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Abstract

Adult neuropsychological models predict that exact representations of number are 

language-dependent while representations of approximate number relate to visuo-spatial 

processing. Interestingly, individuals with Williams syndrome (WS) present with a 

relative proficiency in language coupled with weak visuo-spatial abilities, which might 

predict good exact and weak approximate number abilities. However, while the cognitive 

profile of individuals with WS is well studied, little is known about their numerical 

abilities. This thesis begins to fill this gap by exploring the numerical abilities in this 

clinical group and by considering whether WS exhibit dissociation between exact and 

approximate numerical abilities. Chapters 1 and 2 report results from standardized 

measures and from a parental number abilities questionnaire. The results reveal that 

number abilities are severely delayed in WS and fall between their verbal and visuo- 

spatial abilities. Chapters 4-6 examine the underlying developmental trajectories of basic 

exact and approximate representations of number. The data from these chapters 

demonstrate that the early development of exact number representation (the 

understanding of the meaning of counting) is not only delayed but follows an atypical 

developmental trajectory. The investigation of non-verbal, approximate number abilities 

(magnitude comparison and numerical estimation) indicate that partieipants with WS are 

severely delayed and that underlying developmental changes diverge in subtle ways from 

typieal developmental trajectories. The results demonstrate that individuals with WS do 

not present with an exact-approximate dissoeiation of numerical representations. Instead, 

impairments and subtle differences in developmental trajectories exist for both, 

highlighting the importance of adopting a developmental perspective. The thesis also 

evaluates the wider implications of the methodological and theoretical approach adopted 

here for the study of atypical trajectories of number development in general. It is 

contended that the investigation of how Tow-level’ number representations and their 

developmental trajectories impact on the development of ‘high-level’ numerical 

cognition is a vital way in which to study both typical and atypical number development.
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Chapter 1 General Introduction

1 General Introduction

Numbers are a constant feature of our lives. Typically developing individuals use and 

manipulate basic numerical quantities with great ease and sometimes without conscious 

awareness. The ability to deal efficiently and accurately with numerical quantity and its 

transformations is crucial to ensure an individual’s independence, their success in 

working life and their general social functioning. Failure to develop a good understanding 

of number can have serious consequences for an individual in multiple aspects of their 

life. In view of these facts, it is crucial to have good models of the conditions under 

which children develop or fail to develop a proficient grasp of number. Despite the fact 

that deficits in number are as common as impairments of reading and writing, research 

into the causes of numeracy deficits have been scarce. Specific difficulties with number, 

in children with otherwise normal intelligence, are commonly referred to as dyscalculia 

or mathematical disability. Impairments of numerical cognition are also found in a wide 

range of developmental disorders. The finding that developmental impairments are 

relatively common both among typically as well as atypically developing children 

indicates that number is a particularly vulnerable cognitive domain. Great advances have 

been made in the understanding of how normal numerical competence develops and how 

brain representations of number are constructed. However, the wealth of knowledge 

pertaining to the typical development and brain representation of number has not yet been 

fully exploited to develop a clear research strategy for investigating the bases of number 

impairments both in typically developing children and those with developmental 

disorders. The time is ripe for an approach to the study of mathematical dysfunction that 

is based on recent advances in the understanding of numerical representations, their 

neural instantiation and their developmental time course.

This thesis provides a developmental assessment of number skills in children with one 

genetic developmental disorder, Williams syndrome (WS), where severe deficits in 

number processing have been reported. The aims of this thesis are both specific and 

general. The specific aim is to explore how numerical cognition develops in WS and how 

numerical competence is related to other cognitive functions in this particular disorder.
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From a more general perspective, the thesis aims to offer a novel, developmental research 

strategy for investigating the bases of number deficits. It is proposed that, in the future, 

this research strategy be applied to the study of number deficits in typically developing 

children and those with other developmental disorders.

The purpose of this introduction will be to firstly review the literature on typical number 

representation through a review of evidence from animals followed by a review of what 

is know from both behavioural and brain-imaging studies of how number is represented 

in adulthood. Subsequently, the insights from empirical research into both typical and 

atypical number development from infancy onwards will be discussed. Against the 

background of this survey of the animal, adult and developmental literature on numerical 

cognition several leading questions and themes in the literature will be identified and 

their relevance to the study of numerical cognition in WS will be outlined. It will 

become apparent how WS could help to elucidate how different systems of number 

representation may go awry. Furthermore, in view of the detailed review of typical 

number representation it will be discussed how insights into typical number 

representations might be exploited to develop a novel approach to the study of atypical 

number development. Finally, the theoretical and methodological roadmap of this thesis 

will be presented.

1.1 Numerical cognition

What enables animals and humans to make sense of numerical quantities in their 

environment? What systems enable us to judge that one set of objects is less or more 

than another one? What role in numerical cognition does our understanding of spatial 

relationships in the environment play, and how might language contribute to our 

numerical abilities and thus set us apart from non-verbal species?

Over the past 10 years there has been an increasing interest in questions such as those 

posed above. This has led cognitive psychologists and neuroscientists to join forces in an 

effort to understand more about the evolutionary roots of number, the brain systems that 

support number representation and the ontogenesis of numerical competence

17



Chapter 1 General Introduction

(Butterworth, 1999; Dehaene, 1997). The starting point for such an analysis has been to 

establish the extent to which systems of number representation are available to other 

species. Understanding whether and how other species represent numerical quantity may 

help reveal the systems of number that have an evolutionary history and are biologically 

more basic to numerical development in human children. Scientific understanding of the 

numerical abilities of non-verbal animals has had a major effect on current thinking and 

research into numerical cognition.

1.1.1 Phylogenetic basis o f number representation

Perhaps the most famous claim for numerical abilities in animals came from the 

description of a horse named ‘Clever Hans’ in the early 20̂  ̂ century. Newspaper reports 

suggested that this horse could solve simple arithmetic tasks. When it was presented with 

arithmetical problems by its trainer, the horse apparently stamped its hoof on the ground 

the number of times that equaled the correct answer to an arithmetical problem. While 

these findings seemed very exciting, careful analyses revealed that ‘Clever Hans’ did not 

actually engage in arithmetical processing at all. Rather the horse had developed 

sensitivity to hidden signals by his master that indicated when to stop stamping its hoof. 

This was revealed when the horse was presented with arithmetical problems that his 

trainer could not see. In this condition, the horse performed at chance (Butterworth, 1999; 

Dehaene, 1997).

Rather less well known, but significantly more influential for the field of numerical 

cognition, are a series of animal studies, which tested rats’ ability to process and use 

numerical quantity. In the first of these studies by (Mechner, 1958), food-deprived rats 

were placed in a cage with two levers (Lever A and B). Lever B was connected to a 

food-releasing mechanism. However, pressing Lever B only led to food release if the 

animal first pressed Lever A a certain number of times. Different groups of animals were 

trained to press Lever A 4, 8, 12 and 16 times before switching to Lever B. If animals 

switched after the correct number of trials they received a food reward. However, 

premature switching from Lever A to Lever B resulted in a penalty being administered to 

the animal. Similar findings were obtained by (Platt & Johnson, 1971).
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After training, the experimenter plotted the distribution of the rats’ number of presses for 

each target number. The animals were clearly not responding by pressing the exact 

number of times required; rather, they were responding by estimating the required 

number of presses. A clear relationship between the required number of presses and the 

variability in the animals responses was evident from the data. Namely, the variability in 

the rats’ attempts to press Lever A the required number of times turned out to be 

proportional to the magnitude of the target number of presses. The variability in the 

animals’ responses was found to be linearly and positively related to the number of 

presses required. This phenomenon is often referred to as ‘scalar variability’ (Gibbon, 

Church, & Meek, 1984).

It could be argued that the rats were simply representing the duration of the required 

number of presses rather than estimating the number of presses needed to obtain their 

reward, since duration and number were confounded in the experiment. In order to 

establish whether rats represent duration or number, (Meek & Church, 1983) conducted 

an experiment in which rats were trained to press a lever on the left when they heard a 

short two-tone sequence and a lever on the right when they heard a long eight-tone 

sequence. After training, rats were exposed to two variations of the stimuli. In one case 

the duration was kept constant at four seconds, but the number of tones varied between 

two and eight tones. In another condition the duration varied between two and eight 

seconds, while the number of tones was kept constant at four. The authors found that 

when duration was held constant, rats used number information to guide their choice of 

which lever to press, but when number was held constant, rats relied on duration 

information. These findings show that rats can spontaneously use number or duration 

information interchangeably. In other words, animals seem to be equipped with neural 

mechanisms that allow them to process spontaneously the approximate numerical 

dimensions of stimuli in their environment. Furthermore, in the same study (Meek & 

Church, 1983) found that animals can enumerate both light flashes and sounds and can 

even combine light flashes and sounds in order to make numerical judgments, indicating 

that animals possess the ability to represent number in an abstract, amodal format.
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The findings from the animal studies discussed above led to a very influential model of 

animal counting: ‘The Accumulator Model’ (Meek & Church, 1983). The authors 

describe a system consisting of an impulse generator or pacemaker, a gate and the 

accumulator itself, which is likened to a container in which the impulses are collected. 

The impulse generator outputs a stream of impulses at a relatively constant rate. These 

impulses are passed through a gate, which opens to allow the impulses to flow into the 

accumulator. The gate opens for a fixed amount of time for each enumerated item and 

thus passes an equal amount to the accumulator for each entity that is enumerated. The 

level of the accumulator after counting represents the total number of entities that have 

been counted. The representation in the accumulator is not exact. Consistent with the 

notion of ‘scalar variability’, the greater the magnitude that is represented by the 

accumulator the more it will overlap with representations of adjacent magnitudes.

The accumulator allows for the representation of what is known as “approximate 

number”. Number in animals, it is posited, is thereby represented in a continuous rather 

than an exact format. Humans, however, have developed the ability to use numerical 

symbols that stand for exact representation of number. Do animals possess the ability to 

process exact number? There have been a number of training studies with monkeys 

indicating that, after extensive training, these animals are able to learn symbolic 

representations of numbers and their ordinal relationships (Matsuzawa, 1985), as well as 

to sum arrays of up to four items or Arabic numerals placed in different spatial locations 

(Boysen & Bemtson, 1989). Recent evidence suggests that rhesus macaque monkeys 

trained to order arrays of 1-4 items can spontaneously generalize their representation of 

ordinality to numerosities of 5-9 (Brannon & Terrace, 2000).

While these studies have revealed that monkeys have some concept of exact number, the 

findings are often based on a single animal and are sometimes the product of years of 

intensive and structured training. This raises the question whether animals are able to 

represent exact numerosity spontaneously, in their natural habitat. This question was 

addressed by (Hauser, Carey, & Hauser, 2000). These authors studied whether semi-free- 

ranging rhesus monkeys were able to choose one of two containers that contained more
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food after watching an experimenter place different numbers of apple slices into each 

container. The results suggest that this species of monkey is able to choose the larger 

number of food items when the numbers involved are small (1-5 items) but they 

systematically failed at larger comparisons. These findings, consistent with the results 

from the training studies, indicate that the representation of number in rhesus monkeys is 

limited to small numbers and does not mirror the exact system of number representation 

found in humans, which at least in older children and adults does not have an upper limit 

of 5. It would seem that the animals do not represent number by means of the 

accumulator system with scalar variability, as there is nothing inherent about this system 

that would suggest an upper limit of 4 items. It has been suggested that rather than 

representing number symbolically, rhesus monkeys represent each object separately in 

what has been referred as an ‘object-file’ (Hauser, 2000; Hauser et al., 2000). This object- 

file system of representation is limited to small numbers of objects, which could explain 

why monkeys in the experiments discussed above failed to operate numerically on 

numbers greater than 4. The notion of an ‘object file’ system of number representation 

will be further discussed in 1.1.3 below.

It has been speculated that the apparent absence of sophisticated exact representation of 

number in animals may be a result of the fact that they do not acquire language, whereas 

in humans the development of linguistic representations may allow for the construction of 

exact representations of number (Hauser, 2000). This hypothesis will be discussed in 

greater depth below.

In sum, the findings presented above show that the numerical abilities of animals are not 

as spectacular as the supposed abilities of Clever Hans might initially have led us to 

believe, although there is abundant evidence to indicate that animals do represent number 

in some form. However, their representations seem to be approximate and fuzzy. 

Although animals can be trained to manipulate symbolic representations of number, these 

abilities break down for numerosities greater than 4, suggesting the operation of a non- 

symbolic system of object representation. So is there any level of convergence between 

animal and human numerical cognition? And are some similar systems of representation
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involved? Are there systems of number representation that are uniquely human? These 

and other questions pertaining to human number representation will be addressed in the 

following sections.

1.1.2 System s o f number representation in human aduits

Non-verbal system of magnitude representation

The finding that non-verbal species can represent numerosities alongside the models that 

have been put forward to account for their behaviours, have together had a profound 

effect on research and thinking about human number representation (Dehaene, 1997; 

Dehaene, Dehaene-Lambertz, & Cohen, 1998; Gallistel & Gelman, 2000). At around the 

same time as findings on the numerical abilities of rats were emerging, a paper was 

published by (Moyer & Landauer, 1967) that has had a deep influence on the way in 

which numerical representations in humans are understood. In Moyer and Landauer's 

experiment, participants were asked to indicate the numerically larger of two numbers. 

The data revealed that reaction time is inversely related to the numerical difference 

between the two numbers. In other words, the further apart the numbers were fi*om each 

other the faster participants were able to choose the larger one. The same negative 

correlation was found between the percentage of errors made by subjects and the 

numerical difference between numbers. This has been referred to as the ‘distance 

effect’. As well as clearly observing the ‘distance effect’ (Moyer & Landauer, 1967) also 

noted that the ratio between numbers was significantly related to reaction time and 

accuracy. This has since been referred to as the ‘size effect’, since the greater the relative 

size of the number pairs, the longer it takes individuals to discern which is the larger 

number and the more errors they make. In other words, if the numerical distance 

between numbers is kept constant, the greater the numbers, the slower the response.

These findings suggest that human adults, like non-verbal animals, do not represent 

number exactly, but that number comparisons involve access to a non-verbal 

representation of magnitudes. The psychophysical functions that describe this 

representation (the ‘distance’ and ‘size’ effects) can be construed as indirect indices of
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the representational system that underlies the approximate representation of number in 

animals. As discussed above, the greater the number of presses required, the more 

variable is the response of animals and the greater the overlap with adjacent numerosities. 

This implies that the greater the distance between numbers, the smaller is the overlap in 

their subjective representation (‘distance effect’). Where distance is held constant, 

greater magnitudes will overlap more than lesser magnitudes (‘size effect’). Since these 

first experiments by (Moyer & Landauer, 1967), these effects have been replicated 

several times (Buckley & Gillman, 1974; Dehaene, Dupoux, & Mehler, 1990). Access to 

the non-verbal representation of magnitude appears to be automatic, as distance and size 

effects obtain even when participants judge whether two numbers are the same or 

different (Dehaene et al., 1990). For further, detailed discussion of the non-verbal, 

approximate representation of numerical magnitude; see the Introduction to Chapter 5.

Using functional imaging techniques, it has become possible to examine non-invasively 

the neural basis of quantity representation in humans. In a functional Magnetic 

Resonance Imaging study (fMRI), (Pinel et al., 1999) measured the areas of the brain 

which are activated while participants performed number comparisons. A distance effect 

on brain activation was observed in the left inferior parietal lobule as well as in the right 

postcentral/inferior parietal region. In other words the amount of activations in these 

brain regions was found to be negatively correlated with the distance between numbers, 

thus the greater the distance the smaller the degree of neural activity in these areas. 

Furthermore, this effect of distance was found to be independent of response side (left vs. 

right) and of notation (verbal vs. Arabic). Further evidence for an abstract representation 

of quantity in the parietal lobe comes from a brain-imaging study in which participants 

computed numerical comparisons with both symbolic (Arabic numerals) and non- 

symbolic (angles, lines) stimuli. Conjunction analysis revealed activation of an area in the 

left intraparietal sulcus over and above differences between stimuli (Fias, Lammertyn, 

Reynvoet, Dupont, & Orban, 2003).

While fMRI affords the experimenter very good spatial resolution, it provides poor 

information about the temporal dimension of brain processing. In order to establish
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whether number processing involves a stage of processing that is affected by distance 

over and above stimulus characteristics and response side, ERPs were recorded from the 

scalp of adults while they performed verbal and Arabic number comparisons (Dehaene, 

1996; Pinel, Dehaene, Riviere, & LeBihan, 2001). The findings suggest that early 

processing is affected by response side and stimulus characteristics. However, at around 

200 msecs, no significant differences in the ERPs were found over and above distance, 

suggesting that at this point in processing time, magnitude and semantic distance are 

processed in an abstract format.

As the above discussion demonstrates, the distance and size effects have been heavily 

examined to gain insight into the nature of human quantity processing and the findings 

suggest some convergence between the way in which non-verbal animals and humans 

represent quantity. However, distance and size effects are only an indirect measurement 

of the non-verbal system or ‘scalar variability’ in magnitude representations.

In an effort to gain a more direct and quantitative insight into the variability of magnitude 

representation in humans, (Whalen, Gallistel, & Gelman, 1999) tested human adults on a 

paradigm that is very similar to the experiments with rats described above (Mechner, 

1958; Platt & Johnson, 1971). In one experiment, adults were presented with a target 

number and were instructed to press a key approximately the target number of times. 

Participants were instructed not to count and to do the task very quickly to avoid 

subvocal counting. The findings revealed striking similarities with the animal data. 

Human adults, like rats, were found to respond with approximately the correct number of 

presses and the variability (standard deviation) increased linearly with the magnitude of 

the target number (‘scalar variability’). These findings confirm the high level of 

convergence between animal and human representation of approximate quantity. For a 

more detailed discussion of these and other related findings, see the Introduction to 

Chapter 6.

Thus far the discussion has focused on approximate number representation and its distinct 

psychophysical signature. But what about the exact representation of number? The ability

24



Chapter 1 General Introduction

to manipulate numbers exactly clearly plays an important role in arithmetic. Recent 

evidence suggests that language may play a crucial role in the representation of exact 

quantity. Indeed, there are suggestions that language may afford humans the ability to 

represent exact number. The evidence for these claims will now be discussed.

The role of language in numerical cognition in adults

The above review of animal and human numerical competence demonstrates that some 

numerical representations are similar in animals and humans. The evidence suggests that 

animals and humans share an ability to represent approximate numerosity and that their 

representations can be described by quantitatively similar psychophysical characteristics 

(‘scalar variability’, ‘distance’ and ‘size’ effects). However, evidence from animals also 

suggests aspects of a discontinuity between animal and human systems of number 

representations. Training studies with chimpanzees (Boysen & Bemtson, 1989; 

Matsuzawa, 1985) and research examining spontaneous number representation of rhesus 

monkeys in the wild (Hauser et al., 2000), suggest that monkeys are unable to represent 

exact numerical sets that exceed four items. In contrast, human adults readily represent 

exact numbers that exceed four and perform calculations to obtain exact numerical results 

of additions, subtractions, multiplications and divisions with large numbers (Dehaene, 

1997).

This disparity between animal and human numerical cognition raises questions about the 

mechanisms that may account for the apparently uniquely human ability to represent 

exact large numbers. It has been suggested that this is due to a close link between human 

language and numerical cognition (Chomsky, 1986; Hurford, 1987). Theoretical 

explanations of counting systems posit that, like language, number systems allow for 

infinite combinations of a finite set of rules and that this shared property suggests a clear 

link between numbers and language. Is it language, therefore, that allows humans to go 

beyond approximate systems of number representation?

Recent behavioural and brain-imaging evidence suggests that humans make sense of 

number using two systems of representation: 1. A system for the representation of
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approximate number, believed to be tightly intertwined with visuo-spatial 

representations, to be language-independent and qualitatively similar to systems for 

numerosity representation found in non-human species, and 2. A language-dependent 

system allowing for the exact representation of numerical information.

In a set of experiments, adult bilinguals were trained in both exact and approximate 

arithmetic (Spelke & Tsivkin, 2001). The differences between exact and approximate 

arithmetic lies in the choice of answers that participants were given. For exact problems, 

participants were given the choice between the correct and a wrong result. In the 

approximate condition, participants were given the same problems, but presented with 

two incorrect solutions, with one being closer to the correct answer than the other. In a 

first session, participants were trained in solving both exact and approximate numerical 

problems in one of their languages. During a second session participants were asked to 

solve the same problems both in the language in which these problems were trained as 

well as in their other language. A comparison of approximate and exact calculation in 

both the trained and untrained language indicated that while participants were equally fast 

at solving approximate calculation in their two languages, they were significantly faster 

at retrieving exact number facts in the training language than in the untrained language. 

Thus, while there is no cost for switching languages during approximate calculation, 

there is a significant increase in latency and decrease in accuracy when switching from 

the trained to untrained language for exact arithmetic.

In addition to being presented with the same problems that participants had been trained 

with, they were also presented with novel exact and approximate problems during the test 

session. These problems involved numbers comparable in magnitude to the problems 

presented during training. It was found that while participants did not show a difference 

in reaction time and accuracy when solving new approximate problems, they were 

significantly slower at solving exact problems in the untrained language. These findings 

suggest that the retrieval of exact numerical facts is strongly language dependent, 

whereas retrieval of approximate number facts is language independent. Moreover, while 

the training of approximate calculation readily generalizes to new problems that are
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similar in magnitude, the processing of new exact number problems during the test phase 

is less efficient. This suggests that approximate calculation draws on representations of a 

range of numbers (scalar variability), where magnitudes adjacent to the solution are also 

encoded and thus readily retrieved during generalization. Exact calculation, by contrast, 

seems to involve exact representation without any overlap with close numerosities, and 

thus the calculation of novel number problems involving adjacent or magnitudes requires 

new effort (Spelke & Tsivkin, 2001).

If indeed approximate and exact systems of number representation are distinguished by 

their relative dependence on language processing, then exact calculation should draw on 

neural circuits typically associated with language processing, while approximate 

calculation should not. The hypothesis that different brain circuits are involved in 

approximate and exact number processing was explicitly tested in a brain-imaging 

experiment by (Dehaene, Spelke, Pinel, Stanescu, & Tsivkin, 1999). In this fMRI 

experiment, monolingual adults performed both approximate and exact additions. 

Approximate addition was found to activate bilateral parietal circuits to a greater extent 

than exact addition. These areas are also activated while participants engage in magnitude 

comparison tasks. In contrast, exact additions were found to activate areas in the left 

frontal lobe to a greater extent than approximate addition. Areas in the left frontal lobe 

are typically found to be activated during certain language tasks (such as verbal 

association). Thus, while approximate calculation appears to draw on circuits in the 

parietal lobe that are associated with the processing of non-verbal magnitudes and visuo- 

spatial attention, exact calculation is dependent on language-related areas of the brain. 

These findings from functional brain imaging lend further support to the notion that exact 

and approximate calculation are dissociable in adults and differ with respect to their 

dependence on language processing.

More evidence is needed to establish precisely how language is involved in exact number 

processing, and what aspects of human language may account for the emergence of exact 

number. In a speculative theoretical account, (Spelke & Tsivkin, 2001) suggest that 

language may serve as a bridge between a system that allows for the representation of

27



Chapter 1 General Introduction

small exact numerosities (up to 4) and a large approximate or non-verbal system of 

number representation. In humans, language may allow for the construction of a system 

for the representation of exact numerosity without an upper limit through the integration 

of the two types of number representation present, though unconnected, in non-human 

species. A uniquely human system for exact number representation may be possible 

through language as a tool for combining phylogenetically ancient systems of 

representation into ontogenetically novel ones (Spelke, 2003; Spelke & Tsivkin, 2001).

The role of visuo-spatial representations in numerical cognition in adults

The functional imaging data discussed above suggests that areas in the parietal lobes 

contribute to the processing of approximate number. It is evident from 

neurophysiological studies with monkeys and fMRI studies with humans, that number 

processing is not the only cognitive function subserved by the parietal cortex. The 

parietal cortex is a polymodal area, also referred to as ‘association cortex’, and receives 

inputs from different areas of the brain and from different input modalities. Among many 

other functions, activation in the parietal cortex occurs during visuo-spatial processing 

and visual attention (Culham & Kanwisher, 2001; Wojciulik & Kanwisher, 1999). It has 

been contended that approximate number may be represented in a quasi-spatial format. 

The distance and size effects have led to the proposal that numbers are represented on a 

‘mental number line’, with fuzzy magnitudes spaced far apart being more easily 

discriminated from one another than those that are situated in close proximity (Dehaene, 

1997).

More direct evidence for the involvement of spatial representation in magnitude 

comparisons has been reported by (Dehaene, Bossini, & Giraux, 1993). They found that 

participants were significantly faster and more accurate at indicating that a number 

presented was larger than a target when they had to press a button with their right hand 

than with their left hand. The effect was the same for both right and left-handers. This 

phenomenon has been coined the ‘Spatial-Numerical Association of Response Codes’ 

effect (SNARC). The SNARC effect lends support to the hypothesis that numbers are 

represented on a ‘mental number line’ with smaller numbers on the left and larger
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numbers on the right hand side of representational space. It should be noted, however, 

that individuals who write in languages that spell from right to left instead of left to right 

such as Arabic, show a reversed SNARC effect with faster and more accurate responses 

if the larger numbers are indicated with their left hand. This suggests a strong effect of 

culture on the spatial organization of mental number representation. For a more detailed 

discussion of the literature on the SNARC effect, see the introduction to Chapter 5.

More recent evidence for a spatial organization of numerical representation comes from 

the study of patients suffering from unilateral neglect following parietal lesions. Neglect 

patients show a spatial deficit for stimuli presented in the visual field contralateral to their 

lesion side. For example, patients with right parietal lesions cannot mark the midpoint of 

a line and will place their mark to the right of the midpoint. (Zorzi, Priftis, & Umilta, 

2002) investigated whether these patients also showed deficits in number bisection tasks. 

While the patients had normal numerical and arithmetical skills, they made systematic 

errors when they were presented with two spoken number words and were asked to state 

the midpoint number. The greater the numerical distance between the two numbers 

patients heard, the more their midpoint answer shifted to the right. In other words, the 

errors that the neglect patients made when indicating the midpoint between two numbers 

were very similar to the errors these patients made during line bisection tasks. These 

findings lend further support to the notion that numerical and visuo-spatial 

representations are highly interrelated.

Neuropsychological models of number processing: Evidence from brain damaged 

patients

As is evident from the above discussion of neglect patients, the study of brain-damaged 

patients can provide insights into the organization of numerical cognition in the adult 

brain. Indeed, the study of brain-damaged patients who exhibit difficulties in different 

aspect of number processing has been the basis of a number of models of number 

processing. One such model, proposed by (McCloskey, Caramazza, & Basili, 1985), 

suggests that all numerical processing is carried out by an abstract, central, amodal 

number module and hence that numerical computations never involve notation-specific
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representations. According to McCloskey, input to this ‘central module’ comes from 

notation-specific modules (Arabic, written). These notation-specific modules serve to 

translate notation-specific representations for number into amodal formats which are then 

processed in the central abstract module of number processing. The model also predicts 

the existence of notation-specific output modules that serve to translate numerical 

operations computed in the central abstract module into notation-specific outputs.

Perhaps the best-known adult neuropsychological model is the ‘triple-code’ model put 

forward by (Dehaene, 1992; Dehaene & Cohen, 1995). As its name suggests, the premise 

of this model is that number is represented in three different codes:

i. The auditory verbal code (which interfaces with general language processing)

ii. The visual Arabic code (which serves to manipulate numbers presented in Arabic 

format)

iii. The non-verbal magnitude code (representation of numerical magnitudes)

On the basis of single-case studies of brain-damaged adults who exhibit functional 

dissociation between these codes as well as evidence from functional brain imaging 

studies, (Dehaene & Cohen, 1995) argue that these three codes of representation are 

functionally independent. While McCloskey’s model, discussed above, is merely 

concerned with the functional organization of number processing at the cognitive level, 

the triple-code model also makes explicit predictions about the anatomical organization 

of these different numerical codes in the human brain. It predicts that the visual 

identification of numbers is subserved by the occipital areas of the brain involved in 

visual processing, that non-verbal representations of magnitude are organized in areas of 

the left and right parietal cortex, and that quantity representation in the left parietal lobe is 

interconnected with representations of verbal numerals, with exact arithmetic facts in the 

left frontal areas of the brain. Connections via the corpus callosum are thought to exist 

between left and right visual cortices for the identification of numbers and between left 

and right parietal areas subserving magnitude or quantity representation (Dehaene & 

Cohen, 1995).
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Other models o f  number processing have been put forward, and both models introc^i 

above have been the subject o f  considerable debate and criticism (Butterworth, !' 

Dehaene, 1992, 1997).

1.1.3 The ontogeny o f number representation

The literature reviewed thus far suggests that animals and human adults share a s\ 

for the representation o f  approximate numerosities, but it appears that only humai 

capable o f  representing large exact numbers. In human adulthood a close link secnv, 

exist between the non-verbal or approximate system o f  magnitude represcntatioi 

visuo-spatial cognition. Furthermore, different aspects o f  numerical compiua: 

(identification o f  numbers, arithmetic fact retrieval, magnitude processing) cai, 

selectively damaged in the adult brain. This raises a num ber o f  questions about I: 

numerical competence actually develops in children. Do infants and children pos., 

numerical representations that are similar to those shared by animals and humans'.' 

infants already represent number? How is a system for large exact num ber constr 

over developmental time? In order to find answers to such questions, a systematic il \ i 

o f  number development is presented below.

Historical perspective on number development

Historically, young children and infants were generally thought to be numcrlca 

incompetent and the predominant view was that children need to be taught about nuni'-' 

before they could understand them (Sophian, 1996). Perhaps the most pro n r  in 

historical account o f  num ber development is that formulated by Swiss Psychologist 

(Piaget, 1952)). Piaget situated the development o f  number concepts firmly withii; 

theory o f  the development o f  logical reasoning. N um ber concepts were thought to b r  - 

outcome o f  the ch ild ’s general interactions with the world, starting with the ink 

sensori-motor interactions, which become increasingly abstract, turning tlnally 

operational mental representations. Piaget argued that the growing sophistication and i 

ordination o f  pre-schoolers’ action schemes such as separating, ordering and putting i: 

correspondence allow the child to abstract numerically-relevant properties. In contra 

o ther historical accounts, Piaget placed little emphasis on the notion that direct teacl;
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was crucial to children’s number development but instead sought to understand how 

children construct numerical skills over developmental time. According to Piaget, 

children have a true representation of quantity only when they pass the so-called 

‘conservation of number’ task. In this task children are initially shown two separate rows 

of objects, which are both in spatial and numerical one-to-one correspondence. The child 

is asked whether the rows contain the same or different number of objects. Even very 

young children reply correctly. Subsequently, the experimenter spaces the items one row 

further apart, thereby making one of the rows longer than the other one. Then, the 

experimenter asks the child again whether there is the same number of objects in each 

row. Strikingly, almost all children under the age of 6 or 7 will now indicate that there are 

more objects in the row that was transformed spatially by the experimenter. Piaget 

concluded from these experiments that the pre-school child does not appreciate that 

number remains invariant despite changes in continuous variables such as spatial 

arrangements. According to Piaget, a child’s success on the number conservation task is a 

clear indication that the child has understood the concept of number. For Piagetian 

theory, counting is merely a rote activity, which only becomes a way of establishing 

quantitative meaning when supported by the cognitive structures that are indicated by the 

ability to pass conservation tests.

Piaget’s notion that the preschooler lacks an understanding of number has since been 

seriously challenged. One of the first challenges came from (Gelman & Gallistel, 1978). 

These authors argued that counting plays a significant role in actually developing 

children’s understanding of numerical quantity. Furthermore they argued that the 

development of numerical competence is driven by a set of innate, domain-specific 

competencies, an account that opposes the Piagetian notion that representations of 

number are constructed from domain-general knowledge structures. According to 

Gelman and Gallistel, young children have an understanding of the principles that define 

conventional counting even before they are able to recite the count sequence (for a more 

detailed review of this position and alternatives thereto, see Chapter 4 of the present 

thesis).

32



Chapter 1 General Introduction

During the 1970’s researchers in developmental psychology increasingly challenged 

Piaget’s account of developmental stages and the generally predominant notion of 

cognitive incompetence of infants and preschoolers. Sophisticated methodologies were 

developed to test cognitive functioning in younger children, infants and even newborns. 

These methodologies have enabled researchers to address the question of whether infants 

can represent number.

Although the experimental work presented in this thesis focuses on young children and 

adults, this introduction will discuss the evidence for and against ‘infant number abilities’ 

in some depth. This is necessary because the level and degree of infants’ numerical 

abilities has crucial implications for models of number development and thus the way in 

which developmental impairments of numerical cognition should be studied. Research as 

well as the theoretical models and controversies surrounding infant number abilities will 

therefore now be discussed.

Can infants represent number?

A number of paradigms such as habituation and preferential looking (Fagan, 1970; Fantz, 

1965) which were initially primarily used to examine infants’ visual perception have been 

employed to explore infants’ competencies in a variety of cognitive domains. These 

studies revealed that Piaget had underestimated infant cognition and that the infant’s 

perceptual apparatus as a mechanism for apprehending knowledge about the world 

around him was already developed to a greater extent than previously believed. A review 

of the evidence for infants’ numerical competence and the theoretical models that have 

been put forward to account for “infant number” abilities is necessary in the context of 

the current thesis to establish the possible precursors or representational foundations of 

number. Any developmental theory of number will be heavily influenced by what is 

known about the level of numerical knowledge in infancy, since infants competence or 

lack thereof constrains the way in which subsequent development is construed and 

studied.
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Infant number discrimination abilities -  Experimental evidence

The advent of methodologies for the study of infant cognition paved the way for the 

study of ‘infant numerical cognition’. (Starkey & Cooper, 1980) were the first to 

investigate, by means of a habituation paradigm, whether infants can perceive differences 

in numerosities. Four-month old infants were presented with stimuli depicting either 2 or 

3 dots until their looking time decreased below a certain criteria. Subsequently infants 

were shown stimuli depicting a novel number of objects (either 2 or 3) and their looking 

time was measured. Infants can be said to discriminate different numerosities if their 

looking time recovers after seeing the stimuli depicting the novel numerosity. (Starkey & 

Cooper, 1980) found that looking times significantly increased when infants were 

presented with the novel array of dots. Similar findings have been reported in neonates, 

using a non-nutritive sucking rate habituation paradigm (Antell & Keating, 1983). While 

both 4-month old infants and newborns were able to discriminate between 2 and 3 dots, 

they failed to discriminate between larger sets (4 vs. 6 dots). Moreover, (Strauss & Curtis, 

1981) found that infants can discriminate between 2-4 objects even when the type, size 

and position of the objects vary randomly from trial to trial. In addition, infants have also 

been found to be sensitive to changes in numerosities of moving sets of 2-4 objects (van 

Loosbroek & Smitsman, 1990).

