this task have 

been developed for use with children as part of this study.

• Test of Everyday Attention [TEA-Ch or TEA]: Attentional processes such 

as selection, sustaining and switching (attentional control), are reported to rely 

on neural networks of the frontal lobes (Cabeza & Nyberg, 2000) as well as 

networks of other regions, and may be assessed developmentally by subtests 

of the TEA-Ch or TEA (adult version). Selective attention was measured by 

target detection, and sustained attention was assessed by a similar task that 

required the subject to concentrate on listening to a long list of stimuli in order 

to detect a pre-specified target. Switching attention between competing 

stimuli was assessed by asking subjects to alternate the direction of counting 

(up or down) according to randomly dispersed signals (arrows pointing up and 

down).

• Wisconsin Card Sort Test: A number of lesion and imaging studies have 

confirmed the sensitivity of the WCST to frontal lobe pathology (Milner,

1963; Drewe, 1974; Robinson et al., 1980). Certain measures obtained from 

the WCST appear to be particularly relevant to frontal lobe function. These 

include concept formation in order to categorise a deck of cards according to
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one of three criteria by utilising limited examiner feedback (colour, form, 

number), and inhibitory control in order to shift from previously rewarded 

sorting categories. Thus, measures of number of categories obtained and 

perseverative errors have particular relevance. Stuss et al. (2000) also 

indentified the measure of ‘failure-to-maintain-set’, which occurs when the 

patient correctly sorts three cards in a row with positive feedback then 

incorrectly sorts the next card. This type of error is typically associated with 

frontal lobe lesions.

4.2.3. Longitudinal Data

Longitudinal data were obtained from a subgroup of patients and controls 

for the measure of IQ (n=44 patients, n=17 controls), and the WCST (n=31 

patients, n=12 controls). The age-range and characteristics of these subgroups are 

described in the relevant sections (5.4.4.3. and 5.2.3.S.3. respectively).
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Chapter 5: Executive Function in Children, 

Adolescents and Young Adults

5.1. Intellectual Function

A number of authors have reported deficit in intellectual function in children 

with SCD, but many of these studies consist of small numbers of children and/or 

provide limited information about the presence or extent of brain abnormality. In 

addition, verbal and performance IQ are often not differentiated. However, four 

relatively recent studies are encouraging because they demonstrate that large cohorts 

may be assembled, and children categorised according to presence or absence of brain 

abnormality (i.e. severity of disease stage).

5.1.1. Intellectual impairment in children with SCD.

In 1998, Watkins et al. published neuropsychological results obtained from a 

group of 41 children with SCD and 15 sibling controls from the Institute of Child Health 

SCD cohort. Children with SCD were categorised according to presence or absence of 

lesion determined by MRI; five children had suffered a clinical stroke (symptomatic), 

four children had a lesion on MRI but had no history of stroke (asymptomatic), and 30 

children did not have a lesion (SCD/nrm). Full Scale IQ was lowest in the Symptomatic 

group (67.6), and highest in the Control group (92.0), with the Asymptomatic (79.0) and 

SCD/nrm (86.0) groups obtaining mean scores in between; only the Symptomatic group 

obtained a significantly lower mean Full Scale IQ compared to either the SCD/nrm or 

Control groups. Verbal IQ was higher than Performance IQ in all groups, but this 

difference was not significant. Thus this study was the first to demonstrate that IQ is 

somewhat lowered in those children with SCD who do not have brain lesions 

(SCD/nrm). Watkins et al. speculated that this may be due to decreased blood flow 

around the brain, raising the possibility that functional abnormality in the absence of
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structural abnormality is sufficient to constrain intellectual development. In three 

studies that followed, this possibility was further explored.

In the Co-operative Study of Sickle Cell Disease (CSSCD; Wang et al, 2001) 

serial IQ assessments were carried out in 373 patients (255 HbSS; 118 HbSC), 89 of 

whom had MRI evidence of either an overt stroke (27) or a silent lesion (62). Two types 

of analysis were performed. The first (cross-sectional) analysis compared perforrtiance 

between the three groups (no lesion vs. silent lesion vs. overt stroke) in order to 

determine the extent to which IQ was associated with MRI status. Thus this study was 

similar in design to that of Watkins et al. (1998), but did not include a sibling control 

group to control for ethnicity and socio-economic status. In Wang’s study, at an average 

age of 13 years, overt stroke was associated with significantly lower mean verbal IQ 

(79) and performance IQ (77) scores compared to children without brain lesions whose 

verbal and performance IQs were within the low average range but nevertheless one 

standard deviation below the normative mean of 100 (verbal IQ 85, performance IQ 86; 

the mean is 100); this level of IQ is consistent with that previously reported by Watkins 

et al. (1998). Children with silent lesions were also impaired relative to children without 

brain lesions, although this difference was significant for verbal IQ (77) but not 

performance IQ (81). Thus, IQ was significantly lowered in patients with brain lesions, 

but overt strokes did not result in greater impairment than silent lesions. Additionally, 

children without brain lesions also obtained scores that were lower than the normative 

mean; although it is noted that the normative mean in the black population may be lower 

due to socio-economic factors. The second level of analysis in this study investigated 

the possibility of decreasing intellectual function with increasing age. Longitudinal IQ 

scores obtained from individual children across groups were investigated, but this 

analysis was restricted by the change in IQ scale from the WISC-R to WISC-DI mid

way through the study. Nevertheless, the corrected data show little change in either 

performance IQ or full scale IQ with increasing age. By contrast, verbal IQ scores 

decreased by approximately 0.5 points/year; it is important to note, however, that even 

at the final assessment, mean verbal IQ did not appear to fall below the low-average 

range (80-89). Thus, this study is important because it was the first to presents 

longitudinally obtained IQ scores in individual children.
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A CSSCD study by Thompson et al (2003) also investigated the possibility of 

intellectual decline with age in children with SCD; although it is noted that this is in the 

same population of children investigated by Wang et al (2001). The study by Thompson 

presented serial full scale IQ scores in 222 children (5 to 17 years), all of whom had at 

least two assessments (47%), and some of whom completed three (39%) and even four 

(14%) assessments over a period of four years; therefore the design of this study was 

part longitudinal and part cross-sectional. Once again, children were categorised into 

three groups according to MRI and neurological confirmation of presence or absence of 

overt symptoms (normal brain scan), history of cerebrovascular accident (clinical 

stroke) or silent infarct. Full scale IQ was lowest in children with stroke at all four 

assessments (72,73, 69, 68, respectively), highest in children with a normal brain scan 

(90, 89, 86, 87), and intermediate in children with silent infarcts (85, 82, 77, 78); verbal 

and performance IQ appeared comparable at all assessments and in all groups (i.e, 

within 5 points) but this was not formally analysed. Thus this SCD study reported the 

effect of neurological status (presence or absence of brain lesion) on longitudinal IQ 

scores, and provided evidence to suggest that children with brain lesions obtain 

chronically lower scores than children without brain lesions, but, although the authors 

claim that intellectual decline is more substantive in children with brain lesions, the 

extent of decline does not significantly differ between groups and is only of a magnitude 

of a few IQ points which would not normally be considered as clinically significant. In 

addition, this study also failed to include a sibling control group, and therefore did not 

control for ethnicity and socio-economic status.

A more recent study by Steen et al. (2003) involved a subset of the CSSCD (n = 

49) and was cross-sectional in design, but further demonstrated that patients with 

‘imaging abnormality’, including infarction, encephalomalacia, or leukoencephalopathy, 

had a significantly lower verbal IQ (Wechsler) than patients with no brain abnormalities. 

In addition, IQ was negatively affected by a number of other pathological markers 

including low blood count (haematocrit). In support of Watkins et al. (1998), the 

authors concluded that intellectual impairment was associated with structural brain 

lesions, but, importantly, low blood count possibly associated with chronic brain 

hypoxia was also a contributing factor. However, the absence of a healthy control
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group, matched for ethnicity, limits the extent to which underlying SCD may be 

associated with intellectual impairment.

Thus, these four studies indicate that intellectual function is adversely affected 

by SCD, and that this is due to the high incidence of brain lesions, although more 

modest impairment in children without brain lesions may be related to other factors 

including chronic brain hypoxia. This suggests that intellectual development maÿ be 

somewhat lowered, rather than acutely impaired as a consequence of a brain infarct. 

Furthermore, verbal skills may be more sensitive to adverse factors associated with SCD 

compared to non-verbal skills. Clearly, it is important to provide further evidence that 

IQ declines with age in children with SCD in relation to presence or absence of brain 

pathology, and more specifically, to indicate if verbal IQ is more vulnerable than 

nonverbal IQ in the presence of neuropathology associated with SCD. It is also 

necessary to include a healthy sibling control group in order to establish the extent to 

which underlying SCD is associated with intellectual impairment.

5.1.2. Hvpotheses

Consistent with the findings of Watkins et al. (1998), it was predicted that SCD 

patients will obtain lower IQ scores than controls; patients with lesions will be more 

impaired than those without lesions, and that there will be no significant difference 

between level of verbal and performance IQ. Based on previous findings, it was also 

hypothesised that IQ would decline with age in SCD patients, but show little change in 

controls.

5.1.3. Methods

5.1.3.1. IQ Test. Measures of intelligence were obtained using the Wechsler 

scales of intelligence; Wechsler Pre-School and Primary Scale of Intelligence - Revised 

UK (WPPSI-R), the Wechsler Intelligence Scale for Children - 3*̂  ̂Edition UK (WISC- 

m ), and the Wechsler Adult Intelligence Scale -  3"* Edition (WAIS m ), depending on
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the individual’s age at test. A total of nine out of 44 patients had a WPPSI-R at Time 1, 

but no patients had this test at follow-up. The Wechsler Scales of Intelligence provide 

Verbal, Performance and Full Scale Intelligence Quotients (VIQ, PIQ and FSIQ), as 

well as scaled scores for each of the six Verbal and six Performance subtests. Some 

children were tested with more than one of these intelligence scales because of age 

changes (e.g. WPPSI-R at Baseline and WlSC m  at Final assessment). All 48 patients 

and 26 controls were administered an age-appropriate IQ test.

5.1.3.2. Statistical Analyses. Verbal and performance IQ were analysed by 

repeated-measures ANOVA. The first level of analysis investigated outcome between 

the ‘disease stage’ groups; VIQ and PIQ were entered as the within-subjects factors and 

Disease Stage (Controls vs. SCD-NL vs. SCD-LES) was entered as the between- 

subjects factor. Post-hoc comparisons (Scheffe) are reported when indicated. Lesion 

location was assessed by comparing patients with unilateral frontal lobe lesions (n=10) 

to bilateral frontal lobe lesions (n=5) by independent samples T tests. The second level 

of analysis compared performance at Time 1 to performance at Time 2 by repeated- 

measures ANOVA in those subjects who had participated at both assessments (n=44 

patients, n=17 controls).

5.1.4. Results

5.1.4.1. Disease Stage. Mean IQ scores are presented in Table 5.1. There was a 

significant difference between groups (F(2,71)=17.0, P,0.001), with both SCD-NL and 

SCD-LES groups obtaining lower scores than controls for VIQ (P=0.002; P<0.001, 

respectively) and PIQ (P=0.013; P<0.001, respectively), but scores obtained from 

patients with and without brain lesions did not significantly differ. As predicted, there 

was no significant difference between IQ measures, and no interaction between group 

and IQ scale. This suggests that verbal and performance IQ are equally affected.
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Table 5.1. Mean verbal and performance IQ results in Disease Stage subgroups (SD).

IQ Scale Controls SCD-NL SCD-LES

Verbal 105.3 91.7 84.3 (124)

Performance 101.1 90.0 82.0 0  3)

** P<0.01

5.1.4.2. Lesion Location. Individual scores are presented in Figure 5.1. This 

shows that IQ was attenuated in patients with frontal lobe lesions (i.e. <90). However, 

although it appeared that verbal IQ was lower in patients with bilateral lesions compared 

to patients with unilateral lesions, this difference was not statistically significant 

(T(13)=1.5, P=0.150); the standard deviation was 12 for both groups. Performance IQ 

was lowered to the same extent in both groups (T(13)=.5, P=0.616). The three patients 

with right frontal lobe lesions are identified in the unilateral column.

Figure 5.1. Verbal and performance IQ scores in Lesion Location subgroups. [Right 
lesion cases are circled in the Unilateral columns. The bar represents the mean score]
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5.1.4.3. Longitudinal results. A total of 17 Controls and 44 SCD patients (24 

SCD-NL; 20 SCD-LES) had been previously administered an IQ test. The mean age at 

Time 1 did not significantly differ between groups (Controls: 8 years, 9 months ® 

months); SCD-NL: 8.9 SCD-LES: 9.4 F(2,6)=.2, P=0.852). Similarly the mean

age at Time 2 did not significantly differ (Controls: 16.8 SCD-NL: 17.0 SCD- 

LES: 17.7 F(2,6)=.4, P=0.359). The mean interval between assessments was eight

years in all three groups.

Mean IQ scores at Time 1 and Time 2 are presented in Figure 5.2. A repeat 

measures ANOVA was performed with Time (Time 1/Time2) and IQ (VIQ/PIQ) as the 

within-subject variables, and group (disease stage) as the between subjects variable. 

There was a significant main effect of group (F(2,57) =11.5, P<0.001), once again 

reflecting a profile of highest IQ (across scales) in controls and the lowest IQ in the 

SCD-LES group. There was a significant increase in IQ at follow-up compared to Time 

1 (F(l,57)=6.4, P=0.014), but no significant interaction with group or IQ scale. It is 

possible that a practice effect may have account for some of this increase, although this 

is unlikely as the mean interim between assessments was eight years. Thus the absence 

of a significant interaction does not support the hypothesis that IQ declines in SCD 

patients and remains stable in controls. Instead there was some improvement in IQ 

scores in all groups. In addition, although verbal IQ appeared to show more 

improvement than performance IQ, this was not significant. In summary, verbal and 

performance IQ significantly increased over duration of follow-up in all three groups. 

However, patients with and without lesions obtained significantly lower IQ scores in 

general (i.e. at both Time 1 and Time 2) compared to controls.
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Figure 5.2. Longitudinal IQ results obtained from Disease Stage subgroups.
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A subgroup of controls (n=13), and both SCD-NL (n=16) and SCD-LES (n=14) 

patients had the WISC-UI at both Time 1 and Time 2 (Figure 5.3). The longitudinal IQ 

scores obtained from these subgroups were analysed separately by the same repeated 

measures ANOVA model. As before, there was a main effect of group (F (1,40) =8.6, 

P=0.005), reflecting significantly higher mean IQ scores in controls compared to SCD 

patients at both Time points (P<0.01). This time, there was a significant three-way 

interaction between group, IQ and time (F (2,40) =3.2, P=0.050). This was attributable 

to a significant increase across groups in verbal IQ at Time 2 compared to Time 1 (F 

(1,40) =20.1, P<0.001). This increase appeared more pronounced in both the control 

and SCD-NL groups compared to the SCD-LES group, but a group by time interaction 

for verbal IQ fell short of statistical significance (F(2,40) =2.9, P=0.064). By contrast, 

there was no main effect of time or interaction of time with group for performance IQ, 

suggesting that this measure did not significantly change over the duration of follow-up 

in patients or controls.
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Figure 5.3. Mean longitudinal verbal and performance IQ scores obtained from the 

WISC-in at both assessments.

Controls (n=13) SCD-NL (n=16) - v -  SCD-LES (n=14)

105-
O

s■P 9 5-
u

85-

75-'

T im e  1 T i m e  2

assessm ent

115i

-  105- 
8

95-

85-

75-^

Time 1 Time 2

assessment

5.1.4.5. Summary o f results. In support of the hypothesis, both verbal and 

performance IQ was significantly lower in SCD patients compared to controls, but there 

was no significant difference between patients with and without brain lesions. The 

presence of a bilateral frontal lobe lesion did not significantly impair IQ compared to 

unilateral lesions. There was no support for the hypothesis that IQ declines in patients 

with SCD. Instead a slight increase in both verbal and performance IQ was evident in 

all groups, although the increase in performance IQ was less apparent when only WISC- 

UI scores were analysed.

5.1.5. Discussion

This study provided further confirmation that SCD is associated with impairment 

of intellectual function. As predicted, both measures of IQ were significantly lower in 

SCD patients compared to controls. In support of the original report by Watkins et al.
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(1998), there appeared to be a ‘step-wise’ deterioration associated with disease stage, 

with patients with brain lesions obtaining the lowest IQ scores, and patients without 

brain lesions obtaining scores that were higher, but nevertheless lower than those 

obtained by sibling controls. However, as there were no significant differences between 

IQ scores in SCD patients with and without brain lesions, any additional effect of brain 

lesions in addition to underlying SCD may be more apparent than real. While at first 

hand this finding does not appear to support the findings of Steen et al. (2003), who 

reported that verbal IQ scores obtained from patients with brain lesions were 

significantly lower than those obtained from patients with normal brain scans, it does 

concur with the hypothesis that other chronic pathology associated with SCD (e.g. 

hypoxaemia) may contribute to intellectual impairment.

The level of intellectual impairment was remarkably similar to that already 

reported by Watkins et al. (1998), Wang et al. (2001) and Thompson et al. (2003), with 

the SCD patients obtaining mean IQ scores that were in the low-average to average 

range (i.e. above 80). The inclusion of a healthy control group was intended to allow for 

consideration of the extent to which socio-economic factors contribute to lower IQ, a 

factor that was not considered by three of the studies reviewed above. Firstly, it is 

important to point out that sibling controls obtained mean IQ scores in young adulthood 

that were very close to the mean normative mean of (100). Secondly, the difference 

between controls and the non-lesion group was fairly large, in the order of magnitude of 

almost one standard deviation (15 points) for verbal IQ, and 10 points for performance 

IQ. Thus, it is concluded that intellectual impairment is more likely to be associated 

with disease processes than with socio-economic factors per se.

There are few longitudinal studies of intellectual function in children with SCD, 

but studies that are available report decline in IQ with increasing age (Wang et al., 2001, 

Thompson et al., 2003). The hypothesis derived from these studies was that IQ, and in 

particular verbal IQ, would be slightly lower at follow-up compared to baseline 

assessment in both patients with and without brain lesions, but not in controls; ethnically 

matched controls have not previously been assessed longitudinally. However, in the 

current study, the findings were inconsistent with the two reported studies of Wang et al. 

(2001), and Thompson et al. (2003). Thus, mean verbal IQ and performance IQ was
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slightly higher at follow-up in all three groups, although the extent of improvement was 

more apparent in controls, and for verbal IQ. The two CSSCD studies reported results 

obtained from two IQ scales (WISC-R and WISC-DI). Both CSSCD authors suggested 

that changes in the IQ scale may have accounted for some of the decrease in scores; 

indeed, it has been documented that IQ rises slightly in the general population with 

increasing time since standardization (Flynn et al., 1984), and this would make a fall 

more likely when switching to a more recently standardized version. This was not a 

concern in the present study, where the WISC-R was not used. However, it was 

necessary to switch between IQ scales as the children became older during the period of 

follow-up (i.e. WPPSI-R; WISC-DI; WAIS-ID), although in fact the majority of 

participants had the WISC-DI at both assessments. As improvement in mean IQ was 

evident when IQ scores were analysed across scales (i.e. child and adult versions) and 

when IQ scores obtained only from the WISC-DI were analysed, there may be greater 

confidence in the results. Thus, although patients with SCD had lower mean IQ scores 

compared to controls at both assessments, they nevertheless showed comparable 

improvement with increasing age.
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5.2. Executive Function

In the Introduction (section 1.1.4.), executive function was defined by a 

taxonomy of psychological components, including working memory, inhibition, and 

attention, that were proposed to work conceitedly to provide overall executive or 

supervisory control. The extent to executive function is abnormal in patients with SCD 

was examined by three tests: the Self Ordered Pointing Test (5.2.1.), Test of Everyday 

Attention (5.2.2), and Wisconsin Card Sort Test (5.2.3.). Evidence is provided to 

suggest that all three are relatively complex measures of executive function, and, 

furthermore, associated with frontal lobe function in adults. Longitudinal data obtained 

from the WCST in a subgroup of patients and controls is also presented. For each test, 

the relationship between development of intellectual and executive function will be 

investigated.

5.2.1. Self-Ordered Pointing Test (SOFT!

5.2.1.1. Working Memory: The psychological construct of working memory was 

developed to explain how the brain facilitates ‘online’ processing of information. The 

development of working memory in children is critical for the parallel development of 

goal-directed behaviour (Case, 1992), and has been described within two theoretical 

models, neither of which account for a functional neuroanatomy. The model proposed 

by Pascuel-Leone (1970) is highly complex, proposing a central attentional component 

of working memory, the ‘M-Operator’, that is of limited size but increases in integer 

steps every second year from the age of three years reaching adult capacity at age 15 

years. The model of Baddeley and Hitch (1974) is an elaboration of the work of earlier 

investigators who used the digit-span task to measure short-term storage capacity (e.g. 

Atkinson and Shiffrin, 1971). In early experiments, Baddeley and Hitch (1974) tested 

the capacity hypothesis by simultaneously administering two tasks that would be 

relatively simple if performed individually. Performance in these dual-task paradigms 

led to the conclusion that working memory may be fractionated into a central executive, 

and two slave systems, the phonological loop for processing of auditory speech-based
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information and the visuo-spatial scratchpad for processing visuo-spatial information. 

Thus, the working memory model attempts to incorporate a wide-range of data into 

these three main components (Baddeley and Hitch, 2000). The literature based on this 

model, however, mainly focuses on the development of the phonological loop, revealing 

that the strategic use of this component in working memory is evident after 

approximately age eight years (Hitch et al., 1989); Baddeley and Hitch (2000) admit, 

however, that the role of the central executive in development has been neglected in 

comparison.

5.2.7.2. Functional neuroanatomy: Although Baddeley is reluctant to assign 

components of the working memory model to anatomical regions in the brain, there is 

an obvious appeal in trying to associate the central executive component with the frontal 

lobes. This is based on the assumption that the frontal lobes are ideally suited to 

carrying out the important feature of the central executive: the ability to attend to and 

process disparate information.

Two opposing theories have emerged to account for a functional neuroanatomy 

of working memory in humans and non-human primates. Goldman-Rakic (1996) 

argued that neural networks underlying working memory for spatial and non-spatial 

information run in parallel with modularised processing systems for spatial and non- 

spatial information, i.e. dorsal and ventral streams respectively. This was based on 

evidence showing selective neuronal activity (single cell firing) for patterned stimuli in 

the inferior convexity of the prefrontal cortex in monkeys, while neuronal activity for 

spatial information was mainly found in the dorsolateral cortical regions. However, a 

study by Rao et al. (1997) identified delay activity related to both location and feature 

information in single cells distributed throughout the frontal lobes, a finding that is 

clearly in contrast to Goldman-Rakic (1996). Alternatively, Petrides (1991, 1994,1998) 

proposed a functional neuroanatomical model that relates more to the level of 

complexity rather than the nature of the information to be processed. In this model, the 

dorsolateral prefrontal cortex (DLPFC) is a critical component of a neural network 

mediating online monitoring and manipulation of cognitive representations within 

working memory. This hypothesis is derived from earlier work by Petrides and Milner
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(1982) in which the Self-Ordered Pointing Test (SOFT) was developed as a measure of 

non-spatial working memory for use with animal and patient populations.

The basic SOFT paradigm requires the subject to point to one stimulus within of 

an array of designs or objects only once (e.g. an abstract design within a similar array or 

designs); after each point the pictures are re-grouped which means the subject has to rely 

on working memory to remember what they have already pointed to, as opposed to 

where they have already pointed. FET studies in healthy human volunteers have 

supported the role of the DLFFC in the SOFT (Petrides, 1993a). In this study, 

performance in an abstract picture condition was associated with increased 

haemodynamic response (FET) maximal over the right prefrontal cortex. Bilateral 

prefrontal activation was demonstrated in a verbal condition of the task (Petrides,

1993b). These results substantiated findings in monkeys, in whom lesions of the dorsal 

and ventral bands of the principal sulcus impaired performance in self-ordered tasks, but 

do not affect more basic mnemonic processing (such memory for a list of objects) that is 

more associated with temporal lobe structures (Petrides, 1991; 1995).

A recent fMRI study replicated the findings of Petrides et al. (1993 a,b), 

reporting increased DLFFC activity, particularly over the right hemisphere, in a variant 

of the non-spatial SOFT task (Curtis et al., 2000). However, Owen et al. (1999) made 

the important distinction that the DLFFC is activated in conjunction with more inferior 

areas of the frontal lobes (ventrolateral prefrontal cortex; VLFFC) in tasks requiring ‘on

line manipulation’ of information within working memory. In support of this, Koechlin 

et al. (1999) reported that the ‘fronto-polar prefrontal cortex’, incorporating ventro

lateral area 10, was critical for goal-maintenance when concurrent processing of sub

goals was required, i.e. in a relatively processing-intensive task. Nevertheless, a major 

review of 275 FET and fMRI studies does suggest that the majority were consistent with 

the idea that VLFFC regions are more involved in short-term operations such as list- 

leaming, whereas DLFFC regions are associated with higher-level working-memory 

operations such as action-monitoring (Cabeza and Nyberg, 2000).
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5.2.13. Developmental Studies: Functional brain imaging studies have reported 

morphological similarities between normal children and adults in areas activated by 

working memory tasks. The largest study to date was conducted across four centres in 

the US, finding reliable patterns of activation in DLPFC and posterior parietal cortex 

during performance on a spatial working memory task (Casey et al., 1998). Converging 

evidence for this fronto-parietal working memory network has since been provided by a 

number of studies. Kwon et al. (2002) examined visuo-spatial working memory using a 

2-back task, in eight children (7 to 12 years) compared to eight adolescents (13 to 17 

years), and seven adults (18 to 22 years). Working memory related activation 

significantly increased with age in the prefrontal cortex bilaterally, and in the posterior 

parietal cortex bilaterally. Kwon et al. (2002) concluded that this was evidence for 

increasing specialization of fronto-parietal networks in working memory. In support of 

Hitch et al. (1989), who described increasing use of the phonological loop with 

development, the authors speculated that the functional development of the left 

hemisphere fronto-parietal network facilitates increasing ability to recode visual 

information into verbal. In addition, it was hypothesised that the right hemisphere 

becomes increasingly specialized for processing of visuo-spatial information with age. 

Thomas et al. (1999) also found concurrent right DLPFC and parietal cortex activity in 

six children (8-10 years) and six adults (19-26 years) performing a spatial working 

memory task, although a more recent report investigating spatial working memory in an 

intermediate, but wide-ranging age group (9-18  years), showed bilateral activation of 

these areas on fMRI (Klingberg et al., 2002); when the results of subsequent behavioural 

testing outside of the scanner were correlated with brain activation, working memory 

capacity was actually associated with the opposite, left hemisphere.

5.2.1.4. Working memory in patients with SCD: Clearly there is evidence for 

improvement on working memory tasks with age, but there has been less interest in the 

possibility that a working memory deficit may underlie cognitive dysfunction in 

children with SCD. Only one study by White et al., (2000) has investigated this issue.

It was hypothesised that the nature of deficits in an immediate word-list recall task may 

suggest which component of the working memory model is at risk in children with SCD, 

and further, that there may be some association with lesion location. Thirty-one
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children with SCD were grouped according to MRI confirmed lesion location; anterior 

(ACA territory and anterior MCA territory, Basal Ganglia, Centrum Semiovale; n = 4), 

posterior (posterior to ‘anterior’ structures; n = 4), diffuse (including ‘anterior’ and 

‘posterior’ stmctures; n = 12), SCD no-lesion (n = 11). Supraspan lists of real words 

with one, two or three syllables were presented and children were asked to immediately 

recall them. In the anterior group immediate recall was comparable to controls, but 

there was an effect of word-length which, according to White et al., indicated 

dysfunction limited to the phonological loop. There was no evidence of reduced 

immediate recall or impaired word-length effect in the posterior group, which was 

assumed to indicate an intact central executive and phonological loop. Finally, children 

in the diffuse group demonstrated an intact word-length effect but reduced immediate 

recall compared to controls, thus suggesting to White et al. a dysfunctional central 

executive. White et al. concluded that these results provided evidence for a variable 

pattern of performance in children with SCD, dependent on lesion location. They also 

suggested that impairments in working memory may contribute to cognitive and 

academic deficits in children with SCD. However, as White et al. (2000) only examined 

word-lists (phonological loop) and not visuo-spatial working memory, the extent to 

which they may have investigated the central executive is not certain. Related to this, it 

is intuitively hard to conclude that the central executive may be intact when one of its 

slave systems is impaired, as in the ‘anterior group’.

5.2.1.5. Hypotheses. It is important to provide evidence that SCD impairs 

working memory in a larger sample of children with SCD (nb. White et al., 2000: n=4), 

and this may be better assessed by a task such as the SOFT as: (i) this test requires a 

high-level of self-controlled manipulation of information; (ii) it has been demonstrated 

that this test is associated with activation in the frontal lobes; (iii) the test incorporates 

both verbal and non-verbal material. The ‘level of complexity view’ advanced by 

Petrides predicts that patients with frontal lobe injury are impaired on both spatial and 

non-spatial tasks that are relatively demanding in their requirements for active 

maintenance and manipulation of information. This raises the possibility that patients 

with SCD who are at risk of frontal lobe abnormality may show restricted performance 

on working memory tasks that place a strong demand on self-monitoring skills. It was
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therefore hypothesised that patients with SCD would be impaired on the SOFT 

compared to controls. Finally, it was predicted that SCD patients would have a reduced 

‘working memory capacity’ compared to controls, evident in a significant increase in 

errors as the number of stimuli to be remembered increased.