Infant number discrimination abilities -  Methodological considerations 

Although the above evidence suggests that infants can discriminate between visually- 

presented arrays containing different numbers of objects, there are several suggestions in 

the literature, which cast doubt on the interpretation that infants are sensitive to 

differences in the actual number of items. It is to the discussion of these, that the review 

will turn next.

Although some of the experiments discussed above systematically varied the type, size 

and positions of the objects, none of them ensured that all variables continuous with 

number were controlled for. Among the stimulus attributes that vary continuously with 

numerosity are brightness, area, mass and contour length. In view of this, it cannot be 

excluded that infants look longer at a novel display of numerosity because they notice a
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change in the number of items over and above changes in the area, brightness, contour 

length etc. Several recent studies have attempted to separate number from variables that 

are continuous with it.

In the original “infant number” studies, a change in numerosity was invariably correlated 

with a change in the total contour length of objects presented (the sum of the perimeters 

of individual objects in a set). Previous research (McCall & Kagan, 1967) has indicated 

that infants are sensitive to differences in contour length. (Clearfield & Mix, 1999), 

therefore sought to test whether infants are sensitive to changes in number even when 

contour length remains the same between habituation and test trials or whether infants 

dishabituate to changes in contour length even when the number of items is held constant. 

Similar to the original experiments discussed above, (Clearfield & Mix, 1999) habituated 

6 to 8-month old infants to displays of either 2 or 3 objects. However, at test infants were 

presented with two new displays. One display contained a number of squares that differed 

from the number to which infants had been habituated, but the total contour length of the 

novel number of squares was exactly the same as the contour length of objects to which 

infants had been habituated. A second display contained the same number of squares to 

which infants had been habituated, however the total contour length of the squares 

presented at test differed from the contour length of objects to which infants had been 

habituated.

The results of this study showed that when number is held constant but the total contour 

length changed between habituation and test trials, infants’ looking time increased 

significantly. However, when contour length was held constant between habituation and 

test trials while the number of squares changed, no significant difference in looking time 

was found. In a similar vein, (Feigenson, Carey, & Spelke, 2002) found that infants only 

dishabituated to a display containing a novel number of 3-dimensional objects, when the 

test displays were novel in number as well as in total front surface area and total volume. 

When numerosity is disconfounded from total surface area and volume (spatial extent) 

infants do not appear to notice the change. These findings suggest that infants may be
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more sensitive to changes in the total amount of visual area rather than changes in the 

exact number of objects.

Abstract representation o f numerosity in infancy?

The infant number experiments reviewed thus far have examined infants’ numerical 

competence by testing their ability to discriminate visually presented numerosities. The 

sole use of visual habituation paradigms cannot exclude the possibility that infants’ 

sensitivity to number is modality dependent. To address whether infants possess amodal 

representations of number, (Starkey, Spelke, & Gelman, 1990) examined whether infants 

are sensitive to the numerical correspondence between number of sounds and number 

visually-presented objects (intermodal numerical correspondence). In their experiments 

infants were presented with two slides, each depicting a different number of objects (2 or 

3). After looking at the slides for 1 second infants were presented with sequences of 2 or 

3 drumbeats. Examination of infants looking time after the presentation of the drumbeat 

sequences suggest that infants prefer to look at the slide of objects that match the number 

of drumbeats they heard. In other words, when 2 drumbeats were heard they looked 

longer at the visual display of 2 objects and after hearing 3 drumbeats infants looked 

significantly longer at 3 objects than 2 objects.

While these findings suggest that infants possess amodal representations of small 

numerosities, results from other research groups raise doubts about their reliability. 

(Moore, Benenson, Reznick, Peterson, & Kagan, 1987) with a method comparable to that 

used by (Starkey et al., 1990) found that infants looked significantly longer at the visual 

display of the numerosity that did not correspond to the number of drumbeats, i.e. the 

novel numerosity. Thus, infants looked longer at the display of 2 objects when they heard 

3 sounds and longer at 3 objects when they heard 2 sounds. Furthermore, (Mix, Levine, 

& Huttenlocher, 1997) found that when the rate and duration of drumbeats was varied 

randomly between trials, infants showed no preference for either the matching or non

matching visual display. Even more surprising against the background of the (Starkey et 

al., 1990) results with infants, is the findings that 3-year olds perform at chance on an 

auditory-visual numerical matching task (Mix, Huttenlocher, & Levine, 1996). Given

36



Chapter 1 General Introduction

these conflicting results it is currently impossible to draw any firm conclusions about the 

presence or absence of abstract numerical representations in infants.

Arithmetic in infancy? -  Experimental evidence

The studies presented thus far suggest that infants may be sensitive to changes in small 

numerosities, although it is unclear by which cues infants demonstrate these 

competencies. Does this also indicate that the infants are sensitive to numerical 

transformations such as addition and subtraction? In order to test the level of 

sophistication in infants’ numerical representation, (Wynn, 1992a) designed a novel 

paradigm to test their sensitivity to addition and subtraction. In her experiment, 5-month 

old infants were sat in front of a stage. Infants were randomly assigned to an addition or 

subtraction condition. In the addition condition, they were shown a single object on a 

display area. Then a screen came up, hiding the stage from the infant’s view. In full view 

of the child, the experimenter then put another object behind the screen from the side. 

Hence the infant could clearly see the addition of another object, but was unable to see 

the result of the transformation. Subsequently the screen was lifted revealing either two 

objects (“possible outcome”) or one object (“impossible outcome”). This paradigm is 

typically referred to as a “violation of expectancy” experiment. In the subtraction 

condition infants saw two objects being placed onto the stage surface before the screen 

went up. Then the experimenters withdrew one of the objects through a hole in the side of 

the stage and the screen dropped revealing either two objects (“impossible outcome”) or 

one object (“possible outcome”). Infants’ looking times to both types of outcome were 

measured. (Wynn, 1992a) reports that in both addition and subtraction conditions infants 

looked significantly longer at the unexpected events than at the expected ones. In other 

words, in the addition condition (1+1) infants looked significantly longer when the screen 

revealed one object, and in the subtraction condition (2-1) infants looked significantly 

longer when the screen dropped to reveal two objects. Moreover, baseline measures of 

infants’ looking times to either 1 or 2 objects did not reveal any significant preference. 

Therefore the possibility can be excluded that infants’ looking times were merely due to a 

particular outcome, regardless of the transformation. In a second experiment, infants were 

presented with the 1+1 transformation in the same way as discussed above. However,
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they were now presented with outcomes of either 2 or 3 objects to assess whether they 

actually computed the exact outcome of the numerical transformation or whether they 

were merely tracking the direction of the result or computing approximate arithmetic. 

The results showed that infants looked significantly longer at 3 objects, suggesting that 

they are sensitive to the fact that a display of 3 objects are inconsistent with the exact 

result of the addition. From these finding Wynn concludes that infants are sensitive to the 

exact outcomes of additions. The results reported by Wynn have been replicated by 

several other laboratories (Koechlin, Dehaene, & Mehler, 1997; Simon, Hespos, & 

Rochat, 1995).

Arithmetic in infancy? - Methodological considerations

The evidence for infants’ arithmetic and the strong conclusions that have been drawn 

from these findings need to be treated with some caution for several reasons. First, 

similar to the visual habituation paradigms discussed above, it has been suggested that 

infants may look significantly longer at the unexpected addition result because of a 

change in the overall spatial extent rather than because they are tracking the results of 

arithmetical transformations. Evidence for this interpretation comes from a recent study 

by (Feigenson et al., 2002). These authors found that when infants are given the choice 

between an outcome of an addition or subtraction with the expected number of objects 

(i.e. 1+1=2) with a different spatial extent and an addition or subtraction result with an 

unexpected number of objects (i.e. 1+1 =1) but with the same spatial extent as the object 

presented during the problem stage, they look significantly longer at the novel spatial 

extent containing the expected number of objects. In other words, in this set up, they 

ignore the unexpected numerical result with the same spatial extent as the objects they 

saw during the problem stage, and attend to the spatial change.

A strong interpretation of these findings is that infants are not sensitive to the violation of 

arithmetic transformation and instead only have competencies that allow them to track 

the overall spatial extent of objects and thus respond to the violation of these. A weaker 

interpretation would be that infants are sensitive to both arithmetical transformation as 

well as changes in spatial extent. However, the spatial modification may be more salient
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than changes in number, pushing infants to display a stronger preference for changes in 

spatial extent and contour length than for changes in number. This weaker interpretation 

posits that infants are sensitive to both number and spatial extent, but that sensitivity to 

spatial extent is a stronger cue early on and that development may involve infants’ 

increasing ability to disentangle numerosity from its continuous variables.

Another methodological criticism of Karen Wynn’s infant arithmetic experiments has 

recently been put forward by (Cohen & Marks, 2002). These authors argue that infants 

may not be attending to the numerical transformations of addition and subtractions at all, 

and that the results presented by (Wynn, 1992a) can be explained by a preference for a 

familiar display (‘familiarity preference’). In other words, infants might look 

preferentially at the display of objects that is most familiar to them in the experiment. 

For example in the 1+1 = 1 or 2 conditions, infants see one object on the stage, a screen is 

lowered and a second objects is added behind the screen. Subsequently, the screen is 

raised and infants see either 1 or 2 objects on the stage. Thus, infants are most familiar 

with 1 object behind the screen, which may explain why they look preferentially at 1 

object, which happens to be the numerically impossible event. The same may apply to the 

2-1 condition in which infants were most familiar with the display of 2 objects, which 

again turns out to be the impossible result of the numerical transformation. In a series of 

experiments, (Cohen & Marks, 2002) presented infants with the same addition and 

subtraction conditions as those used by Wynn (1992a). However, instead of presenting 

infants with two outcomes, infants were presented with four outcomes: 0, 1, 2 and 3 

objects. The authors found that infants looked at the familiar outcome significantly longer 

than at all three impossible displays. Thus, when infants were presented with 1+1=1 or 2, 

they looked significantly longer at 1 than at 0, 2 and 3 objects. These findings suggest 

that infants are not sensitive to violations of numerical transformation as otherwise they 

would have looked significantly longer at all three impossible outcomes (0, 1 and 3) and 

not simply at the familiar one. However as (Carey, 2002) argues, Cohen and Marks 

(2002) used a somewhat different paradigm from that employed by Wynn (1992a). 

Therefore it is possible that the larger number of outcomes may have biased infants to 

prefer the most familiar one.
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What representations underlie infants ’ numerical abilities?

The above reviewed literature suggests that infants may be sensitive to numerical 

differences and may even be capable of tracking arithmetical transformation. However, a 

number of methodological criticisms have been put forward to challenge these findings. 

So what theoretical models have been generated from these findings in order to describe 

the nature of the representations underlying infants’ numerical abilities?

Are infants ’ representations like those o f adults?

A number of researchers (Gallistel & Gelman, 1992; Wynn, 1998) have claimed that 

infants, like adults, rely on accumulator mechanism. Such a theory assumes that infants 

are representing exact number. These theories contend that infants possess a mechanism 

specific to numerical computations, which is qualitatively similar to the system by which 

animals and adult humans perform numerical computations. While such a strong 

hypothesis is appealing, a number of caveats have been raised. One of the most consistent 

observations made in infant number experiments is that infants consistently fail to 

discriminate between numerosities that exceed four. This upper limited or set size 

limitation is inconsistent with the prediction of the accumulator or non-verbal model of 

number representation. As discussed above, the non-verbal or accumulator model of 

number representation predicts that discriminability between numbers is related to the 

numerical ratio between them. Therefore, according to this model of number 

representation, the discrimination 4 vs. 6 places the same demands on the system as 2 vs. 

3, since the numerical ratio between the numbers is equivalent for both pairs. However, 

as discussed above, infants have not been found to be able to discriminate between 

numbers as high as 4 and 6.

Are infants subitizing?

While the set size limit in infant number discrimination abilities cannot be predicted from 

animal and adult models of non-verbal number representations, they are consistent with 

accounts of rapid enumeration of small numerosities in adults. When adults are asked to
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name the number of objects on a screen, reaction time does not increase significantly for 

numerosities 1-4. However for numerosities greater than 4, the time required for adults to 

count the number of objects increases linearly and significantly. This finding has been 

referred to as ‘subitizing’ (Mandler & Shebo, 1982). It has been suggested that the limit 

on subitizing arises from a constraint on the visual system’s capacity to individuate and 

track items presented in parallel (Trick & Pylyshyn, 1994). It has therefore been 

suggested that infants’ ability to discriminate between small numerosities can be 

explained by this visual process and that there is no need to invoke the operation of a 

dedicated numerical system in infancy.

Object file  accounts o f infant numerical representation

Against the background of this evidence, an alternative model of infant numerical 

representation has been put forward: The ‘object file’ model (Carey, 2001; Simon, 1997). 

The central tenet of this model is that infants are not forming symbolic representations of 

objects in number discrimination and ‘violation of expectation’ tasks. The ‘object file’ 

model posits that, instead of representing the total number of objects as one symbol 

(whether it is an integer, non-verbal magnitude or the level of the accumulator), infants 

represent the actual objects in the array. Thus each object in the array is represented as a 

separate entry into the object file. According to this model the infant represents 2 objects 

in terms of one object and another (Oj Oj). Hence, while symbolic representation requires 

the transformation of perceived numerosities into an abstract representational symbolic 

code, object files are directly constructed from perception of objects in an array (Uller, 

Carey, Huntley-Fenner, & Klatt, 1999).

With this explanation in mind, it can be predicted that robustness of object-file 

representations will be directly related to detail and availability of the perceptual 

representation of objects to be enumerated. To test this hypothesis Uller et al. (1999) ran 

two versions of the infant addition paradigm first used by Wynn (1992a). In one version 

the infants saw the first object being placed on a stage, then a screen was lowered and a 

second object was placed behind the screen (object-first condition). In the second version 

the infant saw both the first and the second object being placed behind the screen (screen-
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first condition). The outcomes were the same in both conditions: the screen was lifted to 

either reveal 1 (unexpected outcome) or 2 (expected outcome) objects. While infants did 

not show a preference for the unexpected outcome in the screen-first condition, they were 

found to look significantly longer at the unexpected outcome (2 objects) in the object- 

first condition. If infants were merely constructing a symbolic representation of the 

objects in the array, then there would be no reason to explain why infants should be oorer 

at the screen-first condition. However, if infants are representing the actual objects in the 

array (object-file), then the actual percept of an object on the stage should lead to a more 

robust representation and thus greater success at the task.

While the object-file model proposes that infants are not forming symbolic numerical 

representations of objects presented in numerical discrimination and violation of 

expectancy paradigms, it is not implied that these representations are irrelevant to the 

development of numerical representations. There are many aspects of object-file 

representations that are numerical in nature. First of all, infants have to establish the 

object identity of objects in the array. Secondly, to succeed in the addition and 

subtraction paradigms infants need to establish the presence or absence of one-to-one 

correspondence between their representations of the outcomes and the actual outcomes 

presented to them at test. Finally, the opening of a new object file is the process by which 

representations are updated to represent the process by which another object is placed 

within the display of objects. It has been suggested that this process represents the basis 

for the understanding that for any number (n) in the count list, the next word in the count 

list refers to a set consisting of n+1 items (Carey, 2001).

Amount, not number-based quantification in infancy

The methodological considerations discussed above suggest that infants may be sensitive 

to changes in the overall amount, spatial extent or contour length between arrays of 

objects but not to changes in the exact number of objects (Clearfield & Mix, 1999; 

Feigenson et al., 2002). This has led to the suggestion that infants may not be sensitive to 

number in early infancy. Instead, it has been suggested that the origins of quantitative 

development are not numerical but are amount based (Mix, Huttenlocher, & Levine,

42



Chapter 1 General Introduction

2002a, 2002b). Under this view, infants represent quantity in terms of continuous not 

exact amounts. According to this account, development involves infants’ ability to 

disentangle numerical from non-numerical cues (contour length, total area).

Recent support fo r  large, non-verbal numerosity representation in infancy 

The evidence reviewed thus far involved the testing of infants’ ability to discriminate 

between numerosities 1-6. In these experiments infants have been found to be able to 

discriminate between 2 vs. 3 but not between 4 vs. 6 items. This has led to the suggestion 

that infants are merely subitizing and relying on object-file representations with an 

inherent set-size limitation. However, is it possible that infants are capable of 

representing large numerosities if the ratio difference between the numbers is sufficiently 

large? In a recent study (Xu & Spelke, 2000) found that infants can discriminate between 

8 vs. 16 but not between 8 vs. 12 dots. Importantly, in this study the authors ensured that 

all variables continuous with number (spatial extent, amount, arrangement of objects) 

were controlled for. These controls make it unlikely that infants were using amount as a 

cue to the change in number. This makes these findings the first to show that infants can 

discriminate between small numbers and that the numerical distance between numbers 

appears to be related to their sensitivity to changes in numerosity. The findings suggest 

that infants rely on non-verbal representations of magnitude, exhibiting the characteristic 

distance effect. Their inability to discriminate between 8 vs. 12 dots suggests that the 

noise in the representation of these magnitudes overlaps to such an extent that they 

cannot be discriminated from one another. However, the distance between 8 and 16 dots 

is sufficiently large for their representations to be discriminable. These findings have 

since been replicated in another group of 6-month old infants (Xu, in press). Furthermore 

it has been found that 6-month old infants can discriminate between 8 and 16 sounds but 

not 8 and 12 sounds (Lipton & Spelke, in press), thus providing evidence for the notion 

that infants’ approximate number sense is not tied to any particular modality of 

presentation but that instead approximate number is represented in an amodal form from 

very early onwards.
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More evidence for large number representation ability in infants comes from a recent 

study by (Brannon, 2002). In this experiment 9- and 11-month olds were tested for their 

sensitivity to the ordinal relationship between numerosities. Infants were habituated to 

either ascending or descending sequences of three numerical displays (4-8-16 or 16-8-4). 

Following habituation, infants were presented with both ascending and descending 

sequences. The experimenter ensured that all variables continuous with numerosity were 

controlled for and that the density of items was constant in all displays. The findings 

showed that 11 - but not 9-month old infants are sensitive to changes in the order of the 

numerosity displays (ascending vs. descending). Thus 11-month-old infants appear to be 

capable of representing some aspects of the ordinal relationship between numerical 

values.

Infant numerical abilities - summary, implications and relevance

As the above review illustrates, the investigation of numerical competence in newborns 

and infants has been the focus of much significant debate over the past 20 years and a 

great deal of progress has been made. Infants have been found to be able to respond to 

differences between small arrays of objects and to track numerical transformations such 

as addition and subtraction made over these arrays. However, there is substantial 

evidence suggesting that infants may achieve this by attending to the total amount of 

objects rather than the exact number of objects. From the findings reviewed above it is 

unclear whether infants can use both numerical and non-numerical cues to quantity if 

these are varied systematically within the same experiment. Thus, it is possible that 

infants merely attend to the most salient change. In other words, if a change in amount is 

more salient than a change in number, this might lead the infant to orient towards the 

change in amount over number. Experiments need to be conducted that systematically 

vary the salience of both number changes with amount held constant and amount changes 

with number held constant. Perhaps the question is not so much whether or not infants 

can represent number, but rather under what circumstances they exhibit sensitivity to 

number over and above those stimulus differences that are continuous with changes in 

number. Furthermore, it may be possible that infants’ sensitivity to different cues of 

quantity (area, contour length, density etc.) change over developmental time. Hence, it is
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important to have a developmental perspective on number development, even across 

infancy. It may be the case that developmental changes in infants’ ability to disentangle 

numerical from non-numerical cues emerge rapidly over developmental time. Thus 

studies with different age groups of infants should be conducted to trace this development 

systematically. The importance of having a developmental perspective when assessing 

infant numerical cognition is highlighted by Brannon’s (2002) recent finding that 11- 

month olds, but not 9-months olds are sensitive to ordinality. Studies of infant number 

development should evolve from being static snapshots at different points in infancy to a 

cross-sectional or longitudinal programme of investigating change. Moreover, recent 

evidence suggests that, consistent with non-verbal models of number representation, 

infants can discriminate between large numerosities if the numerical difference between 

numerosities is sufficiently large.

It may seem that the fmdings from the infant number literature are highly contradictory 

and therefore inconclusive. On the one hand researchers argue that infants are unable to 

discriminate between numerosities greater than 4 and an object-file system of 

representation is invoked. On the other hand infants are found to be able to discriminate 

between large numerosities and contended to rely on a non-verbal system of magnitude 

representation. Perhaps it is useful to view these findings not as contradictory but instead 

as complementary. Indeed, recent theoretical accounts (Carey, 2001; Spelke & Tsivkin, 

2001) posit that both systems may be available to the infant. It may be the case that the 

infant goes on to construct an exact representation of number with no upper limit through 

the integration of a small number system (such as the object-file system) together with 

the non-verbal, approximate system of magnitude representation.

The challenge of the infant number field is enormous, as any theory about infant 

numerical competence will have implications for the way in which the precursors of 

number development are construed. The above review demonstrates the existence of 

multiple theories to account for infants’ numerical abilities. It may be that the infant brain 

is equipped with multiple systems for quantification and that development involves the 

integration and refinement of these systems. Whichever may turn out to be the correct
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model of infant numerical cognition, it is clear that infants demonstrate proto-numerical 

competencies, which may or may not be relevant to subsequent number development. A 

truly developmental investigation of infant numerical cognition has still to be carried out, 

but may help to map empirically the interaction of different representational systems and 

their change over developmental time. This would also enable researchers to generate 

clearer models of the relationship between infant number and the development of 

numerical cognition in early childhood. It is to the discussion of numerical competence in 

early childhood that this review will now turn.

Number development in early childhood

From the above review of infant numerical competence studies it can be concluded that 

infants are somewhat sensitive to quantity and its transformations. Thus the Piagetian 

hypothesis that infants are numerically incompetent seems unlikely. Recent research has 

shown that young children have non-verbal representations of number that are 

qualitatively similar to those available to adults and that these representations may guide 

the acquisition of numerical knowledge in early childhood.

Non-verbal magnitude representation in early childhood

While infants display some degree of sensitivity to number or amount very early in 

development, children do not have a good understanding of the purpose of counting until 

the age of 3 Vi (Wynn, 1990, 1992b). The understanding of the cardinality principle is a 

milestone in number development and marks the emergence of exact and symbolic 

number representation. How can the slow developmental transition from infant number 

skills to an understanding of symbolic number be accounted for? Is it possible that early 

number representations are non-verbal? Do preschoolers have non-verbal and 

approximate numerical representations that are qualitatively similar to those found in 

adults and animals?

There is evidence that young children’s representations of non-verbal magnitude are 

qualitatively similar to those found in adults and animals. The characteristic distance 

effect (reaction time is inversely related to the numerical distance between numbers) has
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been reported in 6-year old children (Sekuler & Mierkiewicz, 1977). These authors 

compared the relationship between response time and numerical distance in a number of 

different age groups. The results suggest that the effect of numerical distance on reaction 

time decreases over development time, suggesting that the overlap between the 

distribution of represented magnitudes decreases over developmental time and that it thus 

becomes easier to discriminate numerical magnitudes from one another. More recently, 

(Huntley-Fenner & Cannon, 2000) found that the magnitude comparisons of 3-to 5-year 

olds are mediated by non-verbal representations of magnitudes. In their study, children 

were presented with displays containing 2 arrays of squares. The ratio between pair 

members was varied systematically in order to test the effect of relative size on the ability 

of children to correctly identify the larger magnitude. It was found that accuracy 

decreased linearly with increasing ratio of the pairs of squares. This finding mirrors the 

size effect observed in adults.

(Huntley-Fenner & Cannon, 2000) also examined the relationship between children’s 

performance on the magnitude comparison task and their counting ability as well as their 

understanding of cardinality. In addition to comparing pairs of squares, children were 

asked to count these and upon having finished counting they were asked “how many” 

objects they had just counted. This question assesses children’s understanding of the 

cardinality principle. While a significant correlation was found between children’s 

highest count and their performance on the number discrimination task, there was no 

relationship between the proportion of correct responses on the number discrimination 

task and their ability to respond correctly to the “how many” question. As (Huntley- 

Fenner & Cannon, 2000) argue, the relationship between children’s highest count and 

accuracy might be explained in terms of more general processing capacities (such as 

working memory). However, the absence of a relationship between their understanding of 

cardinality and their performance on the number discrimination tasks suggest that non

verbal representations of magnitudes are independent of an understanding of the 

cardinality principle. However, two potential alternative explanations should be raised. 

Firstly, all but 6 children gave the correct answer to the ‘how many’ question on the 

majority of the trials. Since the majority of children had a grasp of the cardinality
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principle it cannot be established whether non-verbal magnitude representations play an 

important role in the development of an understanding of the cardinality principle. To 

investigate this hypothesis a wide age range of children should be tested, who exhibit 

diverse levels of performance on the “how many” task. This would enable a closer look at 

whether the relationship between non-verbal magnitude representation and the 

understanding of the cardinality principle changes over developmental time. Moreover, it 

may be possible that a measure of number discrimination other than the mean proportion 

of correct responses is related to the understanding of the cardinality principle. As 

demonstrated by (Sekuler & Mierkiewicz, 1977) the effect of distance decreases over 

developmental time, suggesting that representations of numerical magnitude become less 

variable and more distinct. Might this development provide a basis for the mapping 

between non-verbal and symbolic magnitudes? And what are the consequences of an 

impairment to these developmental changes? Is it the case for normal development, that 

the slope of the relationship between the ratio difference of pairs of squares and accuracy 

is a better predictor of the level of understanding of cardinality? Only conducting a 

systematic developmental study with a number of dependent variables can such questions 

be resolved.

Exact number representation and arithmetic in children

Counting and Cardinality

One of the hallmarks of early number development is children’s growing understanding 

of the meaning of exact quantity. Between the ages of 2-3 V2 children develop an 

understanding of the specific quantities to which number words refer. The most common 

way to explore developmental changes in children’s understanding of exact numerosity 

has been to study children’s counting and the emergence of children’s understanding of 

what counting is for: to determine the number of items in a set vs. simply reciting the 

count sequence without knowing what the numerical function of counting is. For a 

detailed review of the literature on counting, see the Introduction to Chapter 5.
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Understanding o f numerical equivalence

It is probably accurate to say that the most substantial challenge to Piaget’s assertion that 

young children are numerically incompetent comes from the claims that young infants 

can represent number. However, substantial progress has also been made in 

understanding the level of numerical proficiency among young children. This literature 

has revealed that young children demonstrate sensitivity to numerical equivalence and are 

even sensitive to the effects of numerical transformations such as addition and 

subtraction. Rochel Gelman conducted one of the earliest investigations into young 

children’s sensitivity to numerical equivalence (Gelman, 1972). In her famous ‘magic 

experiment’ 3-6 year old children were presented with two sets, one containing two and 

the other three mice. Children were told that one of these sets was the ‘winner’. During a 

set of practice trials children were taught to correctly identify the winner set. In 

subsequent trials the following manipulations were applied to the sets: 1) the spatial 

arrangement (spreading the mice further apart, closer together etc) of the mice, but not 

their number was changed. 2) Mice were either added to or subtracted from the set to 

make the sets numerically equivalent. Gelman (1972) found that children were able to 

ignore the spatial, but not numerical transformations of the set of mice and correctly 

identified the winner set after such a ‘numerically-irrelevant’ transformation. Moreover, 

when addition or subtraction of mice ensured that the two sets became numerically 

equivalent, the children correctly judged that neither of the sets was the winner. This 

finding was the first to show that young children are sensitive to numerical equivalence 

between small sets even in the face of spatial differences.

In subsequent research it has been found that children’s ability to recognize numerical 

equivalence becomes increasingly sophisticated over developmental time. Mix presented 

children with a standard set of items and asked them to indicate which of two choice 

cards showed a numerically equivalent set of dots (Mix, 1999a, 1999b). The standard set 

of items was varied across trials in such a way that these items became increasingly 

different in their non-numerical characteristics from the dots on the choice cards. Thus, 

children were asked to match standards depicting pasta, random objects, visual events.
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sequential disks as well as sounds to the choice cards. It was found that, while young 

children succeeded at the most literal match (disks), it was not until 4-4 Vi years of age 

that they succeeded at matching sets that differed substantially in terms of their surface 

features (ex. sounds to dots, random objects to dots). Thus, over developmental time, 

young children’s knowledge of numerical equivalence appears to become less dependent 

on the surface characteristics of numerical stimuli.

Early calculation abilities

The above studies demonstrate that preschoolers have an understanding of numerical 

equivalence earlier than predicted by (Piaget, 1952). Further evidence for the notion that 

preschoolers possess numerical competence comes from investigations into preschooler’s 

ability to track numerical transformations, such as addition and subtraction. In a number 

of experiments (Huttenlocher, Jordan, & Levine, 1994; Levine, Jordan, & Huttenlocher, 

1992), preschoolers were presented with an array of objects, which were subsequently 

hidden under a box. Then the child watched as the experimenter either added or removed 

objects from the hidden set. The child then had to indicate how many objects were left 

after the transformation by either pointing to an array of objects that contained a number 

of objects equivalent to the number of objects they thought were in the box or by 

constructing a set of objects equivalent to the number of hidden objects. These studies 

showed that from 2 Vi years onwards, children were starting to produce the correct 

solution to small number calculations (i.e. 1+1=2). However, it was also found that the 

responses of even younger children were not completely random. Younger children gave 

answers that were relatively close to the correct solution. It could therefore be argued that 

development involves children moving from approximate to exact calculation. In 

addition, it was found that as children got older they became increasingly able to solve 

problems involving larger numerosities. A similar study, with a different methodology, 

was conducted by (Starkey, 1992). In this experiment 1-4 year old children watched the 

experimenter place objects into an opaque box. After the objects has been added the 

experimenter either removed objects from the box or added new ones. After watching 

these transformations, the children were asked to retrieve all the objects in the box. In 

general, the results from this study were very similar to the other calculation studies
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discussed above. It was found that the ability to track numerical transformations of small 

sets emerged gradually over developmental time and that older children were able to 

track transformations over larger sets than the young children.

General comments on studies with preschoolers

The evidence discussed above indicates that preschoolers develop numerical competence 

before they enter school and are taught conventional number skills. These findings 

clearly challenge the Piagetian notion that it is not until around 7 years of age that 

children can be said to be numerically competent and suggest that preschoolers’ 

numerical competences develops very gradually. Notwithstanding, caution should be 

applied when interpreting these findings as strong evidence for numerical competence in 

preschoolers. One of the striking findings in studies of preschoolers’ understanding of 

numerical equivalence and calculation skills is that young children are only successful on 

numerical tasks when the set sizes are very small (1-3). Against the background of the 

infancy literature discussed above, it might be contended that young children are 

operating on representations of small numerosities, such as object files, to solve the 

numerical problems (Carey, 2001; Huttenlocher et al., 1994; Simon, 1997; Simon et al., 

1995). If indeed performance of young preschoolers is based on the operation of such a 

mechanism, this could explain the set-size limitation observed across studies.

In future studies of preschoolers’ numerical competence, it would be crucial to track 

exactly when young children are able to succeed at exact numerical tasks involving larger 

set sizes and whether this ability develops gradually or whether a sudden shift is 

observed. In this context it would be important to measure how such developmental 

changes are related to other changes in children representation of both approximate, non

verbal numerical magnitudes and exact number. The literature above suggests that 

approximate representations of larger numerosities develop before children are able to 

manipulate these to solve exact number problems.
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The acquisition o f conventional number skills

A large body of literature exists on children’s acquisition of conventional number skills 

such as mental arithmetic and the cognitive competencies that support the development of 

these higher-level numerical skills. Because conventional skills are not the focus of this 

thesis a detailed discussion of this literature is beyond the scope of this introduction. 

Therefore the reader is referred to a number of textbooks which review and discuss this 

literature in depth (e.g. (Baroody & Dowker, 2003; Donlan, 1998; Geary, 1994; Nunes & 

Bryant, 1996; Siegler & Jenkins, 1989; Sophian, 1996).

Knowledge gaps

As the above review demonstrates, much insight into the cognitive processes and 

mechanisms underlying early number development has been gained since Piaget’s 

famous work on children’s number development (Piaget, 1952). However, numerous 

gaps remain in our understanding of how number develops.

In the literature on number development, there are two strands of research findings, 

which might, on the face of it, be viewed as contradictory. On the one hand, the research 

into infants’ numerical abilities, reviewed above, suggests that very young infants have 

the ability to discriminate between numerosities On the other hand, children’s 

development of the understanding of exact number and the understanding of the meaning 

of counting appears to be a gradual developmental process. This dichotomy raises the 

question of whether or not the types of representations underlying number processing in 

infancy and early childhood are fundamentally different from each other or whether there 

is a relationship between them. Furthermore, it is unclear whether it is the same system 

that enables infants to represent and discriminate between small numbers, which is also 

crucial to the development of exact number representation (Carey, 2001), or whether it is 

infants’ ability to represent approximate large numerosities in a qualitatively similar way 

to children and adults that is crucially involved in the developmental construction of 

exact number representations (Xu & Spelke, 2000). Alternatively, it may be that a 

complex interaction between these two systems of infant number representation and
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language development enables young children to construct an exact integer-list 

representation of number (Spelke, 2003; Spelke & Tsivkin, 2001; Xu, in press).

Clearly more work is needed to understand how numerical cognition develops between 

infancy and early childhood. Such studies need to be longitudinal in nature in order to 

reveal whether early non-verbal competencies predict the emergence of children’s 

understanding of exact number. Furthermore, more insights should be gained into the 

relationship between children’s understanding and representation of magnitude and the 

acquisition of conventional number skills. It should be noted, however, that such research 

is difficult to accomplish since the research methodologies used with infants and 

preschoolers differ substantially from one another, making a direct comparison and the 

assessment of relationships between the two a difficult enterprise. While research with 

infants is primarily based on looking times, research with preschoolers is based on their 

verbal and manual responses. The challenge for future research is to seek or invent 

methodologies that are, at least to some extent, comparable along dimensions of 

measurement.

A deeper understanding of the relationship between ‘low-level’ and high-level’ numerical 

cognitive processing could also help to establish the extent to which impairments in ‘low- 

level’ numerical processing lead to impairments of numerical skills, such as arithmetic, 

over time. Currently the literature on developmental impairments of number focuses on 

high-level numerical cognition, such as mental arithmetic and little is known about the 

developmental origins of such difficulties.

Developmental impairments o f number development

Much of the research into developmental impairments of numerical cognition has focused 

on school-age children. This is probably due to the fact that it is in the early school years 

that problems with formal numeracy and conventional number skills first become 

apparent. Children are most commonly defined as having difficulties with number or 

having ‘dyscalculia’ or ‘mathematical disability’ when they are found to perform 

significantly below what would be expected from their general ability (IQ) on
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standardized measures of mathematical ability. Various estimates of the prevalence of 

mathematical disability or ‘dyscalculia’ have been conducted. These estimates indicate 

that between 5-8% of school-age children suffer from difficulties with mathematics that 

are not predicted from their general cognitive level of functioning (IQ) (Badian, 1983; 

Gross-Tsur, Manor, & Shalev, 1996)

The emphasis of studies of mathematical disability (MD) or dyscalculic children has been 

on mental arithmetic and the strategies that children use to solve addition and subtraction 

problems (Geary, 1993; Jordan, Kaplan, & Hanich, 2002; Jordan & Montani, 1997). The 

most common finding in these studies is that MD children use immature strategies (such 

as finger counting) and do not undergo the shift from finger counting strategies to 

arithmetic fact retrieval that is observed in groups of typically developing children 

(Geary, 1993; Ostad, 2000). This has led authors to speculate that children with MD 

suffer from procedural and semantic memory deficits (Geary, 1993; Geary, Hamson, & 

Hoard, 2000). Furthermore, Geary has also found that children with MD are different 

from typically developing children in terms of deficits in working memory and speed of 

processing. Recently, there has been increasing attention to understanding the 

comorbidity of mathematical disability and reading disability (or dyslexia). A substantial 

amount of children with MD also suffer from difficulties with reading. This group of 

children seems to be different from those children who present only with MD in terms of 

their performance on tests of strategy use and fact retrieval (Jordan et al., 2002).

Other researchers into atypical number development have linked developmental 

difficulties with number with deficits in visuo-spatial functioning (Rourke, 1993). 

Furthermore efforts have been made to understand MD by recourse to models of adult 

numerical cognition, which are based on the study of adult brain-damaged patients. The 

emphasis has been on detecting dissociations between different aspects of numerical 

cognition (Temple, 1997).

In summary, the focus of research into the development of number problems has been on 

domain-general competencies: deficits of fact retrieval, working memory and speed of
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processing and visuo-spatial processing. Thus far, only a very few attempts have been 

made to understand processes such as those discussed in the above sections, which are 

fundamental to numerical competencies across species and development. For example, 

Butterworth (1999) speculates on the possibility that what underlies difficulties with 

number is the impairment or lack of a number module, responsible for basic magnitude 

processing and the ability to rapidly enumerate small arrays of objects (‘subitizing’). 

Analysis of how fundamental non-verbal and verbal systems of number develop in 

children who suffer from deficits in numerical competence such as MD may increase the 

understanding of how learning difficulties specific to number develop. Furthermore, such 

an approach could help to reveal low-level predictors of number deficits in children 

before they enter school. This could lead to early identification of such difficulties, which 

might enable the construction of pre-school remediation programmes.

It is clear that there currently exists a gap between the research advances in understanding 

normal number representations, their neural instantiation as well as phylo- and onto

genetic origins on the one hand, and the progress in understanding how and why children 

develop problems with number on the other. The time is ripe for a novel research 

strategy and new theoretical outlook on the development of number deficits in typically 

developing children as well as those in those with genetic developmental disorders in 

which number deficits have been reported, that is firmly based on what is known about 

number representations and their developmental trajectory in the typical case. It is the 

aim of this thesis to provide a first step towards a new way of looking at impairments of 

numerical cognition both empirically and theoretically. This will be achieved by a careful 

analysis of the development of numerical cognition in individuals with Williams 

syndrome, a rare genetic disorder, in which deficits of number abilities have frequently 

been reported. In view of these aims, it remains to be outlined why WS was chosen as 

the case-study disorder for this thesis.

1.1.4 Summary and relevance to  Williams syndrome

The above review of numerical cognition suggests that approximate representation of 

magnitude is qualitatively similar across species and over developmental time.
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Furthermore, this system appears to be functioning early in infancy and thus may have an 

important role in children’s development of numerical competence and the emergence of 

exact number representations. The above review suggests that, in contrast to animals, 

humans have the capacity to represent and manipulate quantity exactly as well as 

approximately. Evidence from brain-damaged patients, studies of bilingual individuals, 

and functional brain imaging is accumulating to suggest that approximate and exact 

systems of number representations may be dissociable in adulthood. The approximate 

system of magnitude representation is language-independent and appears to be spatially 

coded and represented in areas of the brain typically associated with visuo-spatial 

processing. In contrast the representational system allowing humans to represent and 

manipulate exact number, seems to be dependent on language-processing capacities and 

represented in areas of the brain typically associated with computation of verbal 

information.

While these two systems can be dissociated in adulthood, this dissociation appears to be 

the product of a developmental process rather than its starting point. Recent evidence 

from infants, discussed above, indicates that the non-verbal system of approximate 

number representation is present from an early age and that development might involve 

quantitative changes in the approximate system and the construction of an exact system 

of number representation from the interaction between a phylogenetically ancient systems 

such as the approximate system of number representations and a phylogenetically recent 

system of language-related processing (Spelke, 2003). The precise mechanisms of the 

developmental processes underlying the genesis of a system for exact number 

representation as in adulthood are to-date not well understood.

These findings from normal number representation and hypotheses about the underlying 

developmental trajectory open avenues for the exploration of how the developmental 

construction of these different systems of numerical representation might be impaired and 

thus lead to problems with numeracy and arithmetic. The findings from typical number 

development encourage an analysis of how impairments to fundamental non-verbal 

approximate and language-dependent exact representations of number might result in
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numeracy difficulties in atypically developing children. It could be hypothesized that 

number deficits result from atypical development of non-verbal representation of 

approximate magnitude, which could be a consequence of an impairment of visuo-spatial 

processing. This kind of impairment might lead to an atypical developmental construction 

of exact, language-dependent processing. Alternatively, it may the case that these two 

systems develop in relative isolation from one another. One way of examining and testing 

these hypotheses is to examine the development of both exact and approximate number 

representation in children who present with differences between the visuo-spatial and 

language abilities. Individuals with Williams syndrome present with an uneven cognitive 

profile of relative strengths in language and weaknesses in non-verbal cognition, 

particularly visuo-spatial cognition (Bellugi, Marks, Bihrle, & Sabo, 1988; Karmiloff- 

Smith et al., 1997). Against this background, WS represents a good case study disorder 

for exploring whether and how developmental impairments to the developmental 

trajectories of basic non-verbal and verbal representations of number lead to impaired 

numerical cognition.

Numerous anecdotal reports and some experimental evidence suggest that children with 

WS suffer from deficits in the domain of number. Is it possible that children and adults 

with WS present with a dissociation between exact and approximate number 

representations or does the weakness in visuo-spatial processing constrain the 

development of non-verbal magnitude representations which in turn leads to atypical 

development of exact number representations? Is the key to understanding numeracy 

deficits in children and adults with WS the experimental analysis of how processes 

related to approximate and exact number develop in individuals with this syndrome?

Before formulating questions and deciding the theoretical and methodological 

perspective used to test them in more detail, it is first necessary to gain a better 

understanding of the Williams syndrome genotype and phenotype.
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1.2 Williams syndrome

The notion of a group of symptoms that co-occur to produce a syndrome which is now 

widely referred to as Williams syndrome (WS) or Williams-Beuren syndrome (WBS) 

was first discussed by a cardiologist from New Zealand: Dr. J.C.P. Williams and his 

colleagues. These cardiologists had been studying a group of patients who all presented 

with supravalvular aortic stenosis (SVAS), which is a diffuse narrowing of the ascending 

aorta. Williams noted that in addition to the SVAS, these patients also had distinct facial 

features and low cognitive functioning. This lead to the following suggestion.- " The 

presence o f supravalvular aortic stenosis in mentally retarded patients with the unusual 

facial features here detailed may constitute a syndrome that has not previously been 

described” (Williams, Barratt-Boyes, & Lowe, 1961, p .1317).

Since its original description, WS has received substantial attention from diverse research 

areas, ranging from molecular genetics to cognitive psychology, and increasing cross- 

disciplinary research is now being conducted in an effort to elucidate the manifestation 

and causes of the syndrome. The latter part of this review will summarize the major 

discoveries that have been made with respect to WS.

1.2.1 Williams syndrome genotype

The precise genetic basis of WS was first uncovered in 1993 (Ewart et al., 1993). These 

authors discovered a link between the elastin gene on the long arm of chromosome 7 and 

autosomal dominant supravalvular aortic stenosis (SVAS) in a number of families. 

Given this link and the association between WS and SVAS, the authors posited that WS 

is a genetic disorder in which one allele of the elastin gene is deleted leading to the 

vascular abnormalities. Ewart and colleagues tested a group of 9 individuals with WS, 

who all showed the clinical features typically associated with WS and foimd that the 

elastin hemizygosity (deletion of one allele) is involved in the pathogenesis of WS. 

However, the hemizygosity of the elastin cannot explain the neurobehavioural features of 

WS. Other genes absent from the WS-associated deletion at the chromosomal subunit 

7qll.23, which are adjacent to elastin, must contribute to the pathogenesis of WS.
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Further genes in the WS microdeletion on chromosome 7 have since been identified. 

These genes include Lim Kinase-1 (LIMKl), which is involved in turnover of actin 

filaments and may therefore have an effect of axonal guidance during brain development 

(Proschel, Blouin, Gutowski, Ludwig, & Noble, 1995; Tassabehji et al., 1996). Other 

genes that are in the typical WS deletion and may be involved in brain development 

include SyntaxinlA, WBSCR9 and RFC2 (Donnai & Karmiloff Smith, 2000). Most but 

not all patients with WS have been found to be hemizygous for the Elastin, LIMKl, 

STXIA and RFC2 (Wu et al., 1998).

The entire microdeletion is around 1.5 Mb in size, with the elastin gene situated in the 

middle between the two breakpoints, and approximately 24 genes are deleted. It is 

currently thought that the deletion in WS is sporadic, with a few instances of parent-to- 

child transmission and cases of concordant monozygotic twins (Morris, Thomas, & 

Greenberg, 1993(Pankau, 1993 #151; Pankau, Gosch, Simeoni, & Wessel, 1993; Pankau 

et al., 2001). The WS genetic mutation is thought to be caused by unequal meiotic 

recombination between chromosome 7 homologues (Baumer et al., 1998).

1.2.2 Williams syndrome physical characteristics

WS is marked in early infancy by difficulties in feeding, constipation, poor weight gain 

and high irritability and growth problems (Martin, Snodgrass, & Cohen, 1984). Some 

infants with WS suffer from atypically high levels of blood calcium (idiopathic infantile 

hypercalcemia). Beyond infancy, individuals with WS present with problems associated 

with connective tissue, central nervous system, growth retardation, dental abnormalities 

as well as renal and cardiovascular anomalies, most commonly supravalvular aortic 

stenosis (SVAS) and pulmonary artery stenosis. Moreover many individuals with WS 

present with skeletal abnormalities, including radio-ulnar synostonsis, joint contractures 

and laxity (Morris, Demsey, Leonard, Dilts, & Blackburn, 1988).

Around 90% of individuals with WS suffer from an unusual sensitivity to specific 

sounds: “hyperacusis” (Klein, Armstrong, Greer, & Brown, 1990; Van Borsel, Curfs, &
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Fryns, 1997). Furthermore, individuals with WS typically have a characteristic 'elfin

like' face, marked by flared nostrils, a wide mouth, full cheeks and pointed ears.

1 .2 3  Williams syndrome brain morphoiogy and neurochemistry

The development of Magnetic Resonance Imaging techniques has enabled researchers to 

study the structure of the brains of individuals with WS in an effort to understand how 

brain structure abnormalities may relate to the cognitive profile with which WS presents. 

Early findings suggested that, in comparison to typically developing controls, overall 

cerebral volumes are reduced to about 80% of normal brains, while cerebellar volumes 

were found to be enlarged proportionally (Jemigan & Bellugi, 1990; Jemigan, Bellugi, 

Sowell, Doherty, & Hesselink, 1993; Jones et al., 2002). Despite overall relatively 

preserved (relative for the overall size) grey matter volumes, abnormal cerebral 

proportions have been reported with greater frontal volumes and reduced parietal and 

occipital cortical volumes (Reiss et al., 2000). In addition, reductions of the corpus 

callosum have been reported in individuals with WS (Schmitt, Eliez, Warsofsky, Bellugi, 

& Reiss, 2001). The corpus callosum is a bundle of fibres that enable neuronal 

communication between the left and the right hemispheres and hence play a crucial role 

in cognitive processing. In addition to volumetric abnormalities, it has been found that 

the way in which brain tissue is folded into gyri and sulci differs in individuals with WS. 

Results from structural MRI suggest atypical cortical folding in WS with increased 

cortical gyrification in right parietal and occipital as well as left frontal areas (Schmitt et 

al., 2002). These abnormalities may be related to deficits in visuo-spatial and numerical 

processing commonly observed in WS.

Results from post-mortem studies indicate that the organization of neurons in the cortex 

differs in individuals with WS. Differences in the cell size and density of neurons in 

primary visual cortex have been reported, as well as exaggerated horizontal neuronal 

orientation across cortical areas (Galaburda, Holinger, Bellugi, & Sherman, 2002). In 

addition to these structural abnormalities, it has been shown that brain biochemistry is 

abnormal in WS, with atypical levels of compounds that regulate brain metabolism, 

particularly in the cerebellum (Rae et al., 1998).
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These findings clearly illustrate that genetic abnormalities in WS have widespread effects 

on brain development at multiple levels. Moreover, the results point to the existence of 

proportional abnormalities in areas of both grey and white matter. These abnormalities 

are likely to contribute to the unusual WS social-cognitive and cognitive phenotypes, 

both of which will now be discussed.

1.2.4 Williams syndrom e sociahcognitive profile

People with WS seem very interested in other people, and like to interaction with older 

adults more than with their peers. They tend to be overly friendly and will spontaneously 

engage in conversation with strangers. However, individuals with WS often suffer from 

strong anxiety (Udwin, Yule, & Martin, 1987). They appear very empathetic and 

concerned about others needs. This has led several researchers to investigate the extent 

to which children and adults with WS have a good understanding of others’ emotions, 

intentions and perspectives. These socio-cognitive abilities have been referred to as 

‘theory-of-mind’ competencies. The evidence suggests that while people with WS are 

relatively good at noting people’s emotions, their performance on theory-of-mind tasks 

testing socio-cognitive abilities such as understanding intentions and visual-perspective 

taking is weak (Karmiloff-Smith, Klima, Bellugi, Grant, & Baron-Cohen, 1995; Tager- 

Flusberg & Sullivan, 2000). Moreover, in infancy individuals with WS display atypical 

socio-communicative behaviour (Laing et al., 2002).

1.2.5 Williams syndrom e cognitive phenotype

Individuals with WS present with an average IQ of 56, within a range as wide as 40-90 

(Mervis & Robinson, 2000; Udwin et al., 1987; Volterra, Capirci, Pezzini, Sabbadini, & 

Vicari, 1996). There is thus substantial individual variability in cognitive ability in this 

syndrome. However, composite IQ scores mask the characteristic cognitive profile. 

Although the language development of individuals with WS is delayed, language 

(particularly vocabulary) develops to be a relative strength of individuals with WS 

(Bellugi, Bihrle, Jemigan, Trauner, & Doherty, 1990; Mervis et al., 2000). The relative
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strength in language becomes particularly obvious when contrasted with the severe 

difficulties that individuals with WS have with tasks that measure visuo-spatial cognition 

and visuo-motor integration, such as the Block Design or Pattern construction tasks 

(Bellugi et al., 1990; Farran, Jarrold, & Gathercole, 2001). Individuals with WS are also 

severely impaired with respect to their drawing skills, which also require visuo-spatial 

and visuo-motor integration. It has been suggested that people with WS have problems 

attending to the configuration of a display, or the way in which individual parts combine 

to form the overall configuration. People with WS are thought to attend to the local parts 

and not to the overall configuration (Bihrle, Bellugi, Delis, & Marks, 1989). When 

children and adults with WS copy figures, for instance, they tend to draw the parts of a 

figure separately rather than as an integrated whole, which suggests a bias towards 

processing the local features of visual stimuli. Interestingly, children and adults with 

Down syndrome show the opposite bias. They have been found to attend to the overall 

configuration of visual stimuli rather than the parts that make up the whole (Bihrle et al., 

1989).

While individuals with WS have severe problems in the domain of visuo-spatial 

cognition, they have been found to be surprisingly good at recognizing faces and score 

near or within the normal range on standardized tests of face processing (Bellugi, Bihrle, 

Neville, Jemigan, & Doherty, 1992). But is face processing really ‘normal’ or ‘intact’ in 

WS? A normal mechanism of face processing in WS would imply that the same 

underlying cognitive mechanisms give rise to the behavioural scores in both WS and 

typically developing individuals. Is it possible that the local or componential bias 

operates in face processing as it appears to in visuo-spatial processing and drawing? By 

sorting faces into those that can be best recognized using a local focus and those that 

require configurai analyses (Karmiloff-Smith, 1997) addressed whether individuals with 

WS show differences in performance between stimuli requiring featural versus those 

requiring configurai processing. The results showed that individuals with WS were 

proficient at processing faces when they could rely on the features of a face (mouth, eyes, 

ears etc.). However, when a configurai analysis was necessary in order to process the 

faces, the performance of individuals with WS dropped to chance level. These findings
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clearly illustrate that judging whether a cognitive process is normal by means of 

behavioural scores is based on the dubious assumption that scores within the normal 

range are necessarily the result of normal cognitive processes.

A recent study by (Grice et al., 2001) has revealed that not only are the cognitive 

mechanisms with which individuals with WS process faces different from the typical 

case, but that the brain processes that operate during face processing are also 

fundamentally different in WS. These authors measured event-related brain potentials 

(ERPs) and found that the brains of individuals with WS respond very differently to faces 

compared with those of typically developing individuals (see (Mills et al., 2000).

The striking peaks and valleys in the cognitive profile of individuals with WS have led 

researchers to repeatedly argue that WS presents a case for “intact” and “impaired” 

modules across various cognitive domains (Bellugi et al., 1992; Pinker, 1994). These 

authors have argued that WS represents a case for the ‘modularity of mind’ argument, 

with different cognitive functions being functionally and anatomically segregated from 

one another. It has been contended that in WS the language and face “modules” are intact 

and the spatial cognition “module” impaired. However, the data from face processing in 

WS, discussed above, illustrate that “normal” behavioural scores are not invariably 

supported by "normal” computational processes. Similarly evidence suggests that the 

language of individuals with WS is by no means intact and exhibits subtle impairments in 

syntax and morphology (Karmiloff-Smith et al., 1997). Moreover, evidence is 

accumulating to suggest that the language of individuals with WS develops under 

atypical constraints. Indeed, although language is a relative strength in WS, it does not 

develop normally and the constraints that operate on language development from infancy 

onwards are substantially different in WS from those operating on language development 

in typically developing children (Nazzi & Karmiloff-Smith, 2002; Paterson, Brown, 

Gsodl, Johnson, & Karmiloff-Smith, 1999; Thomas et al., 2001).

Before jumping to claims of ‘intact’ versus ‘impaired’ domains of functioning in children 

with developmental disorders such as WS, it is important to probe the cognitive and brain
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processes that underlie behavioural performance and to establish whether the 

developmental trajectory is indeed normal or atypical in WS (Karmiloff-Smith, 1998). 

Let us now turn to the developmental trajectory of number in WS.

Numerical Cognition

In contrast to the burgeoning literature on language, visuo-spatial cognition, face 

processing and social cognition in WS, the area of numerical cognition has been 

relatively neglected in this syndrome. This is surprising given the frequent anecdotal 

reports suggesting that numerical skills are particularly impaired among children and 

adults with WS. Moreover, given the interest in the contrast between language-dependent 

and language-independent number representations in typically developing individuals, it 

may come as a surprise to discover that numerical cognition has not been systematically 

explored in a syndrome where non-verbal visuo-spatial processing competences are 

particularly impaired, while language processing abilities are relatively proficient. 

However, there have been a few investigations of numerical cognition in WS, which are 

reviewed below in order to lay the foundations for the empirical work presented in this 

thesis.

Number conservation in WS

Three adults with WS tested by (Bellugi et al., 1988) were shown to be unable to 

conserve number in a typical Piagetian task (Piaget & Inhelder, 1969). Furthermore they 

were unable to seriate. This finding suggests that individuals with WS have significant 

problems in grasping fundamental numerical concepts. However, given the small number 

of individuals tested, the reliability of these findings remains open, as well as whether 

this is true for the entire population of individuals with WS.

Arithmetic abilities of individuals with WS

In a longitudinal study, a larger population of adults with WS were tested on two separate 

occasions on the arithmetic subtest of the Wechsler intelligence scales for children -  

revised (WISC-R) and the Wechsler intelligence scales for children version three (WISC
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III) (Udwin, Davies, & Howlin, 1996). On average, test ages on the arithmetic subscale 

dropped from 99.6 months (Time 1) to 97.2 months (Time 2). The authors suggest that 

this difference in test ages across time may simply be due to the changes in the tests 

themselves. In other words, the test used at time 2 is constructed in such a way that 

higher scores are required to achieve the same test ages as on the test (WISC-R) at time 1. 

The limited evidence suggests that the arithmetic abilities of individuals with WS do not 

exceed those expected for typically developing 8 year olds. Despite these findings, a 

more detailed investigation is necessary in order to understand where deficits in the 

domain of number stem from in individuals with WS.

Infant Number abilities in WS

In a recent study (Paterson et al., 1999), typically developing infants and infants with 

WS and Down’s Syndrome (DS) were tested. These groups were matched on both mental 

and chronological age. Infants in all groups were tested for their ability to discriminate 

between 2 and 3 objects using a preferential looking technique. By contrast to infants 

with DS, the WS infants looked significantly longer at the novel of two numerosities and 

their performance was comparable to their mental-age and chronological-age matched 

controls. The DS infants did not discriminate between the arrays containing different 

numbers of objects. This evidence suggests that WS infants possess some 

protonumerical ability, while DS infants do not.

Interestingly, these findings imply that infants with WS do not initially present with a 

deficit in numerosity discrimination and that, at the very least, they seem to possess some 

number-relevant processing capacities. So how can these findings be reconciled with the 

observation that adults with WS fail at even the most basic numerical tasks? The 

‘nativist modularity’ hypothesis, discussed above would predict that the infant starting 

state can be predicted from the adult endstate, since infants are claimed to be bom with 

preformed cognitive modules. Therefore patterns of strengths and weaknesses in infancy 

should be equivalent to those observed in adulthood. The data reported by Paterson et al. 

are clearly at odds with this hypothesis. What these data suggest is that numerical 

competence in adults and infants with WS is not equivalent. Therefore it is cmcial to
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adopt a developmental perspective when studying numerical cognition in WS in order to 

understand how a cognitive system that starts out with relatively normal infant precursors 

to one aspect of number, ultimately become severely impaired in adulthood.

1.3 Theoretical perspective

Against the background of the wealth of knowledge that has been generated and is 

continuing to be accumulated about typical number representation, numerical processing 

and its development, it is important to have a clear theoretical perspective with which to 

approach atypical number development, particularly WS.

Numerical cognition in WS could potentially be addressed via a number of different 

theoretical and empirical frameworks. One way of examining the basis of number 

impairments in WS is to adopt a cognitive neuropsychology perspective. Such an 

approach would entail a systematic survey of different numerical abilities in children and 

adults with WS in search of a characterization of numerical cognition in terms of 

functional dissociations between different numerical competencies. The finding of such 

dissociations enables researchers to argue that some numerical abilities are intact and 

others impaired. In an adult neuropsychological framework, these dissociations would be 

compared and contrasted with similar dissociations between numerical functions in 

previously normal adult patients with acquired brain damage. The adult 

neuropsychological framework is indeed frequently applied to the study of developmental 

disorders (Temple, 1997).

The promise of using a well-established framework for the structure of the mature adult 

mind to understand function and dysfunction in individuals with developmental disorders 

is certainly appealing at first sight. But is it theoretically valid and empirically well 

founded? As discussed above, an adult neuropsychological perspective on 

developmental disorders ignores the developmental trajectory underlying these disorders 

(Karmiloff-Smith, 1998). Furthermore, even when a syndrome such as WS presents with 

relative strengths and weaknesses across cognitive domains, it cannot be taken for 

granted that these represent impaired versus totally preserved abilities. All domains may
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be affected by the disorder, some more subtly than others (Karmiloff-Smith, 1998). 

Attractively, an adult neuropsychological perspective enables researchers to map the 

architecture of cognitive modules and their purported independence by establishing single 

and double dissociations within and between domains. When applied to developmental 

disorders, this approach assumes that the modular architecture of the cognitive system 

remains relatively stable across developmental time, using the adult performance within 

or across cognitive domains to predict the performance of young children and infants. 

From (Paterson et al., 1999) findings, however, it is clear that infant cognitive profiles in 

Williams and Down’s syndrome cannot be predicted from the adult endstate of cognitive 

functioning, as would be derived from an adult neuropsychological framework.

One of the crucial differences between brain damaged patients and individuals with a 

developmental disorder is the degree to which the development of cognitive systems is 

constrained. In adults with acquired damage, the damaged systems had previously 

developed normally. Hence it is possible that damage to one fully developed mature 

system could lead to selective impairments. However, in individuals with developmental 

disorders, such as WS, the genetic abnormalities constrain the development trajectory of 

cognitive abilities from the outset. Often such crucial differences are overlooked 

because the analysis of dissociations between functions within or across domains is based 

solely on behavioural testing. When similar levels of behavioural functioning are found, 

it is frequently inferred, or even a priori assumed, that equivalent cognitive processes 

drive the behaviour across different groups. However, such potential differences can only 

be captured by more in-depth analyses of the processes underlying the behavioural 

performance, which may differ between populations. In other words, equivalent levels of 

behavioural performance do not necessarily equate with the same cognitive processes 

(Karmiloff-Smith, 1998).

The theoretical and methodological considerations discussed above have substantial 

implications for the way in which numerical cognition should be studied in WS. First, the 

adult neuropsychological perspective seems inadequate, theoretically misconceived and 

empirically dubious. Instead, a cognitive-developmental or so-called
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“neuroconstructivist” approach should be sought to understand how number 

representations are constructed over developmental time in WS, and how these processes 

may go awry. An experimental approach should be adopted that not only focuses on 

absolute levels of behavioural performance and how these may differ in WS in 

comparison to the typical case, but also aims to uncover how individuals with WS 

process number and whether their underlying number processing competencies differ 

from the typical case. Another way of thinking about such issues is to consider one 

approach as focusing on the products of cognitive processes such as calculation and the 

other on the processes themselves. Two groups may exhibit similar products (i.e., level 

of behavioural performance), but the underlying processes may differ substantially 

between groups, as is the case for face processing in WS.

Taking a developmental perspective on the processes that constrain performance in 

numerical tasks necessitates a focus on the low-level processing competencies and on the 

representational and developmental foundations of numerical competence (Ansari & 

Karmiloff-Smith, 2002). A focus on levels of performance in different high-level, 

culturally-mediated numerical skills such as addition, subtraction and multiplication 

limits the analysis of a deficit in numerical cognition to the products of impairments, but 

does not provide a research framework for analyzing the representational basis of such 

deficits. There is a need to understand whether the basic building blocks of high-level 

number are impaired and how such impairments constrain and structure number 

representations over developmental time. With regard to WS, there is a particular need to 

understand whether and how the impairment of non-verbal, visuo-spatial processing 

competencies might constrain the processes involved in the development of non-verbal 

representations of magnitudes. Impairments to these developmental processes may lead 

to difficulties in the construction of exact number representations despite a relative 

proficiency in language among children and adults with WS.

Approaches that focus on the low-level components of cognitive processing have been 

successfully applied to gain greater insight into the basis of reading impairments or 

dyslexia, which associate high-level impairments in reading with low-level phonological
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sound processing impairments (Goswami et al., 2002) or visual and sensori-motor 

impairments (Stein, 2001). These studies have revealed that low-level auditory 

processing and sensori-motor deficits are each predictors of reading impairments. The 

study of low-level processing and representational mechanisms allows for the 

identification of risk factors in very yoimg children and even among infants (Lyytinen et 

al., 2001).

Investigations into the nature of impairments of numerical cognition lag seriously behind 

the successful study of dyslexia. The research that has been conducted on deficits in 

numeracy in typically developing children and in children with genetic developmental 

disorders has focused on impairments in higher-level numerical skills and strategy 

development (Geary, 1993). As mentioned earlier, the theoretical accounts that have been 

put forward to account for number difficulties have usually been explained by recourse to 

domain-general processing deficits, such as working memory deficits, attention 

difficulties, poor use of strategies and speed of processing impairments (Geary, Hoard, & 

Hamson, 1999). While these domain-general impairments may indeed impact on 

numerical processing, they do not preclude the possibility that impairments of numerical 

cognition may in part be due to deviant, low-level, number representations.

Might the area of numeracy deficits benefit from a theoretical and methodological 

framework that focuses on the basic processes and competencies of numerical cognition? 

Moreover, could such a framework help to elucidate the nature of number difficulties in 

children and adults with WS? In order to adopt the theoretical perspective outlined 

above, it is crucial to have a methodological roadmap. There a number of methodological 

issues which need to be carefully considered and discussed in relation to patient-control 

group comparisons. These methodological issues will be reviewed and discussed in the 

next section.

1.4 Methodological issues

Several methodological issues and how they have been dealt with in this thesis need to be 

discussed prior to the presentation of the empirical data.

69



Chapter 1 General Introduction

1.4.1 Control groups -  Genera! Issues

Research with clinical groups involves measurements and observations, which are 

“relative” in status. In other words, the performance of individuals in a clinical group is 

always reported in comparison with a control group. Control and comparison groups 

sometimes consist of individuals that present with another clinical profile. For example, 

the cognitive abilities of individuals with WS has often been compared to the abilities of 

people with Down syndrome (Bellugi et al., 1992; Paterson et al., 1999). Most 

commonly, however, the performance of individuals in a clinical group is contrasted with 

the abilities of typically developing individuals. This is the approach adopted in this 

thesis.

The problem which investigators face is that experimental and control groups need to be 

equated or matched at some level of description. The most straightforward way of 

obtaining a level of control over the differences between experimental and control groups 

is to ensure that individuals are matched for chronological age and gender. However, 

experimenters who ask questions about the cognitive abilities of individuals with 

developmental disorders often need to control for cognitive differences between groups at 

one level but not at another. For example, an experimenter may be interested in how the 

performance of individuals in a clinical group on task X differs from typically developing 

individuals, independently of differences in language levels between the clinical and 

control groups. In order to achieve this level of control over comparisons, the investigator 

ensures that the experimental and control groups perform at a similar level on a 

standardized test of language ability. The method of “matching” or equating groups in 

terms of a particular cognitive ability enables experimenters to assess differences and 

similarities between experimental and control groups in relation to the cognitive ability 

that formed the basis for matching. For example, if there is a difference between two 

groups that were matched, say, on language ability, investigators can discuss differences 

over and above language ability. Conversely, if two groups matched on language ability 

do not differ significantly from another on a given task, the experimenters refer to the 

clinical group’s performance as being at the level expected given their language ability.
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Matching can be achieved individually by ensuring that for each member of the clinical 

group there is one from the control group with the same score on a particular 

standardized test. However, some researchers opt for group controls where it is ensured 

that the overall or average levels of performance on the matching tests that are used to 

achieve matching do not differ significantly between the groups. These approaches are 

often referred to as “individual” versus “group” or “mean-based” matching. There are 

several advantages of individual over mean-based matching. Given wide individual 

differences in patient groups, individual over mean-based matching. Individual matching 

ensures that for every individual in the experimental group there is a participant in the 

control group who performs at the same level on the test that is used for matching. Mean- 

based matching is problematic, since it is possible that despite no significant difference at 

the group level in terms of average performance, the individual levels of performance 

differ substantially between groups and thus the overall performance is similar while 

individual levels of performance are poorly equated.

1.4.2 Control groups in Williams syndrome research

In the context of the current thesis, it is important to highlight a number of problems that 

are encountered by investigators when attempting to choose a control group for 

individuals with WS. As is evident from the literature reviewed in 1.3 above, WS 

presents with an uneven cognitive profile with relative strengths in domains such as 

language and face processing alongside severe weaknesses in general problem solving 

and particularly visuo-spatial cognition. Given this uneven cognitive profile, the choice 

of cognitive competence for matching can have significant effects on the level of 

differences or similarities between individuals with WS and controls and therefore on the 

interpretations made as well as the conclusions drawn. For example, matching WS and 

control groups on language ability may lead investigators to underestimate the non- 

linguistic performance of individuals with WS, since their controls will have superior 

levels in terms of overall cognitive functioning. Conversely, matching WS and control 

groups on measures of non-verbal or visuo-spatial ability may lead to a relative 

overestimation of the abilities of individuals with WS on a given task. When matching on
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visuo-spatial competence, individuals in the control group will of necessity be 

significantly younger and will therefore have verbal abilities that fall significantly below 

those of the individuals with WS. One way to overcome these difficulties is to have 

several different control groups, each being matched on a different criterion.

There are, however, a number of questions that comparisons between experimental and 

control groups based on matching cannot address. Often absolute levels of behavioural 

performance cannot reveal differences in underlying cognitive processing and 

representation, as is evident from the discussion of face processing in WS in 1.3 above. In 

order to understand whether differences in cognitive processing exist between groups, it 

is necessary to investigate the factors, which explain performance, and whether these 

differ between groups. For example, investigators may be interested in the extent to 

which variance in task performance is accounted for by several background measures, 

such as performance on tests of visuo-spatial cognition and language, and the extent to 

which these predict task performance differentially between groups. An analysis of this 

kind requires that groups exhibit similar variances in language as well as visuo-spatial 

scores. If, however, groups are matched on one measure alone, they will ultimately 

exhibit a different variance on the other measure of interest. For example, as discussed 

above, if individuals with WS and their controls are matched on visuo-spatial cognition, 

those with WS will have higher language scores than individuals in the control group as 

well as a wider range of scores. In order to achieve comparable variances, tight matching 

criteria need to be abandoned and similar ranges between groups need to be sought, as 

well as similar variances on the predictors of interest between groups. This approach is 

used and discussed in Chapter 4.

One of the crucial limitations of matched control groups is that they always involve 

comparison of the experimental group with a group of individuals that is at a different 

overall developmental level. Taking again the example of when typically developing 

children are matched to a group of individuals with WS on visuo-spatial competence they 

will invariably be significantly younger than the WS group. This can lead to difficulties 

in interpreting the presence or absence of group differences. If, for examples the
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individuals with WS have been found to be at the level of controls matched on visuo- 

spatial ability, it may be argued that they are simply delayed on a given task. But does 

this imply that the representations underlying equivalent task performance are the same in 

both groups? Moreover, did individuals in both groups develop the same level of skills, in 

the same way? What is the precise meaning of delay? Does this mean that individuals 

developed normal representations until a certain point in developmental time and then 

plateau, or did they develop along an atypical developmental trajectory from the outset? 

In order to answer these questions about development and how the construction of 

representations over time may differ between groups, it is necessary to move beyond 

matched control groups and to chart developmental changes in task performance in both 

the control and the experimental groups.