5.2.1.6. Methods: Based on the original version of the Self Ordered Point Test 

(SOFT: Petrides and Milner, 1982), an adapted version using abstract line drawings was 

designed for children (Vargha-Khadem, Incisa della Rocheta, Taylor et al., 1992; 

unpublished). Using this adaptation three further versions (line drawings of objects; 

high imagery words; low imagery words) were designed (Geller, de Haan 2000; 

unpublished MSc thesis, UCL):

5.2.1.6.1. SOPT: Each version of the SOFT consisted of five sections 

each containing 4, 6, 8, 10 and 12 stimuli; the stimuli were unique to 

each section. There were three trials for each stimulus list (e.g. 3 x 4, 3 x 

6, etc.). Within each trial of the set the stimuli were repeated but shown 

in a different spatial arrangement so that subjects could not respond to the 

items on the basis of spatial location. Stimuli were arranged on A4 sized 

paper, i.e. for the 4 item-set: 2 columns x 2 rows; for the 6 item-set: 2 x 

3; 8 item-set: 2 x 4 ;  10 item-set: 2 x 5 ;  12 item-set: 2 x 6 ,  except for the 

Abstract condition where stimuli were arranged in a 3 x 4 order. A blank 

piece of paper was inserted between each trial and before the start of a 

new section. The sheets of paper were organized into four folders, one 

for each of the four types of stimuli.

The stimulus material for the Representational Picture (line 

drawings) condition was selected by Geller (2000) in order to be easily 

recognizable by children. The words for the High and Low Imagery 

Word conditions were selected by Geller from the MRC 

Psycholinguistics Word Database (www.Psy.uwa.edu.au/uwa_mrc.htm). 

Examples of the SOPT abstract and representational stimuli are given in 

Appendix E.

http://www.Psy.uwa.edu.au/uwa_mrc.htm
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The four adapted versions of the SOPT were administered 

according to the procedures described by Petrides and Milner (1982), in 

the following order; Abstract Picture, Representational Picture, High 

Imagery Word, Low Imagery Word, interspersed by other 

neuropsychological tests. The Abstract version was administered first in 

order to minimise the use of verbal strategies. For each version, tl^e first 

section (4 stimuli) was either demonstrated (Abstract) or administered as 

practice (Representational; High Verbal; Low Verbal); results from this 

section are not included in the analysis. On presentation of each version, 

the participant was asked to look carefully at the pictures on the first 

page. They were told that on the next page the same four pictures would 

appear but in a different position. The examiner then returned to the first 

page and asked the subject to point to any one of the pictures; no 

feedback was given. The examiner then turned to the second page and 

asked the subject to point to a different picture, and so on, until they had 

pointed to one picture on each of the four pages. This trial was then 

repeated two more times. All subjects appeared to have a satisfactory 

understanding of task requirements by the end of the first 

demonstration/practice section. Subjects were further advised that, 

although the examiner would turn the pages, they should go at their own 

pace; consistent with Petrides and Milner (1982), if the subject’s pace 

was too fast or too slow they were either advised to slow down and think 

more carefully about their choices, or asked to work a bit faster so that 

they would be better able to keep track of the pictures/words. In 

addition, subjects were not allowed to adopt the strategy of only pointing 

to one location. This approach may be considered a fairly efficient way 

of completing the task, but also limits the demand on working memory. 

Subjects were not told that the strategy of pointing to the same location 

was not allowed unless they spontaneously adopted it, but in practice this 

did not happen very often.
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5.2.1.6.2. Data Analysis and Scoring: Data were only included in 

analysis if the participant had completed all four SOPT versions. Thus, a 

total of 25 controls and 39 SCD patients (SCD-NL -  n=22; SCD-LES -  

n=17) were included; failure to complete all SOPT versions in the 

remaining 11 SCD patients and one control was due to lack of time and 

not any lack of participant motivation. There was also a reduced sample 

size for analysis of unilateral compared to bilateral frontal lobe lesions 

for some versions (the sample sizes for each version are indicated below). 

Total error rate for each SOPT version, across sections and trials, was 

recorded. In addition, time taken to complete each trial was measured 

from presentation of the first page to response on the last page, and 

cumulative time scores for the entire version calculated.

5.2.1.6.3. Statistical Analysis. The results were analysed by multivariate 

analysis of variance (MANOVA). The rationale for selecting this 

measure was as follows. Within the SOPT, a number of measures may 

be obtained such as error rate and time taken for each version. These 

measures provide important information about the performance profile 

within each version. MANOVA provides a group comparison across the 

four versions (global working memory score) and within each version 

(e.g. Abstract error rate; Abstract time taken; Verbal Low error rate; 

Verbal Low time taken, etc.). This is carried out by combining 

dependent variables (measures) into a single new variable (global test 

score) and then subjecting this global score to group comparison in a 

manner similar to univariate analysis of variance. A univariate F score is 

also provided for group comparisons for each individual measure (e.g. 

Abstract error rate; Abstract time taken, etc.). As the SOPT scores do not 

account for age, the MANOVA model was repeated with age as a 

covariate. At this stage. Full Scale IQ was also added as a covariate in 

order to investigate the relationship between working memory and 

intellectual function. Hotelling’s Trace was the multivariate test result 

reported and unplanned post-hoc comparisons (Scheffe and Bivariate
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correlations) are reported when indicated. Unilateral versus bilateral 

comparisons were subjected to Individual Samples T Tests, as this was a 

planned comparison that allowed for the smaller sample size (unilateral 

n=10, bilateral n=5).

5.2.1.7. Results '

5.2.1.7.1. Disease Stage, (i) SOPT: Both the total number of errors 

and time (cumulative) to complete all trials in a condition were calculated 

for each subject. Mean error rate and time taken for each condition, are 

presented in Table 5.2.

Table 5.2. Mean SOPT error and time scores in Disease Stage subgroups (SD).

SOPT Condition Controls SCD-NL SCD-LES Univariate Result 
(dfall 2,61)

Verbal High
Total Errors (no.) 10.3 11.1 13.9 F=1.4
Time Taken (min:sec) 6:59 6:55 F=  1.4

Verbal Low
Total Errors 13.8 13.6 14.8 F =.2
Time Taken 6:25C"") 6:39 6:58 F=  1.0

Representational
Total Errors 9.0 10.1 10.5 F = .6
Time Taken 3:59 6:33 7:14(1:49) F = 5.1**

Abstract
Total Errors 15.6 15.3 19.7 F = 3.6*
Time Taken 7:19(1:28) 7:40 9:10(342) F = 4.0*

* P < 0.05 **P<0.01

The MANOVA model for disease stage was significant (F(16,106)=2.1, 

P=0.014), indicating that, in general, performance significantly differed
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between controls and patients with and without brain lesions. The 

univariate results indicated that this main effect was accounted for by 

significant group differences in the Representational Picture (time score 

only) and Abstract Picture (both error and time scores) versions of the 

task (see Table 5.2.). Post-hoc comparisons revealed that the SCD-LES 

group took significantly longer than pontrols to complete both the 

Abstract (P=0.030) and Picture (P = 0.009) conditions. There was also a 

strong trend for the SCD-LES group to make more errors than both the 

Control group (P=0.061) and the SCD-NL group (P=0.075) in the 

Abstract condition only. There were, however, no significant differences 

between the means of the controls and the SCD-NL group, suggesting 

that impairment was associated with brain lesions.

The inclusion of age and Full Scale IQ as covariates significantly altered 

the significance of the MANOVA model (F(8,52)1.5, P=0.126), 

suggesting that one or both of these variables accounted for a proportion 

of the variance in SOPT scores.

Age was significantly associated with Verbal Low error rate (P=0.008) 

and Abstract error rate (P=0.018). Both of these measures were 

negatively correlated with age in controls (Verbal Low -  R=-.673, 

P<0.001; Abstract -  R=-500, P=0.011), and in patients with brain lesions 

(Verbal Low -  R=-,687, p=0.002; Abstract -  R=-.487, P=0.029), 

revealing that error rate decreased as age increased in these groups. 

However, there were no significant correlations in the SCD-NL group.

In addition, error rate for Verbal Low, Abstract and Representational 

Picture versions was significantly associated with full scale IQ (P=0.016, 

P=0.003, and P=0.047, respectively). However, only the measure of 

Abstract errors correlated with full scale IQ in the SCD-NL group (R=- 

.463, P=0.017), and the measure of Verbal Low errors with full scale IQ 

in the SCD-LES group (R=-.704, P=0.002). In both cases, error rate
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decreased with increasing IQ. There were no other significant 

correlations.

The data were re-organized in order to assess ‘working memory 

capacity’, i.e. how performance was affected by increases in the number 

of stimuli to be remembered. The mean number of errors made by each 

group at each level, and the total time taken at each level, across versions, 

is illustrated in Figure 5.4. These data were analysed by repeated- 

measures ANOVA with number of stimuli (‘level’; 6, 8, 10, 12) as the 

within-subjects variable.

Figure 5.4. Working memory capacity in Disease Stage subgroups
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Error rate is considered first. Mean error rate increased with each 

successive level (F(3,56)=17.2, P<0.001), but there was no significant 

interaction between level and group, indicating that the number of errors 

at each level was equivalent in controls and patients with and without 

brain lesions. There was a significant association with age (F(3.56)=3.6, 

P=0.019) and full scale IQ (F(4.7)=3.6, P=0.005). Bivariate correlations 

revealed that error rate decreased with age for all four stimulus levels (6,
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8, 10, 12) in controls and patients with brain lesions (all P<0.05), but not 

in patients without brain lesions. Similarly, error rate decreased with 

higher IQ at higher levels (10, 12) in both controls and patients with brain 

lesions (all P,0.05) but not in patients without brain lesions.

Figure 5.5. SOPT error rate by version for unilateral vs. bilateral lesion cases.

[Right frontal lobe cases are circled in the unilateral column; the bar represents mean score]
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When time scores were analysed there was a significant main effect of 

both level (F(3,58)=277.0, P< 0.001; Figure 5.4.), and group 

(F(2,58)=3.6, P=0.033). Post-hoc comparisons revealed that the SCD-
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LES group took significantly longer to coniplete trials, independent of 

level, compared to the controls (P=0.038). There was, however, no 

significant interaction between level and group. However, these results 

were no longer significant when age and IQ were included as covariates. 

There were no significant correlations between time scores at each level 

and these factors for any of the groups.

Thus, these results do not suggest that SCD patients were impaired on the 

SOPT because they were more sensitive to increases in the number of 

stimuli to be remembered. Instead, it is indicated that impairment was 

more general.

5.2.1.1.2. Lesion Location. Both the total number of errors and time 

(cumulative) to complete all trials in a condition was calculated for each 

subject, and analysed by individual T tests comparing unilateral versus 

bilateral groups. There were no significant group differences for error 

rate (see Figure 5.5.) or for time taken in any version of the SOPT. This 

suggests that bilateral lesions do not result in greater impairment than 

unilateral lesions on this task.

5.2.1.7.3. Summary o f results. As predicted there were significant group 

differences in the SOPT, reflecting poorer performance in the SCD-LES 

group compared to controls. Scores obtained from the SCD-NL group 

were intermediate but not significantly different from either the Control 

or SCD-LES groups. Thus, a step-wise decrease in performance with 

disease stage was evident, although the difference between patients with 

and without brain lesions was not statistically significant. A significant 

association with both age and IQ indicated that a proportion of the 

variance in SOPT scores was accounted for by these factors. In line with 

this, error rate decreased with increasing age, and with increasing IQ. 

However, this profile was variable across the groups. An increase in the 

number of stimuli to be remembered placed greater demand on working
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memory capacity and resulted in more errors. However, all groups were 

equally affected by the increase in the number of stimuli. The majority of 

lesions in this population affected the frontal lobes, but there was no 

evidence to suggest greater impairment after bilateral compared to 

unilateral frontal lobe injury.

5.2.1.8. Discussion: It has previously been reported that children with SCD have 

a working memory deficit (White et al., 2000), but this study was limited by small 

sample sizes and the exclusion of visuo-spatial stimuli. Thus, the extent to which this 

study assessed the central executive component of working memory was not clear. It 

was considered important, therefore, to administer a more complex measure of working 

memory that required a high-level of self-controlled manipulation of information, and 

task that had been associated with the frontal lobes. There is evidence that the SOPT 

fulfils these requirements (Petrides and Milner, 1982; Petrides 1993a, b), and, 

additionally, incorporates both verbal and visuo-spatial stimuli.

Four versions of the SOPT (two verbal and two picture) were administered to a 

relatively large sample of children, adolescents and young adults with SCD, and ethnic- 

matched controls. It was found that patients with brain lesions were impaired on this 

task relative to controls, implying a working memory deficit. However, as this 

impairment was not dissociable from IQ, it must be concluded that the working memory 

deficit was a feature of a more generally compromised level of cognitive function.

More specifically, the number of errors decreased as age increased in controls and 

patients with brain lesions; the correlation for the non-lesion group was in the same 

direction but did not reach statistical significance. This suggests that intellect and 

working memory may be inter-related and perhaps reliant on the development of similar 

(fronto-parietal) neural networks.

Error rate significantly decreased with age in controls and in patients with brain 

lesions, but less so in those without brain lesions; once again, the correlation for this 

group was in the same direction but not statistically significant. This suggests that 

children become more efficient on this task through late childhood and adolescence.
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perhaps related to the increasing involvement of fronto-panetal networks in the 

mediation of this task (Kwon et al., 2002). The results of an fMRI paradigm, 

investigating visuo-spatial working memory in children and adolescents, led Kwon to 

conclude that increasing age was a significant predictor of brain activation in frontal and 

parietal areas associated with working memory in adults (e.g. DLPFC).

In general, the Abstract Picture version produced the most errors and took the 

longest time to complete. The more concrete Representational Picture version produced 

the fewest errors and took the shortest time to complete. The verbal versions were 

intermediate with poorer performance on the Verbal Low than on the Verbal High 

version; it is noted that the unilateral group which consisted of predominantly left 

frontal lobe lesions were not significantly impaired on the verbal versions compared to 

the picture versions as might have been predicted in a predominantly right-handed 

group. The fact that only the Abstract and Picture versions distinguished between 

groups at the level of univariate analysis, suggests that working memory tasks that are 

immediately amenable to verbal-processing may be easier than those that are not. In 

particular, it is noted that a large number of subjects in all groups adopted a strategy of 

making-up names for each of the abstract pictures, but this may be an imperfect strategy 

that places greater demand on working memory.

In conclusion, this study provided evidence for the conclusion of White et al. 

(2000), that SCO impairs working memory, but only at later disease stages when brain 

lesions are present. This deficit manifested as a constraint on overall working memory 

that may, in part, be due to a reduced processing speed as well as a reduced capacity per 

se. Furthermore, it was indicated that discrete white matter lesions that do not appear to 

involve the cortex (including the DLPFC) are sufficient to disrupt working memory, 

although this may be due to partial disconnection of these structures from the rest of the 

brain.
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5.2.2. Everyday Attention

5.2.2.1. Theoretical background: Attention has been traditionally viewed as a 

finite resource that is unitary in function. More recently, it has been proposed that 

attention is sub-served by three interconnected networks each carrying out a different 

but related function (Berger and Posner, 2000; for review).

In its most primitive form, attention is an orienting response that is necessary for 

survival. Posner and Peterson (1990) associated orienting with a network including the 

posterior parietal lobe, thalamus and superior colliculus, and predicted that injury to any 

of these areas will interfere with the ability to shift attention covertly. The parietal lobe 

is proposed to be particularly important for disengaging attention from one focus, while 

the midbrain acts to selectively move attention to the new focus. However, Houghton 

and Tipper (1994) suggested that the frontal lobes play an important role in this circuit 

by enhancing the processing of goal-relevant information over non-relevant information. 

This skill is commonly measured by selective attention tasks in both the visual (e.g.

Stroop) and auditory (e.g. dichotic listening) domains, where the individual is required 

to ‘facilitate’ a channel for one stimulus and concurrently ‘suppress’ a channel for 

another stimulus.

Alerting was defined by Posner and Peterson (1990) as the ability to sustain 

attention in order to process ‘high priority’ signals, and is associated with the right 

frontal and parietal lobes, and the locus coeruleus. In addition, these authors predicted 

that noradrenaline arising from the locus coerulus has a facilitating effect on the 

posterior attention system, increasing the rate at which information can be selected for 

further processing. In support of predominant right hemisphere involvement, Wilkins et 

al. (1987) found that patients with right frontal lobe lesions were impaired on a 

sustained attention task (continuous performance test) when stimuli were presented at 

the rate of one every second. However, Rueckert and Grafman (1998) found that adults 

with frontal lobe lesions not confined to the right frontal lobe, also missed more targets 

and took longer to respond than controls on the continuous performance test.
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A third ‘executive control’ network provides a more supervisory role in novel 

and/or complex tasks by inhibiting automatic responses, detecting targets, monitoring 

for errors, and resolving conflict if and when it occurs. Posner and Peterson (1990) 

implicated a number of frontal lobe structures in this system, including the anterior 

cingulate cortex (ACC), supplementary motor area (SMA), and the basal ganglia; they 

predicted that the dorsolateral prefrontal cortex (DLPFC), although also involved in this 

system, is more associated with working memory than with attention per se, but 

considered that there is some overlap between the functional networks proposed for 

working memory and attentional processes.

5.222. Functional neuroanatomy. There is converging evidence for the role of 

fronto-parietal networks in directing and sustaining attention. In particular a large 

review of PET and fMRI studies by Cabeza and Nyberg (2000) provided strong 

evidence for the engagement of prefrontal and parietal cortices, usually in the right 

hemisphere, in sustained attention tasks. In contrast, selective attention tasks were 

reported to typically engage posterior regions involved in earlier stimulus processing. 

More complex ‘executive’ measures of attention, such as the Stroop test, were reported 

to be strongly associated with the ACC and the left prefrontal cortex. Thus, this meta

analysis was largely in support of the findings of Posner and Peterson (1990).

5.2.2.3. Developmental studies. Posner and Peterson (1990) proposed that in 

order to examine attention it is necessary to address the different but interrelated 

functions that attentional networks subserve. There is an absence of significant 

correlations in adults between measures designed to assess each of the three attentional 

systems (Fan et al., 2002), although the extent to which this finding relates to children 

has not previously been examined, usually because only one or more attentional 

‘system’ is examined in any one study.
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There is a fairly extensive literature on attentional processing in children, 

although most studies are non-specific and provide little information other than 

reporting that attentional processing in children becomes faster and more efficient with 

age (e.g. Ridderinkhof and van der Stelt, 2000). However, Barkley (1988) reported that 

after age 12 years accuracy but not reaction time improves, implying ongoing 

development in the accuracy of attentional search strategies but not in the speed at 

which attentional processing occurs. It is important, therefore, to examine what ' 

attentional function or functions are developing in children to account for age-related 

differences in efficiency.

While the most basic form of selective attention, the orienting response, is 

present at birth and shows little developmental change, more demanding levels of 

selective attention require increasing executive control in order to focus on one stimulus 

over another (Plude et al., 1994). For example, Comalli et al. (1962) reported that the 

interference effect of non-relevant stimuli decreased throughout childhood and 

adolescence, and Dempster (1993) suggested that developmental change in the ability to 

resist distraction was related to frontal lobe maturation. More specifically, Ridderinkhof 

and van der Molen (1997) investigated developmental differences in a response 

competition task and found that although reaction time was longer for incongruent 

compared to congruent trials at all ages, the detrimental effect of incongruent stimuli on 

processing speed decreased with age in children aged between 5 and 12 years. 

Importantly, there was no effect of age on neural responses associated with perceptual 

processing of the stimulus prior to response (P300 component using event related 

potentials). This suggests, therefore, that response-related rather than stimulus-related 

processes account for improvement in conflict tasks with increasing age. As this finding 

is dependent on the level of perceptual demand, however, it is likely that the earlier 

development of efficient selective attention is critical to the later development of more 

complex forms of executive (response-related) attention.

In a large study of 62 children aged between 7 and 11 years, whose group 

performance was compared to 16 adults, McKay et al. (1994) found different 

developmental trajectories for all three attentional processes. Sustained attention was 

measured by a continuous performance task requiring subjects to press a button when an
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‘A’ was followed by an ‘X’. Improvement on this task, defined as a decrease in reaction 

time and an increase in accuracy, was greatest between the age of 11 years and 

adulthood, i.e. there was little improvement in children aged 7 to 11 years, but adults, 

perhaps predictably, achieved significantly better scores than children. Selective 

attention, measured by a visual focused attention test requiring subjects to respond to a 

target stimulus in the presence or absence of distractors, was found to develop earlier, 

with adult-levels of performance achieved in the youngest age group studied (age 7 

years). ‘Response organization’ was measured by a Stroop-like task and presumably 

corresponded to a more executive level of attentional control. On this task there was 

rapid development between the ages of seven and nine years. Younger children 

reportedly had significantly more difficulty organizing responses, evident in a greater 

number of errors associated with incongruent than with congruent stimuli, but this 

deficit was attenuated by late childhood.

5.2.2.4. Attention deficit in patients with SCD. Craft et al. (1993) investigated 

attentional processes in 29 children with SCD who were categorised by MRI into three 

groups according to lesion location: anterior (ACA or MCA territory; n = 6), diffuse 

(‘not confined to anterior regions’; n = 11), and no detectable lesion (n = 12). The mean 

age at assessment in all groups was 10 years. Attention (auditory vigilance; detection of 

target letter) and the ability to distinguish relevant from irrelevant stimuli (total number 

of intrusions across trials) were assessed in all patients and 20 sibling controls. These 

tasks may be defined as measures of sustained and selective attention. The test of 

attention revealed a greater mean number of errors in the anterior group (7.2), compared 

to the diffuse group (5.7), no-lesion group (4.1), and sibling controls (3.6). Similarly, 

the mean number of intrusions was significantly greater in the anterior group (12.0) than 

any of the other groups; diffuse group (2.0), no-lesion group (6.1) and sibling controls 

(2.4).

S.2.2.5. Hypotheses. There is evidence that children with SCD are at risk of 

attentional deficits, but the extent and nature of this impairment is not well understood. 

It was important to confirm, therefore, if impairment is generalized or differentially



Chapter 5: Neuropsychology___________________________________ AMH 2003 155

affects one or more attentional processes. In view of the data from Craft et al (1993), it 

was hypothesised that SCD patients would be impaired on measures of selective and 

sustained attention, but also on a measure of switching attention, as this function has 

been associated with the frontal lobes (Cabeza and Nyberg, 2(KX)).

5.2.2.Ô. Methods. Three subtests assessing selective, sustained and switching 

attention, were administered from an age-appropriate version of the Test of Everyday 

Attention (TEA); the child version is the Test of Everyday Attention in Children (TEA- 

Ch). While the subtests purported to measure the same attentional process in adults and 

children are not strictly identical, the child measures are reportedly conceptually derived 

from the adult measures. It is important to note, however, that no correlation 

coefficients are not available to support this claim. For all three subtests, scaled scores 

range from 1 to 19, with a mean of 10 and a standard deviation of 3, corresponding to 

the 12^ to 88^ percentiles.

5.2.2.6.1. Selective Attention. This was measured by the ‘Map Search’ 

subtest in the TEA or the ‘Map Mission’ subtest in the TEA CH. The 

regression coefficients for each of these subtests to a construct labelled 

‘visual selective attention’ are .84 and .79 in their respective factor 

analytic models. In each case, the subject is presented with an A3-size 

map of a city and is instructed to put a circle around as many target 

stimuli (i.e. petrol pumps) as quickly as possible within 60 seconds. The 

number of targets circled by each individual was compared to normative 

data and a scaled score recorded. Subjects were not penalised for circling 

non-target stimuli.

5.2.2.Ô.2. Sustained Attention. This was measured by the ‘Lottery’ 

subtest in the TEA or the ‘Code Transmission’ subtest in the TEA-Ch 

(.70 and .49 in their respective factor analytic models for the construct of 

sustained attention). Both subtests require the subject to listen to a long
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list of letter-number combinations (TEA) or single numbers (TEA-Ch) in 

order to identify target ‘lottery codes’ or numbers that immediately 

follow two 5’s in a row. An age-related scaled score is derived from the 

number of targets identified over the 10 or so minutes it takes to sustain 

attention to this task.

5.22.6.3. Switching attention. Switching attention between competing 

stimuli requires a high degree of executive control as demonstrated in 

traditional Stroop and WCST paradigms. In the TEA and TEA-Ch this 

ability is measured by the ‘Visual Elevator’ and ‘Creature Counting’ 

subtests respectively. The regression coefficient for Visual Elevator to 

the construct of attentional switching is quite high at .78. In the factor 

analytic model for the TEA-Ch, however, the Creature Counting score is 

not included. However, these tests are very similar, requiring the 

individual to count up or down according to the direction of an arrow. In 

the adult measure, the individual counts the number of floors passed in a 

theoretical trip in an elevator, while in the child measure the individual 

counts the number of ‘creatures’ in a ‘burrow’. In both cases the 

direction of counting is altered by randomly interspersed arrows pointing 

either up or down. The accuracy score is the number of trials where the 

individual ends with the correct number ‘floor’ on a particular elevator 

ride or the correct number of ‘creatures’ in a particular ‘burrow’.

5.2.2.Ô.4. Statistical Analysis. The data were subjected to analysis by 

MANOVA, as explained in section 5.2.1.6.3. (see above). The three 

measures of Selective, Sustained and Switching were entered as 

dependent variables, and group (disease stage) was entered as the 

independent variable. The model was repeated with Full Scale IQ as a 

covariate, but not age as the scores were already compared to normative 

data. Finally, results obtained from patients with unilateral and bilateral 

frontal lobe lesions were compared by individual T tests.
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5.2.2.7. Results. The three subtests of the TEA or TEA-Ch were administered to 

46 SCD patients (SCD-NL -  n=27; SCD-LES -  n=19) and all but two controls (n=24); 

in four subjects, two with SCD, there was not enough time to administer the Sustained 

Attention subtest. The unilateral and bilateral frontal lobe lesions groups were 

unaffected (n=10; n=5, respectively).

5.2.2.7.1. Disease Stage. Mean scores for each of the measures of 

attention are presented in Table 5.3. The MANOVA model suggested a 

highly significant difference between groups in ‘attention’ generally 

(F(6,128)=7.1, P<0.001 ). As predicted, at the level of univariate 

analysis, the group difference was significant for all three subtests; the 

strongest effect was for switching attention. However, in contrast to the 

finding of Craft et al. (1993), it was found that impairment was not 

limited to patients with brain lesions. Post-hoc comparisons revealed that 

performance differed significantly between the Control and the SCD-NL 

groups on all three measures (Selective: P=0.031; Sustained: P=0.035; 

Switching: P=0.001). Similarly, the SCD-LES group obtained 

significantly lower scores than Controls but only on Selective (P<0.001) 

and Switching (P<0.001) attention measures. There was, however, no 

significant stepwise impairment on any of the measures when the scores 

of the SCD-NL and SCD-LES groups were compared, indicating that 

performance was impaired equally in these two groups; the difference of 

approximately two points between patients with and without lesions on 

the measure of Selective Attention did not reach statistical significance 

(P=0.082).
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Table 5.3. Mean attention subtest scaled scores in Disease Stage subgroups (SD). 

[Range 1 to 19; average scores between 7 and 13]

Subtest Controls SCD-NL SCD-LES Univariate Result 
(df = 2,67)

Selective 12.2 10.0 8.1 F =11.2(2,67) **

Sustained 10.6 8.1 8.6 F = 3.8(2,67)*

Switching 12.4 9.9 8.9 F = 13.7(2,67) **

* P < 0.05 ** P < 0.001

The significance level of the MANOVA model was reduced but not 

eliminated when full scale IQ was included as a covariate (F(6,126)=2.7, 

P=0.017). Within this model, measures of Selective (P=0.029) and 

Switching (P=0.015) attention also remained significant. Thus, the 

attentional deficit in the patients with and without brain lesions was not 

wholly attributable to the variance in IQ. However, there was a 

significant association between full scale IQ and all measures of attention 

at the univariate level (Selective -  P=0.026; Sustained -  P=0.002; 

Switching -  P=0.008).

There was a significant correlation between full scale IQ and Sustained 

attention in controls (R=.413, P=0.045), and a correlation between full 

scale IQ and sustained attention in patients with brain lesions (R=.550, 

P=0.012), indicating that higher scores were associated with a higher IQ. 

There were no other significant results.
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5.2.2.S.2. Lesion Location. As indicated in Figure 5.6. a to c. There were 

no significant differences between patients with unilateral and bilateral 

frontal lobe lesions on any measure of attention.

Figure 5.6. Attention scores in patients with unilateral and bilateral frontal lobe lesions.

[Right frontal lobe patients are circled in the unilateral column. The bar represents the mean]
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5.22.7.3. Summary o f results. SCD with and without brain lesions was 

associated with a significant impairment in all three measures of attention 

that was not wholly attributable to the variability in full scale IQ.

Bilateral frontal lobe lesions did not result in significantly greater deficit 

than unilateral frontal lobe lesions.

5.2.2.8. Discussion. Being ‘inattentive’ is a common complaint of childhood, 

affecting approximately 10% of the normal school-aged population (Barkley, 1988). 

Attention, however, is not a unitary concept and deficits may occur in selected 

components. Posner and Peterson (1990) identified three attentional systems that have a 

distinct, although interrelated, functional neuroantomy prinicipally involving the parietal 

and frontal lobes. Deficits in two attentional processes, sustained and selective 

attention, have been previously identified in children with SCD (Craft et al., 1993). The 

present study provides further evidence for deficits in these processes in a larger 

population of patients with SCD, and, additionally, in a measure of switching attention 

requiring a high-level of executive control. The evidence suggests therefore, a global 

impairment of attention. The presence of significant impairment in patients without 

brain lesions was in contrast to the report of Craft et al. (1993), but may be a result of
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the larger sample size; Craft et al. found no significant attentional deficit in 12 patients 

with ‘no detectable lesions’ compared to 27 in the present study.

The Posner and Peterson (1990) model assigned an important role to the frontal 

lobes in attentional processing, but there was less support for an association between 

attentional impairment and frontal lobe lesions in this study. Specifically, bilateral 

frontal lobe lesions did not result in greater impairment than unilateral frontal lobc 

lesions. However, it is important to note that Posner and Peterson focused on the role of 

the right frontal lobe in attention, and, there were only three patients with lesions 

confined to the right frontal lobe in this study. Nevertheless, two of these right frontal 

lobe lesion patients obtained the highest scores in measures of Sustained and Switching 

attention, and scores were also high for the measure of Selective attention. In addition, 

some patients with bilateral lesions also scored highly. As there is strong and 

converging evidence to support a right hemisphere functional-anatomical specialization 

for selective and sustained attention (e.g. Pardo et al., 1991) in normal cohorts with 

larger sample sizes, future studies are required to address this issue more robustly.

In conclusion, patients with SCD were impaired on all three measures of 

attention: sustained; selective; switching, and this deficit was not wholly attributable to 

the variance in IQ. More specifically, selective and switching attention measures 

remained significantly different between groups when IQ was covaried. It is possible 

that these measures may be subserved by more specific cognitive and neural processes 

than those that underlie intellectual function, and thus may be more sensitive to SCD 

pathology that predominantly affected the frontal lobes. As measures of attention were 

sensitive to presence of brain lesions that were predominantly located in frontal lobe 

white matter, this suggests that the lesions may have partially disconnected frontal lobe 

stmctures that subserve attentional processes (e.g. DLPFC and ACC). The finding that 

children with SCD without brain lesions were also impaired relative to controls implied 

that tests of attention may also be particularly sensitive to other factors, perhaps 

including chronic hypoxaemia. It is important to note, however, that mean scores were 

generally in the average range, a finding that may help explain why children with SCD 

are not routinely diagnosed with attentional impairment (M. De Baun; personal 

communication). In relation to this, it was unusual for deficit on these tasks to be
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associated with any behavioural reports of heightened distractibility and/or 

hyperactivity.

5.2.3. Wisconsin Card Sorting Test

The Wisconsin Card Sort Test (WCST) originated from the ‘Weigl-type card 

sorting problem’, developed by Berg (1948). Since that time a wealth of literature on 

the WCST has been published. Perhaps more than any other test, the WCST has 

become a ‘gold-standard’ of frontal lobe function.

5.2.3.1. Measures obtained from the WCST. Because of its multifaceted nature, 

the WCST yields measures that are particularly relevant to the model of executive 

function. Two measures, number of categories and perseverative errors, are particularly 

important. The maximum number of categories that can be obtained is six, i.e. colour, 

form and number each sorted to a criterion of 10 correct in a row and then repeated. 

Perseverative errors are defined as cards sorted to the rule of a previously rewarded 

category against examiner feedback suggesting that the category has changed. Stuss et 

al. (2000) also identified the measure of ‘failure-to-maintain-set’, which occurs when 

the patient correctly sorts three cards in a row with positive feedback then incorrectly 

sorts the next card.

5.2.3.2. Adult patient studies. A number of lesion and imaging studies have 

confirmed the sensitivity of the WCST in detecting frontal lobe pathology in adults 

(Milner, 1963; Drewe, 1974; Robinson et al., 1980; Grafman et al., 1990; Stuss et al., 

2000), with some debate as to predominance of deficit in the left dorsolateral prefrontal 

cortex (DLPFC; Milner, 1963), or right ‘frontal cortex’ (Drewe, 1974; Robinson et al., 

1980). In the study by Milner (1963), no adult with DLPFC injury obtained more than 

three categories and when errors occurred they were mostly perseverative. Milner 

concluded that the impaired performance after left compared to right lesions was



Chapter 5: Neuropsychology___________________________________ AMH 2003 163

particularly striking as the left lesions were smaller; however it is noted that lesion size 

was not formally measured. By contrast, Robinson et al. (1980) reported that patients 

with right frontal lobe lesions were more impaired on the WCST compared to patients 

with left frontal lobe lesions. A total sample of 123 controls and 107 patients, aged 

between 7 and 71 years, were divided into seven groups according to lesion location 

confirmed by CT or surgical report: right frontal lobe (n=13); right frontal lobe 

‘extended’ (i.e. extra-frontal involvement; n = ll); left frontal lobe (n=10); left frohtal 

lobe ‘extended’ (n=12); right non-frontal (n=9); left non-frontal (n=14); diffuse lesion 

(i.e. closed head injury, hydrocephalus n=38). The control group obtained a small mean 

number of perseverative errors (7). This was significantly lower than the error rate in 

the right frontal, right frontal extended and left frontal groups (57,43, and 33, 

respectively); the left frontal extended group was less impaired (16). The least number 

of perseverative errors occurred in the non-frontal groups (left: 22; right: 18), and the 

diffuse lesion group likely reflected a degree of frontal lobe involvement with a mean 

perseverative error rate of 33.

A later study by Grafman et al. (1990), however, provided further support for 

greater left hemisphere involvement in skills assessed by the WCST, but questioned the 

specific association with the frontal lobes. A total of 421 veterans with location of brain 

damage confirmed by CT scan were divided into three groups ( ‘frontal only’ n=126; 

‘frontal extended’ n=l 12; ‘non-frontal’ n=183) and compared to 84 controls. All three 

patient groups obtained a mean score of 4.3 categories (a clinical ‘pass’ on this test is 4 

categories), strongly suggesting that this measure was not selectively sensitive to frontal 

lobe lesions. In addition, the mean number of perseverative errors was also equivalent 

across groups (33; 36; 29; respectively). Grafman further divided this sample by lesion 

location within the frontal lobes. The right lesion group obtained a larger mean number 

of categories (4.7) and made fewer perseverative errors (24.8) than either the left lesion 

group (4.3 / 28.6), or the bilateral lesion group (4.0 / 33.2), but these group differences 

were not significant. There was a significant difference, however, between patients with 

right hemisphere lesions that extended beyond the frontal lobes (4.0 / 32.5) compared to 

patients with similar lesions in the left hemisphere (3.1 / 42.2). Finally, data were 

collapsed across right and left hemisphere groups in order to compare dorsal and ventral 

lesion locations. In support of Milner’s findings, patients with lesions confined to the
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orbitofrontal cortex performed better than patients with strictly dorsolateral lesions 

(OFC: 5.5/14.7; DLPFC: 3.3/37.8), but patients with anterior temporal lobe lesions were 

equally impaired (anterior temporal lobe -  left: 3.6/40.1; right: 3.4/35.1). Thus, these 

results indicate that lesions that include, but also extend beyond, the dorsal frontal lobes 

result in the greatest impairment in WCST performance.

More recently, Stuss (2000) administered the WCST in both its traditional 

format (Heaton, 1981), and in a modified format that pre-informed participants of the 

correct sorting criteria. A total of 12 patients with DLPFC lesions extending to the 

striatum (6 left hemisphere), were compared to 23 patients with medial frontal lobe 

lesions (13 superior), 11 non-frontal patients (6 left hemisphere) with lesions in 

temporal, parietal and/or occipital lobes, and 16 controls; in the frontal lobe sample 

small extra-frontal and/or secondary lesions outside of the frontal lobes were also 

evident. Both right and left DLPFC groups, and the superior medial group, were 

significantly impaired compared to controls and the two non-frontal groups on the 

measures of categories obtained and number of perseverative errors, but performance in 

these groups did improve with knowledge of the correct sorting criteria in the second 

experiment. There were no significant group differences for the measure of set-loss. 

Stuss defined a significant impairment in this measure as two or more incidences of 

failure to maintain set. By this definition, only the right and left DLPFC and left non- 

fiontzd groups were impaired. The inferior medial frontal lobe lesion group showed 

increased incidence of set-loss only in the second experiment, when the sorting criteria 

was known. In summary, information about an impending shift in category improved 

performance to ceiling level in the non-frontal and inferior medial frontal lobe groups, 

and, while performance improved in the right and left DLPFC and superior medial 

frontal lobe groups, there was still a trend towards fewer categories and more 

perseverative errors.

The most recent patient study by Barcelo and Knight (2002) was less concerned 

with lateralization than with the kind of errors that patients made. A sample of six 

adults with unilateral focal lesions in the left lateral prefrontal cortex, were compared to 

eight controls in a computer version of Nelson’s (1976) modified card sorting test. In 

this test the participant is informed that there are three possible categories and that
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correct categories would change without notice. It was found that the impaired 

performance in patients compared to controls was due to a greater number of both 

perseverative errors, defined as the failure to shift response mode after negative 

feedback, and random errors, defined as a shift to a different category after positive 

feedback; random errors were hypothesised to represent a deficit in goal-maintenance. 

By contrast, most errors in the control group were ‘efficient’, i.e. tending to occur only 

in the first few trials after a shift in category, and thus reflecting the testing of neW 

hypotheses about the sorting categories.

5.2.S.3. Adult functional imaging studies. A number of studies have investigated 

the contribution of the frontal lobes to WCST performance in healthy individuals by 

examining haemodynamic activation. One early study reported increased 

haemodynamic response (SPECT) localized to the left lateral frontal lobes in adults 

performing the WCST (Rezai et al., 1993). Evidence for a WCST laterality effect has 

been conflicting. Bilateral frontal lobe activation measured by PET has been reported in 

subjects performing Nelson’s (1976) modified card sorting test (Nagahama et al., 1996). 

In the same year, a PET study of 14 adults, aged between 20 and 35 years, found no 

significant main effects of laterality (Van Horn, 1996), although in more specific region- 

by-region analysis, with a more lenient statistical threshold, few significant asymmetries 

were observed. In particular, there was greater right than left activation in the superior 

frontal gyrus. A recent study using magnetoencephalography (MEG) to measure 

haemodynamic response in 12 adults, concluded that the modified card sorting test 

activates a broad frontal area as part of a parieto-frontal network, but specifically, ‘shift’ 

instructions, given with a change of category, was associated with activity in the 

DLPFC.

5.2.S.4. Developmental studies. The WCST, like all tests of executive function, 

was originally intended for adults and does not provide normative data for children. 

However, the WCST is widely used with paediatric patient populations. Two studies 

addressed this issue by administering the WCST to both normal and atypically 

developing children (Chelune and Baer, 1986; Chelune and Thomspon, 1987). In the
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first study, 105 normally developing children aged 6 to 12 years were administered the 

WCST according to the adult manual (Heaton, 1981). Only in the measure of failure-to- 

maintain-set did children reveal an adult-like performance from age six years.

Generally, children’s performance as measured by ‘categories’ and perseverative errors, 

was ‘adult-like’ by age 10 years; thus, there was no further improvement between age 

10 and 12 years. Before this age children achieved fewer categories and made more 

perseverative errors, thus performing in a manner similar to adult frontal lobe lesion 

patients. In the second study, WCST performance in 77 children with diffuse/general 

neurological abnormality including seizures, compared to 80 age-matched controls, 

testified to the sensitivity of this measure in demonstrating abnormality in children with 

brain injury, but not specifically to frontal lobe dysfunction. Younger children (<10 

years) with brain injury obtained fewer categories (3.87 out of a possible 6), and made 

more perseverative errors (28%), than young control children (4.47; 17%). Similarly, 

older brain injured children (>11 years) achieved fewer categories and made more 

perseverative errors (4.68; 18%), than older controls (5.52; 13%). The authors admitted 

the importance of assessing children with circumscribed frontal lobe lesions, as the 

diffuse nature of neuropathology in this cohort does not allow for the conclusion that 

difficulties in performing the WCST is selectively associated with frontal lobe 

pathology in children.

5.2.3.5. Patients with SCD. Watkins et al. (1998) found deficits on this test in 

SCD children with frontal lobe pathology. The results revealed a significantly greater 

number of perseverative errors in children with lesions involving prefrontal areas than in 

two children whose lesions did not involve frontal areas; one case had a small infarct in 

parietal white matter and another had a choroidal fissure. Furthermore, a high rate of 

perseverative responding was not accounted for by age effects as an age-matched sibling 

control group obtained results comparable to normal adults.

5.2.3.6. Hypotheses. In view of the study by Watkins et al (1998), it was 

hypothesised that patients with SCD would be impaired on the WCST due to the 

relatively high risk of frontal lobe lesions associated with this condition. In addition.
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this study was unique in presenting longitudinal WCST data obtained over a period of 

approximately eight years. By comparing scores obtained on this measure during late 

childhood with those recently obtained in the same patients and controls in young 

adulthood, it was possible to consider the extent to which skills assessed by this task 

continued to develop throughout the second decade of life. Two studies reported that 

children are adult-like on the WCST by the age of 10 years (Chelune and Baer, 1986; 

Chelune and Thomspon, 1987), but neither of these studies investigated adolescents. 

Based on these studies, it was predicted that controls would show little or no change in 

scores with increasing age, whereas SCD patients might show a decline in scores. 

However, evidence of continuing improvement would suggest that skills assessed by the 

WCST continue to develop during adolescence.

5.2.3.7. Methods.

5.2.3.7.1. Wisconsin Card Sorting Test. The WCST was administered 

according to instructions set-out by Heaton (1981). Four ‘master’ cards 

were placed face-up on the table. A pile of 64 cards was then placed in 

front of the subject, who was asked to take each card one at a time from 

the top of the pile and place it below one of the four master cards. A 

further 64 cards were provided during the test once all the cards in the 

first set had been exhausted. Subjects were not informed how to sort the 

cards, but were told ‘that’s right’ or ‘that’s wrong’ according to match 

with sorting criteria; this was pre-determined as colour, shape and 

number repeated once. Subjects were aware that they were being timed, 

but were advised that marking would be unaffected by the time they took 

to complete the task. The test was stopped after the attainment of 10 

correct trials at each sorting criteria twice, i.e. colour, shape, number, 

colour, shape, number. While in the modified card sorting test, the cards 

can be unambiguously sorted to only one feature (colour or shape or 

number) the traditional card sorting test places greater demand on 

problem-solving skills, as some individual cards may be sorted to one or 

more criteria (e.g. colour and number).
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5.23.7.2. Data analysis. The data were subjected to analysis by 

MANOVA, as explained in section 5.2.1.6.3. (see above). The four 

measures of Categories, Perseverative Errors, Failure-to-Maintain-Set, 

and Time Taken were entered as dependent variables, and group (disease 

stage) was entered as the independent variable; where measures did not 

conform to parametric requirements, i.e. where the majority of subjects 

achieved the maximum score (Categories) or made few errors (e.g. 

Failure-to-Maintain-Set), a logarithmic transformation was applied 

[Log 10]. The model was subsequently repeated with both age and Full 

Scale IQ as covariates. Following this, results obtained from patients 

with unilateral and bilateral frontal lobe lesions were compared by 

individual T tests. Finally, longitudinal WCST data obtained from a 

subgroup of patients and controls were investigated by repeated-measures 

ANOVA.

5.2.3.8. Results. The WCST was administered to all controls (n=26), and all 

SCD patients (SCD-NL -  28; SCD-LES -  20).

5.2.3.8.1. Disease Stage. Mean scores are presented in Table 5.4. As 

predicted, there was a significant difference between groups across all 

WCST measures (F(8,134)=2.7, P=0.009), and for each of the four 

measures (see Table 5.4.). Post-hoc comparisons revealed a significant 

difference between the control and SCD-LES groups (Categories: 

P=0.002; Perseverative Errors: P=0.013; Failure to Maintain Set: 

P=0.001; Time Taken: P=0.005), but there were no other significant 

group differences.



Chapter 5: Neuropsychology___________________________________ AMH 2003 169

Table 5.4. WCST scores obtained from Disease Stage subgroups (SD).

Measure Controls SCD-NL SCD-LES Univariate Analysis 
(df = 2,71)

Categories 5.9 5.5 4.9 F = 6.7**

Perseverative Errors ^ 5.7 11.8 17.1 <“'■*> F -  4.6*

Failure to Maintain Set ( .6 .9 2.3 F = 8.3**

Time Taken 6:38 8:27 9:86®” F = 5.8**

* P < 0.05 **P<0.01

The MANOVA model was no longer significant when age and full scale 

IQ were added as covariates (F(8,130)= 1.60, P=.129); although the 

univariate result for Categories within this model did remain significant 

(P=0.050), as did the result for Failure to Maintain Set (P=0.008), 

suggesting that these measures may be more dissociable from full scale 

IQ than perseverative errors and time taken. While age was not 

significantly associated with IQ (in support of Watkins et al., 1998), there 

was a significant association between full scale IQ and perseverative 

errors (P=0.016) and time taken (P=0.023). However, there were no 

significant correlations between full scale IQ and WCST measures in any 

of the three groups.

5.2.3.S.2. Lesion Location. Scores obtained from patients with unilateral 

and bilateral lesions are presented in Figure 5.7. There were no 

significant differences between WCST scores obtained from patients with 

unilateral frontal lobe lesions compared to patients with bilateral frontal 

lobe lesions; even when allowing for the outlier in the Failure-to- 

Maintain set measure.
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Figure 5.7. WCST scores obtained from patients with unilateral and bilateral 
frontal lobe lesions. [Right frontal lobe cases are circled in the unilateral 
column. The bar represents the mean score]
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5.2.3.8.3. Longitudinal Results. A total of 31 SCD patients and 12 

sibling controls had been administered the WCST in the same format up 

to eight years previously (Time 1). The remaining 13 longitudinal SCD 

patients were too young for the WCST at first assessment. Of the 31 

patients, 17 were subsequently assigned to the SCD-NL group and 14 to 

the SCD-LES group. A repeat measures ANOVA model was performed 

with both Time (time l/time2) and Measure (categories/perserative
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errors/failure to maintain set/time taken) as within-subject variables and 

Group (Control/SCD-NL/SCD-LES) as the between-subject variable. 

The analysis was subsequently repeated with age and Full Scale IQ as 

covariates.

At first assessment (Time 1), there was no significant difference in mean 

age between the three groups (Controls: 10 years, 4 months 

SCD-NL: 9.9 SCD-LES: 10.6 F =.2(2.41), P=0.824).

Similarly, there was no age-difference at the most recent assessment 

(Time 2. Controls: 18 years, 2 months SCD-NL: 18.1 SCD- 

LES: 18.9 F (2,41) = .2, P=0.789).

Figure 5.8. Longitudinal WCST scores for Disease Stage subgroups (SEM).
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Mean WCST scores obtained from the three groups at Time 1 and Time 2 

are presented in Figure 5.8. In this cohort of children with SCD and their 

sibling controls, it appeared that WCST performance continued to 

improve throughout adolescence. This was supported by a main effect of 

time (F(l,40)=449.8, P<0.001), reflecting: (i) An increase in the number 

of categories obtained; and, a decrease in, (ii) perseverative error rate;

(iii) failure-to-maintain set error rate; (iv) time-taken to complete the 

task. However, this effect was across groups, indicating that the 

improvement in performance in both patients with and without lesions 

was comparable to that of controls. There were no other significant 

effects and no interaction between time and group for any measure.

5.23.8.4. Summary o f results. There was a significant group difference 

in the WCST reflecting poorer performance in the SCD-LES group 

compared to controls. The SCD-NL group obtained scores that were 

intermediate, but not significantly different compared to either the 

Control or SCD-LES groups. Thus, while a step-wise restriction in 

scores was indicated, this was not supported statistically. There was no 

association with age, but the variance in full scale IQ was strongly 

correlated with perseverative error rate and time taken. The association 

of IQ with measures of Categories and Failure to Maintain Set was less 

robust. The WCST was not sensitive to extent of frontal lobe 

involvement, although it is noted that patients with right frontal lobe 

lesions appeared to consistently obtain good scores, e.g. all three 

achieved the highest number of categories. Analysis of longitudinal data 

revealed that all groups showed equivalent improvement in performance 

over a period of up to eight years.

5.2.3.9. Discussion. It has previously been demonstrated that SCD patients with 

brain lesions are impaired on the WCST (Watkins et al. 1998). In support of this, a 

WCST deficit in the present study was limited to patients with brain lesions, the
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majority of which affected the frontal lobes. Patients with brain lesions obtained 

significantly fewer categories, made more perseverative and set-maintenance errors, and 

took longer to complete the task. Patients without brain lesions obtained scores on all 

measures that were intermediate between controls and patients with brain lesions which 

is in line with the findings of Watkins et al. (1998), but did not significantly differ from 

either of these two groups. Thus a restriction in performance with disease stage was in 

the predicted direction, but was more apparent than real with this sample size. There 

was a significant association with full scale IQ in general indicating that performance on 

this task is partly attributable to variance in intellectual function. However, measures of 

categories and failure to maintain set remained significant, implying that their 

association with IQ was less robust. The results for each of the WCST measures 

(categories, perseverative errors, set maintenance errors) will be considered in turn.

Owen et al. (1993) reported that patients with frontal lobe lesions are impaired at 

shifting attention from previously relevant stimuli. In support of this, patients with 

frontal lobe lesions were less adept at switching between modes of responding, reflected 

in a lower category score compared to controls. Location of lesion within the right 

compared to left frontal lobes was not formally assessed. However, it is noted that all 

three patients with right frontal lobe lesions obtained the maximum number of 

categories, whereas this was the case in only two out of seven patients with left frontal 

lobe lesions. This finding provides some, albeit limited, support for Milner (1963) who 

originally reported that the WCST is particularly sensitive to left frontal lobe function. 

Patients with bilateral frontal lobe lesions were consistently more impaired than patients 

with unilateral lesions, but this difference is not significant for any measure. Thus, 

location, but not extent, of frontal lobe injury, may be a critical factor affecting 

performance, but this study can neither confirm nor reject that hypothesis.

Watkins et al. (1998) found a significantly greater number of perseverative errors 

in children with lesions involving prefrontal areas than in two children whose lesions 

did not involve frontal areas; one case had a small infarct in parietal white matter and 

another had a choroidal fissure. These results are replicated in the current study, where 

some patients produced over 40 perseverative errors in only 128 trials (~ 1/3 of trials led 

to perseverative errors). Once again, these results provide some limited support for the



Chapter 5: Neuropsychology___________________________________ AMH 2003 174

original finding of Milner (1963), that patients with frontal lobe lesions make a high 

number of perseverative errors (Milner, 1963). It has been reported that lateral OFC 

lesions in monkeys lead to increased perseverative responses (Iverson and Mishkin, 

1970). However, in this series of patients, perseveration is also found after dorso-medial 

frontal lobe lesions, that may serve to disconnect the DLPFC from the medial frontal 

lobes. This finding was therefore more consistent with Stuss et al. (2000), who reported 

increased perseveration after dorsolateral and superiormedial lesions compared to 

inferior medial lesions.

A set-maintenance error was described by Stuss et al. (2000) as an error 

occurring after three correct responses in a row. By this definition, neither the mean 

score from the SCD-NL or SCD-LES groups suggest impairment. However, there is 

some support for the prediction of Stuss et al. (2000) that set maintenance is particularly 

associated with inferior medial frontal lobe lesions. A total of four unilateral lesion 

cases (all left frontal cases), and one bilateral case, were impaired at set-maintenance by 

this definition.

Patients with frontal lobe lesions took significantly longer to complete the 

WCST. However, as these subjects obtained fewer categories, this is partly explained 

by the necessity to administer all 128 cards rather than stopping mid-test after six 

categories had been obtained.

This study is unique in presenting longitudinal data. The results show that all 

groups significantly improved performance over time. This means that young patients 

with SCD, like controls, continued to develop the skills assessed by the WCST through 

late childhood and early adolescence, a finding that does not support the conclusion that 

children are adult-like on this test by age 10 years (Chelune and Baer, 1986; Chelune 

and Thomspon, 1987). In summary, there is no evidence to support a significant decline 

in performance in patients with SCD, although it is apparent that patients with brain 

lesions achieved the least number of categories, and made the most perseverative and 

set-maintenance errors at final assessment, whereas this was not the case at baseline 

assessment.
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In conclusion, three main findings have emerged. Firstly, the WCST is sensitive 

to brain lesions in patients with SCD, but these skills are not dissociable from more 

general intellectual function. Secondly, there is comparable impairment after unilateral 

and bilateral frontal lobe lesions, although it was noted that the three patients with right 

frontal lobe lesions appeared to do well in all measures. Thirdly, SCD with or without 

brain lesions does not restrict the development of the skills assessed by this test between 

late childhood and late adolescence, although improvement was most evident in ' 

controls, least evident in patients with brain lesions, and intermediate in patients without 

brain lesions. Related to this, it must be concluded that problem solving skill and 

inhibitory control as assessed by the WCST continues to develop during the second 

decade of life.
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5.3. General Summary of Neuropsychological Results

There was robust evidence of impairment in measures of executive function.

SCD patients with brain lesions were impaired on measures of working memory 

(SOFT), attention (TEA), and problem solving and inhibition (WCST). Patients without 

lesions were impaired on a measure of attention (TEA). However, patients with and 

without brain lesions also had a lowered IQ compared to controls. IQ was found to 

correlate with measures of executive function, and when included as a covariate the 

between group differences were not statistically significant. This suggests that 

executive function was not easily dissociable from IQ using the neuropsychological 

measures employed in this study. In contrast, selective attention and switching attention 

remained significantly different between groups. It is possible that the SOFT and 

WCST were more complex measures of executive function that draw on a wide range of 

cognitive resources. By contrast, measures of selective and switching attention 

remained significantly different between groups when full scale IQ was covaried, 

indicating that these measures may be subserved by more specific cognitive processes, 

and thus may be more sensitive to SCD pathology affecting the frontal lobes. While 

group sizes were small, the data revealed that bilateral frontal lobe lesions did not result 

in greater impairment than unilateral lesions. Thus, this does not allow for the 

conclusion that the skills assessed by these tasks are subserved only by the frontal lobes.
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Chapter 6: Novelty processing assessed by Event-Related Potentials

In this Chapter, Event-Related Potentials (ERFs) are introduced as a useful 

assessment technique for the investigation of cognition in Sickle Cell Disease (6.1), and the 

methodology is outlined (6.2). ERF components associated with novelty are introduced 

(6.3). Thereafter, data obtained from two novelty oddball paradigms are presented. The 

first paradigm investigates neural response to novelty in the auditory modality, in infants 

and children, adolescents and young adults (6.4). This is followed by a visual paradigm, 

also administered to all age-groups (6.5). The aims of this chapter are twofold; firstly to 

provide converging evidence for the development of neural responses associated with 

novelty processing, and secondly, to examine the extent to which these responses differ in 

the presence of SCD.

6.1. Introduction to Event Related Potentials

Event-related potentials (ERFs) are neural responses associated with exogenous 

sensory and endogenous cognitive processes. Exogenous ERFs are an obligatory central 

nervous system response to sensory stimuli, and endogenous (ERFs) depend more on the 

task instructions and conscious state of the individual than the characteristics of the stimuli 

(Shibasaki and Miyazaki, 1992). Since the original report by Sutton et al (1965), 

demonstrating an association between ERF waveforms and stimulus uncertainty, a number 

of investigators have used ERF techniques to contribute to our understanding of sensory 

processing (Ohlrich and Barnet, 1972; Little et al, 2001), attention (Hillyard et al., 1973; 

Berman and Friedman, 1995), memory (Mecklinger et al, 1998), language (Sanders and 

Neville, 2003a; 2003b) and executive function (Gehring and Knight, 2000).

The latency and amplitude of ERF components traditionally seen in adult 

waveforms have been shown to develop gradually throughout childhood and adolescence 

(e.g. Courchesne, 1978), but there is also evidence for distinct waveforms that are only 

detectable in the young. Several studies have contributed to our knowledge of ERF



Chapter 6: Novelty Processing___________________________________ AMH 2003 178

components in normally developing children, and underpin the analysis of ERP data in 

atypical development. Increasing awareness that efficient sensory processing is germane to 

normal development makes this evidence particularly important; ERPs provide time 

resolution that potentially allows the separation of early sensory processing (exogenous) 

from later more cognitive (endogenous) processing. While there is some variation among 

studies regarding the exact course of quantitative changes in amplitude and latency of ERP 

components (Taylor and Baldeweg, 2002 for review), this may be largely due to 

methodological differences, and, in particular, variations in the time-window accepted for 

detection of components (Shibasaki and Miyazaki 1992). In general there is consensus that 

the amplitude of the most prominent component, the P300, tends to increase with age from 

late childhood, while the latency decreases with age (e.g. Finlay et al., 1985; Polich et al., 

1985).