1.4.3 Developmental trajectories

To gain a fuller understanding of whether and how the growth of cognitive competencies 

in clinical populations differs from typical development, an approach needs to be sought 

that goes beyond matched control groups and aims to elucidate developmental 

trajectories of task performance in both the control and experimental groups. The most 

informative way of gaining insight into how developmental modifications in atypically 

developing children might differ from typically developing children is to conduct 

longitudinal studies. However, these studies are highly time-consuming and demand the 

continued co-operation of volunteers and their parents/carers. An alternative to the 

longitudinal method and one that is used in this thesis is to build developmental 

trajectories by means of a cross-seetional design used to test a number of different age 

groups of typically developing children and adults on a given task. Their performance is 

contrasted with data collected from various age groups of atypical individuals.

This approach involves a delineation of the relationship between age and task 

performance in both the experimental and control group, allowing for a comparison of 

this relationship between groups. In this respect, it is important to note that there is no 

significant relationship between chronological age and IQ in WS (Udwin et al., 1996). 

Hence it is important to have more detailed background measures of language ability and
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visuo-spatial competence for both the experimental and control groups in order to 

compare the relationship between mental age and task inter-group performance.

Building developmental trajectories for experimental/control group comparisons has been 

successfully used in a recent study of past tense formation in individuals with WS 

(Thomas et al., 2001). Instead of testing an individually-matched control group, four 

groups of typically developing controls were tested (6, 8 and 10 year olds and adults) and 

their performance on 2 past-tense elicitation tasks was compared to that of individuals 

with WS. This approach allowed the authors to establish which level if any of typical 

development best fitted the performance of the WS group. Moreover, this 

“developmental trajectory” methodology enabled an investigation of the relationship 

between chronological age, verbal mental age and task performance both within and 

between groups.

In Chapters 4, 5 & 6 of this thesis, the “developmental trajectory” methodology is 

employed, in addition standard control vs. clinical group comparisons in order to answer 

the following questions.

• Which typical developmental level fits the performance of the WS group?

• When the performance of individuals with WS is at the level of their mental age 

matched controls, does this imply that they developed these abilities along a similar 

developmental trajectory?

• How do visuo-spatial competence and language ability relate to numerical task 

performance in WS and control groups, and does the weighting of these relationships 

differ between groups and across different moments in developmental time?

1.4.4 Genera! comments in research with atypicaipopuiations

Research with atypically developing children and adults is very different from working 

with typically developing individuals. In particular, a number of constraints operate on 

research programs and need to be taken into account when evaluating the data.
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Testing children and adults with Williams syndrome

WS is a rare genetic developmental disorder. This means that potential volunteers are few 

and far between. Consequently research projects can be highly time consuming and 

costly. Participants either travel to the research laboratory or the experimenter visits them 

in their home or school. Furthermore, because children and adults with WS find it 

difficult to concentrate on tasks for long stretches of time, it often becomes necessary, in 

the interests of collecting meaningful data, to have several testing sessions, which again 

prolongs the duration of a research project. This also means that it is very difficult to 

have very large sample sizes and tight age groups. In addition, the testing environment 

can vary substantially between participants. This is especially true when the 

experimenters visit individuals in their homes and thus all children are tested under 

somewhat different conditions. When this turned out to be the case for this thesis, all 

efforts were made to keep the time of the day constant across participants and to 

administer tasks with the child and experimenter sitting around a table.

Using appropriate measures

When testing children with developmental delay and cognitive difficulties, such as WS, 

experimenters have to reflect carefully on the measures they administer. Given the 

cognitive and attention difficulties of children with WS (Udwin et al., 1987), it is 

important to make tasks entertaining, attention grabbing and short. This can often mean 

that the degree of experimental rigor has to be somewhat compromised in the interests of 

collecting meaningful data. Thus, although it would often be desirable to have additional 

trials and control conditions, the inclusion of these could risk loosing participants’ 

attention and willingness to participate. Furthermore, the level of task difficulty needs to 

be carefully considered. The instructions for participants must be relatively simple and 

the task demands low. When working with children and adults with WS, it is important 

not to confound measures of a specific task with working memory and attention demands 

that are not directly related to the cognitive process of interest. For example, many 

computerized tasks demand of participants to associate buttons on a keyboard with a 

specific response (such as same/different or left/right). In Chapter 5, data from a study are
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presented that required subjects to judge which of two numbers is the numerically larger 

one. To perform this task, participants are typically instructed to press a button under the 

side of the screen where the larger number appeared. This task may be easy for typically 

developing individuals. However, it requires an understanding of the association between 

the keyboard button and the side of the screen on which the larger number occurs. This 

task demand may result in a lot of checking between the keyboard and the screen and 

may therefore cause differences in accuracy and reaction time data over and above those 

predicted from the experimental manipulations. In order to avoid such problems, we 

introduced relevant changes by using a touchscreen where the participant simply has to 

touch the larger of the two numbers. This made the task significantly easier and the 

dependent measures less susceptible to confounds from added task demands. 

Considerations such as these are essential when working with children and adults with 

cognitive deficits.

1.4.5 Notes on sta tistical analyses

Throughout this thesis parametric statistical methods are used to analyze differences 

between groups and conditions and their interactions. The use of parametric statistical 

analysis is desirable given the hypotheses that are being explored, since they allow for the 

evaluation of interactions of group and development and group and task, which is often 

necessary to address differences between groups and divergences in developmental 

trajectories. However, given the small sample sizes in most of the experimental Chapters 

of this thesis (in particular Chapter 4), care should be taken when interpreting results and 

their implications for both typical and WS populations at a whole. The combination of 

high individual variability and small sample sizes can be problematic for parametric 

statistical analyses and the reader is urged to be aware of these limitations throughout this 

thesis (for a detailed discussion of these statistical issues see Howell, 1996).
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1.5 Aims and Structure

This thesis has two principal aims;

1. to examine systematically the development of numerical cognition in individuals 

with Williams syndrome (WS) in an effort to uncover the extent of the 

impairment of numerical cognition in WS and the mechanisms that account for 

these difficulties in WS.

2. to develop a novel theoretical approach and research strategy for the study of 

disorders of number development, with WS as a case study disorder.

The first principal aim will be addressed through the consideration of the following 

questions:

la. What is the level of numerical abilities in WS?

2a. What is the relationship between language, visuo-spatial and numerical cognition 

in WS?

3a. Do children and adults with WS present with a developmental impairment of 

basic non-verbal representations of numerical magnitude?

4a. Does numerical cognition in WS develop along a typical or atypical

developmental trajectory? Do we consider their representations as merely delayed 

or do they exhibit atypical features?

5a. What can the study of number development in WS reveal about the typical 

development of numerical competence?

The thesis will address the second principal aim through the exploration of the following 

questions:
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lb Can the study of developmental trajectories of low-level representations of 

number elucidate developmental impairments of numerical cognition?

2b. Is a developmental perspective crucial?

3b. What are the implications of such an approach for the study of typically 

developing children with specific impairments of numerical cognition and 

children with genetic developmental disorders, other than WS, where difficulties 

with numerical cognition have been reported?

In an effort to investigate these questions, the following structure is adopted in this thesis: 

Questions la  is addressed in Chapters 2 and 3. In Chapter 2 performance of groups of 

both children and adults with WS on various standardized tests of number development 

and general cognitive development is presented and discussed. Chapter 3 reports on a 

newly developed parental questionnaire, which asks parents about different aspects of 

their child’s numerical ability. Hence Chapters 2 & 3 will help to clarify the extent to 

which the domain of number is impaired in WS and how it is related to the overall 

cognitive phenotype.

Question 2a will be addressed in Chapter 4. Here results from a study of the counting 

abilities of children will be reported. This chapter will discuss the extent to which 

children with WS are able to use counting to determine exact quantities, how their 

performance is related to their level of verbal and visuo-spatial competence, and how this 

relationship differs from typically developing children.

Chapters 5 and 6 will focus on Questions 3a by means of two experiments with both 

children and adults with WS which tap non-verbal magnitude representation: number 

comparison and numerical estimation. WS performance will be compared to groups of 

typically developing children and adults. The objective of these comparisons is to 

establish the extent to which basic systems of magnitude representation develop in WS
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and the degree to which these developmental trajectories diverge from or converge with 

the developmental trajectories of typically developing children and adults.

Questions 4a and 5a and Questions lb-3b will be discussed throughout the thesis.
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Chapter 2 Evidence from standardized measures

2 Numerical competence in Wiiiiams syndrome — 

evidence from standardized measures

2.1 Introduction

It is evident from the literature reviewed in the Chapter 1 that there have been only a 

handful of investigations into the numerical abilities of children with WS (Bellugi et al., 

1988; Paterson et a l, 1999; Udwin et a l, 1996). One of the aims of this thesis is to 

remedy this state of affairs. In view of the sparse evidence of numerical competence in 

WS it is important to describe and quantify in some more detail whether a deficit exists. 

Standardized measures of numerical abilities are useful in this context, as they provide a 

general description of the level of ability in a particular domain. Against this 

background, results from standardised measures of numerical ability are analysed and 

discussed in this first empirical chapter of the thesis.

Standardized measures of cognitive functioning have been used to explore the cognitive 

profile of both children and adults with WS (Bellugi et al., 1990; Mervis et al., 2000) and 

how it changes over developmental time (Jarrold, Baddeley, & Hewes, 1998; Jarrold, 

Baddeley, Hewes, & Phillips, 2001). In this work the analysis and description has 

focussed primarily on the contrast between a relative strength in language and a strong 

impairment of visuo-spatial, in particular visuo-spatial constructive, cognitive 

functioning. Mervis et al. (2000) used the results of a large group of children and adults 

with WS who had been tested on the Differential Abilities Scales (Elliot, Smith, & 

McCulloch, 1996) to attempt an operationalization of the cognitive profile that is 

characteristic of WS (Note: the British Abilities Scales is the UK equivalent of the 

Differential Abilities Scales (DAS). Mervis et al. found that the cognitive profile of most 

(74/84) of the individuals with WS in their sample was best characterized by a 

combination of very low scores on a test of visuo-spatial constructive abilities (the 

pattern construction subtest o f the DAS) in combination with relatively high scores on a
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test o f  auditory short-term  m em ory (D igit Recall subtest). Individuals w ere also foi;- 

score consistently  higher on o ther m easures o f  verbal ability than on the r  

construction subtest o f  the BAS. The authors claim  that this profile is unique to Wi 

syndrom e since they only found 4/54 children in a m ixed aetiology contrast grou.i 

met the criteria o f  the so-called W illiam s Syndrom e Cognitive Profile (W SCP). v 

this w ork certainly represents an im portant step tow ards a system atic charactcrizaiiu 

the cognitive profile that individuals w ith W S typically  exhibit, the specificity  u: 

criterion for WS has recently  been challenged, since it has been shown that the critc 

o f  the W SCP also characterizes the cognitive profile o f  individuals with V clocardior 

or D iG eorge Syndrom e (B earden, W ang, & Sim on, 2002). M ost im portantly. i;i 

context o f  this thesis, there has thus far been no system atic investigation o f  the Ic.'. 

num erical abilities in W S and its relationship to the defining features o f  the cog a. 

profile with which individuals w ith W S present: a relative language proficiency con 

w ith a w eakness in visuo-spatial cognition.

W hile it is certainly inform ative and im portant to operationalise the profile o f  cogr i 

strengths and w eaknesses that is characteristic o f  individuals w ith W S, it is import; 

gather inform ation about how  the cognitive abilities o f  individuals with W S change • 

developm ental time. The relevance o f  using a developmental perspective to studv 

cognitive abilities o f  individuals w ith W S, even w hen the concern is onl\ ’ 

standardized m easures o f  cognitive abilities, w as highlighted by (Jarrold et al., 1 •' 

Jarrold et al., 2001). In tw o studies (cross-sectional and longitudinal), these ai: 

reported that the m ental age equivalent scores on a test o f  vocabulary (the British Piet 

V oeabulary Scales) (D unn, D unn, W hetton, & Pinitilie, 1997) increase m ore rapid!} n 

individuals’ age equivalent scores on the pattern construction subtest o f  visuo-sra 

constructive ability o f  the British A bilities Scales (E lliot et al., 1996). In other w or.f 

w as found that the developm ental trajectories for verbal and visuo-spatial ab fit 

diverge over developm ental tim e w ith a significantly  steeper developm ental slope 

verbal m ental ages. This finding illustrates the im portance o f  charting the developmci 

trajectory o f  cognitive abilities, even w hen the dependent m easures are mci 

standardized cognitive tests, because the cognitive profile o f  individuals will-
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changes over developmental time. Therefore only by charting developmental trajectories 

will it be possible to gain a rich insight into the cognitive profile of individuals with WS.

The main aim of this chapter is to report and discuss the results from standardized 

measures of numerical cognition in a group of children with WS. This group was tested at 

two points in time. This longitudinal design allows for the analysis of developmental 

changes rather than merely looking at the numerical abilities of children with WS at a 

snapshot in development time. At both time points, the children with WS were not only 

tested on standardized measures of numerical cognition but also on measures of verbal 

and visuo-spatial ability. The availability of such data allows for a contrast between 

numerical, verbal and visuo-spatial ability. In addition to the general aim of exploring 

the level of numerical abilities of children with WS, a number of other questions were 

explored, which are outlined below.

2.2 Questions

1. What is the level of performance of children with WS on standardized tests of 

numerical cognition?

2. How much does the level of numerical cognition improve over developmental time?

3. Are developmental changes in numerical ability similar to or different from those 

observed for verbal and visuo-spatial competence?

4. How do children with WS perform on the Wechsler Objective Numerical Dimensions 

(WOND)?

Experiment 1 

2.3 Method

2.3.1 Participants

A total of 15 children with WS were tested on the standardized measures detailed below. 

All of these children had been diagnosed clinically as well as by means of the
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fluoreseenee in situ hybridization (FISH ) genetic test for deletion o f  the elastin ' 

These children were tested at two time points, w hich w ere betw een 24 and 32 mu 

apart from  each other. The group o f  children consisted o f  6 fem ale and 9 i 

participants. The m ean chronological age at testing time 1 was: 6 years; 8 m onths (;■

5 years; 5 m onths -  11 years; 6 m onths). The m ean chronological age at testing :u 

w as 9 years (range: 7 years; 10 m onths -  13 years, 11 m onths). All participants 

tested in their hom es.

2.3.2 Standardized tests used

At both tim e 1 and tim e 2, all participants were tested on the British Picture V oea:\, 

Seales, BPVS (Dunn et al., 1997) and the British A bility Seales 11 (Elliot et al., 1 

The Early Y ears Core Scales o f  the British A bility Seales (BA S) were used at to 

tim e 1 and the School Age Core Seales o f  the BAS w ere used at testing tim e 2. i 

choice w as taken because som e o f  the children at tim e 1 had chronological ages beluv 

at the very low end o f  the usual age range for the School Age Core Scales and at time 

num ber o f  children w ere too old for the Early Y ears Core Scales to be em ployed. Tl.c 

o f  the two different BAS Core Seales at the two testing tim es has the conséquence ; 

w ith the exception o f  the pattern construction subtests, the subtests differed bc’w 

testing tim es 1 and 2.

At testing tim e 1, the ‘Early N um ber C oncep ts’ subtest o f  the BAS Early Years C 

Scales w as used w hich broadly tests ch ild ren ’s basic num erical concepts such as 

num ber, relative num erical size, etc. The ‘Early N um ber C oncep ts’ subtest uses squ. 

and pictures to test ch ild ren ’s num ber abilities. A t testing time 2, the ‘Quantita: 

R easoning’ subtest o f  the BAS School Age Core Seales w as used. This sub t. , 

ch ild ren’s num erical ability  differs quite substantially  from  the ‘Early N um ber Cone. ; 

subtest. The ‘Q uantitative R eason ing’ subtest is rather different from  the ‘Early Niun' 

C oncep ts’ test. It is designed to test ch ild ren’s ability to find the relationship betwL 

different arrays o f ‘dom inoes’. Each item  is a series o f  three ‘dom inoes’ with the ng 

hand h a lf  o f  the bottom  one m issing. The child has to indicate w hat kind o f  array sla 

be inserted into the em pty h a lf  o f  the bottom  ‘dom ino’. The technical m anual o f  the ! ;
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states that: “Quantitative Reasoning provides a measure of non-verbal fluid reasoning” 

(Elliot, Smith, & McCulloch, 1997, p.65). Thus this tests is not designed to test number 

skills specifically, but rather number as an aspect of children’s ability to reason non

verbally. Against the background of this substantial difference between the test of 

numerical cognition at time 1 and time 2, the longitudinal data should be approached with 

some caution.

In addition to the BPVS and BAS, children at testing time 2 were also tested on the 

Wechsler Objective Numerical Dimensions (WOND) (Rust, 1996). The WOND was 

designed to tests fundamental numeracy skills. It is separated into two subtests: 

‘Mathematics Reasoning’ and ‘Numerical Operations’. The ‘Mathematics Reasoning’ 

subtest is a broad test of children’s ability to reason mathematically and involves children 

solving visual problems, which depict numerical problems (counting, addition, 

interpreting graphs etc.). The ‘Numerical Operations’ subtest of the WOND, on the other 

hand, tests children’s ability to write numerals and solve a variety of basic numerical 

operations (addition, subtraction, multiplication and division). In this subtest children are 

asked to solve the problems by themselves and write down the answers on the WOND 

Numerical Operations subtest answer sheet.

2.4 Results

2.4.1 Comparison o f verbal̂  visuo-spatial and numerical m ental ages a t 

both testing tim es

To establish how children’s performance on the standardized subtests of numerical 

cognition is related to their verbal and visuo-spatial mental age, mean mental age 

equivalent scores for the numerical tests (‘Early Number Skills’ at testing time 1 and 

‘Quantitative Reasoning’ at testing time 2) were plotted against mean verbal mental age 

(VMA) equivalents (obtained from subjects’ scores on the British Picture Vocabulary 

Scale) and the mean age equivalents obtained from the ‘Pattern Construction’ BAS 

subtest of visuo-spatial competence. These data for sessions 1 and 2 are plotted in Figure

2.1 below.
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Figure 2 .1 Mean Chronological, Verbal, Visuo-spatial and number mental ages fo r  both 

testing sessions

B Chronological Age 

■ Verbal Mental Age

□ Pattern Construction Mental Age

□ Number Mental Age ,

Testing S ession  1 Testing S ession  2

Tim e

Note: Error bars denote the standard error o f the mean.

Inspection o f  Figure 2.1 indicates that num ber m ental ages are low er than V erbal M ental 

ages at both testing sessions 1 and 2. In addition, Figure 2.1 suggests that num ber m ental 

ages are higher than the m ean pattern construction  m ental ages at both testing sessions 1 

and 2. M oreover, all o f  the m ental age equivalents appear to be equal to or below  

ch ild ren’s m ean chronological age. To establish w hether these differences were 

statistically significant, tw o (one for each session) 1-way repeated-m easures A N O V A  

were carried out, w ith test as the w ithin subjects-variable w ith three levels (V erbal, 

Pattern C onstruction and N um ber m ental age equivalent scores). These statistical 

analyses revealed an overall significant d ifference betw een age equivalent scores on the 

three standardised tests, for testing session 1; F(2,28) = 17.7, p<.001 and testing session 

2: F(2,28) = 38.4, p<.001. Post-hoc with in-subjects t-tests w ere run to establish the locus 

o f  this difference betw een tests for both testing sessions. These tests show ed a significant
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difference between children’s verbal and number mental age at time 1: t(14) = 3.6, 

p<.003, and time 2:. t(14) = 2.4, p<.030. Moreover, a significant difference between 

children’s pattern construction and number mental age was found at both time 1: t(14) = 

3.9, p<.002, and time 2: t(14) = 6.5, p<.001.

It should be noted that all the above analyses are slightly confounded by the fact that 

some of the participants, at both testing times, achieved scores that were equivalent to a 

floor age equivalent score. One participant had a floor age equivalent score on the pattern 

construction subtest at testing time 1. Furthermore 1 participant had a floor age 

equivalent score on the BPVS and 3 participants had a floor age equivalent score on the 

BAS Quantitative Reasoning test at time 2. Floor scores are highly problematic because 

they do not reflect the participants’ true ability. These scores simply indicate that 

participants score equal to or below a certain age equivalent. To illustrate this, one may 

consider an individual whose raw score on the BAS ‘Quantitative Reasoning’ was 

equivalent to the floor age equivalent score of 5 years. This floor age equivalent score 

means that the individual’s actual age-equivalent could be equal to or below 5 years thus 

the individuals’ exact mental age cannot be accurately determined.

2.4.2 Differential deveiopm entai differences in performance on 
standardized te sts  o f verbal, visuo-spatiai and numerical ability

Inspection of the difference between age equivalents at testing time 1 and 2 (plotted in 

Figure 2.1 above) suggests that the developmental changes are greatest for participants’ 

VMA. The improvements in Pattern construction mental age equivalents are substantially 

smaller and the changes in number age equivalent scores lie somewhere between these 

two. To investigate both similarities and differences in developmental changes in the 

performance of the children with WS on these three tests, a 2-way repeated measures 

ANOVA with testing session as one of the independent variables with two levels and 

2"  ̂ testing session) and test as the other independent variable with three levels (BPVS, 

number and pattern construction subtests) as within-subjects variables. The main effect 

of time was significant: F(l,14) = 95.7, p<.001. Furthermore the main effect of test was
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also significant: F(2, 28) = 36.0, p<.001, as was the time X test interaction: F(2,28) = 9.9,

p<. 001.

To understand whether the time X test interaction arose from a difference in 

developmental change between the BPVS and number subtest and/or between pattern 

construction and number subtests, two further 2-way repeated measures ANOVA’s were 

run. In the same way as above, time (testing time 1 vs. testing time 2) was entered as one 

of the within-subjects variables in both tests.

For the first analysis. Number and Pattern construction mental age equivalent scores were 

entered as the two levels of the test variable. This analysis yielded a significant main 

effect of time: F(l,14) = 52.6, p<.001 and test: F(l,14) == 68.4, p<.001. The interaction 

between time X test was also significant: F(l,14) =11.5, p<.004. These results indicate 

that the developmental difference between testing times 1 and 2 differed as a function of 

the test. Inspection of Figure 2.1 indicates that participants had higher age equivalent 

scores for the number subtest than for the pattern construction subtest, which explains the 

significant main effect of test. Furthermore, the results plotted in Figure 2.1 show that the 

mean mental age equivalent score increases more substantially for the number subtests 

than it does for the pattern construction subtest, which explains the significant interaction 

between time and test.

In a second analysis Number and Verbal mental age were contrasted and entered as the 

two levels of the test variable. Again, both main effects for time: F(l,14) = 10.8, p<.005 

and test: F(l,14) = 145.9, p<001 turned out to be significant. The time X test interaction, 

however, was non-significant: F(l,14) = .025, p<.878. The bar chart in Figure 2.1 shows 

that children had lower mean age equivalent scores for the number subtests compared 

with their verbal mental ages, which explains the main effect of test.

These findings suggest that the level of developmental change between testing time 1 and 

2 for number subtests is equivalent to the developmental change in BPVS age equivalents 

between the two testing times.
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As reported above, 3/12 participants had a floor age equivalent score on the number 

subtest (Quantitative Reasoning) at testing time 2. Their true age equivalent is on the 

Quantitative Reasoning subtest therefore cannot be established. Given the small number 

of participants, these results may have inflated the results for the number subtest at 

testing time 2. One way of quantifying this problem is to compare the degree to which 

participants’ age equivalent scores at both testing time 1 and 2 differed from the floor age 

equivalent score. To achieve this, the tests floor score was subtracted from individuals’ 

floor age equivalent score and these difference scores were compared between the two 

testing times. The greater this difference, the higher the age-equivalent score of the 

individual. At time 1 the mean difference between participants’ scores and the floor score 

(26 months) was 25 months. At testing time 2 the difference between children’s age 

equivalent scores on the Quantitative reasoning task and the floor score on this test (60 

months) was 16 V2 months. These findings suggest that, on average, the discrepancy 

between children’s age equivalent scores and the floor age equivalent score was greater at 

testing time 1 (Early Number Skills) than at testing time 2 (Quantitative Reasoning). To 

test this difference statistically a paired-samples t-test was run, yielding a significant 

difference: t(14) = 3.1, p<.007. This finding suggests that numerical competence actually 

decreases rather than increases, providing further support for the notion that the 

differences in floor age equivalent scores between the Early Number Skills and 

Quantitative Reasoning BAS subtests leads to increases in age-equivalent scores between 

testing times 1 and 2.

In order to test whether verbal and visuo-spatial mental ages diverged in the same way as 

reported by (Jarrold et al., 1998), reviewed in the introduction above, a further 2-way 

repeated measures ANOVA was run, with time (testing times 1 and 2) and test (BPVS 

and pattern construction mental age equivalent) as the within-subjects variables. The 

main effects for time: F(l,14) = 47.2, p<001 and test: F(l,14) = 44.8, p<.001 were both 

significant. Crucially, the interaction of time X test was also significant: F(l,14) = 20.0 , 

p<.001. The data displayed in Figure 2.1 clearly illustrate that the increase in VMA 

between times 1 and 2 are greater than the increases in visuo-spatial mental ages.
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2.4.3 Performance on the Wechsler Objective Numerical Dimensions

The data obtained from children’s performance on the Wechsler Objective Numerical 

Dimensions (WOND) are difficult to analyse because 12/15 participants obtained a floor 

age equivalent on the WOND composite measure. The problems with analysing datasets 

with a substantial number of participants at floor were outlined in the Method section 

above. In other words 12/15 participants performed lower than the youngest children that 

had been included for the standardization of the test. The Standard Scores, however, give 

some indication of the level of participants, since these are expressions of an individual’s 

level of performance on the WOND in relation to the distribution of performance of the 

children with similar chronological ages in the standardization samples. These scores 

have a mean of 100, a standard deviation of 15 with a range of 40 to 160. Table 2.1 below 

contains the mean and range of standard scores for the Mathematics Reasoning, 

Numerical Operations subtest scores and the WOND Composite scores. In addition, for 

the sake of contrast, the table also contains children’s BPVS standard scores. No standard 

scores can be derived from children’s performance on the BAS Pattern construction 

subtest.

Table 2.1 Standard Scores fo r  WOND subtests, composite score and BPVS

Mathematics Reasoning 

Standard Score

Numerical Operations 

Standard Score

WOND Composite 

Standard Score

BPVS Standard Score

Mean S.D Range Mean S.D Range Mean S.D Range Mean S.D Range

68.6 8.9 48-81 61.3 9.5 40-82 59.7 9.0 40-78 85.9 10.0 71-101

The data displayed in Table 2.1 suggests that the Standard Scores for both the 

Mathematics Reasoning, Numerical Operations and consequently for the WOND 

Composite score are very low and slightly more than 2 standard deviations (30 points)
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below the mean (100). Furthermore, the range of standard scores for these three WOND 

measures suggest that none of the children with WS had scores that were within the 

normal range, since even the highest scores were outside one standard deviation of the 

mean. In contrast, participants’ standard scores on the BPVS were substantially higher 

and the range of scores suggests that some of the children fell within the normal range.

To establish whether the three WOND standard scores differed from one another, a 1- 

way repeated measures ANOVA was run with test as the within-subjects variable at three 

levels (the three WOND standard scores). This revealed a significant main effect of test; 

F(2, 28) = 26.5, p<. 001. Post-hoc t-tests were run to establish the locus of the overall 

difference between the three WOND standard scores. These tests revealed a significant 

difference between the Mathematics Reasoning and Numerical Operations Standard 

Scores: t(14) = 4.1, p<.001. Inspection of the means in Table 2.1 above suggests that 

participants’ standard scores for the Mathematics Reasoning were significantly higher 

than their Standard Scores on the Numerical Operations Subtest. In addition, a further 

post-hoc t-test revealed a significant difference between participants’ standard scores on 

the Mathematics Reasoning subtest and the WOND composite score: t(14) = 12.2, 

p<.001. Again, inspection of the means suggests that children’s standard score on the 

Mathematics Reasoning subtest were higher than their WOND Composite standard 

scores. No significant difference was found between participants’ Numerical Operations 

and WOND Composite standard scores: t(14) = 1.3, p<.217.

To test for statistical significance of the observation that participants’ BPVS standard 

scores were substantially higher than any of the three WOND standard scores, a further 

repeated measures ANOVA was run, with 4 within-subjects levels (BPVS standard 

scores and the three standard scores from the WOND). This test revealed that, overall, the 

standard scores differed significantly fi*om one another: F(3,39) = 64.2, p<.001. Post-hoc 

within-subjects t-tests were computed to establish whether participants’ BPVS were 

significantly greater than the three WOND standard scores. All three tests indicated that 

the children with WS had significantly higher BPVS compared with WOND standard 

scores (all p<.001).
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2.5 Discussion

The primary aim of this chapter was to evaluate the level at which children with WS 

perform on standardized measures of their numerical ability. At both testing times, the 

mental age equivalent scores of children with WS on the numerical sub tests of the BAS 

(Early Number Skills and Quantitative Reasoning) were significantly lower than their 

mental age equivalent scores on the British Picture Vocabulary Scales (BPVS). In 

addition, at both testing times, children’s scores on the pattern construction subtest of 

visuo-spatial functioning on the BAS were found to be significantly below children’s 

verbal and numerical mental ages. These findings suggest that the level of numerical 

competence of children with WS falls somewhere between their characteristic weakness 

in visuo-spatial cognition and relative proficiency in language. These results tend to 

suggest that neither visuo-spatial cognition nor language are the sole determinants of the 

number abilities of children with WS, since otherwise children with WS would be found 

to perform either at the level predicted by their verbal or their visuo-spatial mental age. 

Instead, the findings indicate that a complex interaction between children’s language and 

visuo-spatial abilities plays a role in the development of their numerical abilities. As 

discussed in the Chapter 1, there is a substantial body of evidence on the links between 

language, space and number. Chapter 4 of this thesis explores the links between early 

number skills and linguistic and visuo-spatial abilities experimentally in both typically 

developing children and those with WS.

The contrast between developmental changes in visuo-spatial, language and numerical 

abilities revealed that the change in age-equivalent scores on the subtests of numerical 

ability was greater than the developmental difference in age equivalent scores on the 

pattern construction subtest. However, there was no significant difference between 

developmental changes in number and language age-equivalent scores. It thus appears 

that the children with WS do not merely perform at a higher level on tests of numerical 

ability than they do on the pattern construction subtest of visuo-spatial ability, but also 

that their scores on number tests improve to a greater extent than their scores on the 

pattern construction test. The comparison between number and language scores over
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developmental time indicates that while children’s absolute level of performance on tests 

of numerical competence is lower than their scores on the BPVS, the rate of 

developmental changes in performance of standardized tests of number and language do 

not differ significantly from one another.

From these findings it could be concluded that children with WS, while delayed, develop 

numerical skills at a rate that is equivalent to their language developmental trajectory and 

significantly greater than their development of visuo-spatial competence. Against such a 

background, it might be argued that language plays a greater role than visuo-spatial 

cognition in the development of numerical competence of children with WS, since 

differences in standardized tests of these two domains are only in terms of absolute levels 

of performance and not developmental trajectory. Conversely, differences in both 

absolute levels of performance and developmental trajectory between children’s number 

and visuo-spatial scores suggest that the influence of visuo-spatial ability on number 

development in children with WS is marginal.

These interpretations are certainly consistent with the data presented in this chapter. 

However, several shortcomings and confounds need to be considered which would 

prevent any strong conclusions being drawn about the precise developmental 

relationships between standardized measures of number, language and visuo-spatial 

ability. First, as was noted in the Methods section above, the Early Number Skills subtest 

of the Early Years BAS and the Quantitative Reasoning subtest of the School Age BAS 

are not directly comparable, since they measure different aspects of children’s number 

development. While the Early Number Skills subtest is a broad test of number abilities 

such as reciting numbers, counting, matching numbers, making comparisons and 

recognizing ordinal relationships, the Quantitative Reasoning subtest is a test of 

children’s ability to reason about numerical relationships. It tests capacities such as 

children analytical abilities and the ability to separate a problem into its component parts 

(Elliot et al., 1997). In view of this difference it is difficult establish whether the same 

abilities are tapped by the two measures. Hence the results need to be interpreted 

cautiously.
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An even greater limitation is the difference in the scales of age equivalent scores between 

the Early Number Skills and Quantitative reasoning subtests. While the floor age 

equivalent score on the Early Number Skills subtest is 2 years and 11 months, it is 5 years 

on the Quantitative Reasoning subtest. This difference in floor scores will mean that, by 

definition, participants will appear to perform at a higher level on the Quantitative 

Reasoning subtest than they do on the Early Number Skills. To illustrate this point, 

consider a situation where most of the participants perform at floor at testing time 1 on 

the Early Number Skills subtest and at testing time 2 on the Quantitative Reasoning. 

Although essentially most participants at both times are performing at a very low level on 

these tests, a statistical comparison of their age equivalent scores will point to an 

improvement over developmental time, which is primarily due to a higher floor score on 

the Quantitative Reasoning subtest in comparison with the Early Number Skills subtest.

The extent to which a higher floor score leads to an inflation of participant scores was 

demonstrated by the analysis of the degree to which participants’ actual age equivalent 

scores differed from the floor score. This analysis revealed that there was a greater 

difference between participants’ actual age equivalent score and the floor score for testing 

time 1 (Early Number Skills) than for testing time 2 (Quantitative Reasoning). Hence, 

these results indicate that the discrepancy between actual scores and floor score is smaller 

at testing time 2, suggesting that participants score nearer the floor score at time 2 than 

they did at time 1. Whether this indicates that participants’ number abilities are actually 

worsening over developmental time cannot be established from the present findings, for 

precisely the same reasons that make it difficult to claim unambiguously that participants’ 

number abilities improve at the same rate as their language ability over developmental 

time. Because the tests are different, the floor scores can inflate the score while actual 

performance might stay the same or even decline and the developmental data from the 

two BAS subtests used at the two testing times should thus be treated with extreme 

caution. In future studies, the same test of subtest of number skills should be used at both 

testing times in order to get a more accurate estimate of how and if participants’ test
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scores change over developmental time, and how the level of change compares to the 

developmental improvements on tests of language and visuo-spatial cognition.

As is evident from the discussion above, there are a number of problems with age 

equivalent scores that need to be taken into account when interpreting the results in this 

chapter. In addition to the difficulties of interpreting age equivalence pointed out above, 

it should also be noted that the comparison of age equivalent scores derived from two 

different tests is not straightforward. For example, consider the above comparison 

between participants’ age equivalent scores from the BPVS and the BAS pattern 

construction subtest. These two tests were standardized on two different populations and 

thus the age equivalent scores have been derived from different groups. These difference 

in the variance from which scores were derived may further confound the comparison of 

scores.