Although there are few data available to date, ERP measures might be particularly 

useful in populations with SCD, as abnormalities have previously been shown in studies of 

frontal lobe lesion patients (Knight et al. 1984; Daffner et al.2000a; Gehring and Knight, 

2000; Barcelo and Knight, 2002), and in hypoxia (Mecklinger et al., 1998; Fowler and 

Prlic, 1995). Frontal lobe lesions are associated with a reduction in amplitude of both 

stimulus- (Knight et al. 1984; Daffner et al.2000a) and response-locked (Gehring and 

Knight, 2000) components. There has been less interest in the detrimental effect of 

hypoxia, which is likely to result in a more global deficit. Mecklinger et al, (1998) has 

published the only patient study, reporting an abnormal P300 component in adults who had 

suffered hypoxic-ischaemic insult following cardiac arrest. Target stimuli evoked a P300 

in both patients and controls, but peaked significantly later in patients. In addition, the 

‘oddball effect’, i.e. larger P300 amplitudes to target than standard stimuli, was more 

pronounced in the control group. P300 abnormality has also been demonstrated in a study 

that experimentally induced transient hypoxia in six healthy adults (Fowler and Prlic,

1995). When data was averaged across visual and auditory modalities, there was a 

complex inverted ‘U’ shape relation between P300 amplitude and blood oxygen level 

(SaOa). The highest P300 amplitude to targets was found at Sa02 levels of approximately 

87%, the lowest amplitude as SaOi fell between 84 to75%, and amplitude at normal values 

(97% and above) was intermediate. In addition, P300 latency increased for both visual and 

auditory modalities as Sa02 fell below 87%. These two studies suggest that cerebral
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hypoxia and/or ischaemia are associated with abnormal neural response. To date, no 

studies have investigated ERP components in populations with SCD who are at risk of 

hypoxia associated with anaemia.

6.2. ERP Methodology
I

6.2.1. Neural generators of ERPs: Electronencephalographv (EEG)

Neurotransmitters have one of two effects on the post-synaptic neuron. 

Depolarisation produces an excitatory post-synaptic potential (EPSP) and increases the 

likelihood of a post-synaptic neuron firing. In contrast, hyper-polarisation results in an 

inhibitory post-synaptic potential (IPSP) and decreases the likelihood of a post-synaptic 

cell firing. Post-synaptic potentials travel rapidly along the dendrite, but by the time the 

potential reaches the axon it has little or no effect on the cell. Thus, whether or not a 

neuron fires is decided by the net effect of activity, i.e. the balance between EPSPs and 

IPSPs from a large number of synapses rather than a single synapse. An action-potential 

results only if this balance is sufficient to depolarise the post-synaptic cell to the threshold 

of excitation. The scalp EEG is the integration of electrical events in the brain, including 

mainly post-synaptic potentials and to a much lesser extent, action-potentials. Pyramidal 

cells are the main contributor to surface electrical activity due to the long length of 

dendrites, which creates a strong electrical dipole, and the parallel distribution of dendrites 

within the neocortex. Activated sufficiently and synchronously, groups of pyramidal 

neurons that are produce a pattern of extra-cellular electrical activity that instantly 

propagates to the surface and is measurable by EEG. Three other factors contribute to the 

EEG recording: (i) electrical activity from other sources, e.g. skin, muscle, eye and blood; 

(ii) the diminishing effect of the skull and scalp on the magnitude of electrocortical 

activity; (iii) the signal increase or decrease in amplitude depending on the placement of 

electrodes on the scalp, i.e. the distance of electrodes to the cortical generator of electrical 

activity. The scalp recorded EEG recording is therefore influenced by a number of factors 

other than neuronal activity and, in addition, lacks spatial resolution. Nevertheless, it is 

possible to associate EEG waveforms to variations in conscious state, and gain an
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elementary understanding of the source of waveforms by the placement of multiple 

electrodes.

6.2.2. Event Related Potentials

ERPs are epochs from the EEG recording that are time-locked to an event such as 

stimulus presentation, response type or response omission, and cognitive processing. A 

number of considerations underlie the processing of ERP data: (i) Localization -  scalp 

recordings do not only represent neural activity immediately below the electrode, since 

distant sources of electrical activity may also contribute to the waveform; (ii) Referencing 

at each electrode the ERP is the regional deviation from a mean reference. It is therefore 

important to choose a reference in an area from which it is less likely to record brain 

activity, e.g. tip of the nose or behind the ears (mastoid); (iii) Artefact Elimination -  ERP 

epochs may be contaminated by muscle activity and eye blinks that may propagate across 

the scalp and distort the recording. The reduction of ocular artefacts can be achieved 

automatically through specification of a threshold criterion, and by visual examination of 

individual epochs; (iv) Averaging -  ERPs are embedded in the background EEG activity. 

For this reason, a number of epochs averaged to the same event are necessary to increase 

the signal-to-noise ratio.

6.3. Neural response to novelty

So far the focus has been on purposeful, goal-directed, behaviour as measured by 

neuropsychological assessments of executive function, but the more pragmatic aspects of 

the system are now investigated further. An executive system must react pragmatically to 

deal with unexpected and/or novel sensory stimuli that may facilitate performance (new 

learning). Posner and Peterson (1990) described this process in terms of an orienting 

response mediated by a network including the posterior parietal lobe, thalamus and superior 

colliculus, and predict that injury to any of these areas will interfere with the ability to 

orient to new stimuli. However, as there is also evidence for the role of both temporal lobe
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(Parkin, 1997) and frontal lobe (Opitz et al., 1999) structures in mediating response to 

novelty, it is likely that the engagement of multiple cortical structures underlies the 

biological relevance of processing such events to learning and survival. The orienting 

response is present at birth and shows little developmental change (Plude et al., 1994). In 

line with this, distinct components associated with the orienting response to novelty have 

been demonstrated in ERP studies from the first year of life.
I

In infants and young children the ‘Negative central’ component, often abbreviated 

to the ‘Negative component’ (Nc), is typically elicited by deviant and/or novel stimuli and 

is maximal over the fronto-central scalp (Courchesne, 1977). This component occurs 

within one second after stimulus presentation and is associated with a general attentive or 

alerting response (Richards and Hunter, 2002). In line with Plude et al. (1994), it has been 

reported that the Nc distinguishes between stimuli on the basis of frequency and/or novelty 

from the first few weeks of life (Karrer and Monti, 1995). In older children and adults, 

attentional processing has most frequently been associated with the P300 component. The 

P300 is typically elicited in oddball paradigms where deviant stimuli are infrequently 

interspersed with standard stimuli and, while its functional significance is not fully 

understood, it is commonly associated with updating of working memory (Donchin, 1981). 

Donchin reported that infrequent stimuli were associated with increased P300 amplitude 

compared to frequent stimuli.

In 1975 Squires et al. distinguished between a frontal-maximum P300 component 

(P3a) and a more posterior P3b component that were both elicited by target stimuli. A later 

series of studies by Halgren et al. (1998  for review), recorded target-related potentials from 

depth electrodes implanted in the brains of clinical patients undergoing invasive monitoring 

for investigation of chronic epilepsy, and further elucidated the nature of these two 

components. Electrodes were placed in approximately 4000 sites, although some brain 

regions, such as the occipital lobe, were under-represented due to decreased seizure 

involvement. Three general response patterns to traditional visual and auditory oddball 

paradigms were distinguished by waveform, latency and task-stimulus: (i) A modality- 

specific response in the auditory association cortex in the posterior-superior temporal 

plane, and a less modality-specific association with rarity per se in the superior temporal 

plane; these early components were apparent whether or not the patient was attending to
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task or listening passively, (ii) A ‘triphasic’ negative-positive-negative waveform between 

200 and 400 ms post-stimulus, that was modality non-specific (although was more easily 

evoked by auditory target stimuli), and involved more diffuse areas including dorsal- and 

ventro-medial lateral prefrontal cortex, anterior cingulate, and inferior parietal lobe.

Halgren et al. labelled this waveform the ‘N2a/P3a/SW’, and reported that it was 

independent of attention to task, (iii) A broad waveform, labelled the ‘P3b’, with frequent 

polarity inversions that were largest in the vicinity of the hippocampus, superior temporal 

sulcus, lateral orbito-frontal cortex, and inferior parietal lobe. The P3b was associated with 

controlled or conscious processing, and was only present if the subject was attending to the 

task. In summary, early sensory components were more associated with modality-specific 

sensory cortices, and were independent of conscious attention. Later components were 

modality non-specific and simultaneously engaged multiple cortical structures. The P3a 

was associated with frontally-mediated attention-grabbing / response-preparation 

characteristics of target stimuli, while the P3b was more likely to reflect ‘closure or 

completion’ of the process associated with encoding of an event (Halgren et al., 1998).

In the same year that Squires et al. (1975) described the P3a component to rare 

deviant tones, Courchesne et al. (1975) reported a centro-frontal ‘novels P3’ in response to 

task-irrelevant, unexpected novel stimuli in an attended visual oddball paradigm. This 

indicated that the P300 associated with infrequent events could be further categorised by 

task-relevance. In the ‘Count-4’ experiment, three types of stimulus categories were 

presented: (i) The number 2 (probability of occurrence = 80%). (ii) The number 4 (10%). 

(iii) Novel abstract pictures (10%) for 7 out of 18 subjects, and an equal amount of novel 

abstract pictures and simple recognizable pictures (10%) for the remaining 11 subjects. 

Subjects were not informed that there would be novel stimuli; this was particularly 

important as it has been subsequently demonstrated that both the amplitude and topography 

of the P300 to novel stimuli are sensitive to whether or not subjects are expecting them 

(Cycowicz and Friedman, 1999). Courchesne found a centro-frontal 'novels P3’ in 

response to novel stimuli, and hypothesised that this component is the electrophysiological 

correlate of the 'what is it’ or orienting response to the unexpected. Further support for the 

existence of the novelty P3 was subsequently provided in the auditory modality 

(Courchesne et al., 1984). This study used trial-unique, environmental sounds such as
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human vocalizations or mechanical noise as the auditory homologue of novel abstract 

pictures.

While Courschesne did not believe that the P3a and the novelty P3 were associated 

with the same cognitive process, it has become commonplace for these labels to be used 

interchangeably (Simons et al, 2001). The novelty P3 was distinguished from the target P3 

at frontal sites by greater amplitude and by the fact that it was not modified by task- 

relevance or attention (Friedman et al, 2000; Opitz et al., 1999). The novelty P3 is 

frequently described in terms of an orienting response, defined by the rapid processing of 

new or unexpected information that may have biological significance for survival, and may 

also facilitate new learning. In this view, a novel event is associated with a frontally- 

mediated neural response, but with repetition this neural response will habituate resulting in 

a decrease in amplitude. In contrast, pre-categorised events (e.g. target tones) are 

processed more-posteriorly and do not habituate. In support of this Polich (1989) found 

that in adults the parietal-maximum P3b to repeated target tones did not habituate over 15 

trials, although this number of trials may not have been sufficient to show habituation.

6.4. Auditory Attention to Novel Sounds

6.4.1. Infant studies

The earliest studies of auditory potentials in infants investigated neural response to 

single stimuli, i.e. not oddball paradigms. However, these studies provided important 

information about the nature and morphology of auditory components very early in 

development. One of the earliest studies in infants recorded neural responses to clicks 

(Ohlrich and Bamet, 1972). Infants aged 8-days to 12-months were categorised into three 

age groups each comprising 15 subjects: 0-30 days (‘1-month’); 5-7 months (‘6-months’); 

11-13 months (’ 12-months’). All infants were healthy, although the authors noted that the 

majority were recruited from a ‘poor, urban black population’; cognitive and motor 

development was additionally assessed by the Bayley’s Scales of Infant Development in 39 

infants, and was in the borderline to above average range. All infants were asleep for the
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duration of recording and slow-wave or Stage II sleep stage was confirmed by EEG.

Within 500 ms after a click, a negative-positive-negative (‘N1/P2/N2’) waveform was 

observed. The most prominent component was the P2, which was evident even in the 

youngest infants.

A longitudinal study of infants by Little et al. (2001), reported a different pattern of 

waveforms for clicks compared to tones. Twenty-four infants participated in two ERP 

paradigms (i. Clicks, ii. Tones) which were both presented at three weekly intervals 

between the ages of 5-weeks and 6-months. Both types of stimuli evoked a ‘N1-P2-N2-P3’ 

sequence of components, which Little believed represented early stages of information 

processing. Amplitudes of tone ERPs increased then decreased with age, whereas click 

ERP amplitude followed the opposite pattern and increased with age. The latency for both 

stimuli, however, decreased with age. The authors concluded that subcortical structures 

mediating auditory signals in early infancy are more suited to the processing of longer- 

duration tones than shorter-duration clicks. In contrast, Shucard et al. (1987) recorded 

neural response to single tones in three age groups of awake infants (1-, 3- and 6-months), 

and reported that in the first 6-months of life there was an increase in peak amplitude and 

latency of the P2-N2-P3 components.

Although these authors refer to a ‘P3’, Little et al. (2001) pointed out that this label 

represents the polarity and latency of the component and is unlikely to be directly 

comparable to the endogenous P300 typically seen in older populations. Despite this, 

Ohlrich and Bamet (1972) predicted that a positive component at 300ms, that was evident 

only in their 6- and 12-month infants represented ‘high-level processing’, akin to that 

associated with the adult P300. In support of this, Mclsaac and Polich (1992) administered 

a standard auditory oddball task to infants (n=10, 6-10 months) and adults (n=10, 18-22 

years), and reported morphological (centro-parietal) similarities in the P3’ component 

obtained from these two groups. The authors hypothesised that the infants engaged 

memory networks associated with the P300 in a similar manner to adults. Prior to the ‘P3’ 

component the infant waveform to target stimuli was characterised by a large negative 

component at approximately 400ms that was comparable to the previously described N2. 

Although this was the first study to administer an oddball paradigm to infants, the focus 

was not on possible differences between waveforms elicited by frequent and deviant
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stimuli. However, visual inspection of the waveforms suggested that the amplitude of the 

T 3 ’ component appeared comparable for both types of stimuli.

A more recent study did address the issue of stimulus probability, and, importantly, 

described an infant analogue of the adult P3 response to novelty (Kushnerenko et al.,

2002). In the second experiment, a small sample of six newborn infants and six toddlers 

aged two years were administered an oddball paradigm consisting of frequent tonfes and 

infrequent novel stimuli (environmental sounds such as bird noises). In both infants and 

toddlers, novel stimuli elicited a clearly identifiable fronto-central ‘P3a’ at approximately 

300ms followed by a negative peak at approximately 700ms. While there was no effect of 

age on the amplitude or latency of these two components, it was reported that the neural 

response to novel stimuli was significantly larger than the neural response to deviant 

stimuli obtained in a traditional two-tone auditory oddball (Experiment 1). The authors 

concluded that novel stimuli elicited a strong orienting response (positivity) that was 

present and adult-like from birth. The authors admitted that the nature of the later 

negativity was less certain. This negative component consisted of two phases, of which 

only the later phase significantly distinguished novel stimuli, although this division was 

more apparent in older than younger children. While the authors did not speculate further, 

it is possible that this negative component was also associated with the direction of 

attentional resources to the stimulus. In this view, the early positive-negative complex as a 

whole relates to the immediate attention-grabbing aspect of the stimulus, and/or the 

detection of novel compared to familiar events. In other words, this may reflect the 

detection of something ‘new’ rather than memory encoding per se, which may be more 

associated with longer-latency waveforms. This is indicated in a study by deRegnier et al. 

(2002), who additionally reported a different pattern of auditory waveforms in 25 infants 

exposed in the womb to maternal metabolic derangement, compared to 32 normally 

developing age-matched infants of mothers with normal pregnancies. deRegnier 

hypothesised that auditory recognition memory would be abnormal in infants bom to 

diabetic mothers (newborns; IDM), as the hippocampus is vulnerable to insults common in 

diabetes such as hyperglycaemia and iron deficiency, and tested this prediction by 

alternately presenting mother’s voice and the voice of a stranger (50:50 probability). The 

authors focused on two components, a positivity at approximately 250 to 300 ms (‘P2’), 

that appears similar in latency and morphology to the P3a described by Kushnerenko et al.
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(2002), and a subsequent negative slow wave component (NSW) up to 2000ms in duration; 

while both Kushnerenko et al. (2002) and deRegnier et al. (2002) tested newborns, the 

description of the negativity as a component in the former study and as a slow-wave in the 

latter study reflects a focus on different phases of the waveform and/or methodological 

differences between these two studies. In deRegnier’s study, both groups of infants 

demonstrated increased fronto-central P2 amplitude to their own mother’s voice compared 

to the voice of a stranger. While the P2 latency was longer in controls compared to IDM, 

there was no difference between groups in the magnitude of this response. Subsequent to 

this, the stranger’s voice elicited a NSW in controls but this response was attenuated in 

IDM. The authors concluded that the P2 was associated with rapid discrimination of 

stimuli, whereas the NSW simply reflected detection of a novel stimulus against a 

background of familiar stimuli.

In summary, the infant auditory ERP waveform to repeated single stimuli (tone or 

click) is characterised by distinct components partly reflecting early exogenous processing 

of a sound. There is less consensus about the nature and morphology of the P3 at this age, 

although some authors suggest that this component is present and morphologically similar 

to the adult P300. A recent study clearly described a positive component (‘P3a’) elicited in 

an oddball paradigm to novel and infrequent stimuli that may be related to the orienting 

response. Although components of the infant auditory waveform may be similar across 

studies, they are invariably described by different labels. The infant ‘P3a’ component may 

be the same as the previously described P2 component, but this can only be assumed by 

comparable morphology and latency. Finally, the utility of comparing auditory waveforms 

in infants with and without SCD is indicated in the study of infants bom to diabetic 

mothers.

6.4.2. Children. Adolescent and Adult studies

Despite evidence for continued brain development throughout adolescence, 

Segalowitz and Barnes (1993) reported that the target P300 does not change significantly at 

this age. A group of adolescents aged 14 to 17 years, was assessed longitudinally with a 

traditional auditory oddball paradigm. The target P300 amplitude was found to increase
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slightly but not significantly with age, and there was no decrease in latency, although it is 

possible that the age range of this group may have been too small to reveal any significant 

change. Few researchers have examined pre-adolescent children, and in particular using 

novelty oddball paradigms, but those studies that are available support a frontally-mediated 

novelty processing system.

Cycowicz and Friedman (1997) administered a novelty version of the auditory 

oddball paradigm to three groups of children and compared them to a group of young 

adults. A total of 64 subjects were equally divided into four age groups: 5-7 years (‘young 

children’); 9-11 years (‘children’); 14-16 years (‘adolescents’); 22-28 years ( ‘young 

adults’). Subjects were instructed to press a button to rare target tones (10%), and were not 

told there would also be novel sounds (10%); novel stimuli consisted of 48 different 

environmental sounds. The authors focused on the novelty P3 results, reporting that this 

waveform was larger in amplitude for adolescents and young adults compared to children. 

In addition, a negative component (Nc) following the novelty P3 was only apparent in the 

waveforms of young children. In all age groups, the novelty P3 decreased in amplitude 

with time spent on task. This change presented as topographic shift in P3 magnitude from 

the frontal electrode (FZ) to the parietal electrode (PZ) maximum. In contrast, there was no 

amplitude reduction with time spent on task for a parietal-maximum ‘P32’; the authors 

suggested that this may or may not prove to be the same component as the P3b. 

Interestingly, it was also found that pure tones elicited a frontal maximum P300 waveform 

when first heard, and this was further evidence that relative unfamiliarity activated the 

frontal lobe circuit. This study therefore supported a dichotomy between a novelty/early 

learning system mediated by the frontal lobes, and a parietal system involved with 

categorization of an event according to an existing template, although these systems are not 

mutually exclusive.

Two studies by Kilpelainen et al. (1999a, b), addressed the possibility that 

difficulties with attention in childhood are associated with an abnormal neural response to 

auditory stimuli. Kilpelainen et al. (1999a) found an abnormal P300 in highly distractible 

children compared to controls. Children aged nine years were divided into two groups 

according to Freedom from Distractibility Index score (Wechsler Intelligence Scale for 

Children-m); in the first study there were 24 children in both the ‘highly distractible’ (HD)
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and ‘non-distractible’ (ND) groups, and in the second study there were 20 in each group. 

Both studies administered three blocks of an auditory oddball task each comprising 

standard (85%) and target (15%) tones and all children were instructed to press a button to 

target tones. By block three, the target P300 was significantly larger over the frontal cortex 

(electrode FZ) in the HD group compared to the ND group. While there was a tendency in 

the ND group for P300 amplitude to decrease towards the end of each block, this was not 

the case in the HD group. Kilpelainen suggests that while the ND children successfully 

encoded the target tone and subsequently habituated to it, the HD children may have 

continued to process all target tones as novel. In the second study, Kilpelainen et al. 

reported that target P300 latency was actually shorter in the HD group compared to the ND 

group, and cautioned therefore that contrary to previous studies, cognitive maturity may not 

always be associated with a decrease in latency. However, this requires replication in 

additional studies involving children older and younger than age nine years.

6.4.3. Auditory ERPs in adults with frontal lobe lesions

The investigation of adults with frontal lobe lesions has yielded conflicting results. 

Knight et al. (1980) compared a group of 10 adults with frontal lobe lesions, to equal sized 

groups of adults with temporo-parietal lesions and normal controls. While tones elicited a 

comparable N1 and P2 component in the frontal lobe group compared to controls, the N1 

component was decreased in the temporo-parietal group. Knight hypothesised that while 

the temporo-parietal cortex may have contributed to early sensory processing, the frontal 

lobes were less involved. There are, however, some differences in the later ERP waveform 

obtained from adults with frontal lobe lesions compared to controls. Solbakk et al. (1999) 

found a smaller N2 component in adults with frontal lobe injury compared to age-matched 

controls; the N2 follows the P2. In support of a frontal lobe contribution to novelty 

processing, a PET study of 30 adults found that the novelty ‘P3a’ positively correlated with 

anterior cingulate but not temporal lobe activity (Ebmeier et al., 1995). A follow-up study 

by Knight (1984), this time focusing on later components, provided further evidence for the 

role of the frontal lobes in novelty processing. Waveforms elicited by a novelty oddball 

task were obtained from 14 adults with unilateral frontal lobe lesions and 14 controls. The 

majority of lesions extended to the wall of the lateral ventricles, and included the
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orbitofrontal cortex (OFC) and/or dorsolateral prefrontal cortex (DLPFC). Knight did not 

find any difference between patient and control groups for any behavioural measure (error 

rate, omission rate or reaction times). However, while there was a comparable P300 to 

detected target stimuli, there was a difference between groups to unexpected, novel stimuli. 

The control group demonstrated a large fronto-central N2 and novelty P3, but this was not 

the case for the patient group in whom there was no N2 or P3 enhancement over the frontal 

lobes, but there was novelty P3 enhancement over the parietal lobe. Knight reported that 

although the novelty P3 was similar in topography to the target P300, it appeared earlier 

and was thus more comparable in latency to the frontal novelty P3. The patient group were 

subsequently divided by hemispheric laterality of frontal lobe lesion, but there were no 

detectable differences in ERP waveforms between groups. The fact that there were no 

behavioural differences between patients and controls led Knight to conclude that the 

frontal lobe group did not simply misclassify novel events, rather there was a fundamental 

difference in the way they processed them. Opitz et al. (1999) summarised the literature 

and concluded that novelty processing consists of at least two sequential subprocesses: (i) 

An automatically operating novelty detection mechanism, subserved by neural networks 

that include the temporal lobe, (ii) A frontal lobe network for further processing based on 

the behavioural significance of the novel sound.

6.4.4. Hvpotheses

It is hypothesised that the P300 response to infrequent familiar tones (IF) and novel 

noises (NOV) would be of greater magnitude than the P300 response to frequent familiar 

tones (FF), at all ages.

1. Infants: The three-stimulus novelty oddball paradigm has not previously been 

administered to infants, but a prominent positive-negative complex has been described in a 

methodologically similar study by Kushnerenko et al. (2002). This complex was 

associated with an orienting response to novel and/or unexpected information. In addition, 

deRegnier et al. (2002) reported that auditory waveforms obtained from infants at risk of 

neurological impairment differed from those obtained from normally developing infants. It 

was therefore hypothesised that the positive-negative complex (henceforward to be called



Chapter 6: Novelty Processing___________________________________ AMH 2003 190

P2-Nc) would be evident in infants from as young as 3-months, and would differentiate 

between stimuli. It was further hypothesised that waveforms would differentiate between 

infants with and without SCD, with abnormal attentional processing in the latter group.

2. Children, Adolescents and Young Adults: Knight (1984) reported a selective 

effect of frontal lobe lesions on the novelty P3. Based on this, it was hypothesised that 

patients with SCD, and in particular those with frontal lobe lesions, would also have an 

attenuated or absent P300 response to novel sounds. Habituation of the frontal lobe 

response to novelty was demonstrated by Cycowicz and Friedman (1997). It was predicted 

that there would be habituation to novelty in controls, evident in a decrease in novelty P3 

amplitude as a function of time spent on task, but not in patients with SCD.

6.4.5. Methods

6.4.5.1. Auditory Novelty Oddball Paradigm. A series of pure sinusoidal tones and 

novel sounds was presented to all subjects: (i) frequent-familiar tone (‘FF’: IkHz, 200ms 

long, 5ms rise and fall time, 75 dB sound pressure level [SPL], 80% probability); (ii) 

infrequent-familiar (high-deviant) tone (‘IF’: 1.5kHz, 10% probability); (iii) novel 

environmental sounds (NOVEL: 10% probability). While hearing was not formally 

assessed for this study, the referring physician did not report any hearing deficit in any 

SCD patient. Stimulus-onset-asynchrony (SOA) was 1000ms and each tone/novel sound 

was of 200ms duration. In total, the task took approximately eight minutes to complete. 

The infant was seated on their mother’s lap and was allowed to nurse or have a bottle; all 

infants were awake throughout the duration of this task. If the infant was not feeding they 

either watched pictures displayed on the screen (e.g. TellyTubbies), or watched the 

experimenter blow bubbles in order to keep them calm. A speaker was hidden behind a 

black-curtain approximately 75cm directly in front of the infant. A short break was given 

if the infant started to fuss or cry.

Children, adolescents and young adults were seated facing a window overlooking a 

quiet garden. Stimuli were presented through earphones and the subject was instructed to
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press a mouse button using the index finger of their dominant hand when they heard a high 

-  target - tone (IF); they were not informed about novel stimuli. Response to the IF 

stimulus was monitored on-line in order to ensure that the participants sustained attention 

for the duration of the task. All subjects stayed awake during the task.

6.4.5.2. EEG Recording. In infants, electrodes were individually positioned at 

midline sites of the 10-20 system (Jasper, 1958): midline frontal (FZ); central (CZ); parietal 

(PZ) occipital (OZ). Electrodes were held in place by an elastic bandage wrapped around 

the head. The right mastoid served as reference and the ground electrode was placed on the 

forehead above the left eye. Eye-blinks were recorded from bipolar channels above and 

below the right eye. A greater number of electrode sites were used in older subjects. After 

measuring head circumference an appropriate size cap was carefully fitted over the head. 

Individual leads were attached to the cap at midline sites (FZ, FCZ, CZ, PZ and OZ), and 

over both the left (F3, C3, P3) and right (F4, C4, P4) hemispheres. Continuous EEG data 

were referenced to CZ then re-referenced offline to averaged mastoids. The ground 

electrode was placed on the forehead above the left eye (FPl). Eye-blinks were recorded 

from bipolar channels attached separately above and below the right eye. For all subjects, 

including infants, impedance was less than 15 Kohm (band-pass 0.15 to 70Hz in infants;

0.05 to 70Hz in the older sample).

6.4.5.3. Data Analysis. Continuous EEG data were recorded at a sampling rate of 

500Hz, analysed off-line, low-pass filtered at 20Hz, and divided into epochs according to 

stimulus presentation at -200 to 1800ms.

1. Infants - Epochs were baseline corrected and automatically excluded if they 

exceeded 250pV in either direction. All automatically accepted epochs were also visually 

examined and excluded if there was an eye-blink or movement artefact. The remaining 

epochs were then averaged to stimulus type (FF or IF tones, and NOV noises); in order to 

equate the number of trials associated with each stimulus the individual waveforms for FF 

stimuli consisted only of those trials immediately preceding an IF tone. The minimum 

number of trials accepted for each condition was set a priori as five, although in practice it 

was very rare for infants to contribute fewer than 10 trials. Waveforms were averaged
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across groups for each of the three trial types, and peak amplitude and latency of both the 

P2 and Nc (time windows as specified below) was automatically measured and analysed by 

a repeat measures ANOVA model. Two within-subject factors were included: Site (x 3 -  

FZ/CZ/PZ) by Stimuli (x 3 -  FF/IF/NOV), with Group (Control/SCD) as the between- 

subject factor.

2. Child, Adolescent and Young Adult Study -  Ocular artefact rejection was 

performed automatically before EEG data were divided into epochs. Epochs were 

automatically excluded if they exceeded ±75pV, or contained movement artefact. The 

remaining epochs were then averaged to stimulus type (FF or IF tones, and NOV noises) 

and averaged across groups. Individuals contributed a minimum number of 10 trials to 

each condition. P300 amplitude and latency was automatically measured by peak detection 

(200-600ms.) and analysed by repeated-measures ANOVA. Three within-subject factors 

were included: Site (x 3 - anterior: F3/FZ/F4; central: C3/CZ/C4; posterior: P3/PZ/P4) by 

Side (x 3 -  left hemisphere: F3/C3/P3; centre FZ/CZ/PZ; right hemisphere: F4/C4/P4) by 

Stimuli (x 3 -  FF/IF/NOV). The between-subject factor was Group (Control/SCD- 

NL/SCD-LES).

6.4.6. Results

6.4.6.1. Infants: 3-Months. Data were obtained from 12 SCD infants and 11 

controls; two SCD infants and three control infants did not attend a 3-month assessment. 

Data from one further SCD infant was lost to equipment failure. Preliminary analysis did 

not reveal any outliers, defined as any infant in whom more than half of individual scores 

exceeded two standard deviations from the group mean. Grand average waveforms are 

presented in Figure 6.1.

The P2 component was considered first; defined as the maximum positive peak 

between 50 and 400ms. In support of the hypothesis, this component was detectable at 

approximately 250ms and was prominent at fronto-central sites compared to over the
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parietal cortex (F(2,20)=13.1, P<0.001), but this was across both stimuli and group. Paired 

comparisons revealed that P2 amplitude was significantly greater at both FZ and CZ 

compared to PZ (P<0,01), but there was no significant difference between FC and CZ. 

However, there was no evidence to support a difference between groups, or a differential 

effect of stimuli. Similarly, there were no significant effects when P2 latency was 

analysed.

The Nc component was most clearly evident for novel stimuli in the control 

waveform at approximately 600ms, but appeared more complex in SCD infants; peak 

scores were measured between 400 and 900ms. The Nc had a fronto-central maximum, 

but, unlike the P2, this was associated with a significant interaction with stimulus 

(F(4,18)=3.6, P=0.025). Post-hoc comparisons revealed an increase in Nc amplitude for IF 

and NOV stimuli, from least negative at PZ and most negative at FZ (P<0.05), but there 

were no significant differences for FF stimuli. Although support for a group difference was 

provided by a main effect (F(l,18)=5.4, P=0.031), there were limitations to the extent to 

which this result could be interpreted. The IF and NOV waveforms tended to drift 

negatively in SCD infants, i.e. there did not appear to be a ‘component’ per se, and this was 

particularly noticeable at FZ. This drift was evident in the waveform at FZ in almost half 

of the SCD sample (n=5). This ‘negative drift’ may have been an artefact, or more likely it 

was due to some infants requiring an extended processing time, but as the ISI was only 

1000 ms it was not possible to determine if this was the case. Nevertheless, it should be 

noted that the tendency for a negative drift in some SCD infants might have 

disproportionately contributed to the greater Nc amplitude across all stimuli in SCD infants 

compared to controls.

The ANOVA model was repeated for Nc latency, and both a main effect of site 

(F(2,20)=7.9, P=0.003) and a stimulus by site interaction (F(4,18)=4.6, P=0.013) were 

found. Latency was longer at frontal compared to parietal sites for all three stimuli, but this 

effect was greater for NOV stimuli (P<0.001) than for IF and FF stimuli (P<0.05). There 

were no group effects for Nc latency.
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Figure 6.1. Auditory ERP waveforms obtained from infants at 3-months.
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Thus, in support of the hypothesis, a fronto-central P2-Nc complex was evident at

3-months. The early part of the complex (P2) did not distinguish between either stimuli or 

group. The morphology of the Nc did, however, significantly differ between stimuli. 

Infrequent and unexpected stimuli (IF and NOV), but not frequently presented stimuli (FF), 

were associated with an increase in the magnitude of the Nc at anterior sites. Finally, as 

predicted, there was a group difference. However, this result should be interpreted with 

caution as there was a less well-defined Nc in the patient waveform that may have 

confounded measurement.

6.4.62. Infants: 9-Months. The Auditory paradigm was attempted with all 15 SCD 

infants and 14 controls. Data from four control infants and one SCD infant was lost due to 

equipment failure in three cases and infant fussiness in two cases. Two SCD infants were 

also excluded due to an insufficient number of acceptable trials. The final sample consisted 

of 12 SCD infants and 10 Controls. Average waveforms are presented in Figure 6.2.

The P2 component (defined as the maximum amplitude between 50 and 300 ms) 

continued to dominate at fronto-central compared to parietal sites, evident in a main effect 

of site (F(2,19)=6.3, P=0.008); amplitude at fronto-central sites was significantly greater 

than that at PZ (P<0.01). In support of the hypothesis there was a strong trend for a main 

effect of stimulus (F(2,19)=3.5, P=0.053), and the direction of this trend was as predicted,

i.e. the IF and NOV stimuli were associated with a P2 of greater magnitude than that 

obtained for FF stimuli. This was further indicated in a significant stimulus by site 

interaction (F(4,17)=3.0, P=0.050), reflecting greater anterior compared to posterior P2 

amplitude for NOV stimuli (P<0.01), but not for either IF or FF stimuli. By contrast, there 

was no support for the hypothesis predicting a group difference. Similarly, there were no 

significant main effects or interactions when the model was re-run for P2 latency, although 

it is noted that latency across stimuli was longer at posterior compared to anterior sites in 

general in SCD infants, but longer at anterior compared to posterior sites in controls, and 

this was supported by a weak trend for an interaction between site and group (F(2,19)=2.7, 

P=0.093).
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Figure 6.2. Auditory processing ERP waveforms obtained from infants at 9-months.
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The Nc, defined as the maximum negative peak between 300 and 600ms, appeared 

as a ‘sharper’ peak at this age, particularly in controls. A repeat measures ANOVA model 

for Nc amplitude did not reveal any significant main effects or interactions, but there were 

some latency effects. Latency was significantly longer at frontal sites compared to 

posterior sites (F(2,19)=4.1, P=0.032). In addition, there was a trend towards a significant 

interaction between stimulus and group (F(2,19)=3.1, P=0.070) that was in the predicted 

direction, i.e. a difference in the latency between groups for IF and NOV stimuli.

In summary the P2 and Nc waveforms were clearly evident in controls, but 

appeared more variable in SCD infants. However, there was little evidence to support the 

hypothesis that neural responses in SCD infants differed from that of controls. There was 

some support for the hypothesis that waveforms differentiated between stimuli, evident in 

the significant morphological (anterior>posterior) difference associated with NOV P2 

amplitude only. This was further indicated in the strong trend for a greater P2 response to 

IF and NOV stimuli compared to FF stimuli.

6A.6.3. Infants: 12- months. Data were obtained from all infants attending a 12- 

month assessment (13 SCD infants and 11 controls); two SCD infants and three controls 

did not attend. Average waveforms are presented in Figure 6.3.

The magnitude of the P2 component (50-300 ms) was greatest for NOV stimuli at fronto- 

central sites, as reflected in a significant interaction between stimulus and site (F(4,19)=7.2, 

P=0.(X)1). This supported the hypothesis that there is a differential effect of stimulus on 

this component. By contrast, there was no support for the hypothesis predicting a group 

difference in P2 amplitude. However, when P2 latency was considered there was a 

significant group difference, evident in a significant interaction between stimulus and 

group (F(2,21)=3.9, P=0.035). This was attributable to a significantly slower NOV latency 

in controls compared to SCD infants (P<0.05).
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Figure 6.3. Auditory processing ERP waveforms obtained from infants at 12-months.
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The Nc (300-600 ms) had a similar morphology, in that it was greater at fronto- 

central sites compared to parietal sites (F(2,21)=3.7, P=0.042), but this was a main effect 

and therefore did not distinguish between either stimulus or group. Nc latency was 

significantly reduced at frontal compared to posterior sites, more so for NOV stimuli, and 

this was supported by a strong trend towards a significant interaction between stimulus and 

site (F(4,19)=2.8, P=0.054). Thus, there was some indication that Nc latency, but not 

amplitude, distinguished between stimuli, but there was no evidence to support a group 

difference.

In summary, the P2 and Nc waveforms continued to dominate at fronto-central 

sites. There was support for a difference between stimuli in these waveforms, and between 

groups for the NOV stimuli only.

6.4.6.4. Children, Adolescents and Young Adults: Disease Stage. Data from two 

SCD patients were rejected due to excessive movement artefact. A sufficient number of 

trials for each condition were available for the remaining 46 SCD patients (n=27 SCD-NL; 

n=19 SCD-LES) and all 26 controls. Although behavioural response was not examined 

further in this study, it was noted that neither SCD patients or controls had any difficulty 

identifying and responding to IF stimuli. On occasion, subjects also responded to the first 

novel stimulus, in this case they were reminded to only respond to IF tones and no further 

prompts were necessary.

Waveforms are presented in Figure 6.4. In all three groups there was a P300 component 

that was evident at approximately 300ms and was largest at centro-parietal sites 

(F(2,68)=44.7, P<0.001), and at midline compared to lateral sites (F(2,68)=31.1, P<0.001). 

There was in fact no prominent P300 response to FF stimuli, probably due to habituation of 

the neural response to relative frequency of these tones. Thus, while IF and NOV data 

consisted of clearly defined peak measurements, FF data were more a measurement of the 

most positive vacillation. FF data was nevertheless included in the analysis in order to test
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the a priori hypothesis that there was a difference in neur^ response to infrequent / 

unexpected stimuli compared to frequently presented stimuli.

The model for P300 amplitude also revealed a significant interaction between 

stimulus, side and site (F(8,62)=l 1.0, P<0.001). The magnitude of both the NOV and IF 

P300 was larger over central sites of the midline and right hemisphere compared to the left 

hemisphere, with NOV stimuli eliciting a larger P300 than IF stimuli at all sites (P<0.05). 

There were, however, no group effects, indicating that the magnitude of the P300 response 

was comparable in controls and SCO patients with and without brain lesions.

Similarly, there was no significant group effect when P300 latency was examined. 

However, as predicted, there was a difference between stimuli (F(2,68)= 134.6, P<0.001), 

showing that NOV stimuli had the shortest latency (P<0.05). There was also a 

morphological difference in that P300 latency was significantly longer over frontal 

compared to posterior sites (F(2,68)=3.2, P=0.048), and longest over the right hemisphere 

(F(2,68)=7.30, P=0.001), but these findings were across stimuli and groups. A significant 

interaction between these three variables: side, side and stimulus (F(8,62)=2.7, P=0.013), 

was attributable to a different pattern of IF and NOV P300 latency. The IF stimulus was 

processed faster over the right compared to left hemisphere, whereas the opposite pattern 

occured for NOV stimulus (left hemisphere faster than right hemisphere; P<0.05). Finally, 

latency was faster at anterior sites compared to posterior sites (P<0.05).

The addition of age as a covariate did not alter any significant findings in the 

original amplitude or latency models; bivariate correlations revealed that only FF amplitude 

was associated with age, and as this may have been based on a spurious ‘P3CX)’ 

measurement, the effect of age was not considered further.

6.4.6.5. Children, Adolescents and Young Adults: Lesion Location

Waveforms averaged for Lesion Location groups appeared similar to from those 

obtained at the Disease Stage level of analysis (Figure 6.5.). The repeated-measures 

ANOVA models for amplitude and latency included 9 out of 10 patients with unilateral
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frontal lobe lesions, and all five patients with bilateral lesions. As the pattern of results was 

comparable to those obtained at the Disease Stage level of analysis, they will not be 

discussed in detail. However, it is noted that there were no group differences.

Figure 6.5. W aveforms for IF and NOV Stimuli at CZ and PZ for Lesion Location 
subgroups.
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6.4.6.6. Habituation to Stimulus Novelty. In order to investigate the possibility of 

abnormal habituation to novelty in SCD patients, data was re-averaged according to time 

spent on task (Figure 6.6.). As the majority of subjects had over 30 artefact-free novel 

trials the NOV epochs were divided into blocks of 10, i.e. NOV 1 (trials 1 to 10), NOV 2
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(trials 11 to 20), NOV 3 (trials 21 to 30). Figure 6.6. shows the effect of increasing time 

spent on task on the novelty P3 response in controls.

Figure 6.6. Habituation to novel noises in controls
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In this group, there was a highly significant decrease in amplitude at FZ as a 

function of time spent on task (F(2,16)=8.0, P=0.001), although this reflected a significant 

decrease in amplitude between the NOVI and both NOV2 (P=0.014) and NOV3 

(P<0.001 ), but not between the NOV2 and NOV3. By NOV3, novelty P3 amplitude was 

less than half that o f NOV 1 (NOV 1: 14.6(1 V NOV3: 6.3(i V

Novelty habituation was subsequently investigated in SCD patients compared to 

controls. W hile all 26 controls had a sufficient num ber of novel trials for inclusion in this 

analysis, 10 SCD patients did not meet this criterion; a total o f 21 SCD-NL patients and 15 

SCD-LES patients remained. Mean amplitude at FZ for each group at each section is 

illustrated in Figure 6.7. As predicted, there was a significant interaction between group 

and time spent on task (F(4,l 14)=3.2, P=0.015). This indicated that while the SCD-NL 

group had a similar pattern of response to controls, i.e. a reduction in novelty P3 amplitude
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as a function of time spent on task, this was not the case in the SCD-LES group. In the 

SCD-NL group there was a sharp decline between the NOVI and NOV2; by N0V3, P3 

amplitude is less than half that of the NOVI (P<0.001). By contrast, the SCD-LES group 

did not show a significant decline in novelty P3 amplitude, as there was only a 2pV 

reduction between NOVI and N0V3.

Figure 6.7. Mean amplitude of Novelty P3 by section at FZ (SEM).
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6.4.6.7. Summary o f Results. In infants, a novelty oddball paradigm elicited a 

fronto-central P2-Nc complex from the youngest age tested (3-months). There were some 

group differences in the Nc at 3-months, but these were across stimuli and may have been 

due to greater variability in the SCD infant waveform. At 9-months there were no 

differences between groups, but at 12-months, there was a significant interaction between 

group and stimuli for P2 latency. This was due to shorter latency in SCD infants compared 

to controls. In the older cohort, a P300 response was recorded that was of greater 

magnitude for novel compared to infrequent stimuli. This profile of activity was evident in 

controls and in patients with and without brain lesions; there were no significant group 

differences. Both control and SCD-NL groups quickly habituated to novel stimuli, 

particularly evident in the sharp reduction in amplitude over the frontal lobe during the first
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two-thirds of the task, whereas this effect was significantly reduced in SCD patients with 

brain lesions.

6.4.7. Discussion

6.4.7.1. Infants. Novelty oddball paradigms have not previously been adihinistered 

to infants, but, consistent with methodologically similar studies distinct components were 

identified in infants as young as 3-months. In particular, there was an early positive 

component (P2) maximal over fronto-central sites that may represent an infant analogue of 

the adult novels P3/P3a. The presence of this frontally-mediated orienting response from 

very early in life may reflect the evolutionary importance of reacting to novel and/or 

unexpected stimuli. However in contrast to the study of newborns by Kushnerenko et al. 

(2002), there was limited evidence for a specific response to novelty per se at 3-months. At

3-months the morphology of the Nc significantly differed between stimuli, with 

infrequent/novel stimuli, but not frequently presented stimuli, associated with an increase 

in the magnitude of the Nc response, but not that of the P2. This suggests that very young 

infants responded to the probability of the event as well as its novelty. It is possible that 

the administration of a three-stimulus rather than two-stimulus oddball paradigm may have 

masked the specific neural response to novelty reported by Kushnerenko, but this is 

unlikely. The most appropriate conclusion is that the small number of infants in both this 

study (n= ~10) and the study by Kushnerenko (n=6), affected the stimulus-to-noise ratio 

and limited the extent to which these results may be interpreted. However, it should be 

emphasised that the results do not argue against an association between the P2-Nc complex 

and attention-grabbing / orienting aspects of stimulus processing. It may simply be the 

case that very early in development, even frequently presented stimuli elicit an orienting 

response, and that, with development, this response becomes more specific to novelty.

There was some support for this at 9- and 12-months. At 9-months, the P2 component was 

more sensitive to novel stimuli, indicating that in late infancy the salience of an event 

continues to underlie neural response to novelty. It is possible that the older infants were 

more able to habituate to infrequently presented, but nevertheless familiar, stimuli. There 

were fewer significant stimulus effects at 12-months, although, as predicted, there was a 

trend for Nc latency to be sensitive to stimulus novelty.
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deRegnier et al. (2002) reported a different pattern of waveforms in newborn infants 

at risk of neurological impairment compared to controls. This study focused on long- 

latency waveforms, reporting that a negative slow-wave elicited by a strangers’ voice was 

present for controls but not infants at risk. There were methodological differences between 

the study by deRegnier and the present study. deRegnier presented two types of voices 

with an equal probability, whereas the present study was a novelty oddball paradigm, more 

akin to that administered by Kushnerenko et al (2002). It was nevertheless hypothesised on 

the basis of deRegnier’s findings that waveforms would differentiate controls from infants 

with SCD who are at risk of neurological impairment, and that this might imply an early 

attentional defict.

It is noteworthy that the SCD waveforms, in general, appeared different to those 

obtained from controls. However, before attempting to interpret any group differences, it is 

important to highlight the limitations of this study. Group differences may have been due 

to a disproportionate effect of individual infant ERPs on the group waveform, and this is 

particularly the case at 3-months. In this small sample it was not possible to divide infants 

into subgroups according to the characteristics of individual waveforms, but this may be 

done with larger numbers of infants. This may also allow the determination of the extent to 

which variability is present in those infants identified as abnormal by additional measures 

of behaviour.

As predicted, neural response to auditory stimuli differed between SCD infants and 

controls. This manifested as a difference between groups in the Nc component at 3-months, 

although this finding is interpreted with caution due to ‘drifting’ in the SCD waveform.

This drift may be an artefact or may be due to SCD infants requiring a longer time to 

process the stimuli, and this must addressed in further studies. There was a trend towards a 

group difference in the processing of infrequent/novel stimuli, but not frequent stimuli, at 

9-months. Finally, at 12-months, there was a difference between groups in the P2 

waveform for novel stimuli. Thus, where there were indications of group differences, these 

related to the processing of infrequent/novel stimuli, but not frequently presented stimuli.

It is tentatively concluded that SCD infants process relatively simplistic auditory stimuli
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normally when they are frequently presented, but may have an abnormal response to more 

complex stimuli.

6.4.7.2. Children, Adolescents and Young Adults. In support of a wealth of 

literature describing a P300 response to deviant and/or novel stimuli, this component was 

elicited in children with and without SCD by a novelty oddball paradigm. The novel P3 

was evident at all sites, whereas the infrequent (deviant) P3 is larger at posterior compared 

to anterior sites. In agreement with previous data in adults and children ( Knight 1984; 

Cycowicz and Friedman, 1997), this suggests that the frontal lobes were more sensitive to 

the novelty of an event, and were less active in processing pre-categorised deviant stimuli.

Based on the evidence of Knight (1984) it was predicted that patients with SCD, in 

whom there is a high incidence of frontal lobe abnormality, would have an attenuated or 

absent response to novelty. However, the magnitude of the novelty response was 

equivalent in controls and older patients with SCD, and was not affected by unilateral or 

even bilateral frontal lobe lesions. The discrepancy between the results of this study and 

those reported by Knight, may be due to a number of factors, including age, lesion location 

and size. Frontal lobe lesions in the SCD patients are restricted to dorsal white matter (see 

Picture 6, section 4.1.) and therefore considerably smaller compared to those sustained by 

Knight’s patients. This suggests that relatively large lesions in the frontal lobes, including 

cortical and sub-cortical structures, maybe required for an attenuation of neural response to 

novelty. The age at which patients acquired brain lesions also differed between the two 

studies. Knight’s patients acquired brain lesions as adults, where as the patients with SCD 

acquired brain lesions as children. An absence of any deficit might therefore also be 

explained by the greater plasticity of the developing brain.

It has previously been demonstrated in children as young as five years that a novel 

event is processed primarily by the frontal lobes, but this P3 response habituates with 

repetition eventually resulting in a decrease in amplitude (Cycowicz and Friedman, 1997). 

In other words, it was proposed that the frontal lobes initially process novel information, 

but once categorized similar information that may follow is more routinely processed 

posteriorly. In support of Cycowicz and Friedman, in the present study novelty habituation
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occurred over the frontal cortex in both controls and patients without brain lesions, and was 

particularly striking in the first 20 trials, but this process was significantly attenuated in 

patients with brain lesions. It is possible that an attenuated response to novelty in patients 

with brain lesions may be associated with distractibility and/or an underlying inability to 

orient to an unexpected event. In this view, either the patients were too distractible to 

efficiently process ‘novel noises’, or they lacked the capability to orient to unexpected 

events in the first place. The fact that this group showed a typical P300 to novel noises 

when waveforms were averaged across time-sections, argued against the latter hypothesis. 

In support of the former hypothesis, there is evidence to suggest an attention deficit in 

children with SCD and brain lesions (Craft et al. 1993). It is conceivable, therefore, that a 

heightened distractibility may underlie attenuated habituation to novelty in these SCD 

patients. In order to address this issue it will be necessary to measure behavioural as well 

as ERP responses in the novelty oddball paradigm.

In conclusion, the latency and magnitude of both the target and novelty P300 was 

normal in patients with SCD. There was evidence, however, for attenuated novelty 

habituation in patients with brain lesions. It was also found that aspects of auditory 

processing differs between patients and controls in the first year of life, a finding that may 

have implications for the further investigation of modifiable risk factors early in 

development in children with SCD.

6.5. Visual Attention to Novel Faces

6.5.1. Infant studies

While the N170 component testifies to the existence of a network specialized for 

automatic recognition of faces in infants as young as 6-months (de Haan et al., 2002), it is 

less associated with the subsequent formation of memories for individual faces. This 

process is associated with longer-latency ERP waveforms, involving a more widely 

distributed brain network including the frontal lobes.
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Courchesne et al. (1981) presented infants aged between 4- and 7-months with two 

female faces, one with an 88% probability and one with a 12% probability, and found two 

major ERP components, both maximal at FZ. A negative component (Nc) between 300 

and 1200 ms, and a positive deflection between 500 and 1800 ms (Pc), follow an early N1 

and P2, but there was no evidence of an adult-like P300, the development of which may be 

‘masked’ by the Pc. The Nc is clearly recognizable by age 6-months (Courchesne et al., 

1981), is prominent during middle childhood and wanes by adolescence (Courchesne et al., 

1978), by which time the P300 was evident. In infants and children, the Nc was greater in 

amplitude to infrequent events, and was more associated with attention than basic 

perceptual processing, which was modality specific (Courchesne et al., 1981). While 

Courchesne did not test younger infants, it was subsequently shown that the Nc was present 

in infants as young as 4-7 weeks and was affected by stimulus probability even at this 

young age (Karrer and Monti, 1995). The lack of difference between Pc waves to frequent 

and discrepant faces suggested that the underlying cognitive processes perhaps related to 

categorization of events, are immature in infants and develop gradually through childhood 

(Courchesne et al., 1981). Very few studies have replicated these findings in infants, but 

one study by Karrer and Ackles (1987), confirmed both the existence and stimulus- 

sensitivity of the Nc. A similar visual oddball paradigm for objects (not faces) was 

presented to infants aged 6-weeks, 6-months, 12-months and 18-months. Two findings 

emerged. Firstly, the relatively early Nc was the only component to differentiate between 

frequent and infrequent pictures. Secondly, this difference was only significant in 6-month 

infants, and 12-and 18-month infants when data were averaged together. Thus, these two 

studies suggested that neural responses associated with attention-grabbing / orienting 

aspects of stimuli are present from very early in life, but that the extent to which the Nc 

may distinguish between categories of stimuli may be further modulated with development.

In contrast to Courchesne, Nelson and Collins (1991; 1992), found that long latency 

waveforms following the Nc do distinguish between stimuli and speculated that these later 

processes reflected the subsequent formation and/or updating of memory. In this series of 

experiments on infants aged 4-, 6- and 8-months, three types of female faces were 

presented: frequent familiar (FF - facel; 60%); infrequent familiar (IF - face 2; 20%); a 

series of trial-unique novel faces (20%). Nelson and Collins were interested to see if 

infants could develop a ‘memory’ for frequently and infrequently presented familiar faces.
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in which case the waveforms would differentiate, and, furthermore, if infants could 

distinguish novel faces and thus ‘abstract a template for novelty’. In order to do this. 

Nelson attempted to familiarize infants to the frequently presented faces, before the 

experimental phase. This was not done by Courchesne, who predicted that infants would 

habituate to frequent faces during testing by virtue of their greater probability. Average 

waveforms obtained from infants age 6-months revealed that the Nc was greatest at CZ for 

the novel faces, after which the waveforms differentiated according to stimulus type. The 

waveform for FF faces returned to baseline (‘encoded’), whereas the IF faces evoked a late 

positive wave (‘partially encoded’), and novel faces a sustained negativity; the authors 

suggested that the novel negativity did not reflect formation of a category for novel faces, 

rather the infants were simply detecting individual novel events when they occurred. In the 

4-month infants, the three waveforms were indistinguishable, and at 8-months, both FF and 

IF returned to baseline, presumably suggesting that they were both now encoded, and only 

the novel waveform was different (negative). In summary. Nelson and Collins 

hypothesised that the return to baseline of FF faces at 6-months, and both FF and IF at 8- 

months, represented an established memory trace for each of these categories. If this is so, 

it suggests that the 8-month infants could establish a memory for the infrequently presented 

face with greater efficiency. While there was no differentiation between waveforms in the

4-month infants, this was not believed to reflect memory formation for categories of events. 

Instead, Nelson and Collins believed that it was more likely that the task was simply too 

demanding and thus not processed at a deep enough level to reflect in any meaningful 

differentiation of the novel waveform.

ERP measures of recognition memory for categories of faces have not been 

examined in atypically developing infants, but one study of object recognition has 

particularly relevance. deRegnier et al. (1997) presented pictures of crosses (80%) and 

corkscrews (20%) and found a difference in ERP waveforms obtained from 16 infants at 

risk of neurodevelopmental impairment compared to 16 age-matched controls (mean age =

4-months). The patient group included infants who had been admitted to neonatal intensive 

care shortly after birth due to prematurity (< 34 weeks gestation), intrauterine growth 

retardation, need for assisted ventilation, seizures, intracranial haemorrhage, periventricular 

leukaomalacia, low Apgar score (<6), ‘abnormal neurological examination’, jaundice, 

hypoglycaemia, meningitis, and/or viral infection. No significant differences were found
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between patient and control groups, although the patient waveforms were unlike those 

obtained from the control group. While the control group demonstrated a negative slow 

wave associated with the infrequent stimulus, the patient group showed a positive slow 

wave maximal over the parietal cortex. In the earlier study by Nelson and Collins (1991), a 

positive slow wave for infrequent items, predicted to reflect partial encoding, was only 

found in infants at the age of 6-months, and was maximal over fronto-central sites. 

deReignier et al. did not believe this early positivity reflected accelerated maturation of 

memory processes in the patient group at age 4-months, but may instead have represented 

‘functional alterations in their brain organization’. It is important to consider the highly 

variable aetiology of the patient group. This does not detract from the authors’ objective, 

which was to investigate the effect of early abnormality on neural response, rather than 

distinguish between conditions. It could still be argued that some conditions may have 

made a disproportionate contribution to the patient group average waveforms, for example, 

seizures are more likely to be associated with neurological abnormality than jaundice. In 

line with this, while five out of the 16 infants ‘at risk’ had a normal MRI or CT report, the 

extent to which the waveforms obtained from this subgroup differed from the waveforms 

obtained from infants with an abnormal brain scan was not considered. The authors 

admitted that the heterogeneity of the patient group limited interpretation and suggested 

that more homogeneous infant groups are required to understand early atypical neural 

responses.

6.5.2. Children. Adolescent and Adult studies

ERP studies including both infant and older populations are rare, and the three face- 

category paradigm used in Nelson’s laboratory (1991; 1992) to assess recognition memory 

in infants has not been administered to older cohorts. However, two studies are particularly 

relevant.

Nelson et al. (1998) presented two categories of faces (‘familiar’ 50%; ‘novel’

50%) to 48 adults (17 to 40 years) and 20 infants (7 to 8 months). Half of the adults were 

instructed to count familiar faces as they appeared, the other half, like the infants, watched 

the pictures passively. In adults, there was a larger P300 for ‘count’ compared to ‘passive’
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conditions, and a slow wave that was more positive for novel than for familiar faces. In 

contrast, the infants demonstrated a late-positive wave that was of greater amplitude for 

familiar than novel stimuli. In previous studies, the FF stimulus was associated instead 

with a return to baseline (1991; 1992). Nelson concluded, however, that methodological 

differences in his study did not allow the infants an opportunity to fully encode the FF 

stimulus. In particular, the imposition of a delay imposed between familiarization and test 

of up to five minutes may have diminished the fragile memory trace. The positive slow 

wave associated with the novel faces was also unexpected. In earlier studies. Nelson and 

Collins (1992) reported a negative slow wave for novel faces in 8-month infants. These 

discrepant findings may be explained by the difference in probability of novel stimuli; the 

1992 study presented novel faces at a 20% probability, while there was a 50% probability 

of novel faces in the current study. Nelson did not offer an explanation for this finding, but 

the increased probability of novel faces may have facilitated the partial encoding of 

‘novelty’ as a distinct category that was not possible at lower probabilities. Finally, a mid

latency Nc component with a centro-frontal maximum, was also found in infant but not 

adult waveforms, but did not differentiate between stimulus type, probably due to the equal 

probability of each stimulus. This was in contrast to the results of Courchesne (1981) and 

Karrer and Ackles (1987), who reported that the Nc was of greater amplitude for infrequent 

compared to frequent events.