Another way of assessing absolute levels of performance is to compare the participant’s 

standardized test scores, which typically have a mean of 100 and a standard deviation of 

15. These scores are derived from the testing of a large, well-defined reference group and 

allow for the comparison of an individual’s score with the distribution of scores in this 

reference group. In other words, participants’ raw scores are converted into standard 

scores to establish where their scores lie on the normal distributions. This helps to 

establish whether their scores fall within the normal range (+/- 1 standard deviation of the 

mean) or outside this range.

Standard scores were used in this chapter to compare the performance of children with 

WS on the WOND and the BPVS. This decision was taken because the majority of 

participants had floor age equivalent scores on all three WOND subscales (Numerical 

Reasoning, Numerical Operations and WOND Composite scores). The comparison of 

BPVS and WOND standard scores obtained at testing time 2 illustrates the extent to 

which numerical cognition is impaired in Williams syndrome. On none of the three 

subscales did any of the participants score within the normal range. Furthermore 

participants’ BPVS standard score was significantly higher than the standard scores for
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all three WOND subscales. Moreover, some of the children with WS had standard scores 

on the BPVS that fell within the normal range. These findings suggest that numerical 

ability, as measured by the WOND, is far below children’s level of language competence, 

as measured by the BPVS. These results cast further doubt on the earlier discussion, 

which suggested that the degree of developmental changes in numerical abilities is 

equivalent to the developmental changes in language ability. While the comparison 

between WOND and BPVS is not a developmental one, it nevertheless suggests that the 

number abilities of children at testing time 2 are strongly impaired in comparison with 

performance on the BPVS. Unfortunately, no WOND data were collected at time 1 

because participants were too young and hence the comparison is restricted to testing 

time 2. It should be noted however, that as with the comparison of age equivalent scores 

between two different test with different reference samples, a comparison of scores 

derived from the BPVS and WOND should be treated with some caution as these tests 

were standardized using different samples of children.

Notwithstanding the methodological and statistical problems inherent in the analysis of 

the data presented in this chapter, several conclusions can be drawn and answers to the 

questions posed in 2.2 above can be attempted. Firstly, the present results suggest that at 

both testing times the numerical abilities of children with WS were neither equivalent to 

their performance on the BPVS nor on the pattern construction sub test of the BAS. Thus, 

it seems that the level of performance of children with WS on standardized tests of 

numerical cognition lies somewhere between their relative strength in language and their 

strong weakness in visuo-spatial cognition. Furthermore, the results from the WOND at 

testing time 2 indicate that individuals with WS perform significantly worse on this 

standardized measure of numerical cognition than on the BPVS, lending further support 

to the claim that their level of numerical functioning is significantly below their relative 

verbal proficiency.

Secondly, it is unfortunately difficult to determine unequivocally from the present results 

the extent to which the level of numerical cognitive improves over developmental time. 

This is due to the problems with different subtests of numerical abilities at testing times 1
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and 2 and consequently different scales for age equivalent scores (Question 2). In view 

of this, it is also difficult to say whether developmental changes in numerical ability are 

similar or different from those observed from verbal and visuo-spatial ability. However, 

as mentioned above, the performance at both testing times falls between the levels of 

verbal and visuo-spatial ability. This might indicate that if the same test of numerical 

ability were to be used at both testing times, the slope of developmental change might be 

of a value that lies somewhere between the slope for the developmental difference for 

verbal and visuo-spatial ability. However, this is clearly a speculative hypothesis, which 

needs to be empirically tested.

2.5.1 Outstanding Questions and future outiook

It is clear from the findings and their discussion that this chapter raises a significant 

number of issues and thus enables the formulation of questions that could be addressed in 

future research. First, it is clear that in any future investigation extra care must be taken 

when choosing standardized measures of numerical cognition. This is particularly 

important when studying developmental changes. In order to make meaningful 

comparisons between different points in developmental time (in longitudinal designs) or 

different age groups (in cross-sectional designs), it is necessary to use the same measure 

of numerical cognition. As is evident from the above results, the use of different tests that 

are designed to test similar constructs can significantly compromise the analysis and 

prevent meaningful interpretation because different scales and reference groups for 

standardization may be involved. Unfortunately, however, there are in fact very few tests 

of early number development. The WOND is standardized for children between 6 and 16 

years of age and thus prevents the testing of children younger than 6 years of age. The 

Woodcock-Johnson Psycho-Educational Battery—Revised (Woodcock & Johnson, 

1990) may turn out to be more suitable for longitudinal or cross-sectional research. This 

test was standardized on more than 6,300 subjects, aged 2.0-90.0+ years and includes a 

subtest of quantitative ability that is commonly used in research on typical and atypical 

number development (Jordan et al., 2002; Jordan & Montani, 1997). Contrasts between 

different subtests of the Woodcock-Johnson Psycho-Educational Battery-Revised would 

also eliminate the problems that are potentially introduced when comparing age-
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equivalent and standard score between tests that were standardized on different samples 

of children. Such comparisons could yield a clearer prediction about standardized 

measures of numerical cognition compared with standard measures of other cognitive 

competencies and how these change over developmental time in children with WS.

Moreover, future longitudinal studies should aim to collect data at a greater number of 

time points to obtain a more detailed account of the developmental trajectory. In the 

current study, the interval between the two testing sessions was no more than 2 years and 

8 months and obviously only represents a fraction of developmental time. This was of 

course constrained by the three-year limit of a doctoral dissertation. Furthermore, the 

results presented in this chapter are all derived from children with WS and no results 

from adults with WS were presented. In future work, it would be crucial to ascertain how 

adults with WS perform on standardized measures of numerical cognition in order to 

establish the maximum level of numerical competence that individuals with WS are 

likely to reach.

Finally, although considerably larger than other studies, the results in this chapter were 

obtained from a sample of only 15 children with WS. Substantial individual differences 

in scores in small sample sizes can make it difficult to draw conclusions that are valid for 

the entire population of individuals with WS. For this reason, the following chapter 

introduces a questionnaire for parents to complete regarding their child’s number 

development. The responses from a large group of parents of children with WS will be 

analyzed. This measure constitutes one way of learning more about the level and 

development of numerical skills in a sizeable population of children with WS.
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3 Development and use of a Numeracy 

Questionnaire for parents

3.1 Introduction

Researchers studying children and adults with WS frequently encounter problems in 

collecting data from sufficiently large samples, because obtaining large sets of data 

involves either inviting individuals with WS and their parents or carers to travel very long 

distances to the research laboratory or the experimenter travelling to the homes of the 

individuals with WS. Both means of data acquisition are time-consuming and costly. 

Furthermore, because individuals with WS have difficulties in concentrating for long 

periods of time, it is not possible to run a large battery of tests examining different 

aspects of a given domain of cognitive functioning within a single session. Hence, 

multiple testing sessions are often necessary in order to complete a given research 

project. The above limitations often compromise statistical power and multiple measures 

of the same or similar constructs. This complication arises because only a limited number 

of children or adults with WS can be tested for any one project and the investigators must 

limit the number of tests on the protocol in order to be left with a meaningful data set that 

is not unduly affected by participant’s lack of concentration or fatigue.

One way of collecting large sets of data is by using a postal approach to ask parents to fill 

in a questionnaire about their child. Gaining insight into children’s development through 

parent report has been successfully used to assess and study infants’ and young children’s 

language and communicative development by means of the now famous MacArthur 

Communicative Development Inventories (GDI). This standardized parent report measure 

has been widely used to assess both typical and atypical trajectories of language and 

communicative development (Charman, Drew, Baird, & Baird, 2003; Feldman et al., 

1999; Fenson et al., 1993; Fenson et al., 1994). Importantly, it has been found that
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measures of expressive vocabulary filled out by parents on the GDI correlate well with 

direct measures of vocabulary obtained through controlled experimental testing in the 

laboratory, demonstrating the predictive validity of the GDI (Ring & Fenson, 2000).

Another commonly used parent report of cognitive function is the ‘Children’s Behaviour 

Questionnaire’ which measures the development of temperament between the ages of 3 

and 7 (Rothbart, Ahadi, Hershey, & Fisher, 2001). Moreover, the ‘Child Development 

Inventory’ (originally referred to as the ‘Minnesota Child Development Inventory’) is 

another popular parent report measure. This inventory asks parents to answer questions 

about a number of different aspects of their child’s development, such as social, motor, 

language, reading and number development (Ireton & Thwing, 1997).

Certainly, parent report measures cannot replace experimental measures of children’s 

development, as they are only indirect, but they can complement them. Shortcomings of 

questionnaires include possible response biases, where parents might either over- or 

under-estimate their child’s ability in a given domain. Further problems can arise when 

there is no significant agreement between the two parents or between a parent and a 

caregiver close to the child.

Notwithstanding these problems, the use of parent report measures is a cost-effective 

means of collecting data from a large sample of children, to supplement experimental 

data on necessarily smaller groups. Might it be possible to construct a parent report 

measure of children’s number development? In the context of the current thesis, such a 

measure would allow for the exploration of number abilities and their development in a 

large group of children with WS. These measurements could then be compared to those 

obtained from parents of typically developing children. Given the sparse information on 

the number abilities of children and adults with WS, the completion of such a 

questionnaire by a large number of parents with children with WS would provide a better 

description of the number abilities of children with WS. A detailed survey of the 

literature and electronic mail enquiries on expert e-mail lists indicated that no such
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questionnaire had yet been designed, used or published, with the exception of the ‘Child 

Development Inventory’ (Ireton & Thwing, 1997) which only contains a few items 

relevant to number development. A Numeracy Questionnaire for parents was therefore 

constructed and piloted for the explicit purposes of this thesis. The construction of this 

questionnaire is discussed in the following section. A copy of the questionnaire can be 

found in Appendix A.

3.2 The construction of the Numeracy Questionnaire

Having established that the use of a parent report measure of children’s numerical skills 

would help to describe further the level of numerical competence among children with 

WS and how their number development may diverge or converge with development in 

typically developing (TD) children, it was necessary to decide on the constructs of 

number development that should be tapped by such a questionnaire, especially since there 

were no pre-existing questionnaires on this topic.

A decision was made to focus the study on four main areas: 1. Counting Skills; 2. 

Understanding of the Cardinality Principle; 3. Addition and subtraction and 4. Everyday 

number. Counting and understanding of the cardinality principle were included as both 

the ability to count and the ability to understand the meaning of counting (cardinality 

principle) are essential for numerical proficiency. Addition and subtraction were chosen 

as these are typically the first arithmetic operations that children learn. Success in these 

basic arithmetic skills is therefore crucial in children’s development of number skills 

(Bryant, 1995).

In comparison with the above, the definition of the fourth construct (Everyday number) 

was of necessity rather more loosely defined. Here, the aim was to ask parents about their 

child’s competence at handling everyday situations that entail a quantitative dimension. 

Questions about children’s ability to deal with money were therefore included, in
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addition to questions about knowledge of prices, differences between people’s ages and 

their child’s comprehension of physical distance.

In addition to these four main constructs, a number of additional questions were included, 

requesting parents to indicate whether their child was better at reading or number and 

whether s/he preferred reading or number. These questions were included in order to 

establish the extent to which number is a particularly vulnerable domain of cognitive 

functioning in WS and whether children with WS encounter more problems with number 

than they do with reading. Given their children’s relative proficiency in language (see 

Chapter 1) it could be hypothesized that more parents of children with WS will indicate 

that their child is better at reading than number than the reverse.

The answer formats of the questions were varied in an effort to avoid the possibility that 

respondent parents would answer all questions in a similar way (a phenomenon 

commonly referred to as ‘response set’). Although varying the type of answer formats has 

the advantage of controlling for the occurrence of a ‘response set’, it has the disadvantage 

of making answers to different questions tapping the same construct more difficult to 

compare with one another. Some answer formats allowed for the scoring of ordinal data, 

where parents were asked to choose a number on a scale of 1-10. Other answer required 

parents make categorical judgments. These two types of answer formats are difficult to 

compare, since one yields ordinal data while the other provides categorical data.

3.3 Questions and Hypotheses

Several questions and hypotheses motivated the design of the Numeracy Questionnaire 

for parents. The primary interest in the context of this thesis was the use of this 

measurement tool with parents of children with WS. In addition, this chapter represents 

the first attempt to develop a parent report measure of children’s number development. 

Therefore the results from the group of typically developing children will be evaluated
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and discussed in the context of how the questionnaire might be altered and improved for 

future use and eventual standardisation.

Against the background of the evidence from the standardized tests reported in Chapter 2 

it was predicted that:

1. The parents of children with WS will give their children lower scores than the parents 

of typically developing children.

Related to this prediction is the following question: How substantial is the developmental 

delay in numeracy skills among children with WS?

2. Parents of children with WS will indicate that their children show particular difficulties 

with cardinality, addition and subtraction, while being relatively proficient at counting 

(since rote counting does not require an understanding of number itself).

3. Parents of children with WS will judge their children to be better at reading than 

number.

Experiment 2

3.4 Methods

3.4.1 Data collection

The questionnaire was mailed to over 100 parents of children with WS. A letter 

explaining the purpose of the questionnaire was enclosed as well as a stamped addressed 

envelope to enable parents to return the questionnaire to the experimenter with relative 

ease. The addresses of the parents were obtained through the Williams Syndrome 

Foundation, U.K. According to the records of the Williams Syndrome Foundation, U.K,
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all addresses were of parents with children who had tested positive for WS by means of 

the FISH genetic test. Parents of typically developing children were contacted through an 

institution-wide electronic mail appeal for help with the study at the Institute of Child 

Health, London. All staff at the Institute of Child Health received a brief e-mail 

describing the purpose of the study and asking whether any parents of 3-7 year old 

children were interested in helping by completing the Numeracy Questionnaire. Such 

interested parents were encouraged to either e-mail or telephone the investigator in order 

to receive a copy of the questionnaire. This Institute-wide electronic e-mail also helped to 

recruit additional parents from outside the Institute of Child Health, since various 

employees kindly contacted their friends or family to recruit additional, interested 

parents.

3.4.2 Composite scores for main constructs

Because different answer formats (assigning to categories and choosing a number on a 

scale from 1-10) were used, it was necessary to find a method by which answers could be 

combined in an effort to derive composite scores for the main constructs. The following 

solution was adopted: answers from both types of answer formats (interval vs. categorical 

data) were converted to a common scale ranging from 0-2. To illustrate how this was 

achieved, it is useful to consider two examples of questions that were designed to tap 

parents’ perception of children’s understanding of the cardinality principle with different 

answer formats:

Categorical answer format:

15. Can s/he count backwards?

Yes with objects - Score of 1

Yes without objects - Score of 2

No - Score of 0

Don’t know - Empty Cell
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If parents answer ‘Don’t know’ for this question, the cell is left empty, as this kind of 

answer does not provide any information about the child’s level of performance or 

knowledge. Answering “No” scores of 0, “Yes with objects” scores 1 and “Yes without 

objects” leads to a score of 2.

21. How confident are you that s/he knows that numbers refer to specific

amounts?

Ordinal scales in question, such as 21 above, were divided into three sections. If parents’ 

answers were between 0-3, a score of 0 was assigned: answers between 4-5 received a 

score of 1, and answers between 7-10 on the scale corresponded to a score of 2.

It is clear that this conversion to a common scale is somewhat problematic since it is 

achieved post-hoc. Furthermore, the differences between 1 and 2 as derived from the 

categorical answer formats is not strictly the same as the difference between values 1-2 

converted from the interval scale answer formats. While it is desirable to have composite 

scores, which are derived from questions with the same answer formats, in the present 

study it was felt that this was the best compromise available in order to avoid having to 

conduct the entire analysis on a question-by-question basis.

Composite scores (in the way described above) were derived for 1. “Counting”; 2. 

“Cardinality”; 3; “Addition and Subtraction”.
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• The sum of answers to questions 1, 14 and 15 represent the “Counting” composite 

score.

• The sum of answers to questions 17, 20, 21, 22 and 31 represent the “Cardinality” 

composite score.

• The sum of answers to questions 35,36,37,38,39 and 40 represent the “Addition 

and Subtraction” composite score.

In addition to these composite scores, a ‘total composite’ score was computed by deriving 

the sum of all the composite scores.

No composite score was computed for the fourth construct: “Everyday Number”. This 

decision was taken in view of several arguments: first, the questions under the heading 

“Everyday Number” tapped some possibly very different aspects of numerical 

computation in everyday life, with the majority of questions being related to children’s 

ability to deal with pocket money, estimate prices, etc. In addition to these questions, 

parents were asked whether their child could tell the time, demonstrate an awareness of 

age differences, and whether or not s/he had a good understanding of distances between 

places. Against this heterogeneity of questions and the loose operational term “Everyday 

number”, it was felt that little coherent information could be derived from a composite 

score that averages the answers provided to these various questions. In addition, 

inspection of the data quickly suggested that very few children in both groups actually 

received pocket money. Therefore the number of parents who answered questions 

relating to pocket money was rather small. Finally, it was felt that some of the questions 

in the “Everyday number” section of the questionnaire were ambiguous. For example. 

Question 25 asks parents: “Have you experienced that s/he cannot deal with pocket 

money very well”. This question is ambiguous because here a high score, in contrast with 

Question 24, is a negative indication of the child’s ability. This sudden change of the 

semantics of the scale from 1-10 might have confused parents, leading them to think that 

this question asked them to indicate whether their child can rather than cannot deal with 

pocket money. Indeed, inspection of the scores suggests that parents who had indicated a
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positive score on Question 24 also did so on Question 25, suggesting that the way the 

question was phrased and the reversal of the scale was problematic. Therefore Question 

25 was excluded from the analysis.

Taken together, the above considerations suggest that a composite score for “Everyday 

number” would not give a meaningful average of children’s ability and therefore a 

number of the questions under this heading will be analyzed separately in the Results 

section below.

3.4.3 Other questions

In addition to the questions that fall under the four main constructs, parents were asked to 

answer questions about other aspects of their child’s number development, such as 

whether their child was better at reading or number or whether s/he performed equally 

well at both. In addition parents were asked to indicate how much they themselves knew 

about their child’s number development at school, mathematical tuition at school, etc. 

The analysis of some, but not all, of these questions will be presented at the end of the 

results section below. Therefore the emphasis is on the four constructs and on other 

questions that are directly related to the Questions and Hypothesis stated in 3.3 above.

3.4.4 Participants

In total 110 parents responded to the questionnaire. Of these, 43 were parents of typically 

developing children and 67 were parents of children with WS. For the sake of subsequent 

analysis, both groups were further divided into subgroups according to their age. This 

was achieved by inspecting the age distributions in both the typically developing and the 

WS group and establishing age groups with roughly the same number of children in each 

group. The details of these age groups of both typically developing and WS children can 

be found in Table 3.1 below.
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Table 3.1 Children’s background data

Typically Developing Children Williams syndrome Children

3.0-4.5

years

4.5-5.5

years

5.5-6.5

years

4.5-6.S

years

6.5-8.5

years

8.5-10.5

years

10.5-15

years

Number o f  

Participants

11 15 17 17 18 13 19

Gender 

(M=males 

F= female)

5 M , 6 F 7 M,  8 F 8 M , 9 F 7 M,  l OF 1 2 M , 6 F 8 M , 5 F IIM,  8F

Mean Age 

(years; 

months)

3; 8 4;11 5;10 5;6 7;5 9;6 13;4

Age Range 2 ;9 -4 ;5 4;6-5;5 5;6-6;5 4;6-6;5 6;6-8;5 8;7-10;4 10;8-15;9

3.5 Results

3.5.1 Analysis o f "Counting"Data

At what age did children start counting?

Before analysing the counting composite score data, the analysis of an item on the 

questionnaire that was not included in the composite score will be briefly described. 

Question 10 asked parents to indicate the age at which their child started to count. All 43 

parents of typically developing children answered this question, while 50/67 parents of 

children with WS provided an answer. While parents of typically developing children 

indicated that, on average, their child started counting at 2 V2 years of age, the average 

age at which parents of children with WS thought their child started counting was 4 V2 

years. An independent-samples t-test confirmed that, according to parental report, the 

group of TD children started counting significantly earlier than the group of children with 

WS: t(91) = 6.7, p<.0001.
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Counting Composite Scores

Initially the counting composite scores for each group were explored by plotting the 

means for each group. The data can be found in Figure 3.1 below. These data were 

plotted as a proportion of the maximum score.

Figure 3.1 Mean Counting Composite Score by Group

5 Î
X -  Ü
O (/)

II
3.5-4.5 4.5-5.5 5.5-6.5 

TD TD TD
4 5-6.5 6.5-8.5 8.5-10.5 10.5-15 

W S WS WS WS

Group

Note: Error bars denote the standard error o f the mean

Analysis of the counting composite scores was achieved by means of a 1-way ANOVA, 

with group as the independent variable and the counting composite score as the 

dependent variable. A significant main effect of group on the counting composite score 

was found: F(6,103) = 3.46, p<.004. Bonferroni post-hoc pairwise comparisons were 

computed in order to establish which groups differed significantly from one another. No 

significant differences were found between the three groups of typically developing 

children who, as can be seen from Figure 3.1 above, performed at or near ceiling. 

According to parental report, the group of 4.5-6.5 year old children with WS had 

significantly lower counting composite scores than the groups of 4.5-5.5 and 5.5-6.5 year 

old TD children (p<.024 and p<.006 respectively), but did not differ significantly from
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the youngest group o f  typically  developing children. M oreover, the scores provided by 

the parents o f  the 4.5-6.5 year old W S group w ere significantly  low er than those reported 

by parents o f  the children in the 10.5-15 year old W S (p<.023). No other differences were 

found betw een the groups o f  children w ith WS.

3.5.2 Analysis o f ""Cardinality"Data

To gain an initial evaluation o f  the cardinality  com posite score data, the m ean cardinality  

com posite score w as plotted for each o f  the groups. In an effort to facilitate the 

understanding and com parison o f  scores, in the sam e w ay as for the counting com posite 

score, the cardinality  com posite scores w ere converted into a proportional score.

Figure 3.2 Mean Cardinality composite score by group

Ô R 0.5

3.5-4.5 TD 4.5-5.5 TD 5.5-6 5 TD 4.5-6.5 6 .5-85 8.5-10.5
WS

10.5-15

Group

Note; Error bars denote the standard error o f the mean

G roup differences in the cardinality  com posite score w ere analyzed by m eans o f  a 1 -way 

A N O V A , w ith m ean cardinality  com posite score as the dependent variable and group as 

the independent variable. A significant m ain effect o f  group on m ean cardinality  

com posite score was found: F(6,103)=8.8, p<.001. Bonferroni post-hoc pairw ise
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comparisons were computed to establish which groups differed significantly from one 

another. Again, the three groups of typically developing children did not differ 

significantly from another. As with the data from the counting composite score, all three 

groups of typically developing children were at or near ceiling. In contrast, the data from 

the groups of children with WS suggests a clear developmental trend. Parents of children 

in the youngest group of children with WS (4.5-6.5 year olds) indicated that their children 

had significantly lower cardinality composite scores than all three groups of TD children 

(p<.002 to p<.001). Moreover, this group had significantly lower scores than the group of

10.5-15 year old WS children (p<.004). Similarly, parents of children in the group of 6.5- 

8.5 year old WS children provided scores for their children that were significantly below 

all the groups of TD children (p<.042 to p<.001). Only the two oldest groups of children 

with WS (8.5-10.5 and 10.5-15 year olds) did not differ significantly from any of the 

groups of typically developing children tested.

Thus, while parents of TD children in the youngest group (3.5-4.5 years) already 

indicated that their children were near or at ceiling, it was only the parents of children 

with WS aged 8.5 years or older who were very confident that their child had an 

understanding of the cardinality principle. Thus, according to parental report, the delay of 

children with WS is somewhere between 4 and 5 years.

3.5.3 Analysis o f ”Addition and Subtraction"Data

In the same way as for the Counting and Cardinality composite score data, the data for 

the “Addition and Subtraction” composite score were plotted by group to aid the 

interpretation of subsequent statistical analysis. The scores were converted into 

proportional scores in order to make them more easily comparable and interpretable.
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Figure 3.3 Mean Addition and Subtraction composite score by group

2 0.8

3.5-4.5 4.5-5 5 5.5-6 5 
TD TD TD

4.5-6 5 6.5-8.5 8.5-10.5 10.5-15 
WS WS WS WS

Group

Note: Error bars denote the standard error o f the mean

A 1-way A N O V A  w as run, w ith group as the independent variable and m ean “ A ddition 

and Subtraction” com posite score as the dependent variable. A significant m ain effect o f  

group w as found: F(6,103) = 10.40, p<.001. B onferroni pairw ise post-hoe com parisons 

were run in order to establish w hich groups d iffered significantly  from  each other. This 

tim e, in both groups, the A ddition and Subtraction com posite scores increased w ith age. 

The youngest group o f  children w ith W S differed significantly  from  the tw o oldest 

groups o f  children w ith W S (p<.001 and p<.0001 respectively). M oreover, w hile not 

significant, a trend could be detected to suggest that the 4.5-6.5 year old children w ith 

W S had low er addition com posite scores than the group o f  6.5-8.5 year old children with 

W S (p<.079). There w ere, how ever, no statistically  significant differences betw een the 

two oldest groups o f  children w ith W S.

In the group o f  typically developing children a sim ilar developm ental trend w as found, 

show ing that “A ddition and Subtraction com posite scores” increased with age. The group 

o f  3.5-4.5 year old typically  developing children differed significantly  from  the group o f
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5.5-6.5 year old children (p<.009). Furthermore, a trend indicating a difference between 

the groups of 3.5-4.5 and 4.5-5.5 year old typically developing children emerged 

(p<.085). In terms of between-group differences, the scores provided by the parents of the 

youngest group of children with WS (4.5-4.5) did not differ significantly from the scores 

for the youngest group of TD children (p<.554) but were different from both the other 

groups of typically developing children (both p<.0001). Moreover, the group of 6.5-8.5 

year old children with WS had scores that were significantly below the group of 5.5-6.5 

TD children (p<.006). Furthermore, a non-significant trend (p<.079) indicates that the 

group of 6.5-8.5 year old children with WS scored below the second eldest group of TD 

children (4.5-5.5 year olds). Thus, the parental report data suggest a delay of about 2-4 

years among children with WS for addition and subtraction skills.

3.5.4 Analysis o f to ta l score

A total score was computed to get a quasi-overall measure of performance. This score 

was computed by adding all three composite scores together. This score was converted 

into proportional scores, in the same way as for the separate scores above, and the mean 

proportion of the total score for each group was plotted for initial inspection of the data.
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Figure 3.4 Mean total score by group

4 .5 -65  6.5-8.5
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8.5-10.53 5-4.5 TD 4.5-5 5 TD 5.5-6 5 TD 10.5-15
WS

Group

Note: Error bars denote the standard error o f the mean

In the sam e way as for the analysis o f  the com posite scores, differences betw een groups 

w ere exam ined by m eans o f  a 1-way A N O V A , with group as the independent variable 

and total score as the dependent variable. A significant m ain effect o f group w as found: 

F(6,103) = 12.4, p<.001. Post-hoc B onferroni pairw ise com parisons w ere run to establish 

w hich groups differed significantly  from  one another. These com parisons y ielded the 

follow ing findings: the scores for the group o f  4.5-6.5 year old children w ith W S differed 

significantly  from the scores provided by all the groups o f  parents with TD children as 

w ell as from  the scores for the two oldest W S groups (p<.009 to p<.001). Inspection o f  

Figure 3.4 suggests that this group o f  children w ith W S had, on average, the low est total 

score o f  all groups. W hile the scores for the 6.5-8.5 year old children w ith W S w ere not 

significantly  low er than the total scores given by parents o f  the youngest group o f  TD 

children, they differed significantly  from  the tw o older groups o f  TD children (both 

p<.001). The total scores for this W S group, how ever, w ere not significantly  low er than 

the scores provided by parents o f  the last tw o groups o f  children w ith W S (8.5-10.5 and

10.5-15 year old W S groups). No significant differences w ere found betw een the three
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groups of typically developing children. Figure 3.4 suggests that all these had, on 

average, scores that were close to ceiling.

3.5.5 Analysis o f "Everyday Number" Data

Ability to deal with pocket money

Question 23 asks parents whether their child receives pocket money or not. In total, only 

17/67 (or approximately 25%) parents with WS indicated that their child received pocket 

money. Similarly, only 12/43 (or approximately 27%) parents of TD children indicated 

that their child got pocket money. Inspection of the data suggests that most of the 

children who do receive pocket money are, unsurprisingly, in the top age groups. Only 

those answers from parents of children who indicated that their child receives pocket 

money were included in further analysis of questions related to children’s ability to deal 

with money. Data from Question 25 were not included for reasons detailed in Section 

3.4.2. Analysis of Question 24 indicated that parents of TD children were significantly 

more confident (mean: 5.3/10) than parents of children with WS (mean: 3/10) that their 

child could deal with pocket money: t(27) = -2.9, p<.006. Furthermore, as is evident 

from the analysis of Question 27, parents of TD children indicated that their children had 

higher knowledge of the prices of things than did the parents of children with WS: 

t(26)=-2.1, p<.043 (Means: 5.0 and 2.6 respectively). However, parents in both groups 

(Question 29), indicated that their children tended to over- or under-estimate the prices of 

objects, with no significant difference between groups: t(24)=.52, p<.607.

Being able to tell the time

Only 8 out of 65 (12%) parents of children with WS who responded to Question 30 

indicated that their child could tell the time. Similarly only 6/14 parents of the much 

younger TD children responded in the affirmative to this question. This suggests that this 

question is inappropriate for the ages tested.
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Having an understanding of distances between places

In question 28, parents were asked to indicate whether their child had a “good 

understanding of distances between places”. While 71% of parents with children with 

WS indicated that their child did not have a good understanding of distance, only 36% of 

parents with TD children did not think that their child had a good grasp of distance. A 

chi-square analysis confirmed that this difference between groups is statistically 

significant: =12.4, d.f = 2, p<.002.

3.5,6 Reading vs. Number

Question 49 asked parents to indicate whether their child was better at reading or 

numbers or whether their child had difficulties with both reading and numbers or 

performed equally well in both. 61/67 parents of children with WS and 36/43 of the 

parents with typically developing children provided answers to this question. The 

missing values were mostly from parents of very young children in both groups and these 

frequently indicated that their child had not yet started to read and therefore that no 

answer could be provided. Table 3.2 displays the number of parents in each group that 

indicated that their child falls into a certain category.

Table 3.2 Percentage o f children in each category by group

Reading vs. Number Group

WS TD

Better at Numbers 11% 36%

Better at Reading 33% 14%

Equally good at both 11% 50%

Problems with both 45% 0%

The percentages in Table 3.2 suggest some striking differences between typically 

developing children and those with WS. The main difference between the answers
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provided by TD and WS parents is that half the parents with TD children thought that 

their child had equal facility in both numbers and reading, while about half the parents of 

children with WS thought that their child had problems with both reading and number. 

Chi-square tests were run in order to establish whether the number of children in each 

category differed between groups. These tests confirmed that more parents of TD 

children indicated that their children were ‘Better at Numbers’ than did parents of 

children with WS: = 8.4 , d.f = 1, p<.004. A further chi-square test also confirmed that

significantly more parents of children with WS indicated that their child is “Better at 

Reading” than parents of TD children: =4.2, d.f = 1, p<.040. Chi-square analysis also

confirmed that more parents with TD children indicated that their children were ‘Equally 

good in both’ than parents of children with WS: = 17.5 , d.f = 1, p<.001. And finally,

chi-square tests confirmed that significantly more parents of children with WS indicated 

that their child had “Problems in both” than parents of TD children: = 23.2 , d.f = 1,

p<.001.

3.6 Discussion

The results sections will first be discussed separately. Subsequently, the general 

implications of the data as well as the strengths and limitations of the questionnaire will 

be evaluated.

3.6.1 Discussion o f data from com posite scores

Counting composite score

The data from this composite score show a ceiling effect on the scores of all TD and WS 

groups. In both groups only a marginal developmental trend could be detected. The 

youngest group for each population obtained scores that were not statistically 

significantly different from one another but slightly worse than the scores provided by 

parents of the older groups. However, even the youngest groups of WS and TD groups 

were given, on average, scores that were above 60% of the total possible counting
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composite score. Thus, the data from this subscale indicate that none of the groups 

display difficulties with reciting the count sequence. These findings may not come as a 

surprise since it has been found that typically developing children are able to recite the 

count sequence well before they have a sense of the numerical meaning of counting: 

namely that counting serves to establish the total number of items in a set (Fuson, 1988; 

Wynn, 1990). Therefore children with WS might be able to recite the count sequence 

correctly while not having a good grasp of the meaning of counting: the cardinality 

principle (for a direct experimental investigation of the understanding of the meaning of 

counting among children with WS, see Chapter 4). It should be noted, however, that 

parents of children with WS indicated that their children started counting substantially 

later (approximately 2 years) than the age at which parents of typically developing 

children thought their child had started counting. However, the data from the composite 

score suggest that once children with WS do start to count, they become quite proficient 

at this task. It is possible that the delay of counting is caused by a general delay in the 

onset of spoken language among children with WS rather than being specific to number.

Cardinality composite score

The data of parents’ judgements of their child’s understanding of the meaning of 

counting indicate that children with WS are quite seriously delayed in their development 

of the cardinality principle. Thus while parents of children with WS indicate that their 

children are proficient at reciting the count sequence, they simultaneously have problems 

understanding the meaning of counting. The results suggest that all three groups of 

typically developing children do not differ significantly from one another. By contrast, 

despite their greater age, there was a steady increase with age in ability in the scores for 

the groups of children with WS, who even by 8 years of age had not reached the same 

level as 3-4 year old TD children. Since there is little variance in the scores of TD groups, 

it makes the results of the comparison of TD and WS groups difficult to interpret. 

Nevertheless, the data help to characterise the extent of the delay, as indicated by the 

parents, in the understanding of the meaning of counting (cardinality principle) of 

children with WS. Only the parents of the children with WS aged 8.5 or older indicated
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that their children had some understanding of the cardinality principle that is comparable 

to the performance of the groups of typically developing children. This indicates a 

substantial delay in the group of children with WS. Unfortunately, because these were 

questionnaire data, no mental ages of the participants in TD and WS group were 

available. Thus, it cannot be ascertained whether the children were performing at, below 

or above the level of performance that would be considered appropriate given their 

mental rather than chronological age.

For a more detailed comparison of parent report of the development of the understanding 

of the cardinality principle in TD and WS groups, it would be useful to have data from 

groups of even younger typically developing children in order to ascertain the extent to 

which the change over developmental time in the understanding of the meaning of 

counting might differ between groups.

Addition and subtraction composite score

The analysis of the addition and subtraction composite score data also suggest that 

children with WS are delayed in comparison to the groups of typically developing 

children. While the scores for the youngest groups of TD and WS children did not differ 

significantly from one another, it was only the oldest group that was reliably found to be 

at the level of the two oldest groups of TD children. Thus, as for the cardinality data 

discussed above, parents of children with WS indicated that their children were slower at 

becoming proficient at addition and subtraction skills than typically developing children. 