Thomas and Nelson (1996) also used a three-stimulus oddball paradigm with 18 

adults (20 to 30 years) and 11 children (7 to 9 years). Two paradigms were administered to 

each subject: (i) presentation of two female faces (‘frequent’, face 1 = 70%; ‘target’, face 2 

= 30%); (ii) presentation of both frequent (60%) and target (20%) faces at the same rate as 

in earlier infant studies, but instead of novel faces, subjects saw a combination of common 

items, scenes and abstract patterns (20%). All subjects were instructed to press a button to 

target stimuli only, and were not informed about novel stimuli prior to testing. In both 

paradigms, P300 amplitude was greater for target than frequent faces in both adults and 

children, and was maximal at parietal sites. In the second paradigm, the waveform for 

novel stimuli was of smaller amplitude than the waveforms obtained for both categories of 

faces, although in children the frequent face waveform was also reduced. It was concluded 

that low probability of an event is not necessarily commensurate with P300 amplitude.

This is in contrast with Donchin et al. (1986) who reported that P300 amplitude was larger
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for the original standard stimuli when probabilities were reversed, such that the standard 

became the rare and visa versa. As the P300 was of greater amplitude for target faces, i.e. 

those requiring a response, the authors speculated that it may be more sensitive to the 

relevance of the stimuli. In this view, the salience of a match between a stimuli and a 

memory-template is greater when the match requires a behavioural response. Thomas and 

Nelson also found an early negative component (Nc) that was greatest for novel stimuli and 

was prominent over fronto-central sites, but only in children. This was consistent with the 

developmental decrease in the Nc reported by Courschesne (1978). A significantly longer 

P300 latency in children compared to adults was also consistent with earlier studies (e.g. 

Courchesne, 1978). However, the smaller waveform for novel stimuli compared to frequent 

and target stimuli found in the adults did not correspond with the results obtained by 

Courschesne et al. (1975). This may be due to the presentation of different types of stimuli. 

While Courschesne presented numbers and objects, the study of Thomas and Nelson 

presented a combination of faces (standard and target stimuli) and objects/scenes (novel 

stimuli). Thomas and Nelson suggested that face stimuli evoke a qualitatively different 

neural response from that evoked by non-face stimuli. This assumes that face processing is 

associated with a fundamentally stronger neural response, which overshadows the response 

to non-face stimuli even if they are novel and unexpected. If this is so it is important to 

administer the three-stimulus oddball paradigm in its original format when comparing 

neural responses in infant, child and adult samples.

6.5.3. Visual ERP studies in adults with frontal lobe lesions.

A recent study found abnormal neural activity elicited by a visual oddball paradigm 

in 10 adults with unilateral dorsolateral prefrontal cortex (DLPFC) injury compared to 

controls, and hypothesised that this was due to a lack of PFC directed attention to the visual 

field (Barcelo et al., 2000). This hypothesis suggests that the PFC contributes to global 

information processing by directing attention. Daffner et al. (2000a) also found evidence 

of abnormal processing of standard (triangle 70%), infrequent (inverted triangle 15%), and 

novel (unique line drawings 15%) visual stimuli in a cohort of nine adults with frontal lobe 

infarctions compared to 20 controls. Infarctions involved the right frontal lobes in five 

patients, the left frontal lobes in three patients, and the remaining patient had bilateral
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infarctions. Firstly, the P300 amplitude was significantly smaller and the latency 

significantly longer in patients compared to controls. Secondly, whereas in controls the 

novel and infrequent stimuli evoked an equal and larger P300 amplitude than that evoked 

for standards, this was not the case in the patient group. The patient group P300 to novel 

stimuli did not differ in amplitude from the P300 for standard stimuli, but the infrequent 

P300 was of greater amplitude. Thirdly, there was no effect of lesion laterality or size of 

lesion within the frontal lobe. This study was unusual in that subjects themselves could 

determine the rate of stimuli presentation. Daffner reported that the frontal lobe group 

spent significantly less time looking at novel stimuli than controls, but there were no group 

differences for standard or infrequent stimuli. This finding was particularly interesting as it 

reflected a general apathy to novelty commonly reported in patients with frontal lobe 

injury, which Daffner noted is particularly noticeable when a decision or choice is required.

6.5.4. Hvpotheses

1. Infants: Courchesne et al. (1981) reported that the Nc was clearly recognizable by 

age 6-months, but there was also evidence that the Nc is both present and modulated by 

stimulus probability in infants as young as 4-7 weeks (Karrer and Monti, 1995). Based on 

this, it was predicted that the Nc would be apparent in the infant waveforms from the age of 

3-months, and might be greater in amplitude to infrequent and novel stimuli compared to 

frequent stimuli. Nelson and Collins (1991; 1992) described long-latency slow waves that 

follow the Nc. Based on these studies, it was hypothesised that waveforms would 

distinguish between stimuli in infants at 9- and 12-months, but not at 3-months. There are 

very few data in abnormally developing infants. The only study that is available described 

some dissimilarities between the waveforms obtained from infants at risk of 

neurodevelopmental delay compared to controls, but differences were not statistically 

significant (deRegnier et al., 1997). As infants with SCD may also be ‘at risk’ of 

neurological impairment, it was hypothesised that waveforms might differentiate between 

patients and controls from 3-months (but not between stimuli at this age). More 

specifically, there were two possibilities: (i) if the Nc was significantly different in SCD 

infants compared to controls this might indicate an attentional deficit; and/or (ii) if the 

slow-waves were significantly different in SCD infants at 9- and 12-months compared to
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controls, this might indicate abnormal development of neural networks mediating response 

to novelty, and, more generally, recognition memory.

2. Child, Adolescent and Young Adults: It was predicted that a P300 component 

with a parietal maximum would be elicited. While Thomas and Nelson (1996) reported a 

P300 of greater magnitude for infrequent compared to frequent events in children aged 

seven to nine years, this was not the case in adults with frontal lobe lesions (Daffiier et al., 

2000a). Based on this, it was hypothesised that there would be an attenuated P300 

response to infrequent/novel stimuli in patients compared to controls. While the focus of 

this study was to investigate group differences and therefore no predictions about age were 

made, it was nevertheless important to consider the effect of age on P300 amplitude and 

latency as this may have confounded any significant results. Finally, habituation to novelty 

has not previously been examined in the visual modality, but it was considered important to 

provide converging evidence for the reports of novelty habituation in the auditory modality 

(reviewed above). It was hypothesised, therefore, that there would be habituation to 

novelty in controls but that this process would be abnormal in SCD patients.

6.5.5. Methods

6.5.5.1. Visual Novelty Oddball Paradigm. Stimuli were taken from a collection 

provided by Maurer and Geldart (McMaster University), and consisted of colour 

photographs of Caucasian female faces with neutral expressions. All faces included hair 

and eye-gaze was to camera. Three categories of faces were presented in 200 trials; (i) 

frequent-familiar, face 1 (FF 60% probability), (ii) infrequent familiar, face 2 (IF 20% 

probability), and (iii) novel, trial-unique faces (NOV 20% probability). While Nelson 

administered a familiarization phase before the oddball paradigm, the present study did not. 

However, additional trials were administered in order to give sufficient time for encoding, 

and to maximise the chance for finding evidence of recognition memory at the youngest 

age. Vision was not formally assessed, but the referring physician did not report any un

corrected visual deficit in any subject. Stimulus-onset-asynchrony (SOA) was 2000ms; 

faces were presented for 1000ms. During the inter-stimulus-interval (ISI), a small square 

flashed four times in the centre of the screen to fixate eye-gaze; older subjects were
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encouraged to try and restrict blinks to the ISI. The total time spent on this task was 

approximately 10 minutes. During the test session, the infant was seated on the mother’s 

lap approximately 30cm from the screen. The screen was surrounded by black material to 

block the infant’s view of the room. The task was run with no natural light and the room 

lights turned off; it was necessary to leave the lights on for two infants who were afraid of 

the dark. The infant was monitored from behind the black ‘curtain’ by an observer. The 

observer was positioned so that she could see the infant’s eyes but the infant could not see 

her. If the infant looked away from the screen the observer pressed a mouse button to 

activate a simultaneous sound (a novel environmental sound) and picture (e.g. a butterfly); 

each time the mouse button was pressed it was automatically recorded so that trials 

immediately before and after could be subsequently excluded. In the majority of cases this 

‘distractor’ served to draw attention back to the screen. Two mns of 100 faces were 

attempted with all infants at all ages, with a short break in between. Extra breaks were 

occasionally given if an infant started to fuss or cry. The task was administered in a similar 

manner in older subjects. The subject was seated approximately 50 cm away from the 

screen in natural light, and instructed to press one button if they had seen the face before, 

and another button if they had not seen the face before (i.e. it was new). Accuracy, but not 

speed, was emphasized.

6.5.52. EEG recording. The Visual paradigm was administered in the same session 

as the Auditory paradigm. The electrode placement did not alter. Similarly, the technical 

aspects of data collection and processing are as described above in sections 6.4.5.2. and

6.4.5.B.

6.5.5.3. Data Analysis. Continuous EEG data were analysed off-line and epoched 

to stimulus presentation at -200 to 1800 ms; the sampling rate was the same as for the 

auditory paradigm.

1. Infants: Trials that were immediately before and after an orienting cue as initiated 

by the observer were excluded. Epochs were baseline corrected and automatically 

excluded if they exceeded 250pV in either direction. Automatically accepted trials were 

also individually examined and excluded if there was an eye-blink or excessive movement
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artefact. The remaining epochs were then averaged to stimulus type; either FF, IF or NOV 

faces. The minimum number of trials accepted was five but the majority of infants 

contributed more than 10 acceptable trials to each condition at each age. Grand average 

waveforms were created by averaging individuals’ results across all SCD infants and across 

all control infants separately for each of the three trial types. Area and peak scores were 

calculated from baseline to examine the Nc and slow-wave (SW) components; the epochs 

for measurement of scores are reported below. Waveforms obtained from OZ wete 

analysed separately in order to see if any differences in the Nc and/or SW were related to 

possible abnormality in very early sensory processing. At OZ, analysis focused on an early 

positive (P2) and negative (N2) peak; the label P2 was not intended to infer any similarities 

with the infant auditory P2 reported in the first study. A repeated-measures ANOVA 

model was run for components and area scores. Two within-subject factors are included 

(Stimuli -  X 3: FF/IF/NOV; Site -  x 3: FZ/CZ/PZ), and the between subject factor is Group 

(Control, SCD).

2. Child, Adolescent and Young Adult Cohort: The P300 was measured by peak- 

detection at lateral as well as midline sites. Individual trials were inspected manually and 

rejected if there was excessive movement artefact and if the subject failed to respond or 

responded incorrectly. Epochs were automatically rejected if they exceeded 75pV in either 

direction. A total of 200 trials were administered to all subjects. All 48 SCD patients and 

26 controls are included in this analysis. A minimum of 10 trials from each subject for 

each stimulus was included in the group average. A repeated-measures ANOVA was run 

for P300 amplitude and then latency peak scores, and then repeated with age as a covariate; 

bivariate correlations with age were carried out when indicated. Three within-subject 

factors were included: Site (x 3 - anterior: F3/FZ/F4; central: C3/CZ/C4; posterior: 

P3/PZ/P4) by Side (x 3 -  left hemisphere: F3/C3/P3; centre FZ/CZ/PZ; right hemisphere: 

F4/C4/P4) by Stimuli (FF, IF, NOV). The between-subject factor was Group (Control, 

SCD-NL, SCD-LES). This analysis was repeated for the Lesion Location groups in order 

to investigate the extent to which waveforms are affected by unilateral compared to 

bilateral frontal lobe injury.
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6.5.6. Results

6.5.6.L Infants: 3-Months. At 3-months the Faces paradigm was attempted with 

13 SCD infants and 11 controls; two SCD infants and three control infants did not attend 

for 3- month assessment. Ten out of 13 SCD infants showed sufficient interest in the faces 

and attended to the majority of trials. All 11 control infants were able to attend to the 

faces, but in one control more than half of individual area scores were greater than two 

standard deviations from the group mean. This infant was not included in the anedysis. A 

total of 10 SCD infants and 10 control infants remained. The epoch for the Nc area score 

was 50 to 800 ms, and the SW epoch was 800 to 1600ms. At OZ, the P2 was defined as 

the maximum positive peak amplitude between 100 and 180ms., and the N2 as the 

maximum negative peak amplitude between 180 and 400ms.

Waveforms are presented in Figure 6.8. In both groups, there was an onset and 

offset response at OZ consistent with early processing of stimuli in the visual cortex. There 

were no significant group differences for either the P2 or N2, implying that there were no 

abnormalities related to early sensory processing of the stimuli. As predicted, the Nc was 

evident between 50 and 800ms in both groups, although at this age it was not recognisable 

as a component per se, and did not differentiate between stimuli. The magnitude of the Nc 

was greatest over the parietal cortex, smallest over the frontal cortex and intermediate over 

the vertex. This morphology was reflected in a strong trend towards a main effect of site 

(F(2,17)=3.6, P=0.051). Similarly, there were no significant main effects or interactions 

when the SWs are analysed (800 to 1600ms); although there was a trend for a significant 

interaction between site and group (F(2.9)=2.1, P=0.085) reflecting greater magnitude of 

the Nc over the vertex in controls compared to SCD infants.

In summary, at 3-months the infant waveform consisted of an early negative 

deflection that is believed to be the Nc, followed by a more positively drifting slow wave. 

There was, however, no support for the hypothesis predicting a difference between stimuli, 

or between groups.
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Figure 6.8. Face processing ERP waveforms obtained from infants at 3-months.
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6.5.Ô.2. Infants: 9-Months. At 9-months the Faces paradigm was attempted with 

all SCD infants and 12 controls. An insufficient number of trials were obtained for one 

SCD and two control infants, but this was due to equipment failure. A total of 14 SCD 

infants and 10 control infants remained. A preliminary analysis of peak and area scores did 

not reveal any infants as outliers, defined as more than half of all scores greater than two- 

standard deviations from the group mean. The maximum negative peak amplitude between 

300 and 800 was recorded as the Nc, and the area score between 800 and 1400 ms as the 

SW. The P2 and N2 were defined as maximum peaks between 80-200ms and 200-500ms 

respectively.

Average waveforms are presented in Figure 6.9. In both groups there continued to 

be a large onset and offset response at OZ consistent with presentation of stimuli, but there 

were no significant stimulus or group effects for either the P2 or N2 component. The Nc 

was more clearly evident as a peak between 300 and 800 ms. In support of the hypothesis, 

there was a main effect of stimuli across groups (F(2,21)=5.4, P=0.013), reflecting the 

significantly larger amplitude of the NOV Nc compared to the FF Nc (P<0.01), but not 

compared to the IF Nc which was intermediate. There was also a main effect of site 

(F(2,21)=5.0, P=0.017). The magnitude of the Nc response was greater at fronto-central 

sites compared to PZ (P<0.05) but did not differ between FZ and CZ. Finally, it was 

predicted that the Nc would differ between patients and controls, but there was no evidence 

to support this. There was, however, a significant interaction between group and site for 

Nc latency across stimuli (F(2,21)=7.0, P=0.015). Nc latency increased linearly from 

anterior to posterior sites in SCD infants, whereas in controls the fastest latency was at CZ. 

Longer latency at PZ generally was supported by a main effect of site (F(2,21)=5.2, 

P=0.015).

The Nc was followed by long-latency waveforms (SW) that drifted positively in the 

SCD infants and negatively in controls, reflected in a main effect of group (F(l,)=7.0, 

P=0.016). There was also a main effect of stimulus (F(2,21)=4.8, P=0.020). As predicted 

the NOV waveform differed significantly from both the IF and FF waveform (P<0.05), but 

there was no difference between the FF and IF waveform. This was also evident in a 

significant three-way interaction between group, site and stimulus (F(4,19)=3.4, P=0.029)
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Figure 6.9: Face processing ERP waveforms obtained from infants at 9-months.
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that was wholly attributable to a significant interaction between group and site for the novel 

waveform only (F(2,21)=5.5, P=0.012). This waveform was negative at all three sites in 

controls, but at baseline at both CZ and PZ in SCD infants.

In summary, in support of the hypothesis, both the Nc and the SWs significantly 

distinguished NOV from both infrequent and frequent familiar stimuli. As predicted there 

were also significant group effects. Nc amplitude was comparable in SCD infants and 

controls, but there were morphological differences between groups in Nc latency. There 

was also a difference between groups in the polarity and morphology of the subsequent 

SW.

6.5.6.3. Infants: 12-Months. Data were obtained from 11 SCD infants and 10 

controls. A preliminary analysis of peak and area scores did not reveal any infants as 

outliers, defined as more than half of all scores greater than two-standard deviations from 

the group mean. The maximum negative peak amplitude between 300 and 800 was 

recorded as the Nc, and the area score between 800 and 1400 ms as the SW. The P2 and 

N2 were defined as maximum peaks between 80-200ms and 200-500ms respectively.

Waveforms at 12-months are presented in Figure 6.10. There was no significant 

difference between stimuli or between groups for the P2 or N2 component at OZ. The 

magnitude of the Nc continued to be greatest at fronto-central sites compared to parietal 

sites in general (F(2,16)=7.32, P=0.005), but there was no support for the prediction that 

waveforms differed between either stimulus or group. Similarly, there were no significant 

effects for Nc latency. The SWs appeared to differentiate between stimuli more in SCD 

infants than controls, but there were no significant effects of either group or stimulus.

In summary, there were no significant stimulus or group effects at 12-months.
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Figure 6.10: Face processing ERP waveforms obtained from infants at 12-months.
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6.5.6.4. Child, Adolescent and Young Adult Group: Disease Stage. In this task 

subjects were required to respond to all stimuli in order that behavioural responses could be 

analysed. The number of errors and omissions was recorded for each subject. Error rate 

did not significantly differ between groups (Controls: 9.8 ; 13  0  SCD-

LES: 13.7 F(2,16)=2.4, P=0.099), similarly, the number of omissions was not different

(Controls: 3.3 SCD-NL: 3.7 SCD-LES: 1.4 F(2,16)=.43, P=0.655). The

Control and SCD-LES groups obtained comparable mean reaction time scores, 585 and 

576 ms respectively, while the SCD-NL group took longer to respond (640 but this 

did not reach statistical significance (F(2,16)=2.0, P=0.143).

Waveforms obtained from midline sites are presented in Figure 6.11. A P300 

component was elicited that was maximal at posterior compared to anterior sites 

(F(2,70)=98.6, P<0.00r), and was larger at central and right hemisphere sites compared to 

left hemisphere sites (F(2,70)=13.8, P<0.001). As predicted, P300 amplitude significantly 

differentiated between stimuli (F(2,70)=41.3, P<0.001); P300 amplitude for IF and NOV 

stimuli was larger than that for FF stimuli (P<0.01), but there was no difference between IF 

and NOV stimuli. Finally, there was a significant four-way interaction between group, site, 

side and stimulus (F(16,126)=2.1, P=0.013), that did not alter when age was added as 

covariate. Post-hoc comparisons revealed that this interaction was not explained by any 

group differences or interactions over the parietal cortex, or over either the left hemisphere 

or midline. However, there was a trend towards a significant interaction between group 

and stimulus over the right frontal cortex (F(4,138)=2.2, P=0.073) that was attributable to a 

smaller P300 response to novelty in the SCD-NL group, and large P300 response for all 

three stimuli in the SCD-LES group; this spurious finding was therefore not easily related 

to the hypotheses.

There was a significant main effect of group when the ANOVA model was repeated 

for P3(X) latency (F(2,70)=4.9, P=0.011), that remained significant when age was covaried, 

but there were no significant interactions between group and any other variable. In general, 

P300 latency was longest in the SCD-NL group, shortest in controls, and intermediate in 

the SCD-LES group. A main effect of stimulus (F(2,70)=37.7, P<0.(X)1) was in the
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predicted direction, i.e. latency was longest for NOV stimuli and shortest for FF stimuli, 

with IF stimuli intermediate (P<0.01). A main effect o f site (F(2,70)=47.1, P<0.001), 

reflected shorter latency at PZ compared to fronto-central sites.

In contrast to the auditory paradigm, there was a significant interaction of age with 

stimulus for both visual P300 amplitude (F(2,69)=5.0, P=0.010) and latency (F(2,69)=4.5, 

P=0.015); the effect of age in the latency model did not alter the significant group effect. 

The amplitude for infrequent stimuli increased slightly with age at frontal sites (FZ: IF -  

R=.276, P=0.016; NOV -  R=.323, P=0.004), but decreased with age at posterior sites (PZ: 

IF -  R= -.363, P<0.001 ; NOV -  R= -.349, P=0.002), and this association was evident in all 

three groups, as illustrated in Figure 6.12. for IF stimuli; while there were no significant 

correlations for the FF stimuli, the association was in the same direction (negative). By 

contrast, P300 latency significantly decreased with age for all stimuli at both frontal (FZ: 

FF -  R= -.317, P=0.005; IF -  R= -.444, P=0.001 ; NOV -  R= -.229, P=0.056) and posterior 

sites (PZ: FF -  R= -.249, P=0.030; IF -  R= -.288, P = 0 .012; NOV -  R= -.382, P=<0.001 ).

Figure 6.12. Amplitude of P300 for IF faces 
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6.5.6.5. Children, A dolescents and Young Adults: Lesion Location. 

W aveforms averaged for Lesion Location groups were comparable to those obtained at the 

Disease Stage level of analysis, and will not be discussed in detail; there were no effects of 

group, suggesting that the P300 response was comparable in patients with unilateral and 

bilateral frontal lobe lesions (Figure 6.13.).
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Figure 6.13. Face processing ERP waveforms at CZ and PZ for Lesion Location subgroups
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6.5.6.6. Habituation to Stimulus Novelty. W hile this had not previously been 

assessed for visual stimuli, data were re-averaged to investigate the possibility of a change 

in amplitude and morphology of the waveform as a function of time spent on task. As 

fewer trials o f the visual stimuli were administered compared to the auditory paradigm, a 

total o f 8 rather than 10 trials were included in each block. NOV 1 consists o f trials 1 to 8, 

and subsequent trials were included in two sections, N 0V 2 (trials 9-16) and NOV3 (17- 

24). A total o f 21 controls and 38 SCO patients (21 SCD-NL; 17 SCD-LES) had a 

sufficient num ber of trials to be included in this level of analysis. In the visual paradigm 

the P300 was easily distinguished at PZ, but, unlike the auditory paradigm, this component 

was greatly attenuated, even absent, at FZ. However, at this site in controls there appeared 

to be a step-wise reduction between blocks in the second negative component at
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approximately 250ms (Figure 6.14.). Thus, the amplitude of this component at FZ was 

compared between blocks.

Figure 6.14. N250 for novel faces as a function o f time spent on task (controls only)
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In controls N250 amplitude appeared to decline as a function of time spent on task, 

but this did not reach statistical significance (F(2,)=1.2, P=0.323). It is noted that the same 

pattern of activity was present at both FCZ and CZ, but not PZ.

Figure 6.15. Habituation to face novelty in Disease Stage subgroups

13-

.t;

Controls

SCD-NL

SCD-LES

Nov 1 Nov 2 Nov 3

Time spent on task (section)



Chapter 6: Novelty Processing___________________________________ AMH 2003 229

The same components were subsequently investigated in patients with SCD 

compared to controls, by a repeat measures ANOVA model with time spent on task 

(NOV1/NOV2/NOV3) as the within subjects measure. Mean amplitude as a function of 

time spent on task is presented in Figure 6.15. (N250 data is transformed positive for 

clarity). Although there appeared to be some differences between groups, no significant
I

group effects or interactions were found.

6.5.6.7. Summary o f Results. In summary, the Nc component was present in infants 

from the age of 3-months but was not present in the older cohort. The Nc did not 

differentiate between stimuli at 3-months, but at 9-months the magnitude of this component 

was greater for novel compared to both FF and IF stimuli. However, this effect appeared to 

be transient as there was no effect of stimuli at 12-months. The Nc was followed by long- 

latency slow waves that, like the Nc, did not differentiate between stimuli at either 3- or 12- 

months, but did so at 9-months. At 9-months the NOV SW significantly differed from both 

IF and NOV stimuli. There was no difference between infants with and without SCD at 3- 

months or 12-months, although at 9-months there was a difference between groups in Nc 

latency, and in the SW; the novel waveform was negative in controls and positive in 

infants. In the older cohort, the magnitude of the P300 response to categories of faces was 

greatest over the parietal cortex, and over the right hemisphere. In all three groups, P300 

amplitude was greater for infrequent and novel stimuli compared to frequent stimuli, but 

did not differentiate between infrequent and novel stimuli. There was a difference between 

groups generally, for P300 latency, reflecting longer latencies in the SCD-NL group. This 

may be associated with the longer reaction time in this group in behavioural comparisons.

A frontal component was identified as sensitive to novelty habituation and labelled the 

N250. This magnitude of this component appeared to significantly decline with time spent 

on task, but there were no significant effects.
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6.5.7. Discussion

The aims of this study were to examine the extent to which neural responses 

underlying visual attention and recognition memory differed in patients with SCD 

compared to controls, and to provide converging evidence for the development of neural 

responses underlying response to novelty. With respect to the first aim, no significant 

differences in P300 amplitude were found between patients and controls in the older 

sample, although waveforms obtained from SCD infants do differ from controls at the age 

of 9-months.

6.5.7, L Infants. Infants were assessed longitudinally at three time points during the 

first year of life: 3-, 9- and 12-months. Three types of faces were presented: Face 1 (FF) 

was repeated in 60% of trials. Face 2 (IF) was repeated in 20% of trials, and remaining 

trials consisted of trial-unique novel faces (NOV). The Nc and subsequent slow-waves 

were measured and subjected to statistical analysis.

The Nc is associated with a general attentive or alerting response to stimuli 

(Richards, 2003) and is present from the first few weeks of life (Karrer and Monti, 1995).

In support of this, the Nc was evident in both SCD infants and controls from the age of 3- 

months, although was only detectable as a peak component at 9- and 12-months. Based on 

three earlier reports (Courchesne, 1981; Karrer and Ackles, 1987; Karrer and Monti, 1995), 

it was hypothesised that the Nc would distinguish infrequent/novel from frequent stimuli. 

This was not the case in 3-month infants, which is in contrast to the report of Karrer and 

Monti (1995), but was apparent in 9-month infants. At this age, the magnitude of the Nc 

was greater for novel compared to both infrequently and frequently presented stimuli. This 

effect was transient, however, as there was no significant difference between stimuli at 12- 

months.

Nelson and Collins (1991; 1992; 1994) associated long-latency slow waves that 

follow the Nc with the development of neural networks mediating recognition memory. 

Based on the findings in 4-, 6- and 8-month infants, these authors developed a three-stage 

model of infant recognition memory for categories of faces. First, the simple detection of
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‘different’ is associated with a negative waveform, this evolves into a positive waveform 

when stimuli become partially encoded, and, finally, the when the waveform returns to 

baseline this is proposed to represent an established memory for a face category. A 

differentiation in waveforms was reported to occur in infants aged 6-months and above but 

not in infants aged 4-months. In 4-month infants Nelson found that all waveforms were at 

baseline, but this was not believed to reflect memory formation for categories of events. 

Instead, Nelson suggests that it was more likely that the task was simply too demànding 

and thus not processed at a deep enough level to reflect in any meaningful differentiation of 

the novel waveform. Thus, Nelson proposes that neural networks mediating early memory 

processes begin to reach functional maturity only from the second half of the first year of 

life.

In support of Nelson and Collins, it was found that slow-waves did not differentiate 

between stimuli in infants aged 3-months, but in control infants at 9-months, the novel 

waveform was significantly different (negative) compared to the FF and IF waveforms. 

Nelson and Collins did not administer the same face processing paradigm to 12-month 

infants, but the logical hypothesis in infants this age is that either the NOV waveform 

should be positive, and therefore partially encoded, or all three waveforms are successfully 

‘categorised’ and therefore return to baseline. As there was no significant difference 

between stimuli at 12-months, there is more support for the latter hypothesis.

There is very little ERP evidence in the visual modality in abnormally developing 

infants. The only study that is available described some dissimilarities between slow- 

waves obtained from 4-month-old infants at risk of neurodevelopmental delay compared to 

controls, but differences were not statistically significant (deRegnier et al., 1997). As 

infants with SCD may also be ‘at risk’ of neurological impairment, it was hypothesised that 

waveforms might differentiate between patients and controls from 3-months (but not 

between stimuli at this age). In support of this hypothesis, there was a significant 

difference in the slow-waves between SCD infants and controls at age 9-months, but as 

there was no significant difference at either 3-months or 12-months, these differences were 

transient. At 9-months, the novel waveform drifted positive in SCD infants and negative in 

controls at centro-parietal sites. While at first hand this suggested that the SCD infants 

were able to partially encode the NOV stimuli, and were therefore more ‘advanced’ than
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controls in terms of Nelson’s model, this finding warrants further consideration. deRegnier 

et al. (1997) also found a similar pattern of results in infants ‘at risk’ of developmental 

delay compared to controls; both frequent and infrequent waveforms drifted positive in 

patients, but the infrequent stimulus was associated with a negatively drifting waveform in 

controls. deRegnier did not believe that this positivity reflected more sophisticated (partial) 

encoding in infants at risk, but may instead have been associated with a functional 

alteration in brain development. Although no conclusions were reached as to what might 

underlie this, accelerated brain maturation was briefly considered. Infants with SCD are at 

risk of hypoxaemia (Kirkham et al., 2001), which has been associated with a compensatory 

increase in blood supply to the brain (Steen et al. 1998). For this reason, it could also be 

tentatively proposed that brain maturation may be accelerated very early in development in 

infants with SCD (Kirkham, personal communication). However, due to the small sample sizes 

in both the present study (n=~10) and the study by deRegnier (n=16), these findings must 

be replicated before any conclusions are reached with respect to this issue. In the 

meantime, it may only be considered that dissimilarities between the slow-waves obtained 

from infants with and without SCD may reflect abnormal development of neural networks 

mediating attention and/or recognition memory.

6.5.7.2. Children, Adolescents and Young Adults. The face-processing paradigm 

developed by Nelson and Collins (1992) has not previously been administered to older 

samples in the original format. Thomas and Nelson (1996) did administer a similar 

paradigm to seven to nine year old children but this involved a combination of faces and 

objects and therefore was not directly comparable. Thus, the present study provided unique 

evidence by administering the same paradigm to infant and older samples. The only 

difference in administration was that infants watched passively while older subjects were 

asked to decide whether or not they recognised each face. It was felt that the faces would 

hold little interest for older subjects, so a response ensured that they attended to the task. 

The most robust component in older children, adolescents and adults was a P300 with a 

parietal maximum. This was present at comparable magnitude and morphology in controls 

and SCD patients with and without brain lesions. The P300 response was greater over the 

right compared to left hemisphere in all groups. The magnitude of the P300 response was 

significantly greater for infrequent compared to frequent stimuli, but there was no 

difference between the two categories of infrequent faces (IF and NOV). As no differences
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between patients and controls were found it is concluded that SCD does not impair 

behavioural or neural responses associated with visual attention.

Habituation to novelty has not previously been assessed in the visual modality. A 

frontal component was identified as sensitive to novelty habituation and labelled the N250. 

This magnitude of this component significantly declined with time spent on task, but there 

were no significant group differences. However, the fact that there were no grou^ 

differences does not detract from a novelty habituation response per se, and this is an 

original finding of this study.

Courschene (1978) described a gradual decrease in visual P300 amplitude from pre- 

to post-adolescence. Support for this finding is provided but with some limitation. The 

amplitude of the P300 response decreased with age over the parietal cortex and slightly 

increased with age over the frontal cortex. This suggests two possibilities: (i) the frontal 

lobes become increasingly involved in recognition memory, or, (ii) the attentional 

requirements of the task are increasingly subserved by the frontal lobes. As it has been 

shown that the frontal lobes continue to mature through the second decade of life 

(Huttenlocher et al., 1982), and are particularly involved in attention (Dempster 1993;

Plude et al., 1994), there maybe more support for the latter hypothesis. The latency of the 

P300 response was found to decrease with age at both frontal and parietal sites. A decrease 

in P300 latency has been found in children aged between 5 and 16 years (Finlay et al., 

1985), and children, adolescents and adults aged 7-20 years (Johnson, 1989). It is possible 

that a decrease in latency was also due to maturational process extending into early 

adulthood, and, in particular, an increase in processing speed due to ongoing myelination.

In conclusion, further evidence for the development of neural responses underlying 

attention and recognition memory was provided. There were some indications that the very 

early development of recognition memory processes may be affected by SCD, but any 

impairment is likely to be transient as there was no evidence of any abnormality in children 

from age eight years, adolescents or young adults. However, the extent to which transient 

impairment has a detrimental effect on the general development of neural-networks 

mediating other cognitive processes is less certain. In this view, early abnormality in 

lower-level processes may have a ‘knock-on’ effect on the development of higher-level
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processes that may only become apparent as the child develops. At this time, these data 

may only suggest that the later maturation of neural networks mediating attentional 

processes in the visual modality proceeds normally in the presence of SCD.

6.6. General Summary: Neural Response to Novelty

The aims of these two studies were threefold. The first priority was to provide converging 

evidence of the novelty orienting response in both the auditory and visual modalities. In 

respect of this, further evidence of the Nc in infants and novelty P3 in older subjects was 

evident in waveforms elicited by novel sounds and faces. The second aim was to examine 

the extent to which neural response differed between normally and atypically developing 

populations, and, in particular, those at risk of frontal lobe pathology. While there were 

some indications that both the orienting response (auditory P2 and the Nc in both 

modalities) and recognition memory processes (visual slow-waves) may be ‘abnormal’ in 

infants with SCD at some point during the first year of life, any adverse effects may be 

transient as there are no group differences in the older cohort. However, it must be noted 

that while these tasks may have been novel and relatively complex for infants, they were 

less so for older children. Related to this, it is possible that early abnormalities contribute 

to deficits later in development, the nature of which may be non-specific, affecting 

attention more generally. In the older cohort, deficits may manifest as an attenuated 

habituation to novelty, and this may have wider implications for the development of higher 

cognitive function. The third aim was to provide converging evidence for the early 

development of neural responses underlying response to novelty, attention and recognition 

memory. In general, this study has provided additional support for the findings of earlier 

infant studies of both auditory and visual attention. In particular a P2 component was 

clearly evident in the auditory modality, and an Nc was evident in both auditory and visual 

modalities. This allows for greater confidence in the usefulness of infant ERP data in 

contributing to our understanding of very early normal development, and paves the way for 

large-scale studies of populations at risk of atypical development.
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Chapter 7: Action-Monitoring assessed by Event-Related Potentials.

A supervisory role for the frontal lobes was derived from descriptions of 

neuropsychological outcome in patient populations (Shallice and Burgess, 1991; 1998). 

In this view the frontal lobes closely monitor activity in complex and/or novel tasks in 

order to facilitate optimum allocation of attentional resources and reduce erroneous 

responses. Such action-monitoring may be measured by selective attention tasks where 

the individual is required to ‘facilitate’ a response to one stimulus and concurrently 

‘suppress’ a response to another stimulus. This chapter reports the results of an ERP 

study investigating the error processing component of action-monitoring in the Child, 

Adolescent and Young Adult cohort. The error related negativity (ERN), was first 

reported by Falkenstein et al. (1991), and is associated with executive control of 

attention.

7.1. Functional neuroanatomy of action-monitoring

A number of fMRI studies in adults have confirmed frontal lobe activation in 

selective attention tasks using flanker, and/or ‘Stroop-like’ paradigms (Pardo et al., 

1990; Casey et al., 1997; Carter et al., 1998; MacDonald et al., 2000; Gruber et al., 

2(XK); Nordahl et al., 2001; Paus et al., 2002). In particular, co-activation in the 

dorsolateral prefrontal cortex (DLPFC) and medial prefrontal regions, e.g. anterior 

cingulate cortex (ACC), implied that these regions ‘act in tandem’ for successful 

performance (Bench et al 1993; Paulus et al 2000), but more detailed studies suggested 

that co-activation was limited to supra-callosal areas of the ACC (Paus 2001). The 

functional implications of DLPFC / supracallosal ACC connectivity for action- 

monitoring are implied but not confirmed. There are, however, predictions that online 

maintenance of information, a skill associated with the DLPFC, is necessary to facilitate 

ACC implementation of an appropriate response (Paus et al., 2(XX)).

The DLPFC, specifically the caudal portion of the principle sulcus in the 

monkey, is considered by many investigators to be a critical component of neural 

networks underlying representation of a memory trace. This has been demonstrated in 

classical delayed response and self-ordered paradigms in animal lesion studies
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(Goldman et al 1971; Petrides 1991; 1995). More specifically, cellular correlates of 

‘working memory’ (a term that has been adopted to describe some short-term memory 

processes) identified delay-activity in DLPFC neurons (Ba 46/9 and 8) in delayed 

response tasks requiring both manual (Fuster and Alexander, 1971) and oculomotor 

(Goldman-Rakic et al., 1991) response modes. It has recently been proposed that the 

critical contribution of area 46 may be the selection of a target location from working 

memory, rather than simple maintenance of information per se which was associated 

with other areas immediately caudal to 46 (Rowe et al., 2000). The caudal (supra

callosal) and medial frontal lobes are associated with executive-motor behaviour or 

‘attention to action’ (Vogt et al 1992), and are less commonly implicated directly in 

working memory. More specific functional divisions of the frontal motor areas have 

been identified on the basis of PET co-activation of the caudal ACC and the 

supplementary motor area (SMA) in simple manual tasks, and preSMA and rostral 

(supra-callosal) ACC in complex, unfamiliar, manual tasks (Picard and Strick, 1996). 

Regional connectivity supports a functional difference between the SMA proper which 

is connected to the primary motor cortex and spinal cord indicating a role in motor 

output, and the preSMA which receives projections from the DLPFC and is more likely 

to be influenced by motivational aspects of behaviour (Picard and Strick, 2001) and 

perhaps in translating executive commands into output.

There is further evidence for the existence of reciprocal connections between the 

DLPFC and caudal areas of the frontal lobes. A retrograde tracer study in monkeys 

reported connections between the DLPFC (principal sulcus) and premotor areas, 

including the SMA and caudal cingulate motor area (Luu et al., 1994) and the preSMA 

has been shown to connect with the SMA and caudal cingulate (Luppino et al., 1993). 

Luppino and Rizzolatti (2000) distinguished seven areas of the monkey frontal motor 

cortex on the basis of connectivity and function (Figure 7.1). Caudal areas (e.g. F3 -  

SMA) are richly connected with the parietal lobe and transform sensory information 

into motor commands. By contrast, more rostral areas (F6 -  preSMA), receive 

connections from the prefrontal and cingulate cortices, and are hypothesised to convey 

information to the SMA concerning motivation, long-term goals and memory of past 

actions, thus facilitating or cancelling ongoing actions. In particular the medial ‘F6’ 

area contains neurons that fire in relation to a shift command that re-directs arm 

movement from one direction to another according to task demands. F6 is reported to 

have strong connections with the DLPFC, and is the only motor area to receive afferents
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from the cingulate. Thus, there is evidence to support the prediction that the DLPFC 

holds an on-line representation for correct task performance, while the preSM A/ACC 

monitors behaviour and provides feedback to the DLPFC in the event of mismatch 

between action and intention, or under circumstances where there is a high degree of 

conflict and greater executive control is required.

Figure 7.1. Areas of interest in the executive motor areas in the monkey frontal lobes. 

Rizzolatti and Luppino (2001)
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7.2. Error-Related Negativity

Electrophysiological evidence for the supervisory role of the frontal lobes in the 

error-processing component o f action-monitoring, has been provided by ERP studies.

A negative wave-form, detectable at the same time as an error response, was originally 

documented as the error negativity (Ne) by Falkenstein (1991), and independently 

observed as the ERN, or error-related negativity, by Gehring et al. (1993).

The ERN has been demonstrated in both visual and auditory modalities in 

Stroop, Flanker and Go/Nogo paradigms (Falkenstein et al., 1991; Gehring et al., 1993; 

Dehaene et al., 1994; Kaiser et al., 1997; Gehring and Knight 2000; Falkenstein et al..
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2000; Menon et al., 2001; Nieuwenhuis et al., 2001; Stemmer et al., 2001; Gehring and 

Rencsik 2001), and is reported to be pre-attentive (Dehaene et al., 1994; Kaiser et al., 

1997); although a positive component, the error positivity (Pe; Falkenstein et al.,

1991a), which follows the ERN, was predicted to reflect more conscious post-error 

processing (Stemmer et al., 2001; Nieuwenhuis et al., 2001). The ERN occurs within 

200ms after an error response and is maximal over fronto-central regions, particularly 

FZ and FCZ, and absent over posterior regions. This pattern of distribution suggests 

that the likely generators of the ERN include the ACC and preSMA (Gehring et al., 

1993).

Coles et al. (2001) described two components of error-processing: a ‘monitoring 

system’ to detect errors, and a ‘remedial action system* to compensate for errors. In 

this view, a ‘comparator’ in the monitoring system identifies instances of mismatch 

between what response should have occurred with what response actually occurred.

The remedial action system may then intervene to correct and/or compensate for the 

error. The immediate correction of errors was originally described by Rabbitt (1977), 

and subsequently by De Jong (1990) as an automatic response that is invariable across 

age-groups and test-designs. Similarly, compensation for errors may take the form of 

post-error slowing, which is a more conscious response to making an error in reaction 

time tasks.

7.2.1. Action-monitoring and the ERN in adults with frontal lobe lesions

A study by Gehring and Knight (2000) reported an abnormal ERN potential in 

six adults with damage to the prefrontal cortex, including the DLPFC, compared to age- 

matched and younger controls. In both control groups there was a greater negative 

deflection after error trials in a flanker task compared to correct trials. In the patient 

group, however, there was no difference in amplitude or latency between a negative 

deflection detected for both error and correct trials. Gehring and Knight suggested that 

the DLPFC was likely to be part of the circuitry that identifies error activity from 

correct performance. In support of this a more recent study found an abnormal ERN 

response in seven adults with lateral frontal lobe lesions, compared to a normal ERN 

response in two groups of six adults with either bilateral fronto-polar lesions or 

temporal lobe lesions (Ullsperger et al., 2002). There is only one ERN study of medial
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frontal lobe lesion patients (Stemmer et al., 2000). This abstract described an absent 

ERN in four out of five adults with damage to the ACC and “adjacent regions” that are 

not further specified.

Interestingly, in the studies by Gehring and Knight, and Ullsperger, an 

attenuated ERN was not associated with behavioural impairment, such as a significant 

increase in error rate or increase/decrease in reaction time. This suggests two 

possibilities. Firstly, the attenuated ERN was nevertheless sufficient to activate the 

remedial system, and/or secondly, that measures associated with these tasks were,not 

sensitive to any behavioural deficit associated with an abnormal ERN. The latter 

hypothesis predicts that other measures of attention and executive function, that are 

more demanding in their requirement for online manipulation of information, will be 

associated with the ERN.

A recent case study did not assess the ERN but provided some evidence that 

behaviours associated with action-monitoring involve a neural circuit including the 

ACC. Turken and Swick (1999) describe patient D.L., a 33 year old woman who had a 

portion of ACC resected due to a neoplasm; the lesion extended from the middle to 

caudal portion of the right ACC, but did not include overlying SMA. Although D.L. 

was of low-average intelligence, deficits in attention were found in tasks requiring a 

motor response, but not when the same tasks required a vocal response. This was 

particularly apparent in a Stroop-like task involving motor and vocal response to two 

types of stimuli: (i) Arrows pointing right or left; (ii) The words ‘right’ or ‘left’. D.L.’s 

performance was comparable to controls in the vocal conditions, but she was unable to 

translate intention into correct manual output. Turken and Swick concluded that the 

caudal ACC is critical for manual response control.

7.3. Hypotheses

While the studies by Gehring and Knight (2000), Stemmer et al. (2000), and 

Ullsperger et al. (2002) have demonstrated that prefrontal cortex and/or ACC lesions 

are associated with impairment in the error-processing component of the action- 

monitoring system, it is less clear whether action-monitoring is critically dependent on 

these structures or on the communication between them. In addition, it is not clear
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whether or not an abnormal ERN is associated with cognitive deficit. This lack of 

information may be partly due to the dearth of suitable patient populations. Selective 

lesions of the frontal lobe in young people are rare. Most lesion cases are due to 

neoplasm or infarctions in the distribution of the anterior cerebral artery, but this 

territory encompasses a large area including the medial aspect of the anterior two-thirds 

of the cerebral hemispheres, and anterior caudate, putamen and internal capsule 

(Devinsky et al 1995). It is therefore unlikely for lesions to selectively affect the 

DLPFC, SMA or the ACC, or white matter connectivity between these areas. However, 

in SCD patients there is a high incidence of relatively circumscribed lesions in fronto- 

dorsal white matter (see section 4.1, p i 17) suggesting this population would make an 

important contribution to our understanding of action-monitoring. Based on this, it was 

hypothesised that the error-processing component of the action-monitoring system may 

depend on connectivity between lateral (DLPFC) and medial (ACC and/or preSMA) 

structures, and therefore be vulnerable to smaller frontal lobe lesions affecting dorsal 

white matter tracts in patients with SCD. Secondly, it was hypothesised that the ERN is 

associated with attentional deficit, and specifically with measures of attention that 

require a high level of executive control. It was considered that an attenuated ERN may 

be associated with the high prevalence of executive dysfunction in children with SCD 

(Craft et al., 1993; Watkins et al., 1998; de Baun et al., 1998).

7.4. Methods

7.4.1. Task.

The arrow-task developed by Kaiser et al. (1997) to test executive functioning in 

adults, was adapted for use in children. This paradigm consisted of green (congruent 

stimuli: probability = 75%) and red (incongruent stimuli: 25%) arrows that randomly 

pointed to the left or right with equal probability. Pilot testing on three subjects 

(Appendix F) indicated that the ERN could be elicited by this paradigm, and that 

subjects could maintain attention through two mns of 100 trials, with a short break 

midway. Stimulus onset asynchrony was 1500ms.; arrows were presented for 100ms. 

The subject was asked to sit as still as possible and focus on a screen approximately 

50cm in front of them. Instructions were given to hold a computer mouse in the palm 

of their hands, and to rest their thumbs on the left and right mouse buttons. The subject
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was asked to press the left mouse button on presentation of a green left-pointing arrow, 

and the right mouse button on presentation of a green right-pointing arrow. For red 

arrows, subjects were instructed to press the button that was on the side opposite to the 

direction the arrow was pointing. Speed and accuracy were equally stressed for all 

subjects.

7.4.2. Data Analysis

I

[As this paradigm was administered in the same session as the oddball paradigms, the lead 

placement and the EEG recording did not change; methods described in Chapter 6].

Continuous EEG data were analysed off-line and epoched to both stimulus 

presentation and response. Data was epoched to stimulus presentation (-200 to 1800 

ms.) and averaged separately for congruent and incongruent trials, in order to 

investigate stimulus processing (P300). The amplitude of the P300 was measured at PZ 

and defined as the maximum positive peak between 200 and 600ms. In order to 

examine the correct response negativity (‘CRN’) and ERN, data were epoched to 

response at -500 to 500 ms. (centred at the time of response) and averaged separately 

for correct and incorrect trials. A satisfactory number of CRN/ERN trials remained for 

even the youngest child (age 8 years) after automatically rejecting epochs contaminated 

by artefact, defined as +75pV. ERN and CRN peak amplitude and latency were 

measured from baseline at FCZ (this lead is located halfway between FZ and CZ); 

defined as the maximum negative peak between 0 and 200ms. ERP data from 

individual subjects was only included if they had made a minimum of 10 errors. One 

control subject and five SCD patients did not meet this criterion. A total of 25 controls 

and 43 SCD subjects remained. The focus of this study was on the neural response 

associated with making an error, and the extent to which this was abnormal in SCD, 

more than the actual number of errors committed. For this reason it was decided a 

priori to include only the first 10 errors from each subject in the group average in order 

to avoid potential differences due to signal-to-noise ratio. However, the mean reaction 

time (RT), error rate, the percentage of errors corrected, and number of omissions are 

reported for each group and analysed by multivariate ANOVA. On making an error, 

subjects may compensate by slowing down on trials immediately following (post-error 

slowing). Post-error slowing was calculated for all subjects, and analysed by repeat
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measures ANOVA respectively. ERP data were subjected to repeated-measures 

ANOVA, with stimulus type (congment and incongment stimuli) as the within subject 

factor for analysis of the P300 component. This model was subsequently repeated with 

component type (CRN and ERN) as the within-subjects factor.

7.5. Results

7.5.1. Disease Stage

Behavioural performance is examined first (Table 7.1.) There were no group 

differences in any behavioural measure associated with this task. Mean scores are 

presented in Table 7.1.

Table 7.1. Group scores for behavioural measures in Disease Stage subgroups (SD).

CONTROLS SCD-NL SCD-LES Univariate F 
(df=2,65)

Errors (out of 200) 23.6 32.3 28.9 F=.1.6

Errors Corrected (%)* 30.4 39.8 27.8 F=0.78

Omissions (out of 200) 2.0 5.1 4.2 F=0.83

Reaction Time (ms)** 472 487 475 F=0.15

* Total Errors ** Across all trials

Both control and SCD-NL groups showed the pattern of fastest mean reaction 

times (RTs) for error trials, and slowest mean RTs for post-error trials (Figure 7.2.).

The SCD-LES group did not tend to make faster responses for errors, but did slow 

down on post-error trials. Overall, the extent of post-error slowing was equivalent in all 

three groups (difference between error and post-error trials: F(l,65)=134.8, P<0.001).
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Figure 7.2. Post-error slowing in Disease Stage subgroups
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The stimulus-locked P300 component obtained from each of the three groups is 

presented in Figure 7.3. Stimulus processing of the congruent and incongruent stimuli 

was normal in both patients and controls, evident in a typical P300 response over the 

parietal cortex. A repeated-measures ANOVA did not reveal any significant group 

effects, with incongruent trials consistently eliciting a larger P300 response than 

congruent trials in all three groups (F(l,65)=77.9, P<0.001).

Figure 7.3. P300 response to arrows at electrode PZ in Disease Stage subgroups.
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Figure 7.4. shows the CRN and ERN components. The magnitude of the ERN 

response compared to the CRN response was largest in controls (difference = 8.6pV), 

but this difference was less apparent in SCD-NL group (difference = 5.2pV), and the 

SCD-LES group (difference = 3.9pV). This pattern of waveforms was reflected in a 

significant interaction between group and com ponent type (F(2,65)=4.6, P=0.014). Post 

hoc comparisons revealed that while the CRN was of equivalent m agnitude in all three 

groups (F (2 ,65 )= l.l, P=0.352), there was a strong trend for the magnitude of the ERN 

to be greater in controls compared to both patient groups (F(2,65)=3.0, P=0.055). The 

CRN peaked within 50ms and the ERN peaked within 100ms after response in all three 

groups. There was a significant difference between CRN and ERN latency 

(F(l,65)=72.1, P<0.001), but no interaction with group. Finally, there was no effect of 

age, when added as a covariate, implying that the CRN and ERN responses did not 

differ in magnitude and/or latency between the ages of 8 and 25 years.

Figure 7.4. ERN and CRN at electrode FCZ in Disease Stage subgroups.
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7.5.2. Lesion Location

There were no group differences (unilateral n=10 vs. bilateral n=5) for any 

behavioural measure associated with this task. Similarly, the P300 response was
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normal in both patients and controls. A paired T test revealed a strong trend towards a 

significantly greater ERN amplitude compared to CRN amplitude in patients with 

unilateral lesions (T=-2.2(9), P=0.052; Figure 7.5.). By contrast there was no 

significant difference in the amplitude of CRN and ERN components in patients with 

bilateral frontal lobe lesions (T = -1.2(4), P=0.304). There was a significant difference 

between CRN and ERN latency in the unilateral group (T=2.3(9), P=0.050), but not in 

the bilateral group (T=2.6(4), P=0.060).

Figure 7.5. CRN and ERN components obtained from Lesion Location groups.
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7.5.3. Relation of the ERN to neuropsychological measures of executive function.

In order to assess the extent to which the ERN was associated with executive 

dysfunction in all patients with SCD, the ERN was correlated with results obtained 

from measures of working memory (SOPT), attention (TEA) and card-sorting (WCST); 

nb. there was no significant correlation between Full Scale IQ and ERN amplitude.

Table 7.2. Bivariate correlations of ERN with executive function measures.

R =

SOPT: Abstract (no. of errors) -.015

Attention: Selective .280
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Sustained 

Switching 

WCST: Categories

Perseverative Errors 

Set Maintenance 

Time Taken 

* P<0.05 **P<0.001

.334 * 

.526 ** 

.084 

.240 

.011 

.200

Table 7.2. reveals that the strongest correlation is with the Switching scaled 

score from the TEA. As shown in Figure 7.6., an increase in the magnitude of the ERN 

response was associated with an increase in scaled score in this measure.

Figure 7.6. Correlation between ERN and TEA-Switching score in SCD patients.
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7.6. Discussion

It has previously been reported that the ERN is abnormal in adults with lesions 

o f the lateral prefrontal cortex (Gehring and Knight, 2000; Ullsperger, 2002). The 

hypothesis derived from that data was confirmed in the present study by showing that 

very small frontal lobe lesions that do not directly involve either the DLPFC or ACC 

were sufficient to attenuate this neural response, possibly due to disrupted 

comm unication between these two structures. In SCD patients, the majority of whom 

have relatively circumscribed lesions in fronto-dorsal white matter, there was an
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abnormal ERN response that was not associated with an abnormal response to stimulus 

processing (P300).

There is considerable debate about the role of the ACC in executive function. 

Posner and Peterson (1990) proposed that the ACC is a critical component of the 

‘anterior system’ facilitating executive control of attentional processes. Although a 

series of influential studies implied that the ACC was more involved in the monitoring 

of conflict, rather than in direct executive control of behaviour (Carter et al, 1998; Cater 

et al, 2000; Van Veen et al, 2001), others suggest that the ACC predominantly
I

contributes to error-processing (Falkenstein et al., 1991). However, the limited spatial 

resolution of ERP recordings and the lack of selective ACC activation in fMRI 

paradigms, means that it is difficult to prove any specific association between the ACC 

and aspects of action-monitoring, including error-processing or conflict detection. In 

fact, the present study suggests that structures within the executive motor system, 

including the DLPFC, preSMA and ACC, work concertedly to monitor actions in novel 

and/or relatively complex tasks.

There were no group differences in the behavioural measures associated with the 

‘arrow’ task. All subjects appeared cognizant of making an error, but, anecdotally, it 

was noticeable that the vocal outbursts that often accompanied an error were less 

apparent in patients than controls. However, as this phenomenon was not formally 

measured it is not possible to draw any conclusions. It is possible that while brain 

lesions were of a sufficient size to interfere with the magnitude of the neural response, 

they were too small to affect behaviours that, for some participants, may have become 

routine during the course of the task, i.e. general reaction time. It is therefore 

interesting that the association between ERN amplitude and attention was most 

significant for the attentional measure proposed to require the greatest amount of 

executive control (Switching). There were a number of similarities between the ‘arrow’ 

ERP task and the TEA/TEA-Ch switching attention measure. Both required the ability 

to switch attention between different modes of responding, i.e. congruent or 

incongment hand movement in the former, and counting up or down in the latter. The 

ability to inhibit a previously rewarded mode of responding in light of new information 

was also assessed by these tasks, e.g. a change in the colour of the arrow, or an 

instmction to count a different way. There was no significant association between the 

ERN and more traditional measures of ‘frontal lobe function’, such as the Self Ordered
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Pointing Test (SOPT) or Wisconsin Card Sorting Test (WCST). Thus, deficits in 

working memory, concept formation and perseveration as measured by the SOPT and 

WCST co-exist with reduced neural response but may not be significantly correlated.

To our knowledge, the ERN has not previously been reported in children, but 

this study has shown that it is evident from late childhood and the magnitude is not 

affected by age. In support of this, action-monitoring measured by a flanker task has 

previously been shown to activate similar neural networks in adults and children from 

age five years (Casey et al., 1997). This fMRI study reported a consistent pattern of 

anterior cingulate activation in twenty-six normally developing children aged between 5 

and 16 years (Casey et al., 1997), indicating that attentional control is subserved by a 

network including the ACC from early in development.

In conclusion, these results are compatible with the position that the DLPFC 

interacts with medial frontal lobe structures in action-monitoring, and that lesions of the 

deep frontal white matter may disrupt these connections. A consequence of this may be 

impairment in the executive control of attention.
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Chapter 8: General Discussion & Directions for Future Research

This study investigated the development of executive function in a large group of 

patients with SCD and ethnic-matched controls. The methodological limitations of the 

study will be discussed (8.1.) before summarising the findings in relation to the main aims
I

of the study (8.2.). Finally, the contribution of these results to our understanding of both 

SCD (8.3), and the development of executive function will be considered (8.4).

8.1. Methodological limitations of the study

8.1.1. Infant Studv

Two important limitations of this study were identified, and the measures 

undertaken to overcome them are discussed.

8.1.1.1. Sample Size. The small number of infants (n=15 SCD) resulted in a high 

level of variability. Approximately 20 infants are referred to the Haematology Clinic at the 

Royal London Hospital each year. With this in mind, the intention was to recruit as many 

of these infants as possible; as studies of this type had not been conducted previously, it 

was not possible to calculate statistical power to estimate appropriate sample size. 