Even in the oldest WS group, the mean score was only just over 50% of the highest 

possible composite score indicating that, according to parent report, the development of 

addition and subtraction scores is strongly delayed in this clinical population.

In contrast with the results of the counting and cardinality composite scores, there was 

more variance in the group of typically developing children for addition and subtraction. 

The scores provided by parents of children who were in the youngest group of TD 

children were significantly lower than the scores of parents of children in the two older
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groups. The two older groups of TD children, however, did not differ significantly from 

one another. This finding may be related to the amount of formal tuition that children 

receive in the different age groups. The 3.5-.4.S year old children may not yet have been 

exposed to many addition problems, while the two older groups would frequently 

encounter such tasks in their preschool and school settings. This might also explain why 

there is such a difference in the scores provided by the parents of the youngest and the 

two oldest groups of TD children. The data provided by parents of children with WS 

suggest a more gradual developmental trend, likely to be related to factors over and 

above schooling.

Total score

Naturally, the data from the analysis of the total score was very similar to the results from 

the three composite scores. Again, the parental scores for the three groups of typically 

developing controls did not differ significantly from one another, which preclude a direct 

comparison of development between WS and TD scores. The gradual developmental 

trajectory in the scores for the groups of children with WS reflects their developmental 

delay observed in the data from the three composite scores.

It could be argued that the total score does not add much information to the results from 

the separate composite scores. However, in future analyses where more groups of both 

typically and atypically developing children might be compared on a more broadly 

sensitive set of items, this measure might enable the detection of gross between-group 

differences, whose precise locus could then be explored through the analysis of the 

separate composite scores.

Everyday number

As discussed above, the everyday number construct of the Numeracy Questionnaire for 

Parents consists, of necessity, of a fairly heterogeneous group of questions. Analysis was 

therefore restricted to some selected items rather than a composite score. Most of the
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questions asked parents to indicate how well their child dealt with money and pocket 

money. It turned out that only a very small number of parents of both TD and WS 

children indicated that their child actually received pocket money. This compromised the 

analysis of questions related to pocket money, since obviously only the responses of 

parents whose children did receive pocket money could be included in this analysis. 

These results should therefore be interpreted with caution. Of the parents whose children 

did receive pocket money, the parents of children with WS were less confident that their 

child could deal with pocket money and were also less confident that their child knew the 

prices of goods than the parents of typically developing children. There are numerous 

anecdotal reports in the literature that children with WS have significant problems in 

dealing with money and have no understanding of the numerical amounts that coins and 

notes represent. This has not been studied to-date and in a future version of this numeracy 

questionnaire, it would be useful to include more questions related to dealing with 

money. The questionnaire should also be given in future studies to parents and carers of 

older TD and WS children and adolescents to provide data from a larger group of parents 

of children who do receive pocket money.

The finding that 71% of parents of children with WS indicated that their child did not 

have a good understanding of distances between places is of interest. This finding is 

important because Chapter 5 of this thesis contains experimental data relevant to the 

understanding of numerical distance among children and adults with WS. It should be 

noted, however, that the parents’ report of a lack of understanding of distance between 

places may be more closely related to the deficit in visuo-spatial cognitive functioning in 

children with WS than a weakness that is directly related to numerical cognition.

Reading vs. Number

As predicted, significantly more parents of children with WS thought that their child was 

“better at reading” than “better at number” than was the case for the parents of typically 

developing children. However, despite this relative difference between reading and 

number between TD and WS groups, about half the parents of children with WS
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indicated that their child had problems with both reading and number, while half of the 

parents of typically developing children indicated that their child was good at both 

reading and number. Thus while, according to parent report, more of the children with 

WS indicate that their child is better at reading, a larger percentage indicates problems in 

both. Hence the strong prediction that parents of children with WS will judge their 

children to be better at reading compared with number should be attenuated, since this 

only strictly true of a subset of children with WS. Again the absence of mental age 

measures makes it difficult to establish whether the children with WS whose parents 

judged them to be better at reading than number were also the children who had the 

highest verbal mental ages.

3.6.2 Genera! implications o f the data and lim itations o f the 
Questionnaire

Against the background of the discussion of the specific results, let us now focus on some 

general observations with reference to the results as a whole and the questionnaire’s merit 

and utility. First, it is clear that children with WS are delayed relative to the three very 

young groups of controls on all the measures discussed above, with the exception of 

counting. According to parent report, both the development of the understanding of the 

cardinality principle as well as addition and subtraction are delayed. These findings 

confirm prediction 2 above and show that as soon as actual numerical knowledge and 

skills are required, rather than mere reciting of the count sequence, the performance of 

WS children breaks down. These findings indicate just how long it takes children with 

WS to reach the level of the youngest group of typically developing children and confirm 

the hypothesis that number development is strongly delayed among children with WS. 

The findings clearly show that parents of children with WS observed that even the most 

fundamental aspects of number development are difficult to acquire for children with 

WS. Hence, the results of this questionnaire provide a good initial evaluation of the 

development of fundamental number processing skills in WS and make it evident that
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problems in the domain of number among individuals with WS are widespread and are 

likely to stem from very basic number processing deficits.

Notwithstanding these interesting findings, some problems with the interpretation of the 

data from the questionnaire should be pointed out. For all three constructs the comparison 

with the TD groups was complicated by the fact that, according to their parents’ answers, 

most TD children were already performing very well in counting, cardinality, addition 

and subtraction. This makes it difficult to establish the precise degree of delay and the 

extent to which developmental delay between the scores given by parents of children 

with WS and parents of TD children might widen or shrink over developmental time. 

While these results reveal that, according to parent report, it is only the two older groups 

of children with WS who reach a performance comparable to the much younger groups of 

typically developing children in cardinality and addition and subtraction, the level of 

typical development of the young groups of children with WS remains unclear. In any 

future study, data should be collected from parents of younger TD children (for example 

from parents of 2.0-3.0 year old TD children). For a more detailed comparison, it is 

necessary to have similar variances between groups. Furthermore, the parents of children 

in the typically developing groups came from a rather selected pool of individuals. Most 

of these parents were associated with the Institute of Child Health, which probably means 

that participating parents had similar levels of education and socio-economic status. In 

future, of course, a more random sample of parents of the children in the TD groups 

should be recruited and the effect of variables such as parental education and socio

economic status on the level of number skill competence as indicated by the parents 

should be included in the analysis of the data.

There are a number of other problems associated with the questionnaire that should be 

raised, to enable future studies to use revised and improved versions of this research tool. 

As discussed above, it was difficult to compute meaningful composite scores for a given 

construct because questions that were designed to tap the same construct had different 

answer formats. A solution was found whereby the scores from the categorical and
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interval data answer formats were converted into a common scale (see 3.4.2 above for 

details of how this conversion was achieved). While this solution allowed for the 

averaging across a number of individual questions tapping the same construct (counting, 

cardinality, addition and subtraction) the resulting score was not entirely unproblematic. 

First, while both types of answer formats became comparable on a scale from 0-2, it is 

still not the case that the difference between values on this common scale is equivalent 

for the categorical and interval answer formats. However, the composite scores provide a 

broad reflection of parents’ judgements of their child’s ability in a given domain. 

Furthermore, the intervals were defined on a post-hoc basis and were not driven by 

explicit hypotheses. In a future study, all the questions that tap a single construct should 

have answer formats with the same type of scale that yield comparable data. Furthermore, 

answer formats that provide interval rather than categorical data should be preferred as 

these allow for the use of parametric statistics to analyse parents’ responses and thus 

make the data analysis more flexible.

Another problem of the Numeracy Questionnaire for parents arises from the “Everyday 

number” construct. As discussed above, this construct was too broadly defined, and 

questions ranged from children’s understanding of money to their understanding of 

distances between places. In future this construct could, for example, be subdivided into:

1.) a construct where questions are only relevant to children’s ability to deal with money 

(with questions relevant to their ability to deal with pocket money, understanding of the 

relative value of money, differences between coins and notes etc.) and, 2.) a construct, 

which includes questions focussing on the understanding of quantitative dimensions in 

everyday life (such as distances, sizes, age differences, lengths etc.). This would enable 

the analysis of more coherent composite scores of constructs relevant to number in 

everyday life. Furthermore, too few parents of the children in both TD and WS groups 

indicated that their child received pocket money to allow for a representative analysis of 

the questions relevant to everyday number in both groups. And finally, to reiterate, in
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fiiture research parents of older TD and WS children should be given the questionnaire to 

obtain larger samples for both groups.

While the ceiling effect in the composite scores for the TD children and the floor effect 

for the pocket money question for both groups can surely be addressed by asking parents 

of younger and older children to complete the questionnaire, this will not entirely solve 

the problem since other ceiling and floor effects will occur. In other words, there is no 

way of creating a Numeracy Questionnaire for parents that will yield data with sufficient 

variance for all age groups, because the different constructs are of necessity sensitive to 

different age bands. To ensure that enough meaningful variance is obtained from this 

measure, the questionnaire needs to have different starting and stopping points for 

different age-bands. This in turn would require a large-scale standardisation of the 

questionnaire, which is obviously outside the scope of the present thesis. Such a 

questionnaire would allow for the assessment of validity and reliability and could help to 

address issues such as gender differences, agreement between parents and the effect of 

socio-economic status, which have already been the focus of some debate in the language 

acquisition literature regarding the MacArthur Communicative Development Inventory 

(Feldman et al., 1999; Fenson et al., 2000; Fenson et al., 1993).

Furthermore, it should be evaluated whether the parent report measures of children’s 

number development as assessed by the Numeracy Questionnaire predicts children’s 

actual number development (predictive validity). This could be established by comparing 

parent report measures of constructs such as counting, cardinality, addition and 

subtraction to direct tests of these number skills. If the Numeracy Questionnaire is to be a 

useful tool for the measurement of children’s number abilities, then a strong correlation 

between parent report measures and direct measures of number skills should be sought.
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3.6.3 Concluding Comments and Future Outlook

It is clear from the results and discussion presented in this Chapter that the Numeracy 

Questionnaire for parents is still in its infancy and will probably need to be piloted a 

number of times before a valid and reliable version emerges that addresses most of the 

outstanding and problematic issues discussed above.

Notwithstanding the weaknesses of the current version, the Numeracy Questionnaire 

turned out to be a very useful initial tool for subsequent experiment work. The findings 

presented in this chapter have provided a substantial body of information about number 

development in children with WS. According to their parents, children with WS are some

2-5 years behind TD children for even the most basic number skills such as 

understanding of the meaning of counting, addition and subtraction. Furthermore, very 

few children with WS receive pocket money and the parents of those who do are worried 

about their ability to deal with money and their knowledge of prices. To obtain this kind 

of information with such a large number of participants by means of direct measurement 

would have been very time-consuming and costly. Of course, a parent report measure 

such as the Numeracy Questionnaire does not replace the direct measurement of 

cognitive development. The data that can be gathered by means of parent-report measure 

yield primarily descriptive information that does not lend itself readily to a detailed 

analysis of the mechanisms underlying cognitive function and development. However, 

when very little is known about number development in a special population, as is the 

case for WS, this measure can help to gain an initial appraisal of the extent of the number 

difficulties and how they compare to the normal developmental trajectory. This can help 

to guide and direct more detailed experimental investigation of a smaller number of 

individuals with the syndrome.

In future, it would be of interest to have the questionnaire completed by parents of 

children with different developmental disorders where difficulties with number have been 

reported. This would allow for a broad initial analysis of differences and similarities
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between syndromes and would help to understand whether or not number development in 

WS is delayed to a greater extent than in other genetic developmental disorders.

The future development of this questionnaire has the potential to provide researchers and 

clinicians with a good screening of children’s number development. With continued 

improvements to the questions, a comprehensive standardisation and the establishment of 

predictive validity and reliability, the Numeracy Questionnaire has the potential to 

become a crucial measure of number development at a time where the importance of 

studying both atypical and typical number development is becoming increasingly 

apparent.
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4 Counting and Cardinality in Williams syndrome

4.1 Introduction

The previous chapters confirm anecdotal reports and existing, albeit scarce, experimental 

evidence that people with Williams syndrome suffer from great difficulties in dealing 

with numerical information and in solving simple numerical problems. However, the data 

presented thus far has been primarily descriptive. While a descriptive analysis is certainly 

informative, it does not elucidate the cognitive mechanisms that lead to difficulties with 

number. As highlighted in Chapter 1, the aim of this thesis is to gain an insight into the 

development of numerical competence in WS by examining how children and adults 

perform on tasks that tap very basic aspects of numerical cognition. The study of basic, 

low-level components of numerical cognition is crucial because subtle impairments of 

these, or differences in the way they develop, may explain why children and adults with 

WS experience difficulties with higher-level numerical cognition.

One fundamental developmental building block of numerical cognition is the ability to 

count and to understand the meaning of counting (Gelman & Gallistel, 1978; Mix et al., 

2002b). The data from the numeracy questionnaire for parents reported and discussed in 

Chapter 3, suggest that children with WS have difficulties in developing this 

understanding and are delayed in comparison with typically developing children. The 

first aim of this chapter is to compare empirically the counting ability and understanding 

of the cardinality principle of children with WS with that of typically developing 

children. Parent-report measures reported in Chapter 3 have already indicated that 

children with WS might be delayed in their understanding of the meaning of counting. 

The empirical work presented in this chapter will help to understand the mechanisms that 

underlie this delay. Secondly, the current chapter aims to evaluate developmental changes 

in the counting abilities of children with WS. To this end, the same group of children 

with WS was tested twice on similar tasks. Data from the first testing session is presented 

in Experiment 3 and data from the second session is presented in Experiment 4 below.
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Is the development of counting skills fundamental to number development?

While textbooks and literature reviews of numerical cognition nowadays ascribe 

fundamental importance to the child’s development of counting skills, it should be noted 

that counting was not always considered a milestone in the development of number 

abilities. (Piaget, 1952) for instance, emphasised the role of logical reasoning structures 

in underpinning children’s developing ability to abstract numerically relevant dimensions 

from their interactions with the environment. According to Piaget (1952), it is the child’s 

ability to conserve numerical quantity, rather than counting, which is crucial to the 

development of number abilities. Piagetian conservation tasks, as described in Chapter 1, 

involve the ability to understand the numerical invariance between two sets, regardless of 

spatial transformations of the sets. However, over the last 20 years, there has been an 

increasing emphasis on the role of counting in number development. Gelman and 

Gallistel (1978) contended that children are able to appreciate the numerical properties of 

individual sets before they use one-to-one correspondence to conserve relational number 

invariance. Several studies (Gelman, 1982; Russac, 1978; Sophian, 1995) have shown 

that, contrary to Piaget’s (1952) claims, children use counting to conserve before they 

can conserve on the basis of one-to-one correspondence. On the basis of a series of 

studies, Gelman and Gallistel (1978) argue that the child’s development of counting 

abilities involves the understanding of five numerical principles:

One-to-one correspondence: Every item in a display should be tagged with one

and only one unique tag.

Stable order principle: The ordering of tags should be the same across trials

of counting

Abstraction principle: Objects of any kind can be counted for the purpose

of enumerating a set.

Order irrelevance principle: Objects in a set can be tagged in any order,

provided each object is only tagged once.
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The cardinal principle: The last tag in a count sequence represents the total

number of items in a counted set.

According to Gelman and Gallistel (1978), the understanding of these counting principles 

precedes and guides the child’s acquisition of counting skills. Subsequent work, however, 

has challenged the ‘principles before skills’ hypothesis. A number of studies show that 

children are able to recite the count sequence before they understand the counting 

principles (Briars & Siegler, 1984; Fuson, 1988).

Today’s scholars seem, at least, to concur in their recognition that counting plays a 

fundamental role in the child’s understanding of number, and that the development of 

counting skills and a conceptual understanding of the meaning of counting appear to 

precede the development of an understanding of quantitative relationships between sets.

Throughout the literature, which discusses the development of the understanding of 

counting principles among typically developing children, an understanding of the 

cardinality principle has been found to be the last principle to be acquired. Indeed, it has 

been found that children have an implicit grasp of the one-to-one and stable order 

principles before they demonstrate an understanding of cardinality (Gelman & Gallistel, 

1978; Wynn, 1990, 1992). It is only when children abide by the cardinality principle that 

they can be said to have understood the point of counting, that is, to determine the total 

numerosity of a set. In other words, it is one thing to know how to count and quite 

another to know whv one counts. Wynn (1990) argues that counting principles such as 

one-to-one correspondence and stable order can be learned outside the counting context 

in games such as turn talking and labeling. The cardinality principle, however, is different 

and specific to counting alone. It can only be learned in a numerical context. Hence, the 

understanding of the cardinality principle marks the beginning of the child’s 

understanding of exact quantity and how counting enables enumeration.

There are several ways in which to assess a child’s understanding of the cardinality 

principle. The most common way has been to ask children to count a number of objects
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and subsequently to ask “how many” objects they have counted (Gelman & Gallistel, 

1978; Wynn, 1990). This so-called “how many” task has been criticised for being 

potentially misleading for the child. It has been argued (Wynn, 1990, 1992) that asking 

children “how many” objects they have just counted may lead the child to infer that the 

experimenter is asking him to re-count or that his first count was erroneous, or a 

combination of the two. Even success on the “how many” task may not reflect an 

understanding of cardinality. The child may have learnt the rule that the correct response 

to the “how many” question is simply to state the last number word in the count 

sequence, rather than having a true understanding of whv this is the correct response.

These considerations led Wynn (1990) to design a less ambiguous test of cardinality 

understanding: the “give-a-number” task. In this task the child is asked to give a puppet 

different numbers of objects. In order to be successful on this task, the child needs to 

understand the function of counting, i.e., the cardinal value of the number of objects s/he 

is being asked to give to the puppet. If the child is to succeed in this task s/he needs to 

have an understanding of how many objects are represented by the number word that the 

experimenter requests. In her studies, Wynn found that young children (2 ‘A-S years) 

generally just grabbed a large number of objects. These children were referred to as 

“grabbers”. However, slightly older children (3-4 year olds) started to display an 

understanding of the cardinality principle: those children who consistently stopped at the 

correct number were called “counters”. Wynn (1990) observed an important shift in 

performance on the “give a number” task at around 3 years of age. While children 

younger than 3 Vi were able to give 1, 2 and 3 objects correctly, they consistently grabbed 

when required to give a number of objects greater than 3. By contrast, children older than 

3 Vi years (the “counters”) were able to give numbers greater than 3 correctly. In light of 

these findings, Wynn contends that at around 3 years of age a conceptual shift occurs. At 

this developmental level children appear to generalise the concept that counting 

determines numerosity to all numbers within their coimting range, while before they only 

appeared to have connected this concept to the numbers 1-3.
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Evidence from both adults and children suggests that enumerating sets of 1-3 objects 

involves a fast and implicit process of parallel enumeration, commonly referred to as 

subitizing, rather than sequential counting (Trick & Pylyshyn, 1994; Mandler & Shebo, 

1982). In view of this, it has been argued that before the age of 3, children may have 

mapped number words onto their subitizing range (1-3) rather than having developed an 

understanding of the cardinality principle for all numbers in their counting range. Wynn 

contends that after this age, children make the induction that for any number word x, the 

next number word in the sequence represents a set with the cardinality of x+1. It is 

through this developmental ‘insight’ or ‘induction’ that children become able to attach 

meaning to their count list and thus represent exact numerosity.

Counting -  a fîrst step to an understanding of exact number?

The evidence discussed above suggests that the development of counting involves 

protracted developmental changes. Initially children are able to abide by some of the 

counting principles (eg. stable-order and one-to-one correspondence) but it is not until 

around the age of 3 V2 years that children can be said to exhibit an understanding of the 

point of counting: to determine the numerosity of a set(s). These findings raise a number 

of questions about number development in general. Why does it take so long for children 

to understand the meaning of counting and thus represent exact numerosity? What are the 

mechanisms that lead to this development and what is the role of non-verbal approximate 

representation of number in the development of the understanding of the cardinality 

principle?

The above review of the experimental evidence for numerical competence in human 

infants and toddlers leads to the conclusion that children of this age display at least some 

“numerically-relevant” competencies. Furthermore, one study (Xu & Spelke, 2000) 

suggests that infants’ ability to discriminate between visual displays of large numerosities 

may demonstrate reliance on non-verbal, approximate representations of number which 

are qualitatively similar to animals’ and adults’ representation of non-verbal, approximate 

magnitude. Additionally, recent evidence indicates that 11-months olds but not 9-month 

olds are sensitive to the direction in which successive displays of numerosity are ordered

131



Chapter 4 Counting and Cardinality in WS

(ascending or descending) (Brannon, 2002). There also exists increasing evidence to 

suggest that pre-schoolers with only minimal verbal counting competence can represent 

numerical relations (Brannon & Van de Walle, 2001). Moreover, the level of success of

3-5 year olds in discriminating between numerosities appears to be unrelated to their 

understanding of the cardinality principle and instead dependent on the ratio between 

numerosities, revealing that these competencies are mediated by a non-verbal, 

approximate representation of number (Huntley-Fenner & Cannon, 2000).

Taken together, these findings indicate that non-verbal, approximate representations of 

number are functional in children well before they display the understanding that 

counting determines numerosity. Thus in number development the representation of non

verbal, approximate number appears to precede the representation of symbolic or exact 

number. The understanding of the cardinality principle could be said to represent a 

watershed in the child’s developing understanding of exact number. To date it is unclear 

exactly what the developmental relationship might be between non-verbal representations 

of number and the developing understanding of exact numerosity through counting. It 

may be hypothesised that development between infancy and early childhood involves 

increasing competence in mapping between the non-verbal, approximate representation 

of number and count words, the result of both a greater knowledge of the count words 

and a greater differentiation between mental magnitudes over developmental time. The 

interaction between these processes may allow for the construction of exact numerical 

representations and thus an understanding of the cardinality principle. Alternatively, the 

non-verbal, approximate representation of number may be irrelevant in the development 

of counting and the understanding of the cardinality principle. Instead, it may be the case 

that through increasing linguistic competence the child is able to bootstrap the numerical 

relationship between count words (the successor function). The non-symbolic or object- 

file representation of 1-3 objects may serve as a representational basis for this 

bootstrapping process (Carey, 2001).

As discussed in Chapter 1, evidence from human adults suggests that exact representation 

of number is language-dependent and represented in language-related areas of the brain.
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while approximate number is language independent and represented in areas of the brain 

typically associated with visuo-spatial competence (Dehaene et a l, 1999; Spelke & 

Tsivkin, 2001). These findings might be construed to indicate that exact and approximate 

representations of number are both functionally and anatomically segregated. While this 

may be the case in adulthood, it is possible that interactions between these systems over 

developmental time lead progressively to the construction of relatively independent 

representational formats in adulthood.

These considerations raise the possibility that either verbal or non-verbal processes, or a 

combination of the two, play a role in the development of the child’s understanding of the 

cardinality principle. The literature reviewed in Chapter 1, has demonstrated that WS 

presents with an uneven cognitive profile with relative strength in language coupled with 

a strong weakness in visuo-spatial cognition. In view of this cognitive profile, one might 

hypothesise that if it is the case that linguistic competence plays a strong role in the 

development of counting and the understanding of the cardinality principle in the typical 

case, then children with WS should have a relatively good grasp of the cardinality 

principle. If, however, the non-verbal representation of magnitude plays an important role 

in the development of counting and cardinality, then individuals with WS should be at a 

level predicted by their visuo-spatial or non-verbal cognitive ability.

In order to explore the non-verbal and verbal contributions to the development of 

cardinality understanding in both typically developing children and those with WS, 

measures of both verbal and visuo-spatial competence were obtained from participants in 

both groups.

4.2 Questions and Hypotheses

The literature reviewed above raises a number of questions, which have motivated the 

experimental studies presented within this chapter:
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1. It is predicted (as already indicated from parental report measures in Chapter 3) that 

children with WS are proficient at reciting the count sequence owing to their relative 

strength in language but that their understanding of the cardinality principle will be 

comparatively weak.

2. What is the level of counting skills and understanding of children with WS whose 

non-verbal mental age is at the level at which coimting skills and the understanding of 

the cardinality principle would be expected to develop gradually among typically 

developing children?

3. What is the relationship between verbal and non-verbal (visuo-spatial) skills and the 

development of the understanding of the meaning of counting (cardinality) in both 

typically developing children and those with WS?

4. Does the understanding of the cardinality principle improve over developmental time 

in children with WS?

The analyses presented in this Chapter do not merely entail a comparison of the group of 

children with WS with a group of typically developing controls matched on a measure of 

mental age. In addition to a comparison with a group of individually matched controls, 

the performance of children with WS was compared to a larger group of typically 

developing children forming a developmental trajectory and thereby provided a better 

estimate of the typical development of the understanding of the cardinality principle. 

While questions 1 & 2 above can be explored by means of a straightforward 

experimental-control group comparison, question 3 requires comparison with a group of 

children who exhibit a wider variance in both their verbal and visuo-spatial competence. 

Experimental-control group comparisons are useful to explore differences or similarities 

in absolute levels of performance. However, they often do not serve to explore 

differences in the factors that explain the variance in the experimental group relative to 

the control group.
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This Chapter is divided into two sections, entitled Experiment 3 and Experiment 4. 

Experiment 3 presents and discusses the results of the data collected during the first visit 

to the group of children with WS as well as results from typically developing controls. 

Experiment 4 reports the data collected during the second visit to the group of children 

with WS. In the final section the implications of the longitudinal data will be discussed.

Experiment 3

4.3 Method

4.3.1 Participants

A sample of 15 children with WS was tested. All of these children had been diagnosed 

clinically as well as by means of the fluorescence in situ hybridisation (FISH) genetic test 

for deletion of the elastin gene. The mean chronological age (CA) of the children with 

WS was 7 years, 1 month (range; 6;0 years to 11;5 years). This age range was chosen 

because it was assumed, on the basis of previous work, that children with WS could be 

expected to be functioning at a level equivalent to roughly half their chronological age. It 

is at this level of MA where, on the basis of previous research (Gelman & Gallistel, 1978; 

Wynn, 1990) one would expect the understanding of counting to be in the process of 

developing in healthy controls.

One child with WS did not get a raw score above zero on the test of visuo-spatial 

cognition; the data from this child were therefore excluded from further analysis. 

Fourteen control children were also tested. These children were individually matched to 

the children with WS on both gender and visuo-spatial mental age, using age equivalent 

scores of the Pattern Construction Subscale of the British Abilities Scales II (Elliot et al., 

1996). Control children were matched on visuo-spatial mental age, rather than language, 

because they could be expected to be at an age where they would still show a range of 

abilities on the counting task. If the children with WS had been individually matched on 

verbal mental age to a group of typically developing children, the typically developing 

children would have been at ceiling on the counting task and would therefore not have
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represented a suitable comparison group. Both groups comprised 5 girls and 9 boys. The 

mean CA of the individually matched control children was 3 years, 5 months (range 3;0 

years to 4;7 years). Thus the individually matched control children were substantially 

younger than the children with WS.

One of the aims of this study is to establish the extent to which language ability and 

visuo-spatial competence account for the variability in cardinality understanding among 

children with WS and how this may differ from typically developing children. To 

establish this a further control group was deemed necessary, in which the variability in 

language and visuo-spatial scores was similar to the variability of these measures in the 

children with WS. Therefore an additional 14 typically developing children were tested. 

This group of children had a mean CA of 3 years, 4 months (range: 2;6 years to 5;3 

years). Together with the children in the matched control group (N=14), the new 

comparison group consisted of a total of 28 children, with a mean CA of 3 years, 4 

months (range: 2;5 years to 5;3 years). All but 2 of the children in this large comparison 

group were also tested for both visuo-spatial ability and verbal mental age. Thus, in this 

study, the performance of children with WS was compared with a group of individually 

matched controls and also with a larger group of typically developing children.

4,3.2 Background Measures

All participants with WS were tested on the Early Years Version of the British Abilities 

Scales, BAS (Elliot et al., 1996) as well as on the British Picture Vocabulary Scales, 

BP VS (Dunn et al., 1997). The mean General Cognitive Ability (OCA) of the children 

with WS on the BAS was 57 (range: 42 to 81). The GCA is roughly an IQ equivalent, 

with a mean of 100 and a standard deviation of 15. The mean verbal mental age (VMA) 

of the WS group on the BP VS was 4;8 months years (range: 2;11 years to 7;0 years). The 

means and standard deviations of the chronological ages, verbal and spatial mental ages 

as well as the raw scores on the pattern construction test for all groups tested can be 

found in Table 4.1.
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Table 4.1 Participant Background Data

Group

WS Individually 

Matched 

controls (a)

Additional 14 

children

(b)

Larger 

comparison 

group (a+b)

Mean SD Mean SD Mean SD Mean . SD

Chronological Age 7.2 1.5 3.5 .51 3.4 .92 3.4 .73

BPVS Age 

Equivalent(VMA)

4.8 1.6 3.0 .73 3.8 1.6 3.5 1.3

Pattern Construction 

Age Equivalent

3.0 1.0 3.0 1.0 3.9 1.1 3.4 : 1.2

Pattern Construction 

Raw Score

4.1 3.2 3.5 2.5 7.0 4.6 5.2 4.0

Note: Two children in the individually matched control group were only tested on the pattern construction 

subscale o f  the BAS and not the BPVS. Therefore the mean Verbal mental age (VMA) for the 

individually matched controls in Table 1 is representative o f  12/14 participants. The larger comparison 

group consists o f  28 children, consisting o f  the 14 individually matched controls and 14 additional 

children.

Because 7 children with WS were found to have raw scores within the range for the floor 

age equivalent score on the pattern construction task, it was ensured that children with 

WS did not differ significantly in their raw scores from the individually matched controls. 

No significant difference in raw scores was found between WS and their controls 

t(26)=0.5, p=.60. Also, due to the fact that 7 children had floor age equivalent scores on 

the pattern construction tasks, raw scores were used in all the statistical analyses, since 

these scores better discriminate between individual performances.
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4.3.3 Procedure

All the children with WS were tested at home on two separate occasions that were no 

more than 1 month apart. On the first occasion they were tested on the above-described 

background measures. During a second session they were tested on the two counting 

tasks. Children in both control groups were also tested on the background measures and 

the counting tasks on two separate occasions, no more than 1 month apart, in their 

nursery and primary schools.

4.3.4 Tasks

How many” task

Children were introduced to a hand-held puppet called “Marvin the Mole”. They were 

told that the puppet had forgotten how to count, and that they were to teach him. The 

children were then shown different numbers of plastic animals glued to cardboard, with a 

7cm space between each animal. Participants were presented with displays of 2, 3, 4, 5 

and 6 animals. Within these sets, only one type of animal was used per set (homogeneous 

sets). In addition, children were tested with two other sets, consisting of 3 and 4 animals, 

where the type of animal was varied randomly within each set (heterogeneous sets). 

Participants were randomly presented with these 7 sets of animals and asked to count 

them for the puppet, for a total of 7 trials. When they had finished counting each set, 

they were asked, “How many animals were there?” The experimenter recorded both 

whether or not the child had counted the sets of animals correctly, without skipping or 

double counting, as well as the answer given to the “how many” question, and whether 

they recounted the set. Throughout the 7 trials the experimenter repeatedly emphasised 

that the puppet had forgotten how to count and needed the help of the child.

“Give a number” task

The same children were then tested in the “give a number” task, which was always 

presented after the “how many” task, to ensure first that children were able to recite the 

count sequence correctly. Children were presented with two ceramic bowls. Into one 

bowl the experimenter emptied 93 marbles, all of which were the same colour. The bowl
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full of marbles was placed in front of the child and an empty bowl was put in front of the 

experimenter holding the puppet. Children were again told that the puppet had forgotten 

how to count and were asked, in random order, to put a given number of marbles into the 

bowl (1, 2, 3, 4, 5, or 6 marbles). Each quantity was repeated 3 times, leading to a total of 

18 responses.

4.4 Results

4Æ 1 "How many" task

Children with WS were proficient at reciting the count sequence when counting 2-6 

objects. Only 14% of children with WS (2/14) did not count all 7 objects correctly. Of the 

2 children who failed to obtain a ceiling score on this task, one made a single mistake and 

the other failed to count 3 of the 7 sets correctly. In the group of individually matched 

controls, 28% of the children (4/14) did not count all 7 objects correctly, but only 1 of 

these children made more than 3 mistakes. There was no significant difference between 

the young controls and the group of children with WS in their ability to attach the correct 

number words onto the objects they counted: t(26)= 1.10, p=.27.

On average, individuals with WS gave the correct cardinality response (stating the correct 

total number of items counted rather than recounting the set) only 43% of the time. 

Individually matched controls gave the correct cardinality response 52% of the time. 

There was no significant difference in the number of correct cardinal responses between 

children with WS and their much younger, individually MA-matched controls: 

t(26)= .56, p=.57.

4.4.2 "Give a number" task

In order to compare the number of times individuals gave the correct number of small (1- 

3) and large numbers (4-6) within and between groups, a 2 (large vs. small) X 2 (WS vs. 

individually matched control group) mixed ANOVA was computed. As can be seen from 

Figure 4.1, both WS and individually matched controls gave the wrong number of 

marbles significantly more often for large numbers in comparison with small numbers
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F(l,26) = 20.4, p<.001. There was no effect of group F( 1,26)=.53, p=.47 and the 

interaction between group and size was also found to be non-significant: F(l,26) = .56, 

p=.48.

Figure 4.1 Comparison o f  mean number o f  times correct number o f  marbles given (out o f  

3 trials) fo r  numbers 1-6 fo r  WS and individually matched control group in “give a 

number ” task

IWS
I M atched C ontrols

2 3 4  5

R equired N um ber

Note: Error bars represent the standard error of the mean.

4.4.3 Relationship between ''how many"and "give a number" tasks

To ascertain whether the two tasks were indexing cardinality understanding in a 

comparable way, the number of correctly given responses to the “how many” task (out of 

7) and the total number of correctly given number of marbles in the “give a number” task 

(out of 18) were correlated. Bivariate Pearson’s correlations revealed a highly significant 

correlation between cardinality understanding as measured by the two tasks in both 

children with WS: r=.67, p<.009 and in the individually matched control group: r=.87,

p<001.
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4.4,4 Relationship between language^ visuo-spatiai cognition and 
understanding o f cardinality

A high degree of variability existed in the Verbal Mental Ages (Mean= 4 years, 8 

months; SD= 1 year, 6 months) of the participants with WS. To explore whether this 

variability was related to children’s performance on the “give a number” task, the group 

of children with WS was split according to VMA. Therefore, the mean VMA in the WS 

group (4 years, 8 months) was used as a basis for the subgroup split. Using this split we 

compared a group of children (N=5) with a VMA equal to or below 4 years and 8 months 

(low language ability group) with a group of children (N=9) who obtained a VMA higher 

than 4 years and 8 months.

An independent t-test revealed a significant difference in VMA between the subgroups: 

t(12) = -5.6, p<.001. A further independent t-test revealed that the two subgroups did not 

differ significantly in terms of visuo-spatial ability: t(12) = -1.3, p<.199. To establish 

whether these groups differed in their understanding of cardinality, performance on the 

“give a number” task was compared between groups. This was achieved by computing a 

2 X 2  mixed ANOVA with number of marbles (small vs. large) as the within-subjects 

variable and group (high vs. low language WS/ controls individually matched to high 

language WS group vs. controls individually matched to low language WS group) as the 

between-subjects variable.

There was a significant main effect of size: F(l,12)=45.8, p<.001. Furthermore a 

significant interaction between number of marbles required and group was found: 

F(l,12)=22.5, p<.001. As can be seen in Figure 2, for large (4-6) numbers, children with 

WS in the high language group were at or near ceiling, while children with WS in the low 

language group were at or near chance. Visual inspection of Figure 4.2 suggests that the 

interaction between size and group is not only due to the difference in the amount of large 

numbers correctly given between high and low language WS groups. This can be 

explained by the finding that children in the low language WS group were also poorer 

than the high language group at giving small (1-3) numbers. Post-hoc t-tests confirmed
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that the two WS groups differed both in terms of small numbers of marbles (1-3): t(12)= - 

7.8, p<.001, as well as large numbers of marbles (4-6): t(12)= -7.3, p<.001.

Figure 4.2 Comparison o f  mean correct number o f  marbles given (out o f  3 trials) 

between individuals with WS in the high language ability group (HLA) and individuals 

with WS in the low language ability group (LLA).
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Note; Error bars represent the standard error o f the mean.

These findings raise the possibility that language ability rather than visuo-spatial ability is 

correlated with cardinality understanding in WS and accounts for a greater amount of its 

variance. To explore whether the extent to which language accounts for this variance is 

different among WS and typically developing children, a set of bivariate and partial 

correlations in addition to hierarchical regressions were run. Given the small number of 

trials (7) in the “how many” task and therefore the relatively low statistical power, the 

performance on the “give a number” task was used as a dependent variable.

Due to the small variance in VMA in the individually matched control group (SD=.73), 

the correlational and regression analyses with VMA and pattern construction raw score 

were run with the larger comparison group (N=28). This group consisted of the 

individually matched controls (N=14) as well as the additional 14 unmatched typically
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developing children. There was a larger amount of variance in the VMA’s of this larger 

control group (S.D=1.3), making them more similar to the variability in VMA’s observed 

in the group of children with WS (S.D=1.6). Simple correlations between verbal mental 

age, pattern construction raw score and the total number of correctly given marbles were 

run. As can be seen from Table 4.2, VMA correlated significantly with the total number 

correctly given in both the group of children with WS and in the larger comparison 

group. However, visuo-spatial ability was correlated significantly in the comparison 

group but not in the WS group.

Table 4.2 Simple Pearson’s correlations between verbal mental age (VMA), pattern 

construction raw score and total number o f marbles correctly given in the “give a 

number ” task

\  Simple 

\orrelations 

P a r tia l\  

correlatioi^v

Total number 

correctly given

CA VMA Pattern 

construction 

raw score

WS Controls WS Controls WS Controls WS Controls

Total number 

correctly given

1 1 .202 .739** .766** .504** .440 .761**

CA - - 1 1 -.077 .659** .139 .542**

VMA .800** .049 - - 1 1 .455 .530**

PC raw score .424 635** - - .471 .265 1 1

Note; *= p<.01, ** = p<.001

To ascertain whether these correlations were significant after controlling for 

chronological age, a set of partial correlations was run, controlling for chronological age 

(CA). As the results in Table 4.2 show, VMA was still significantly correlated with 

performance in the group of children with WS. However, this was not true of the 

comparison group. By contrast, visuo-spatial competence still correlated significantly in 

the comparison group after controlling for CA. Thus the correlations differ in the two 

groups.
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From these correlational analyses it cannot be established whether VMA accounts for a 

significant amount of variance in performance on the “how many” task over and above 

pattern construction raw score and CA. Therefore, hierarchical regression models were 

run to identify the best predictor of understanding of the cardinality principle. In Model 1 

VMA was entered in block 2 and pattern construction raw score in block 3. The reverse 

was true of Model 2 where pattern construction raw score was entered in block 2 and 

VMA in block 3. CA was always entered in Block 1.

The results presented in Table 4.3 show that in the group of children with WS, VMA 

accounts for a significant amount of variance regardless of the order in which the 

variables were entered (Model 1, Model 2, WS). Moreover, pattern construction raw 

score did not significantly account for variance in the performance on the “give a 

number” task in the clinical group. In the larger comparison group, by contrast, both 

VMA and pattern construction raw score accounted for a significant amount of the 

variance in the children’s performance on the “give a number” task when entered into the 

first block of the regression model (Model 1, controls). However, VMA did not 

significantly predict the observed variance after pattern construction raw score had 

already been entered (Model 2, controls), showing that, in the larger comparison group, 

VMA does not uniquely account for performance variance in the “give a number” task 

over and above pattern construction raw score. However, as reported above, in the WS 

group VMA significantly accounts for variance in children’s performance on the “give a 

number” tasks after allowing for visuo-spatial ability.
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Table 4.3 Hierarchical regression models with total number o f  marbles correctly given 

as the dependent variable.

WS Controls

Step Predictor B R2 DR2 B R2 DR2

Model 1

1 CA .202 .041 .041 .728** .530 .530**

2 VMA .758** .656 .615** .047 .531 .001

3 Pattern Constr. .060 .658 .003 .542** .727 .196**

Model 2

1 CA .202 .041 .041 .728** .530 .530**

2 Pattern Constr. .420 .214 .173 .515** .719 .190**

3 VMA .758* .658 .455* -.121 .727 .007

Note: Step denotes the order o f entry o f variables in the model. B is the standardised regression coefficient, 

R2 is the value o f R Square and DR2 refers to the value for R Square Change. Significance level is denoted 

by * = p<.005 and ** = p<.001

4.5 Discussion

As predicted above, the findings reported from Experiment 3 demonstrate that children 

with WS can recite the count sequence for small numbers and make almost no errors. 

This is in line with results from a study by (Thomas et al., 2002) using speeded naming, 

in which individuals with WS were accurate and fast at naming numerals. However, the 

present findings highlight the fact that counting of the number sequence does not predict 

the actual understanding of counting in this clinical group. Children with WS responded 

correctly to the “how many” question less than 50% of the time and, despite a mean CA 

above 7, they only reached the level of 3-year-olds (their much younger individually
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matched MA controls), indicating that their understanding is merely at the level that 

would be expected for their visuo-spatial mental age.

The data from the “give a number” task paint a similar picture. Overall children with 

Williams syndrome (WS) were found to be significantly better at giving small (1-3) 

compared to large (4-6) numbers and do not differ significantly from the much younger 

controls. As pointed out by Wynn (1990, 1992), the ability to give numbers 1-3 correctly 

does not necessarily reflect an understanding of the cardinality principle, but rather a 

reliance on perceptual, ‘subitizing’ mechanisms, allowing for fast enumeration without 

counting. Thus these findings suggest that this ability is relatively preserved in WS (see 

Chapter 6 for related findings).

Notwithstanding the results from the overall group analysis, the analysis of subgroups 

divided on the basis of their Verbal MA provided a more detailed understanding of the 

way in which the development of the cardinality concept is driven in WS. Results showed 

that WS children with relatively high VMAs were also those who performed at or near 

ceiling on the give-a-number task, while those with VMAs below 4;8 years were very 

poor at numbers greater than three. These findings show that children with WS make the 

conceptual shift from “grabbers” to “counters” considerably later than typically 

developing children. These results suggest that the development of the understanding of 

the cardinality principle is delayed in WS.

The correlational and regression analyses also suggest that individuals with WS may rely 

on their relative strength in language to bootstrap or scaffold their understanding of the 

cardinality principle. By contrast, it is visuo-spatial ability and not language that predicts 

success in the control group, even after controlling for CA. These findings thus suggest 

that in typically developing children visuo-spatial cognition drives the understanding of 

the cardinality principle to a greater extent than verbal competence. By contrast, in 

children with WS the opposite obtains, with verbal ability being significantly related to 

the understanding of the cardinality principle, while visuo-spatial cognition is not. This 

points to an atypical trajectory in WS.
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The results from the hierarchical regression analyses strengthen the implications derived 

from the correlational analyses. In the group of children with WS, it was found that, 

regardless of the order of entry of the variables, VMA significantly accounted for the 

variance in performance on the “give a number” task, whereas visuo-spatial ability did 

not. In the control group, VMA did account for a significant amount of variance in task 

performance when it was entered after CA was controlled for. However, when visuo- 

spatial ability was entered after CA, VMA did not significantly account for any additional 

variance. These findings suggest that in the control group the variance in the “give a 

number” task accounted for by VMA is shared by the variance predicted by the visuo- 

spatial score. In the group of children with WS, however, the variance accounted for by 

VMA is unique and is not significantly shared with that predicted by visuo-spatial ability.

A more conservative interpretation of the data might be that general intellectual ability 

(as reflected by VMA) is what predicts the counting ability of children with WS, and that 

there is nothing syndrome-specific that explains this ability. However, not only VMA but 

also visuo-spatial ability is significantly correlated with chronological age in the large 

control group, but not the WS group. While this strong effect of age explains the 

correlation between VMA and cardinality understanding, it does not account for the 

correlation between visuo-spatial ability and performance in the large comparison group. 

This is also strengthened by the results from the large comparison group showing that, 

once CA is accounted for, visuo-spatial ability, but not VMA, accounts for performance 

variance. Thus, even in typically developing children, the development of cardinality 

appears to be driven by specific cognitive capacities rather than simply overall 

intellectual ability. Thus the groups rely on different cognitive competencies to guide the 

development of numerical cognition.

The most interesting finding to emerge from Experiment 3, then, is that while individuals 

with WS perform at the same level as their visuo-spatial controls, the factors that explain 

their performance are different from those that account for the understanding of the 

cardinality principle in typical development. It is important to stress, however, that even

147



Chapter 4 Counting and Cardinality in WS

compensation by the relative strength in WS language is imperfect, since typically 

developing children with Verbal MAs at same level as those found in the WS group 

would already have full mastery of the cardinality principle. Thus the greater dependence 

on language in the development of an understanding of the cardinality principle among 

children with WS does not serve as an efficient compensatory mechanism or strategy 

since children are still only at the level of their visuo-spatial mental age matched controls.

Our findings show that the relative strength in language among people with WS does not 

lead to normal development of exact number representation, as might have been 

predicted from adult models of numerical cognition (Dehaene et al., 1999; Dehaene, 

2001)(Spelke & Tsivkin, 2001). Children with WS were found to be at the level of the 3- 

year old controls individually matched on visuo-spatial ability, and therefore far below 

the level that would be expected given their verbal competence or chronological age. 

These results suggest that the impairment in visuo-spatial cognition in children with WS 

prevents normal development of an understanding of the cardinality principle, which is 

not fully compensated for by their strength in language. It could be argued that these 

findings suggest that the development of object-file or non-verbal, approximate 

representation of number is impaired in WS and thus leads to an impairment in the 

mapping between number words and mental magnitude and hence the construction of 

discrete number representation over developmental time.

This interpretation is strengthened by the findings from the group of typically developing 

children, who show that understanding of the cardinality principle is driven by visuo- 

spatial competence to a greater extent than language ability. Thus, contrary to what might 

have been predicted from adult models of numerical cognition (Dehaene et al., 1999), 

typical development of exact number representation appears to be scaffolded, at least 

initially, by the development of non-verbal competencies. These findings indicate that 

non-verbal competencies might play an important role in normal development of the 

understanding of the cardinality principle. These findings indirectly support the 

hypothesis that non-verbal systems of magnitude representations are crucial in early 

number development and might play a significant role in the construction of exact
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number representation and thus the development of the understanding of the cardinality 

principle.

Further evidence suggesting that language may not be crucial in the development of the 

understanding of number concepts comes from the study of children with Specific 

Language Impairment (SLI) (Fazio, 1994) examined whether children with SLI could 

count and understand the cardinality principle. Her results suggest that while children 

with SLI have difficulties with the procedural demands of counting tasks (verbally 

reciting the count sequence) their understanding of the cardinality principle is not 

impaired. Furthermore, across a variety of arithmetical tasks children with SLI performed 

worse than age-matched controls but better than younger language-age matched controls.

From these various results, it is hypothesised that over developmental time, non-verbal 

representations of number become integrated with verbal numerical competence, leading 

to language-dependent representations of exact number. This hypothesis is supported by 

the findings of (Huntley-Fenner & Cannon, 2000) and (Brannon & Van de Walle, 2001) 

which indicate that early numerical competence is supported by the non-verbal, 

approximate system of magnitude representation. In other words, it is contended that non

verbal representations of quantity play a crucial role in the mapping between number 

words and quantities and thus the construction of exact numerosity.

The findings from both typically developing children and those with WS also 

demonstrate that representations emerge over developmental time rather than being fixed 

at birth. Therefore models derived from the study of adult brain damaged patients or 

functional imaging studies with healthy adults have only limited utility in predicting the 

nature of representation in infants and young children (Karmiloff-Smith, 1998; Paterson 

et al., 1999). Thus, to understand the roots of problems with number representation in 

children with developmental disorders, it is crucial to trace the developmental trajectory. 

Moreover, the results again highlight the fact that equivalent behavioural scores between 

children with developmental disorders and their typically developing controls do not
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necessarily reflect the same underlying representational processes (Karmiloff-Smith, 

1998).

While these findings suggest that non-verbal (visuo-spatial) cognitive competencies play 

a role in typical counting development, it should be noted that this is merely indirect 

evidence. It could be argued that the specific test of visuo-spatial cognition used in 

Experiment 3 is a better indication of general cognitive competency in the group of 

typically developing children than both chronological age and verbal mental age. 

Similarly, it may be argued that, for children with WS, verbal mental age is the most 

reliable metric of an individual’s overall cognitive ability. Without systematic 

comparisons between the reliability of both verbal and visuo-spatial predictors of general 

cognitive ability in both groups of typically developing children and children with WS it 

is impossible to draw any firm conclusions about these alternative explanations.

Furthermore, it should be noted that complex parametric statistical analyses, such as 

multiple regression, were conducted with very small sample sizes. Therefore, the extent 

to which these findings generalize both to the WS and TD populations cannot be 

unequivocally established from the data presented in this Chapter and awaits replications 

with larger samples of both TD children and those with WS.

Notwithstanding these potential caveats, the above findings raise important questions for 

future studies involving both typically developing children and those with WS. One 

question pertains to the relationship between visuo-spatial cognition and number among 

typically developing children. If visuo-spatial cognition is indeed a reflection or correlate 

of non-verbal numerical representation then it should be the case that non-verbal 

representations are related to the development of the understanding of the cardinality 

principle among typically developing children. While the current evidence cannot 

unequivocally lend support this hypothesis, the findings of this study do motivate more 

systematic investigations into the role of non-verbal representations, whether domain 

general or specific to number development (such as non-verbal, approximate 

representations of number). There is currently only one study that has directly compared
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measures of non-verbal magnitude representation with the understanding of cardinality 

(Huntley-Fenner & Cannon, 2000). While these authors did not find a correlation 

between the understanding of the cardinality principle and the accuracy with which 

children made both symbolic and non-symbolic magnitude comparison, the majority of 

children in this study already displayed a firm grasp of the cardinality principle. 

Furthermore, even if a correlation between a test of cardinality understanding and a test 

of non-verbal magnitude representation were to be found it would be difficult, if not 

impossible, to distinguish between cause and effect. Therefore it cannot be firmly 

concluded from current evidence whether non-verbal magnitude representations play a 

crucial role in the construction of exact number representations and the grasp of the 

cardinality principle.

Perhaps the most thorough way to address these open questions would be to engage in a 

longitudinal research program. This type of project might involve the testing of children 

at regular intervals between the ages of 2 and 5 years on tests of non-verbal, approximate 

magnitude representations as well as their counting skills and understanding of the 

cardinality principle. In addition, measures of general verbal and non-verbal cognitive 

competencies, such as those reported above, should be taken in order to ascertain whether 

these measures are correlated with measures of counting and non-verbal magnitude 

representation. This kind of research would enable investigators to investigate 

systematically whether quantitative changes in non-verbal magnitude and individual 

differences in these developmental changes predict the emergence of children’s 

understanding of the meaning of counting. Furthermore it might be the case that success 

or failure on tests of non-verbal quantity estimation or discrimination predicts individual 

differences in the onset of children’s understanding of the cardinality principle.

Similar studies of children with WS may reveal the absence of a relationship between 

measures of non-verbal quantity representation and the understanding of the cardinality 

principle and thus lend further support to the hypothesis that the development of 

cardinality understanding follows an atypical developmental trajectory in WS.
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Experiment 4 

4.6 Introduction

The results from Experiment 3 suggest that children with WS develop an understanding 

of the cardinality principle along an atypical developmental trajectory and are only at the 

level of very young controls. The aim of Experiment 4 is to ascertain the extent to which 

the understanding of cardinality improves over developmental time among children with 

WS. Therefore the same children that had been tested in Experiment 3 were tested 

approximately two years later for Experiment 4. A longitudinal design can clarify the 

extent to which the development of the understanding of the cardinality principle is 

impaired in WS. Furthermore, the “give-a-number” task is extended in Experiment 4 to 

include numerosities 10, 12, 16 and 20. This addition enables a comparison between the 

understanding of the cardinality of small (1-6) vs. large (10,12,15 and 20) numerosities.

4.7 Method

4.7.1 Participants

The same sample of 15 children with WS was tested. In Experiment 3 above, one child 

with WS was excluded because their pattern construction raw score was found to be zero 

and therefore the comparison with typically developing controls matched on pattern 

construction raw score would have been impossible for this participant. Since Experiment 

4 reports data from the group of participants with WS only and because this participant 

now scored above zero the data is included in the current analyses.

The average interval between the first (Experiment 3) and second (Experiment 4) testing 

session was 2 years and 4 months, with differences between Experiment 3 and 2 ranging 

from 2 years to 2 years and 8 months. The mean chronological age (CA) of the children 

with WS at the time of the second testing session (Experiment 4) was 9 years and 7 

months (range: 7 years and 10 months to 13 years and 11 months).

152



Chapter 4 Counting and Cardinality in WS

This follow-up study only involved the group of children with WS and no mental age 

matched controls. As stated above, the aim of this study was to establish whether those 

children with WS who presented with problems on the “give-a-number” task would 

persist to present with the same problems and whether children with WS were able to 

give numbers greater than 1-6. Therefore the focus of Experiment 4 is on the follow-up of 

the children with WS rather than a systematic experimental-control group comparison.

4,7.2 Background measures

All participants with WS were tested on the School Age Version of the British Abilities 

Scales, BAS (Elliot et al., 1996) as well as on the British Picture Vocabulary Scales, 

BP VS (Dunn et al., 1997). The mean General Cognitive Ability (OCA) of the children 

with WS on the BAS was 63 (range: 39 to 85). The means and standard deviations of the 

chronological ages, verbal and spatial mental ages and the raw scores on the pattern 

construction test for the group of children with WS at the time of testing session 2 can be 

found below.

Table 4.4 Participant Background Data

Mean Standard Deviation

Chronological age 9.7 1.5

BP VS Age Equivalent(VMA) 7.2 1.7

Pattern Construction Age Equivalent 4.5 1.3

Pattern Construction Raw Score 10 8.4

4.7,3 Procedure

All children were tested in their homes by the same experimenter as in Experiment 3 on 

two separate occasions. During a first visit they were tested on the above-described 

background measures. During a second session they were tested on the give-a-number 

task as well as the magnitude comparison and estimation studies described in Chapters 5 

and 6.
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4.7.4 Task

During the second testing session participants were only tested on the “give a number” 

task. As in Experiment 3, children were asked to give the experimenters 1-6 marbles 

three times in randomised order. In addition children were asked to give the experimenter 

10,12, 16 and 20 marbles three times in randomised order. The other details of the task 

are identical to those used in Experiment 3.

4.8 Results

Accuracy for 1-6 marbles was found to be high (95%). For numbers 1-3, only 2 

participants did not give the correct number on all 9 trials (3 per numerosity). 1 

participant made 2 errors while the other participant made 3 errors. Accuracy was also 

found to be at or near ceiling for numbers 4-6. Only 3 children were found not to give the 

correct number on all 9 trials correctly. These 3 children made 4, 3 and 1 errors 

respectively.

As inspection of Figure 4.3 below suggests, overall accuracy was lower (67%) for 

numbers 10, 12, 16 and 20. Only 7/15 participants were found to give the correct number 

for all 12 trials (3 trials per numerosity). Furthermore 4/15 participants were found to 

give the correct number on less than 50% of the trials.
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Figure 4.3 Mean number o f  correct responses by numerosity fo r  the group o f  children 

with fVS

2.5
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Required Number
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Note: Error bars represent the standard error o f the mean.

To test whether there was a significant difference in the mean number of correct 

responses between the ‘small’ (1-6) and ‘large’ (10, 12, 16 and 20) numbers, the total 

number of correct responses for ‘small and ‘larger’ were computed. While, the score for 

‘small’ consisted of a total of 18 responses, the total score for ‘large’ numbers was a 

product of 12 responses. In view of this the two scores were converted into proportional 

scores (mean proportional scores were 0.95 and 0.67 for ‘small’ and ‘large’ numbers 

respectively) and subsequently compared with a paired-samples t-test. This test revealed 

that participants gave significantly more correct responses for ‘small’ in comparison with 

‘large’ numbers: t(14) = 3.3, p<.005.

4 ,A i  Relationship between language, visuo-spatiai cognition and 
understanding o f cardinality ofiarge numbers

In order to establish whether the same relationships between the variance in language, 

visuo-spatial cognition and understanding of cardinality obtained for the group of
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children with WS two years after session 1, the same set of partial correlations as above 

were run. However the measure of cardinality understanding in this analysis was not the 

total number of correctly given marbles 1-6, as the results from the above analyses 

clearly suggest that participants were at or near ceiling for these numerosities and thus 

there is no variance to be correlated. Instead the total number of correctly given 

numerosities above 10 was used as a measure of individuals understanding of cardinality, 

since participants were still fairly variable in their level of accuracy for these 

numerosities.

The partial correlation (controlling for chronological age) between BP VS Age Equivalent 

score (VMA) and the number of correctly given marbles (10, 12, 16 and 20) was found to 

be significant: r=.79, p<.001. The correlation between children’s raw scores on the 

pattern construction task and the number of correctly given marbles, however, was found 

to be non-significant: r=.24, p<.12.

4.8.2 Relationship between Experiments 3  and 4

As described in 3.7 above, accuracy for 1-6 was found to have improved substantially 

between studies 1 and 2 from 75% correct in Experiment 3 to 95% correct responses in 

Experiment 4. It might be hypothesised that those who displayed problems in giving the 

correct number of marbles consistently in Experiment 3 would also be those who 

exhibited difficulties in giving the correct number of marbles above 10(10, 12, 16 & 20) 

in Experiment 4. To investigate this, comparisons of the number of participants who 

were scoring below chance in Experiment 3 with those who gave the correct number of 

marbles less than 50% of the time in Experiment 4 were undertaken. It was found that 3 

out of 4 participants who had performed below chance on the give a number task during 

Experiment 3 also did so for numbers above 10 (10, 12, 16 & 20) during Experiment 4. 

However, it should also be noted that some participants that performed above chance 

during Experiment 3 performed below chance during Experiment 4 and vice versa. These 

inconsistencies probably explain the small correlation between the mean proportion of
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correct responses for 1-6 marbles in Experiment 3 and the mean proportion of correct 

responses for 10, 12, 16 and 20 marbles in Experiment 4: r=54, p<.034.

4.9 Discussion

Two years after their initial assessment, children with WS were found to be proficient in 

their understanding of the cardinality for numerosities 1-6. As can be seen in Figure 4.3 

above, when asked for 1-6 marbles almost all of the children consistently gave the correct 

number of marbles in the follow-up. These results might be related to increasing practice 

of counting and counting principles in school and/or at home. Furthermore, Table 4.4 

above suggests that the Mean Verbal Mental Age of children with WS improved 

substantially between Experiments 3 and 4. The improvement in verbal abilities among 

children with WS may afford them a better mapping between mental magnitudes and 

number words resulting in improvements in the understanding of the cardinality 

principle.

Alternatively, it is possible that mechanisms, such as subitizing or object-file 

representations, which allow young children with WS (see Experiment 3) to rapidly 

enumerate numerosities consisting of 1-3 objects improves developmentally in such a 

way that children come to represent up to 5 and perhaps even 6 objects without counting. 

Perhaps it is such developmental changes that led to improvements in the performance of 

children with WS on the “give a number” task for numerosities 1-6 between Experiments 

3 and 4. Indeed, evidence from typically developing children (Starkey & Cooper, 1995), 

suggests that from 2-5 years of age the range of numerosities that children can enumerate 

without counting (or ‘subitize’) increases from 1-3 to 1-5. Perhaps the development of 

object file representations or subitizing mechanisms allows children with WS to develop 

an understanding of numerosities 4-6. Indeed it has been argued that children’s ability to 

rapidly enumerate small numerosities precedes their understanding of the cardinality 

principle (Starkey & Cooper, 1995). Moreover, it has been contended (Starkey & Cooper, 

1995; Wynn, 1990) that associations between representations of small numerosities and 

number words may provide a starting point for children’s understanding of number words
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and an initial understanding of the successor function (Carey, 2001). To investigate this 

hypothesis, measures of rapid enumeration abilities and their developmental trajectory 

among children with WS should be obtained (see Chapter 6).

Indirect support for the notion that the developmental changes in children’s 

understanding of cardinality for numbers 1-6 may be supported by mechanisms that allow 

for the rapid enumeration of 1-6 objects, comes from the finding that the same children 

were less accurate at giving 10, 12, 15 and 20 marbles. While the children with WS were 

certainly not at floor for these larger numerosities, their performance was less reliable 

than for numerosities 1-6. It is possible to explain these findings through consideration of 

the procedural and working memory demands necessary for giving larger numerosities. 

Perhaps children find it difficult to keep track of the numbers of marbles they have given 

when it comes to such large numerosities and thus make mistakes. However, it is equally 

possible that developmental changes in the mechanisms for the representation of small 

numerosities (such as subitizing or object-file representations) allow children with WS to 

attach numerical meaning to numbers 1-6 but do not support the cardinality 

representation of larger numerosities. For larger numerosities, it is possible that another 

representational mechanism, such as the approximate representation of quantity, is 

necessary for the construction of cardinality representations of numerosities greater than 

5 or 6. Perhaps the development of this mechanism is impaired in WS thus leading to 

problems with the construction of cardinality representations for large numerosities.

In the discussion of Experiment 3 above, it was suggested that non-verbal systems of 

quantity representations are impaired in WS and lead to problems in the development of 

the understanding of the cardinality principle. The longitudinal data from Experiment 4 

suggest a slightly more complex picture. It appears that children with WS develop 

reliable representations of the cardinality for numerosities 1-6. But, on average, they do 

not possess unfailing representations of numerosities equal to or larger than 10. These 

findings might be understood to demonstrate that the representations that allow children 

to represent small numerosities exactly (subitizing, object-file representations) and 

construct cardinality representations for these is delayed in WS but nevertheless develops
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and thus leads to reliable understanding of cardinality principle for numerosities up to 6. 

Against this background, it may be contended that the understanding of cardinality for 

larger numerosities is less reliable because the construction of these representations is 

driven by the non-verbal representation of large numerosities that are different from the 

representations that allow for the exact enumeration of small numerosities. The 

developmental construction of these representations cannot be exclusively driven by 

object-file representation of small numerosities, but rather by the approximate non-verbal 

system of number representation or the integration of object-file and non-verbal, 

approximate representations of number (Spelke, 2003).

The results from Experiment 4 confirm those reported in Experiment 3 above, by 

showing that the ability of children with WS to give large numerosities (10, 12, 16 and 

20) is also significantly related to children’s verbal mental ages but not their level of 

visuo-spatial cognitive functioning. The longitudinal consistency of the findings might 

indicate that non-verbal representations are crucial for the development of an 

understanding of cardinality for both small and large numbers. Since non-verbal 

cognitive functioning is impaired in WS, the findings from Experiments 3 and 4 might 

suggest that a language-dependent compensatory mechanism drives children’s 

understanding of the cardinality principle. This compensation or reliance on a verbal 

strategy, however, does not afford them a normal development of the understanding of 

cardinality of both small (1-6) and large (10, 12, 16 and 20) numerosities, since children 

were found to be merely at the level predicted from their visuo-spatial mental age in 

Experiment 3.

4.10 Conclusion and Future Directions

Three fundamental conclusions can be drawn from Experiments 3 and 4.

1. Children with WS have difficulties in grasping the fundamental concept of cardinality 

and are only at the level of their very much younger controls matched on visuo-spatial 

mental age.
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2. While visuo-spatial mental age predicts understanding of cardinality over and above 

chronological age and verbal mental age among typically developing controls, it is 

verbal mental age that significantly predicts understanding of cardinality over and 

above chronological age and visuo-spatial mental age in the group of children with 

WS.

3. The understanding of cardinality for small numbers (1-6) improves significantly over 

developmental time among children with WS. Their understanding of the cardinality 

principle for numerosities equal to or greater than 10, however, does not become 

robust.

These three conclusions highlight the importance of studying very basic numerical 

concepts and representations in children who present with impairments of numerical 

cognition. The findings show that the acquisition of the concept of cardinality is delayed 

in WS, which may lead to difficulties in the acquisition of higher-level numerical 

knowledge. Furthermore, the results presented and discussed above illustrate the 

importance of looking beyond absolute levels of performance to the processes that 

contribute to them and to their developmental trajectory. This trajectory appears to be 

atypical in WS, driven by verbal cognitive function to a greater extent than is the case for 

typically developing children.

Notwithstanding, a number of potential problems, inherent in the above studies, should 

be discussed and future questions clearly spelled out. One of the limitations of these 

studies is the sample size. In order to test the reliability of the relationship between verbal 

mental age, chronological age, visuo-spatial mental age and cardinality understanding, a 

larger sample of children with WS should be recruited. Similarly the reliability of the 

dissociation between cardinality understanding of small and large numerosities in older 

children with WS should be tested in a larger group of individuals and it should be 

ascertained the extent to which the performance of the children with WS in Experiment 4 

differs from typically developing children matched on visuo-spatial mental age. 

Furthermore, a number of different measures of verbal and non-verbal cognitive 

functioning should be related to cardinality understanding in both typically developing
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children and those with WS. This will enable a better understanding of the specific 

components of verbal and non-verbal cognitive functioning that are important in the 

development of the understanding of the cardinality principle. In a similar vein, as 

discussed above, the relationship between non-verbal representations of both small and 

large numerosities should be related to the understanding of the cardinality principle.

Clarifying the developmental relationship between non-verbal, approximate 

representations of number and language-dependent, exact representations of number 

among typically developing children will help to gain a better insight into the 

developmental basis of number deficits among people with WS.

The results presented in this chapter demonstrate that children with WS are at the level of 

their visuo-spatial mental age matched controls. This suggests that non-verbal 

representations of number are impaired in WS. In the next two chapters the quality of 

non-verbal representations and their developmental trajectory among individuals with 

WS will be examined.
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5 Development of magnitude comparison abilities in 
Williams syndrome

5.1 Introduction

In the previous chapter the development of counting skills and cardinality understanding 

was investigated. The findings suggest that children with WS are strongly delayed in their 

understanding of the meaning of counting (cardinality principle) and are only at the level 

of their visuo-spatial mental age matched controls. Furthermore, the results presented in 

Chapter 4 show that among typically developing (TD) children a standardized measure of 

visuo-spatial ability predicts children’s understanding of the meaning of counting over 

and above chronological age and verbal mental age. These findings could suggest that 

non-verbal systems of representation, which are closely related to the processing involved 

in visuo-spatial cognition (Dehaene, 1992, 1997; Gevers, Reynvoet, & Fias, 2003; Zorzi 

et al., 2002), are involved in the typical development of exact number representation. In 

WS, however, a different weighting of predictors was observed. In the clinical group, it 

was verbal mental age over and above chronological age and visuo-spatial mental age 

that significantly predicted the variance in children’s ability to understand the cardinality 

principle. As discussed in Chapter 4, these findings may be construed as indirect 

evidence for impaired non-verbal magnitude representations. The poor availability of 

such representations among children with WS may lead to compensation by their relative 

verbal strengths, which could explain the strong prediction of cardinality understanding 

from verbal mental age scores in this group.

These speculations and hypotheses call for a systematic investigation of non-verbal 

numerical representation among individuals with WS. Against this background, it is 

necessary to review the literature on non-verbal numerical cognition, to enable the 

formulation of research questions and hypotheses relevant to WS.
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5.1.1 The Distance and Size effects -  basic m etrics o f non-verbai 
magnitude processing

How do adults judge which of two numerals is numerically larger? It is conceivable that 

adults engage in a process of counting the numerical space between the two numbers. 

Alternatively, they could engage in digital computation to perform relative magnitude 

judgments. Questions such as these, pertaining to the nature of the representations that 

underlie adults’ ability to judge relative numerical magnitude, were first systematically 

addressed by (Moyer & Landauer, 1967). These authors presented adults with pairs of 

numerals and asked them to depress a button under the numeral that they thought 

represented the numerically larger one. Both reaction time and accuracy were recorded in 

the experiment. The results of this seminal study showed that the time it took adults to 

make relative magnitude judgments was negatively correlated with the numerical 

difference between the two stimulus digits. The same was found to be true of the 

percentage of errors participants made. The results highlighted the fact that the larger the 

numerical distance between two numerals, the more accurate and fast individuals were at 

judging the larger. From these findings the authors concluded that participants were not 

counting the distance between the numbers, which would have led to a positive 

relationship between the distance between the numbers and both reaction time and 

percentage of errors. Moyer and Landauer therefore reasoned that numerals are converted 

to non-verbal, approximate magnitudes, which are compared to one another. They 

suggested that the cognitive processes involved in making comparisons between 

numerical magnitudes are very similar to the kind of processes that are engaged when 

people judge differences between physical stimuli such as lengths of lines or loudness.

The finding that reaction times and accuracy are inversely related to the distance between 

two numbers when human participants make relative magnitude judgments is most 

commonly referred to as the ‘distance effect’. The ‘distance effect’ has been found to be 

extremely solid and has been replicated numerous times with human adult participants 

(Dehaene et a l, 1990; Duncan & McFarland, 1980; Moyer, 1973). Interestingly the 

‘distance effect’ has even been observed in tasks in which subjects are not explicitly 

instructed to attend to the numerical information contained within a stimulus set.
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(Dehaene & Akhavein, 1995) asked participants merely to judge whether two numbers 

(Arabic numerals or written number words) were from the same form (i.e., two Arabic 

numerals or two written number words). To be successful in these tasks participants had 

to attend to the form of the stimuli and not their numerical value. Despite not being 

instructed to attend to the numerical value of the stimuli, adult participants were 

significantly faster at judging whether the stimuli were of the same form when the 

numerical distance between them was large. Thus, the mere exposure to numerical 

stimuli appears to elicit automatically the activation of an approximate, non-verbal 

magnitude representation.