Similarly, any healthy infants bom to Afro-Caribbean parents on days set aside for 

recruitment (one day a week) were approached as potential controls, but, although there 

were more infants to approach, there was less incentive for these parents to allow their 

infant to participate. Thus, the author successfully recmited the majority of SCD infants 

who were identified as possible participants by the Haematologist (P. Telfer). Recruitment 

of control infants ran in parallel, and was determined by, the number of SCD infants whose 

parents agreed to participate.

S. 1.1.2. Experimenter familiarity with presence/absence o f SCD. As it was 

necessary for the author to recruit both SCD infants and controls, it was not possible to be
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blinded to presence or absence of SCD. It was of course possible that this influenced the 

behavioural testing, but less so the EEG recordings which were less dependent on feedback 

from the experimenter, particularly in infant studies. However, in retrospect it was also 

possible that the author could have over-compensated for this limitation by unintentionally 

providing the SCD infants with greater encouragement than controls in the behavioural 

tests. In defence of the validity of the study, the majority of assessments were video-taped 

and a randomly selected sub-group were additionally marked by a Developmental 

Psychologist (M. de-Haan) blinded to SCD status. This provided an indication of inter

rater reliability. In addition, some (6) Bayley’s Infant Neuro-Screen (BINS) assessments 

were observed by a Professor of Paediatrics (H.Feldman) who was not informed of SCD 

status. This ensured that the BINS assessments were reliably administered and scored 

according to the manual. Finally, the physici^ (M. Prengler) who obtained the majority of 

Doppler and oxygen (SaOi) measures was blinded to presence or absence of SCD, and the 

results of behavioural assessments. Similarly, the experimenter (A.Hogan) was blinded to 

the results of Doppler and SaC^ measures.

8.1.2. Child. Adolescent & Young Adult Studv 

Two main limitations of the study are identified.

8.1.2.1. Experimenter familiarity with presence/absence o f SCD. The SCD patients 

in this study were drawn from a larger patient cohort in the North Thames region, followed 

since the early 1990’s. Approximately one quarter of patients had been referred for clinical 

neuropsychology in the interim, mainly due to neurological concerns. In addition, six 

patients were siblings, and the families were known to the examiner before the start of the 

study. For these reasons it was not possible to for the examiner to be blinded to presence or 

absence of SCD.

8.1.2.2. Categorisation by lesion location -  laterality effects: SCD is associated 

with brain lesions predominantly affecting the frontal white matter, and this was reflected 

in the present study. As lesions disproportionately affected the left frontal lobe it was not 

possible to formally examine the effect of lesion laterality. However, the evidence
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obtained in adults (e.g. Rogers et al., 1997) suggests that it is important to explore the 

possibility that left and right frontal lobe injury results in a different outcome in SCD. In 

order to do this, it may prove necessary to conduct a meta-analysis, but this would require a 

high level of consensus between centres in the delineation of lesion location, and the MR 

sequences used to obtain this information.

8.2. Results in relation to the main study aims

Three main study aims were stated in Chapter 2. These were to investigate the 

extent to which the very early development of cognitive function in infancy may be 

abnormal in children with SCD; to further explore the nature of executive dysfunction in 

SCD; to relate executive dysfunction to frontal lobe lesions acquired in childhood. These 

will be considered in turn.

8.2.1. Neuro-developmental delav in infants with SCD

As SCD is an inherited disorder it was important to investigate the relationship 

between the timing of brain damage and the emergence of cognitive function and 

dysfunction. Brain lesions tend to occur in early to mid-childhood, but the majority of 

studies have focused on older children. It was proposed that fundamental components of 

executive function are formed from infancy, and may be measurable in tasks assessing the 

development of search-skill.

8.2.1.1. Behavioural Measures: It was found that the developmental progression of 

executive function ‘components’, such as attention and inhibition (e.g. A-not-B, Object 

Retrieval), proceeded normally in SCD infants during the latter half of the first year of life, 

when compared to ethnic-matched controls. However, there was evidence for more general 

neuro-developmental delay in individual SCD infants (BINS) that, in some cases, was 

evident at two or more assessments during the first year of life. This study was unique in 

attempting to indirectly relate markers of neuropathology to neuro-development. By doing 

so, it was possible to report abnormalities in brain-blood flow and/or level of oxygen in the 

blood in relation to behavioural data. This indicated that some infant’s who were at
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moderate-high risk of developmental delay, also had abnormal brain-blood flow and/or 

hypoxaemia. However, it is important to note that these markers were also abnormal in 

some SCD infants developing normally.

8.2.1.2. ERP measures: The novelty-oddball paradigm in both the auditory and 

visual modality was administered to infant’s at all three assessments. There were some 

indications that both the early attentional response (auditory P2 and the No in both 

modalities) and recognition memory processes (visual slow-waves) may be abnormal in 

infants with SCD during the first year of life. More specifically, auditory waveforms 

significantly differed between patients and controls at 3-months and 12-months; there was 

a trend towards a group difference at 9-months. By contrast, in the visual modality, there 

were significant group differences at 9-months, but not at either 3-months or 12-months.

At 9-months, group differences were found in the latency of the Nc, and polarity of the 

subsequent slow waves; the slow wave for novel stimuli was negative in controls, 

suggesting that they may have detected ‘novel’ faces from ‘familiar’ faces, but this was not 

the case in SCD infants. Based on these findings, it is predicted that early ERP 

abnormalities may be related to more overt deficits later in development, the nature of 

which may be non-specific, affecting attention more generally.

8.2.2. SCD is associated with executive dvsfunction

In support of a limited amount of evidence already published, it was demonstrated 

that SCD is associated with executive dysfunction. This manifested in group differences 

on both traditional measures of executive function (neuropsychology) derived from 

populations of adults with frontal lobe lesions, and on experimental measures (ERP) 

originally developed for use with younger populations in the course of this study.

8.2.2.1. Neuropsychological measures: Executive function was defined by a 

taxonomy of psychological components, including working memory, inhibition, attention 

that were proposed to work conceitedly to provide an overall executive or supervisory 

control. Based on this definition, executive function was assessed by three tests commonly
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used with adults, and routinely administered to younger populations. In the Self-Ordered 

Pointing Test (SOFT) and Wisconsin Card Sorting Test (WCST), significant impairment 

relative to controls was only found in the presence of a brain lesion; SCD patients without 

brain lesions obtained intermediate scores. However, in all three measures of attention 

(switching/sustained/selective) patients with SCD with and without brain lesions were 

significantly impaired relative to controls. This suggests that measures of attention may be 

particularly sensitive to milder manifestations of SCD neuropathology. In conclusion, a 

significant deficit in executive function was evident in three measures proposed to 

predominantly assess working memory, attention and mental flexibility, but essentially all 

requiring a high level of online maintenance and manipulation of information.

Intellect was also assessed and IQ was found to be significantly lowered in SCD 

patients with and without lesions. In contrast to previous reports it was demonstrated that 

IQ does not decline with age in children with SCD. Instead, these children obtained lower 

scores than controls at both assessments, suggesting that intellectual impairment may be 

associated with chronic disease processes, such as hypoxaemia. Importantly, when full 

scale IQ was included as a covariate, the between group differences on measures of 

executive function (SOFT, WCST) were no longer statistically significant. Thus, in 

support of the hypothesis derived from the original findings of Hebb (1942), it was found 

that executive function was not dissociable from intellectual function. However, two 

measures of attention (selective, switching) did remain significantly different between 

groups indicating that these measures may be subserved by more specific cognitive 

processes that are particularly sensitive to SCD neuropathology.

8.22.2. ERP measures: Neural responses were recorded in relation to attention 

(novelty processing) and online monitoring of behaviour (action-monitoring) in both 

patients and controls.

8.2.2.2.L Novelty Processing. Two novelty-oddball paradigms were 

administered with the intention of eliciting a F300 response to 

novel/unexpected stimuli in both the auditory and visual modalities. While 

no group differences were identified in either modality when trials were
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averaged across the duration of the task, this may have been due to the 

relative simplicity of the task, i.e. subjects had adequate opportunity over 

the course of a few minutes to habituate to novel stimuli. However, when 

trials were re-averaged according to time spent on task, it is of interest that 

an ‘attentional’ deficit was found in SCD patients with brain lesions. More 

specifically, in both controls and patients without brain lesions, there was a 

significant reduction in auditory novelty-P300 amplitude over the frontal 

cortex as time spent on task increased, but this was not the case in SCD 

patients with brain lesions. A visual correlate of the auditory novelty P300 

was identified (N250), and this component also decreased in amplitude as a 

function of time spent on task in controls. However, there were no group 

differences, possibly due to the smaller magnitude of this component 

compared to the auditory P300.

8.2.2.2.2. Action-Monitoring. An action-monitoring paradigm was 

developed to provide a more complex (response-related) measure of 

executive control of attention. This task was considered to be more 

demanding in its requirements for manipulation of information than the 

novelty-oddball paradigms. It was revealed that the error related negativity 

(ERN), a waveform associated with making an error, was attenuated in 

patients with SCD, and particularly in those with brain lesions.

Furthermore, the amplitude of the ERN was significantly associated with 

behavioural response in a test of attentional switching (from the TEA-Ch / 

TEA). This provided further evidence indicating that measures of attention, 

and particularly those that require the individual to rapidly switch focus of 

attention, may be sensitive to both early and late stages of SCD 

neuropathology.

Thus, these two ERP studies provided important evidence for an 

electrophysiological correlate of impaired attention in patients with SCD and brain lesions. 

On this basis, it is hypothesised that impaired habituation to stimuli could have wider



Chapter 8: General Discussion______________________________________AMH 2003 255

implications for learning, and may even underlie the chronically lowered IQ that was also 

evident in this group. Secondly, impaired action-monitoring may also compromise the 

learning process by preventing children from efficiently processing their errors, and, 

perhaps, learning from their mistakes. In conclusion, it has been demonstrated that 

behavioural measures of attention are sensitive to the presence of brain lesions in patients 

with SCD and that this attentional deficit co-exists with attenuated neural response 

(Novelty P3 habituation and ERN). It is predicted that this deficit may also underlie more 

general cognitive impairment in children with SCD.

8.2.3. The relation of executive function to the frontal lobes

Unilateral and bilateral frontal lobe lesions resulted in comparable impairment 

relative to controls on measures of executive function, suggesting a couple of possible 

conclusions. Firstly, it was not the damage to the frontal lobe per se, but the impaired 

connectivity with other brain regions that resulted in impairment. Thus, in this view, 

frontal lobe lesions were an additional burden on a more diffusely compromised system. 

Secondly, poor performance in the unilateral group may be explained by the 

disproportionate number of patients with left frontal lobe lesions. Better outcome after 

right compared to left frontal lobe lesions has previously been reported in adults by Milner 

(1963), and more recently by Rogers et al (1998), but has not been considered in younger 

populations. In the study by Rogers adults with left, but not right, frontal lobe lesions were 

markedly impaired in a task requiring rapid switching between tasks. Importantly, the 

authors hypothesised that while both left and right frontal lobes are involved in processing 

novel information, once this information becomes familiar, only the left frontal lobe is 

responsible for facilitating relevant ‘task-sets’ and inhibiting those that are irrelevant.

Thus, the lack of significant group differences may be explained by the fact that the left 

frontal lobes were affected in the majority of cases.
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8.3. Implications of the results for the clinical management of children with Sickle 

Cell Disease.

Some authors have suggested that early brain injury does not manifest in abnormal 

behaviour. For example, early motor development in infants with brain lesions has been 

shown to be normal even allowing for hemiplegia (Bouza et al., 1994). There is also 

evidence for normal cognitive and language development in infants with unilateral brain 

lesions (Wulfeck et al., 1991). The present study does not support the conclusion that early 

acquired brain abnormality has a benign effect on infant behaviour. Infants with SCD were 

impaired on a neurodevelopmental screen (BINS) compared to controls at 3-months, 

although group differences at 9- and 12-months were not statistically significant. However, 

group differences may mask impairment in individual infants. In support of this, Cioni et 

al, (1998) found that group scores did not significantly differ on the Fagan Test of Infant 

Intelligence, even though four out of six infants with unilateral lesions were classified in 

the suspect or high-risk range. In addition, it is important to note that while some SCD 

infants scored within the moderate-to-high risk category at all three ages, others presented 

with transient deficits. Thus, the infants’ in the studies of Bouza et al. (1994) and Wulfeck 

et al. (1991) may also have demonstrated impairment had they been assessed at additional 

ages during the first few months of life. There were no group differences on the more 

experimental measures (A-not-B, Object Retrieval, Novelty Preference), suggesting that 

early SCD neuropathology exerted a generalised effect on the brain that did not specifically 

interfere with frontal lobe function, or that the cognitive processes assessed by these tests 

are additionally subserved by non-frontal brain areas early in development.

In conclusion it must not be assumed that SCD has a relatively benign effect on 

early cognitive development, and use this as a basis for not intervening at a young age. For 

example, what does the future hold for those infants identified in this study as hypoxaemic 

and/or as having abnormal blood-flow around the brain? A more circumspect conclusion is 

that SCD neuropathology may have a general effect on neuro-development when measured 

at a very young age, but these abnormalities may underlie later cognitive and behavioural 

deficits in later life that are of greater magnitude. The neural mechanism for this is not
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known, but chronic cognitive impairment in SCD may be related to variations in the supply 

of blood to the brain.

There is evidence that the metabolic demand of the brain compared to that of the 

rest of the body decreases from 100% at birth to adult values of approximately 20% by age 

18 years (Epstein, 1999). This concurs with Chugani (1998) who reported that the 

metabolic maturation of the cerebral cortex persists until age 16 to 18 years, and with the 

finding that hemispheric blood flow of children under the age of five years is twice the 

amount found in adults (Ogawa et al., 1987). This suggests that that an increased blood 

supply to the brain is required during early development to fuel critical periods in brain 

development (Chugani & Phelps, 1986). In children with SCD, many of whom may 

already be utilising the reserve capacity of cerebral circulation (blood supply) due to 

underlying hypoxaemia, it is possible that the normal variations in demand for blood 

supply to the brain during development may not be met. There may be sufficient blood 

supply to fuel the development of many early-appearing behaviours, which may rely on 

comparatively simple subcortical networks (see Morton & Johnson, 1991), but not the 

greater demands from the latter half of the first year of life as both the cerebral cortex 

matures and level of cognitive function increases. This may have deleterious and 

permanent implications for cognition in later childhood and adulthood, particularly as the 

plasticity of the brain, which may normally re-organize to reduced cognitive impairment 

following structural injury, may be restricted due to the chronic nature of SCD 

neuropathology.

In support of this conclusion, this study provided converging evidence for the 

pervasive nature of executive dysfunction in SCD. However, it is important to note that in 

many of the domains of function examined, the deficit was subtle, i.e. test scores were 

significantly lower than controls, but were, nevertheless, within the low-average range (e.g. 

Test of Everyday Attention). In addition, mean IQ was commensurate with this level of 

ability; the group of children with non-specific brain lesions, who may be considered to be 

at an advanced disease stage, obtained a mean verbal and performance IQ of 84 and 82 

respectively (low average). Children performing at this level of intellectual function in the 

UK educational system would not normally be considered for extra help at school. In line 

with this, all of the participants in this study attended or continue to attend a mainstream
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school. In addition, some of the older participants are at University, or have just completed 

a degree, despite having a brain lesion. However, there were also some children identified 

during the course of this study as having considerable learning difficulties. Some of these 

children had simply been labelled as ‘naughty’ or ‘disruptive’ when their difficulty may lie 

in an executive function, or more specifically attentional deficit. Thus, the extent to which 

this level of impairment affects scholastic achievement is not certain, and may be 

negligible in most cases.

In summary, future research should follow three directions: (i) the impact of 

executive function impairment on education; (ii) the longitudinal study of larger cohorts of 

infants into middle childhood; (iii) the investigation of modifiable risk factors in SCD, i.e. 

do oxygen therapy and/or regular blood transfusion prevent cognitive deficit. These three 

lines of research are not mutually exclusive, and may eventually determine the usefulness 

of providing something as simple as extra oxygen during the first few months of life, when 

foetal haemoglobin is replaced by sickle haemoglobin. It is predicted that this may offer 

some protection against hypoxaemia at a critical time for brain development, thus allowing 

for natural variations in blood-supply to the brain, and, potentially, reducing the severity of 

later cognitive deficit. In the meantime, if the reader is left in any way dissatisfied with the 

results of the present study and with the infant study in particular, the author may claim 

some success: satisfaction rarely provides the impetus for further research.

8.3. The development of executive function in children at risk of frontal lobe 

abnormality.

The Introduction (Chapter 1) began with a review of what is known about normal 

processes of brain and cognitive development. Particular reference was made to the 

theories of three prominent psychologists whose ideas have provided a structure from 

which to investigate the development of executive function. Based on this, the 

development of executive function in childhood was defined by the maturation of related 

components (working memory, attentional switching, inhibition) and their integration into
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a more uniform, adult-like executive system by late childhood and adolescence. There is 

evidence to link executive function to the frontal lobes in adults, but there is less evidence 

available in children. Thus, it is not clear if children developing cognition in the presence 

of frontal lobe abnormality have the capacity to develop executive function, and whether 

this manifests from early in childhood as atypical development of components, or only later 

in childhood when there is greater demand for a conceitedly working executive system.
t

In the absence of human evidence it has been commonplace to draw inference from 

animal lesion studies, but this is an imperfect solution that has resulted in conflicting data. 

For example, on the one hand, Kolb et al. (2000) concluded that rats with early prefrontal 

lesions have behavioural impairments early in life, that are not apparent later in 

development, implying that the young may grow out o/early deficit. This view implies 

that executive dysfunction following early frontal lobe injury in humans may be evident as 

abnormality in the development of components (e.g. inhibition) early in life but does not 

affect cognition later in childhood. On the other hand, Goldman (1974) reported that 

prefrontal lesions in infant monkeys do not affect behaviour until later in life, suggesting 

the alternative conclusion that the young grow into deficit. The hypothesis derived from 

this evidence predicts that executive dysfunction following early frontal lobe injury may 

only manifest later in development. There are few reports of neuropsychological outcome 

in human infants and children to either substantiate or challenge these conflicting 

hypotheses. However, it was anticipated that the relatively high incidence of frontal lobe 

injury in SCD might provide an important model from which to study executive/frontal 

lobe function. Within the confines of this study, there is evidence to support both 

viewpoints, i.e. that early brain abnormality results in behavioural impairment in infancy, 

and that this may manifest as executive dysfunction as the child matures into adolescence. 

With this conclusion in mind, it is important to consider the neural mechanism underlying 

atypical development of executive function.

It is possible that in children with early acquired brain abnormality, the laying-down 

and subsequent development of neural networks, and in particular those networks involving 

the frontal lobes, may be abnormal. This prediction makes three important assumptions:
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(i) The frontal lobes are active in the development of cognition from infancy.

While Luria (1973) suggested that the frontal lobes begin to contribute to cognitive 

function from the age of four or five years, more recent opinion has proposed an 

earlier contribution of the frontal lobes to the development of higher cognitive 

function, in particular through a role in the processing of novelty (Johnson, 2000), 

and, by inference, learning. Indeed the efficient processing of novel events is 

considered to be an important characteristic of adult executive/frontal lobe function 

(Shallice and Burgess, 1996; Rogers et al., 1998). In the present study, it was found 

that distinct ERP components associated with novel events were largest over the 

frontal lobes in both infants and older children, suggesting frontal lobe networks 

mediated novelty processing from an early age.

(ii) Immature neural networks are sensitive to functional as well as structural 

abnormalitv. Early functional brain abnormality (e.g. abnormal blood flow) is not 

generally considered to have an affect on behaviour, but may nevertheless have 

long-term implications for future brain/behavioural organisation. Johnson (2(XX)) 

proposed that early structural brain damage may result in the re-allocation of 

function from one neural pathway to another, but that this reallocation may in itself 

be inefficient. This is because the initial bias (i.e. tendency for a certain pathway to 

become specialised for a certain behaviour) of the new pathway may not be optimal 

for taking over the function of the damaged pathway. While this theory, and indeed 

the theory of Hebb (1942), implies the possibility of functional reorganization, it 

does not indicate the severity and/or extent of damage required to prompt re

allocation of function between developing neural pathways. Moreover, whereas the 

emergence of executive dysfunction in adults may depend on a critical level of 

brain damage being reached (Aron et al., 2(X)3), in children this critical threshold 

may be lower due to more general immaturity of neural networks. Based on the 

findings of the present study, this threshold may lie within the realms of functional 

as well as structural abnormality.

(iii) The chronic nature of brain abnormalitv impairs the capacitv of the brain to 

reallocate function between developing pathwavs. It is predicted that the chronic 

nature of neuropathology, as well as its early presence, may be a critical factor
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contributing to executive dysfunction in SCD. Chronic neuropathology may have 

one of two effects on the brain. Either it may place the brain in a permanent state of 

inefficient re-allocation, or more simply, reduce the capacity, and therefore 

function, of neural networks, but not to the critical threshold required for re

allocation. Thus, this ‘reduced’ system may be sufficient to mediate early 

development of executive function components, but not the more complex 

maintenance and manipulation of multiple pieces of information that is a feature of 

executive function at maturity. This may explain why there was an absence of overt 

behavioural impairment on tests purporting to measure frontal lobe function (e.g. A- 

not-B) in infants with SCD compared to controls, whereas group differences were 

found in ERP components that may be a more sensitive indication of reduced neural 

capacity. In later childhood and adolescence, however, there was 

neuropsychological and ERP evidence of executive dysfunction, mainly, but not 

exclusively, associated with the presence of a brain lesion. Thus, the functional 

inadequacy of the brain may have become more apparent with increasing demand 

for an executive system. In many children with SCD, chronic functional 

neuropathology may be compounded during later childhood by a structural lesion; 

an occurrence that probably added further insult to an already compromised system.

8.4. Concluding Remarks

A wealth of literature has shaped our understanding of the relationship 

between brain and cognitive development, but few large studies exist to support 

these hypotheses. In particular, there is a dearth of evidence to relate executive 

function to the frontal lobes in childhood. However, SCD provides an important 

model for investigating this association. Executive dysfunction was evident in 

children with SCD who had brain lesions predominantly affecting the frontal lobes, 

and, to a lesser extent, in children with SCD without brain lesions, in whom there 

may have been a degree of functional brain abnormality. Evidence was presented 

to suggest that neuropathology was manifest from infancy and detectable on some 

measures of neuro-development at this early age. It was concluded that executive 

dysfunction in SCD may result from the additional burden of a brain lesion on an
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already compromised system, and that by relieving this burden from the very 

beginning of cognitive development, children may be given the capacity to develop 

to their full potential. With this in mind, the identification of modifiable risk factors 

in early development is now an important (and attainable) goal for future research.
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Appendix A: Case studies of patients with frontal lobe lesions.

Case Age at 
injury

Nature of injury First report 
of change in 
behaviour

Age at 
follow-up

assessment

Retrospective 
Behavioural profile

Neuropsychological profile

G.K. neonate Left frontal haematoma, In childhood 31 years
Price etal. (1990) but bilateral frontal lobe

abnormality.

‘Impulsive’; ‘childish IQ = ‘average range’; no ‘formal operational
abandon’; ‘lack of foresight’; thinking’ (at concrete level); no deficit in
‘social isolation’; ‘did not language, memory or visuo-spatial skill,
learn from experience’

Patient ‘B’ 
Anderson et al 

(1999)

3 mo Right frontal lobe 
tumour

In childhood 23 years ‘Generalised learning and 
behavioural difficulties’ 
throughout childhood.

IQ = ‘average range’; deficits in concept 
formation and cost-benefit rule learning; 
evidence of perseveration

Patient ‘A’ 
Anderson et al 

(1999)

15 mo Bilateral frontal lobe 
injury resulting from 
car accident

In childhood 20 years As above As above



PL .
Marlowe (1992)

3 years

Price etal (1990)

4 years

Penetrating injury to 

right frontal lobe, 

including DLPFC and 

VLPFC.

Right frontal 

haematoma, but 

bilateral frontal lobe 

abnormality.

14 days post 1. 5 years

injury: ‘mood- 2. 7 years 

swings, 

aggression, 

hyperactivity’

In childhood 26 years

‘Hypersensitive’; ‘irritable’ 

and violent episodes ‘without 

remorse’; generally 

‘immature’; ‘distractible’ and 

lacked ‘self-regulation’

As described above (G.K.)

1. IQ = ‘high range’, but a deficit in ‘simultaneous 

processing’.

2. IQ = ‘high range’, but large fall in Information 

subtest; deficits in speed of information 

processing, visuo-spatial skill, and sustained 

attention; evidence of persevertion; no deficit in 

memory or language.

IQ = ‘low range’; no ‘formal operational thinking’ 

(at concrete level); no deficit in language, memory 

or visuo-spatial skill.

D.T. 7 years Spontaneous

Eslinger et al haemorrhage, involving

( 1992), Gratton left DLPFC extending

and Eslinger medially to cingulate

(1992) cortex, but

hypoperfusion

bilaterally.

On discharge 33 years Rate of learning decreased at

from hospital school; socio-emotional

disturbance particularly 

marked during adolescence.

IQ = ‘low average’; lack of ‘mental flexibility’, 

performed at a ‘concrete level of logic’. No deficit 

in visuo-spatial skill or memory.
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Appendix B: Inter-rater reliability fo r  measures o f  infant behaviour.

Video recordings of 9- and 12-month assessments in two randomly selected 

infants (1 SCD -  ‘E.H.’; 1 Control -  ‘A.T.’) were additionally marked by a 

Developmental Psychologist (Michelle de Haan -  Md-H) blinded to SCD status. 

Ratings recorded by Md-H are presented alongside the experimenter’s ratings (AMH).

1. A-not-B (scoring criteria described in 3.2.6.4.)

E.H.
9 mo 12 mo

A T .
9 mo 12 mo

AMH:
Md-H:

AB
AB

A-not-B
A-not-B

AB
AB

AB
AB

A-not-B: infant made the A-not-B error
AB: infant successfully switched with the examiner from well A to B. 

For this measure there was 100% agreement across the four sessions.

2. Object Retrieval (scoring criteria described in 3.3.5.3.)

For Easy, Moderate and Hard conditions the percentage of correct trials 

recorded by each examiner is presented. Infants’ were marked as correct if they 

successful obtained the toy without a cue.

I. EASY CONDITION (5 trials)

E.H.
9 mo 12 mo

A T .
9 mo 12 mo

AMH:
Md-H:

100%
100%

100%
100%

100%
100%

100%
100%

II. MODERATE CONDITION (5 trials)

E.H.
9 mo 12 mo

A.T.
9 mo 12 mo

AMH:
Md-H:

100%
100%

100%
100%

100%
100%

100%
80%
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III. HARD CONDITION (9 trials)

9 mo
E.H.

12 mo
A.T.

9 mo 12 mo

AMH:
Md-H:

88%
88%

100%
88%

100%
100%

77%
66%

IV. REACH STYLE

9 mo
E.H.

12 mo
A T .

9 mo 12 mo

AMH:
Md-H:

L o f S
L o f S

SLRS
L o f S

L o f S
L o f S

SLRS
SLRS

Lof S -  Infant reached by line of sight (e.g. ‘awkward reach’)
SLRS -  Separation of line of sight and line of reach

For this measure there was 87.3% agreement across marking criteria and across 

the four sessions.

3. Novelty Preference (scoring criteria described in 3.4.5.4.)

Percentage of 12 trials in which infant reached for the novel object. 

E.H.

AMH:
Md-H:

9 mo

67% 
64% *

12 mo

67%
67%

A T .
9 mo 12 mo

83%
83%

92%
92%

* One trial not rated as the infant was reportedly difficult to see.

For this measure there was a high level of agreement (approximately 100%) 

across the four sessions.
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Appendix C: Examples ofm D N M S object pairs (Novelty Preference)

f
#
#

-X .V '

m W
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Appendix D: Novelty Preference pilot data.

These three infants selected the novel object on a greater number of trials than they 

selected the familiar object. As a result, no changes were made to the object pairs or 

paradigm. ,

Trial Tvoe
Novel Side/ Familiarisation Time / Delay

‘M’ (7^2 mo) ‘C’ (8 mo) ‘R’ (9 mo)

L / long / 5 sec N N N
L / brief /  5 sec N F N
R / brief / 3 min N N F
R / long / 30 sec N F F
L / brief / 30 sec F N N
R / long / 3 min N F F
L / long / 30 sec F N N
L / short / 5 sec N N F
R / long / 3 min N N F
R / short /  3 min N F N
L / long / 5 sec F N N

L / short / 30 sec F N N
Novelty Preference 8 /12 trials 8/12 trials 7/12 trials

L -  examiners left, R -  examiners right, N -  novel object selected, F -  familiar object selected
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Appendix E: Examples of Self Ordered Pointing Test (SOFT) stimuli.

Abstract Condition Representational Condition

/,
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APPENDIX F: Pilot Error-Related Negativity Data.

The aim of this pilot study was to investigate whether or not the arrow task (Kaiser 

et ah, 1997) would successfully elicit a CRN and ERN response. In support of this, these 

components were clearly evident in the response-locked waveforms obtained from two 

adults (1., 2.) and one adolescent (3.; age 15 years). In this pilot study, the EEG was 

recorded from electrode FZ, referenced to CZ and re-referenced off-line by global field 

power. The methodology was subsequently changed to make the ERN more visible (e.g. 

electrode placement changed to FCZ).
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