In addition to the distance effect, it has been observed that reaction times and the 

percentage of errors increase as the relative size (or ratio) between the numbers to be 

compared increases. Moyer and Landauer (1967) originally observed this by exploring 

their data in a number of ways and noting that the ratio of the two numerals provided a 

better fit of the data than the absolute numerical difference between the numbers. This 

effect is most commonly referred to as the ‘size effect’.

Thus far there have been only a very few studies relating non-verbal magnitude 

representation to higher-level numerical cognition. However, some relationships have 

been demonstrated. For example, (Butterworth, Zorzi, Girelli, & Jonckheere, 2001) 

found that when adults perform simple additions they activate the magnitudes of the two 

addends and compare them. Thus the speed with which adults were able to perform the 

simple additions was inversely related to the numerical distance between addends. The 

signature of the ‘distance effect’ in adults’ performance in addition tasks, suggest that 

non-verbal representations of magnitude are strongly involved in arithmetic problem 

solving.

5.1.2 What representations underlie relative magnitude comparisons?

Having discussed the parameters that best seem to describe the data that are commonly 

obtained in studies of relative magnitude judgments, namely the ‘distance’ and ‘size’ 

effects, it is important to consider what these might reveal about the underlying
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representations of number. It has been suggested that the representations that are involved 

in number comparisons are based on a non-verbal, approximate code that is fiizzy 

(Dehaene, 1997; Gallistel & Gelman, 1992; Moyer & Landauer, 1967). Frequently the 

metaphor of a ‘mental number line’ is invoked, where magnitudes are represented as 

distributions around a segment of the line. The distance effect is thought to be a function 

of the overlap between the distribution of represented magnitudes. In other words, the 

features of magnitude separated only by a small number of segments on the number line 

overlap to a greater extent than those that are far apart from each other. The greater 

overlap of magnitudes that are ‘close’ to each other makes the discrimination between 

them more effortful, which leads to slower processing times and more errors. In contrast, 

when the magnitudes are ‘far’ apart from each other, they only overlap marginally which 

allows for speedy judgment of relative magnitude that is fairly error-free.

Considerable debate exists over whether or not the intervals between magnitudes can be 

explained by a linear or a logarithmic function. If the linear model is correct, then there 

are always equal intervals between represented magnitudes. According to this model, it is 

the distributions of the represented magnitudes that increase in proportion to the 

represented magnitudes, while the intervals between represented magnitudes remain 

constant (Gallistel & Gelman, 2000). Others have proposed that magnitude 

representations are logarithmically encoded (Dehaene, 2003; Dehaene & Changeux, 

1993). According to these authors the number line is ‘compressed’. Hence the larger the 

represented magnitude the smaller the actual interval between them. The debate over 

whether the internal code of numerical magnitude representation is best explained by a 

linear or logarithmic function is crucial as it is necessary to have highly specific 

characterizations of mental representations. It is, however, beyond the scope of the 

present study to contribute to the debate on how best to model the distance effect. Instead 

the well-established characteristic of the effect will be exploited as a tool for exploring 

typical and atypical developmental processes.
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5.1.3 Are non-verbal representations o f magnitude spatiaiiy oriented?

It has been speculated that non-verbal magnitude representations are related to visuo- 

spatial processing. Moreover, there is evidence to suggest that the representations of 

numerical magnitudes are spatially oriented with smaller numbers towards the left hand 

side and larger numbers towards the right hand side of space. This left to right orientation 

of number representation was first observed through a response-side effect in a number 

comparison paradigm by (Dehaene et al., 1990). In this task, participants had to judge 

whether or not a target number was smaller or larger than a reference number. It was 

observed that participants were significantly faster at indicating ‘larger’ with their right 

hand. The reverse was found to be true for ‘smaller’ responses. Here, participants were 

found to be faster at responding with their left hand. This left-right orientation of number 

representation has been called the ‘Spatial Numerical Association of Response Codes’ 

effect (SNARC). The SNARC effect has also been observed when participants engage in 

parity judgments of two numbers (Dehaene et al., 1993). In this experiment, participants 

had to judge whether a number was odd or even, by pressing a button on either the left or 

the right hand side. It was found that participants responded to larger numbers faster with 

their right and smaller numbers faster with their left hand, regardless of the particular 

judgment (odd vs. even) that was assigned to the response side. This finding suggests that 

even when the semantics of magnitude representations are not explicitly tapped by a task, 

the association between space and numbers is detectable. The SNARC effect has since 

been replicated in a number of numerical tasks (Fias, 2001, 1996). It should be noted, 

however, that the SNARC effect is related to the direction in which individuals read, 

because Iranian participants who read fi'om right to left show a reversed SNARC effect 

(Dehaene et al., 1993).

Recent evidence presented by (Fischer, Castel, Dodd, & Pratt, 2003) strengthens the 

hypothesis that the association between numbers and internal and external representations 

of space is strong and even activated when conscious attention to the semantics of 

numerical magnitudes is not required. In a simple target detection experiment, typical 

adults were instructed to detect a target that occurred randomly in a box on either the left 

or right hand side of the screen. Before the occurrence of the target, the fixation point was
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replaced with an Arabic digit, which disappeared before the target appeared. Participants 

were fully aware that the digit was not going to provide them with a clue as to the side on 

which the target would appear after a variable delay. Nevertheless, the digit that appeared 

in the middle was found to have a strong influence on the speed with which participants 

were able to detect the target. When a large number was presented, participants were 

better at detecting targets on their right, and conversely left targets were detected faster 

when preceded by the presentation of small numbers. These findings suggest that the 

coupling between magnitude representation and space is automatic and hence activated 

even when participants are not explicitly attending to the magnitude of presented digits.

Taken together, the above findings suggest that the representations of numerical 

magnitudes are spatially coded. Yet, in WS, visuo-spatial cognitive functioning is 

particularly compromised. This might significantly affect the development of non-verbal 

numerical magnitude representations of individuals with this syndrome.

5.1.4 The neural basis o f non-verbal magnitude representation
Considerable efforts have been made to understand the neural circuits that underlie basic, 

non-verbal magnitude representations. With the advent of functional neuroimaging 

methodologies it has become possible to establish the location in the brain where 

numerical magnitudes and their relationships are processed and what the neural time 

course of this processing might be. (Dehaene, 1996) employed event-related brain 

potentials (ERP) to measure from the scalp of healthy human adults. He used an additive 

factors paradigm to study the neural time-course of activation while participants engaged 

in a number comparison paradigm. The results showed that brain processes related to 

stimulus attributes (Arabic numerals vs. written number), numerical distance (close vs. 

far) and response-related activity are relatively independent from one another. Source 

modeling of the ERP data indicated that the left and right parietal lobes are implicated in 

the processing of numerical magnitudes.

Using the same experimental paradigm as employed for the ERP study, functional 

magnetic resonance imaging (fMRI) has corroborated these findings by showing that
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numerical distance primarily modulates parietal areas distributed bilaterally along the 

intraparietal sulei (Pinel et al., 2001; Pinel et al., 1999). Interestingly, these authors found 

that changes in the hemodynamic response signal of the brain were inversely related to 

the distance between numbers in the bilateral parietal lobes and precentral areas. In other 

words, these areas were activated to a greater extent when numbers were close to one 

another in comparison to far apart. The activation of these neural circuits and the effect of 

distance on their response pattern was found to be similar for both Arabic numerals as 

well as written numbers. These findings complement the reaction time and accuracy data 

in the classic behavioural studies discussed above.

Both the ERP and fMRI evidence, therefore, would seem to suggest that the intraparietal 

lobes are involved in the semantics of number processing independent of the notation of 

the numerical stimuli. Moreover, the numerical distance between numbers modulates the 

level of activation of these neural circuits.

The ultimate challenge in cognitive neuroscience is to forge close links between 

behavioural and neuronal observations. These links help to constrain and enrich the 

interpretation of the respective findings. The evidence discussed above from functional 

neuroimaging demonstrates a high level of convergence between behavioural and brain- 

imaging findings. Notwithstanding, both ERP and fMRI represent indirect measures of 

brain functioning and reflect the average activity of large populations of neurons. One of 

the greatest challenges remains to demonstrate convergence between behavioural 

findings and direct measurement of neural activity. In a recent study, (Nieder, Freedman, 

& Miller, 2002) trained monkeys to discriminate between displays containing different 

numbers of dots. A large number of neurons in the prefrontal cortex were found to have 

peak activations for specific visual quantities. Most interestingly, the activity of neurons 

dropped off progressively as the numerical distance from their preferred visual quantity 

decreased, thus exhibiting the classic ‘distance effect’. Moreover, the experimenters 

observed that precision in a neuron’s tuning for a preferred quantity decreased as the size 

of the preferred visual quantity increased (‘size effect’). This fascinating evidence 

suggests that both the ‘distance’ and ‘size’ effect that have been measured behaviourally
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reflect the biological reality of how single cells in the prefrontal cortex code numerical 

magnitude.

The studies described above, therefore would seem to demonstrate the efficacy of 

magnitude comparison paradigms in revealing how numerical magnitude might be 

represented and how these representations are instantiated by the brain. Therefore this 

kind of paradigm seems ideally suited for the exploration of whether or not children and 

adults with WS, who suffer from problems in the domain of numerical cognition, exhibit 

atypical non-verbal numerical representation. But, before presenting the details of the 

methodology employed in this chapter, it is important to review what is known about the 

typical developmental trajectory of relative magnitude judgment abilities and their 

underlying representations.

5.1.5 The developm ent o f non-verbal magnitude representation
How do non-verbal magnitude representations develop? Do young children exhibit the 

classic ‘distance’ and ‘size’ effects? To address these questions, (Sekuler & Mierkiewicz, 

1977) tested groups of 6, 7, 10 and 13 year old children, and a group of adults using a 

standard number comparison paradigm. A significant effect of distance on reaction time 

was found in all groups. It was observed that, the size of this effect decreased 

significantly with age. Furthermore, overall reaction time also decreased significantly 

with age. The authors suggest that, with age, the overlap between represented 

magnitudes decreases making the discrimination between them less effortful and thus 

leading to a decrease in the effect of distance on reaction time as well as a general 

decrease in overall reaction times. Hence, a large effect of distance is an indication that 

the overlap between representations is great or, in other words, that the representations 

are fuzzy.

Recent evidence suggests that infants as young as 6-months can discriminate between 

large numerosities and that their performance is predicted by the ratio between 

numerosities. Using a visual habituation paradigm, (Xu & Spelke, 2000) found that 

infants could discriminate between 8 and 16 but not between 8 and 12 dots. It is clear that
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the distance between 8 and 16 is larger than between 8 and 12. Similarly, the ratio 

between 8 and 12 is larger than the ratio between 8 and 16. Thus, the infant 

discrimination data carry the signatures of both the ‘distance’ and ‘size’ effects. This 

finding has since been replicated by a number of authors (Xu, in press; Lipton & Spelke, 

in press). This indicates that if these variables held constant, then all such numerosities 

should be equally discriminable. It should be noted, however, that the performance of 

infants seems to be underpinned by a highly noisy representation of magnitudes, which is 

quantitatively different from adults.

Development from infancy onwards appears to involve increasing precision in underlying 

representations (as reflected by the decrease in the effect of distance) and increasing 

automaticity in the access to the representation (as indicated by significant decreases in 

overall reaction time).

The issue of development of automaticity in accessing numerical magnitude 

representation was explicitly investigated by (Girelli, Lucangeli, & Butterworth, 2000). 

These authors employed a Stroop-like paradigm in which participants were presented 

with pairs of Arabic numerals, which were of different physical as well as numerical 

sizes. Three types of trials were employed: 1.congruent trials in which the numerically

larger number is physically larger (e.g. 2 6), 2. incongruent trials in which the

numerically larger number is physically smaller (e.g., 2 6) and 3. neutral trials in which

both numbers had the same physical size (e.g., 6 2). Participants were either instructed to 

choose the numerically or physically larger number. Three groups were tested with this 

paradigm: a group of adults, as well as groups of 6, 8 and 10 year olds. The measure of 

interest here is the difference in response times to incongruent and congruent trials for 

both physical and numerical comparison tasks. It was predicted that in each case 

participants would respond significantly slower to incongruent compared with congruent 

and neutral trial, since on incongruent trials there is a conflict between the physical 

characteristics of the stimuli and their actual magnitudes. Indeed, this effect was found to 

be true of the adult group for both numerical and physical conditions. In the groups of
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children the incongruity effect emerged only slowly. In all groups of children congruity 

between physical and numerical size facilitated response time. The effect of incongruity 

(or interference), however, was only found to be stable amongst children in the oldest 

group tested (10 year olds). From these findings, the authors suggest that the automatic 

access to the numerical magnitudes undergoes significant developmental changes. 

Initially children do not seem to activate automatically the semantics of the numbers they 

compare, as they do not show any effect of incongruity on their reaction times. The 

authors suggest that only through extensive learning experience do children gain a solid 

grasp of numerical magnitude, which leads to automatic access to numerical magnitude 

when numerical symbols are presented. While this is certainly a plausible interpretation, 

it could also be hypothesized that early in development the distributions of represented 

magnitudes are highly overlapping, as indicated by large effects of distance (Sekuler & 

Mierkiewicz, 1977) Hence, automatic access to these very fuzzy representations 

gradually develops as the representations become more differentiated over developmental 

time.

Do TD children also represent numerical magnitudes in a spatial format with a left to 

right orientation? To address this question, (Berch, Foley, Hill, & Ryan, 1999) tested 

groups of 7, 9, 10, 11 and 13 year old children on a parity judgments task (odd/even). 

These researchers found that 10-year old children already exhibited the SNARC effect. 

This finding seems to indicate that the left to right spatial orientation of numerical 

magnitudes is manifested early in development. Surprisingly, it was found that the 

SNARC effect was less strong among children in the groups of 11 and 13-year old 

children. The authors suggest that this may be due to linguistic influences becoming 

stronger and gradually replacing the spatial-numerical associations. It should be noted, 

however, that parity judgments do not necessarily draw on the same representations of 

numerical magnitudes as judgments of relative numerical magnitude do. Therefore, to 

gain further insight into the development of the association between space and number, a 

developmental study of the SNARC effect in number comparisons needs to be conducted.
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The findings discussed above indicate that children rely on qualitatively similar systems 

of non-verbal magnitude representation to those that have been reported in the adult 

literature. It should be noted, however, that development involves important quantitative 

changes. The decrease in the effect of distance on children’s reaction times suggests a 

decrease in the overlap between features of numerical magnitude representation and 

hence an increase in their distinctness from one another. Furthermore, the findings of 

Girelli et al. (2000), discussed above, highlight the fact that young children do not 

necessarily access the semantics of Arabic numerals automatically, since the reaction 

times of young children are not seriously compromised when the physical and numerical 

characteristics of Arabic numerals are incongruent. Automaticity in accessing number 

magnitudes appears to be a gradual developmental progress.

It is thus far not entirely clear what functional significance these developmental changes 

might have in terms of children’s development of numerical competence. The apparent 

lack of studies designed to investigate the role of quantitative changes in basic magnitude 

representation could be said to stem from the emphasis on discovering convergence 

between data from animals, infants and adults (Dehaene, 1997; Huntley-Fenner, 2001). 

However, when studying developmental disorders of numeracy it is crucial to understand 

the role of such changes and how delay and deviance in these developmental trajectories 

impacts on the development of higher-level numerical cognitive functioning. In one 

study, (Huntley-Fenner & Cannon, 2000), addressed this relationship. These authors 

compared children’s magnitude comparison abilities with their eapacity to give the 

correct number of marbles in a “give a number” task (similar to the task employed in 

Chapter 3 of this thesis). These authors were unable to find a relationship between 

aecuracy on the magnitude comparison task and children’s success on the “give-a- 

number” task. However, as pointed out by (Brannon & Van de Walle, 2001) most of the 

children were able to perform quite well on the “give a number” task and it is therefore 

possible that non-verbal numerical magnitude representation plays a crucial role in the 

early stages of the development of children’s understanding of the cardinality principle, 

as indeed it has been found to do in the development of the understanding of ordinality in 

young children (Brannon & Van de Walle, 2001). Future studies should address the
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functional relationship between developmental changes in basic, non-verbal magnitude 

representation and the development of higher-level number cognition by adopting 

longitudinal designs to capture important developmental interactions.

5.2 Questions and Hypotheses

The literature reviewed and discussed above provides a rich basis from which to generate 

hypotheses relevant to the development of non-verbal representations of numerical 

magnitude in WS. It is clear that the development of the understanding of relative 

magnitude is a fundamental aspect of the development of numerical competence. The 

primary question that the studies presented in this chapter seek to address is whether the 

magnitude comparison abilities of children and adults with WS are qualitatively and 

quantititatively similar to those observed among TD children. In addition, the present 

chapter seeks to compare systematically the developmental trajectories of magnitude 

comparison abilities of individuals with WS and TD children.

In view of these questions, the data presented in this chapter will be explored by means of 

two types of analyses. In a first exploration of the data, the performance of groups of 

children and adults with WS will be compared to two groups of controls, consisting of 

TD children matched to the individuals with WS on the basis of mental age on the pattern 

construction subscale of the British Abilities Scales (Elliot et al., 1996). The level of 

visuo-spatial competence was chosen as a metric for WS-control matching since it is 

clear from the literature reviewed above that visuo-spatial cognition plays an important 

role in the representation of non-verbal numerical magnitude. Hence, it might be 

expected that the abilities of individuals with WS do not exceed those expected on the 

basis of their general visuo-spatial competence. This experimental-control group 

comparison will enable an evaluation of whether the understanding of relative magnitude 

among children and adults with WS is at a level expected given their level of visuo- 

spatial cognitive functioning. A second exploration of the data will be conducted which 

contrasts the developmental processes in WS and TD. This comparison goes beyond 

simple comparisons between experimental and control groups, to exploring whether or 

not the change in distance effect differs between groups over developmental time.
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Three main hypotheses will guide these two types of analysis:

1. Both children and adults with WS will display magnitude comparison abilities 

that are at the level of their visuo-spatial competence and hence their abilities will 

be far below what would be expected given their chronological age.

2. Children and adults with WS will present with highly noisy magnitude 

representation, as indicated by overall long reaction times, as well as high error 

rates in the effect of numerical distance on reaction time and accuracy.

3. The developmental trajectory of magnitude comparison abilities in WS will differ 

in subtle ways from the developmental trajectory observed among TD children.

Experiment 5

5.3 Methods

5.3.1 Participants

A total of 30 participants with WS were tested. All of these children had been diagnosed 

clinically as well as by means of the fluorescence in situ hybridization (FISH) genetic test 

for deletion of the elastin gene. The group of individuals with WS was divided into a 

group of older children (n=12) and a group of adults (n=18). One participant was 

excluded from the analysis as defined by the exclusion criteria below. The results of these 

two groups were compared to two groups of TD children individually matched to visuo- 

spatial mental ages (as derived from participants’ performance on the Pattern 

Construction subtest of the British Abilities Scales) of the participants with WS.

The first control group consisted of 12 children individually matched to the group of 

children with WS. Independent t-test analyses confirmed that the Pattern Construction 

age-equivalent did not differ significantly between these two groups: t (22)=-.97, p=.34. 

The second matched control groups consisted of 17 children who individually matched
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the group of adults with WS. There was no significant difference between this child 

control group and the adults with WS in terms of their Pattern Construction age- 

equivalent scores; t(32)= .24, p<.81.

One of the aims of this chapter was to compare systematically the development of 

magnitude comparison ability in WS with the developmental trajectory of these abilities 

among TD children. However, simple mental age matching does not enable a systematic 

comparison of differences between the WS and typical developmental trajectory. 

Therefore, in addition to the individually matched control groups, the performance of the 

children and adults with WS was also compared to three additional control groups: a 

group of 4-6 year olds (n=33), a group of 9-11 year olds (n=21) and a group of adults 

(n=20). It should be noted that the group of 4-6 year olds comprised of the two 

individually matched control groups as well as additional participants that were not 

matched on visuo-spatial mental age to the individuals with WS.

In the comparison of the typical and WS developmental trajectory, the number of 

participants was unequal between groups. This can create problems in the statistical 

analysis and lead to a greater probability of type I errors, which means that there is a risk 

of concluding that there is a statistical difference between groups when in fact there is not 

(Tabachnick, 2001). There is no way of completely eliminating this problem in the 

current design. It would have been possible to delete randomly cases from groups with 

the greater number of participants until all groups consisted of equal number of 

participants. In the case of the groups in this study, this would have meant reducing the 

number of participants per group to 12, since the group with the smallest number of 

participants (WS children) consisted of 12 children. While this would have solved the 

problems typically associated with unequal numbers of participants per group, it would at 

the same time have reduced the statistical power for all groups.

Given these considerations, all participants were included in the following analyses. 

However, participant numbers in both ‘old’ and ‘young’ WS and TD groups were 

equalized as much as possible, and the analysis was run again in order to check whether
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ensuring that both WS and TD young groups contained 12 participants, and both WS and 

TD old groups contained 17 participants, changed the significance levels and effect sizes. 

When this was not found to be the case, analysis with the subject numbers listed above 

and in Table 5.1 below will be reported.

5.3.2 Background Measures

Participants were also tested on the British Picture Vocabulary Scales, BP VS (Dunn et 

al., 1997) and the Pattern Construction subtest of visuo-spatial cognition of the British 

Abilities Scales, BAS II (Elliot et al., 1996). The means and standard deviations of 

participants’ chronological ages, verbal and spatial mental ages for all groups tested can 

be found in Table 5.1 below.

Table 5.1 Participant Background Measures

4-6 year 

olds

(N=33)

9-11 year 

olds

(N=21)

Adults

(N=20)

WS

Children

(N=12)

WS Adults 

(N=17)

Matched 

Controls for 

WS 

Children 

(N=12)

Matched 

Controls for 

WS Adults

(N=17)
Mean S.D S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D

C.A 4.8 0.7 10.1 0.9 31.4 12.3 8.8 1.1 30.3 13.2 4.8 0.8 4.7 1.3

Spatial

MA

5.2 2.4 10.7 2.2 N/A N/A 4.3 1.2 5.1 .13 4.8 1.3 5.6 1.1

VMA N/A N/A 10.4 2.1 N/A N/A 7.3 1.1 12.9 6.1 N/A N/A N/A N/A

Note; CA denotes Mean Chronological Age; Spatial MA denotes the mean mental age on the pattern 

construction subscale o f the BAS and VMA the mean Verbal mental age on the British Picture Vocabulary 

Scales (BPVS). N /A indicates that participants were not tested on a given background measure.

It is to be noted that, in order to keep the total duration of the experimental session 

relatively short, individuals in the group of 4-6 year old TD children were only tested on 

the pattern construction subtest and not on the British Picture Vocabulary Scales. 

Furthermore, individuals in the group of TD adults were not tested on either of the two
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standardized measures, since these tests are not suitable for use with normal adults, their 

chronological ages being outside the standardization range of these tests.

5.3.3 Procedure

Participants were tested in a quiet environment, either in school or in their homes. 

Participants were always sat at a table with the experimenter either to their left or their 

right.

5.3.4 Apparatus

A small 12-inch LCD touchscreen (PanoView 540MRT) was used for both stimulus 

presentation and collection of subjects’ responses (both reaction time and accuracy). The 

touchscreen was connected by two cables to a laptop computer (Toshiba, Pentium I 

Notebook) from which the experimental software was run. This touchscreen was placed 

in full view in front of the participant. The experimenter asked participants whether they 

could see the entire screen. The seating arrangements were adjusted if the participant 

indicated that he or she had problems seeing the screen.

5.3.5 Tasks

Pre-tasks

All participants were presented with 9 laminated A4 sheets, which displayed numbers 1-9 

in large black font against a white background. Participants were shown these numbers in 

random order and asked to name them. Subsequently they were presented with sheets that 

were divided into four cells separated by black lines. Each cell displayed one number. 

Participants were then asked to point at each of the different numbers in random order 

(‘can you show me where X is’, ‘can you point to X please’). Participants were shown 3 

such cards to ensure that questions covered all numbers from 1 -9 with some repetitions. 

A common confusion was made between numbers 6 and 9 in the number naming task. In 

the case where participants confused these numbers, they were asked whether they were 

confident that their answer was correct (‘are you sure, have another look’).
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Experimental tasks

As described above experim ental stim uli w ere d isplayed on a 12-ineh LCD  touchscreen. 

Stim uli consisted o f  pairs o f  num bers. A black line through the center o f  the screen 

separated the two halves. The pairs o f  num bers w ere d isplayed in a large font (24), one in 

the center o f  the left and the o ther on the right hand sides o f  the screen. Participants were 

asked to respond by touching the bigger o f  the two num bers. The stim ulus rem ained on 

the screen until the participant m ade a response. Subsequently  the display o f  num ber 

pairs w as replaced by a red dot, in the center o f  the screen, against a w hite background. 

This dot rem ained on the screen for 250 m illiseconds. Participants w ere instructed not to 

touch the screen but to w ait until the next num ber pair was displayed.

All possible pairs o f  num bers 1-9 w ere displayed, and for each num ber pair there were 

tw o exem plars, one w ith the larger num ber appearing on the left-hand side and the other 

w ith the larger num ber appearing on the right-hand side (ex. 1-2 and 2-1). In total, 

participants w ere presented with 72 trials.

Figure 5.1 Examples o f  stimulus presentation: Number Comparison Task

Tim e

78



Chapter 5 Magnitude comparison abilities in WS

During 6 practice trials participants were made familiar with the way in which they 

should touch the screen, stressing that they should always look for the bigger one. The 

experimenter used a number of different instructions to encourage participants throughout 

the experiment (i.e. ‘which one is the bigger number’, ‘which one is more’, ‘which one is 

the greater number’, etc.). Many of the TD children as well as participants with WS 

needed constant reinforcement of the instructions in order to keep on task.

Data treatment

Experimental stimuli consisted of number pairs with numerical distances between them 

ranging from 1-8. In order to analyze the distance effect, trials were sorted into those that 

were numerically ‘close’ ( numerical distances 1-4) and those that were numerically ‘far 

apart’ from each other (numerical distances 5-8). Each participant’s responses (both 

reaction time and number of errors) were averaged according to the numerical distance 

between the number pairs for each trial (1-8). Subsequently the means for responses to 

trials with numerical distances 1-4 were averaged together. Similarly the mean for 

participants’ reaction times and number of errors for distances 5-8 was computed. In all 

analyses below, participants’ mean responses for distances 1-4 (‘close’) will be compared 

with participants’ responses for distances 5-8 (‘far’).

Exclusion criteria 

Accuracy:

Unless a participant made mistakes on 50% or more of the experimental trials, their data 

were included in the analyses. This exclusion criterion was adopted because one of the 

aims of the present study was to explore whether participants’ errors were systematically 

related to stimulus variables (distance) and how this differed between groups. One adult 

with WS was excluded from the analysis following this criterion. No other exclusions 

were made.
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Reaction time:

All incorrect responses were excluded from the analyses of reaction time. No reaction 

time data for correct responses were excluded from the analysis. This decision was taken 

after consultation with statistical experts. Excluding reaction time data without firm 

theoretical basis is a difficult enterprise. Indeed, unless an experimenter has a detailed 

trial-by-trial protocol of the behaviour of participants, together with notes on whether or 

not they attended to the task, the decision of what data to exclude is to some degree 

arbitrary. One of the most common approaches to reaction time data analyses is to 

exclude all responses that exceed a certain number of standard deviations from the mean 

(typically 2 standard deviations). In preliminary analyses of the data from the current 

study, it was found that if this criterion was used to analyse the reaction time data of the 

individually matched control groups and the group of 4-5 year olds, a substantial amount 

of data would be lost (40-50% of the data) leading to extreme difficulties in the running 

and interpretation of statistical analyses.

Added motivation for not excluding data from the current analyses comes from the 

diversity of groups tested. It is evident that the reaction time data of very young children 

will be substantially more variable than those from TD adults. Having a stringent reaction 

time exclusion criterion would confound the comparison between groups, since the group 

of young children would have significantly fewer trials to contribute to their mean score. 

In addition to the greater number of trials already excluded due to different amounts of 

erroneous trials between groups, this would have led to significant differences between 

the groups over and above those related to the processing of the experimental stimuli.

Notwithstanding the rationale for including all the reaction time data collected from all 

groups (apart from erroneous trials), caution will be applied when interpreting reaction 

time differences.
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5.4 Results

5.4.1 Comparison o f WS groups and individually m atched controls

For both reaction time and accuracy data, separate analyses will be presented for 

differences in overall mean reaction time and mean number of errors, on the one, hand 

and the effect of distance (close vs. far) on reaction times and number of errors, on the 

other hand. By separately analyzing group differences in overall reaction time and 

accuracy as well as the effect of distance on reaction time and accuracy, it is possible to 

address the different points of Hypothesis 2 in 5.2 above.

Pre-tasks

Participants in all groups performed near ceiling on the number naming and number 

pointing tasks. As mentioned above, common mistakes were the confusion of 6 and 9 

among the group of young TD children and individuals with WS. However, after 

questioning most participants switched to the correct response.

Distance effect results -  Reaction time

In order to explore the data, the mean reaction times for distances 1-4 were plotted 

against the mean reaction times for distances 5-8 for each group. These results are 

displayed in Figure 5.2 below.
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Between group differences in the effect of distance on reaction time

To explore statistically group differences in the effect of distance on reaction time, two 2- 

way mixed ANOVAs were computed: one ANOVA for each of the two WS-Control 

group comparisons, with group (WS vs. individually matched controls) as the between- 

subject variable and distance (close vs. far) as the within-subjects variable.

In the first ANOVA of this kind, the between-subjects variable had two levels: WS 

children and MA control group for WS children. A significant effect of distance was 

found F(l,22)=5.0, p<.035. No significant group X distance interaction was found: 

F(l,22)=2.0, p<.162. The absence of a significant group X distance interaction may come 

as a surprise after inspection of the data displayed in Fig 5.1. A visual comparison of the 

difference between close (1-4) vs. far (5-8) distances for WS children and their controls 

suggests that there is no effect of distance in the group of children with WS while there is 

an effect of distance in the group of matched controls. Indeed post-hoc t-test comparisons 

demonstrate no significant difference between RT’s for close vs. far distance for the 

group of children with WS: t(l 1)=.47, p<.64, while in the group of individually matched 

controls such a difference emerged: t(l 1)=3.5, p<.005.

Against the background of these differences between groups in the significance and size 

of the simple effects of distance, and the clear indication of these differences between 

groups from inspection of Figure 5.1, it is surprising that the group X distance interaction 

was non-significant. A number of reasons may account for this apparent discrepancy in 

the results between methods of analysis. One of them is the greater stringency and level 

of correction that is applied by the ANOVA. Secondly, a look at the individual data 

suggests a high amount of individual variability. While 7/12 participants clearly have 

longer mean reaction time for close vs. far distances, 5/12 participants actually exhibited 

longer mean reaction time for far vs. close distances. The great spread in the reaction 

time data may have masked any group X distance interaction effect. In contrast 9/12 

children in the individually matched control group displayed greater reaction times for 

close vs. far distances. The combination of high variability and the small number of

183



Chapter 5 M agnitude comparison abilities in WS

subjects (and therefore low pow er) m ay have led to the failure to detect a significant 

group X distance interaction.

In a second A N O V A , the distance effect w as com pared betw een the group o f  adults w ith 

W S and their individually m atched controls. A significant m ain effect o f  distance was 

found F (l,32 )= 26 .7 , p<.001. N o significant group X distance interaction effect em erged: 

F( 1.32)=.28, p<.60. These findings indicate that both the group o f  adults w ith W S and 

their individually m atched controls show  a significant effect o f  distance, but that there is 

no difference in the size o f  this effect betw een the groups.

Distance effect -  Accuracy

To explore the data before conducting statistical analyses, the accuracy data w as first 

explored by plotting the num ber o f  errors for close (1-4) vs. far (5-8) distances, in the 

sam e w ay as for the Reaction tim e data in above. These results are displayed in Figure 

5.3 below.

Figure S. 3 Mean number o f  errors fo r  close vs. fa r  distances by group

4
3 .5

3

o 1-5l.;
cre
o>
S

W S Children W S Adults

■ a ■ A l
M atched M atched
Control Control

Group for W S Group for W S
Children Adults

H M ean  no. of Errors D istan ces 1- 
4

E  M ean no. of Errors D istan ces 5-

Group

Note: The error bars display the standard error o f the mean. Also note that both control groups were I 

ndividually matched to the WS groups on Visuo-spatial Mental Age Scores from the Pattern Construction 

subtest o f the BAS.
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Overall differences in accuracy

In the same way as in the analyses above, a variable was created for the total number of 

errors for each participant. In order to assess whether there were differences in the total 

number of errors between groups, a one-way ANOVA was computed. A significant 

effect of group on the total number of errors was found; F(3,54) = 4.9, p<.004. 

Bonferroni post-hoc comparisons revealed a significant difference between children with 

WS and adults with WS (p<.006). Inspection of the means and Figure 5.3 above suggest 

that children with WS made more errors than adults with WS. Furthermore, a significant 

difference was found between WS adults and their individually matched controls 

(p<.034). It is apparent fi-om examining at Figure 5.3 that adults with WS made less 

errors than their individually matched controls. No other significant differences between 

groups were found.

Between group differences in the effect of distance on accuracy

To contrast the distance effect within and between groups, two 2-way mixed ANOVA 

were run in exactly the same way as for the analysis of reaction time data above. Group 

was entered as the between-subjects variable and distance with two levels (errors for 

close distances vs. errors for far distances) as the within-subjects variable. In the first of 

these analyses the group of children with WS was compared to their individually matched 

controls. A significant effect of distance was found: F(l,22)=106.6, p<.001. However, 

there was no significant group X distance interaction effect: F(l,22)=.05,p<.82. This 

suggests that while both children with WS and their individually matched controls show 

an effect of distance on the number of errors they make, the size of this effect does not 

differ significantly between these groups.

In the second analysis, the group of adults with WS was compared with their individually 

matched controls. Again, a highly significant effect of distance was found: F(l,32)= 50.8, 

p<.001. Moreover a significant group X distance interaction was detected: F(l,32)=4.8, 

p<.036. Inspection of Figure 5.3 above suggests that this interaction may be due to the 

smaller effect of distance on accuracy in the group of adults with WS compared to their
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individually matched controls. To further explore this interaction, a number of between- 

subjects post-hoc t-test comparisons were computed. These tests revealed a significant 

difference between adults with WS and their TD matched controls in the number of errors 

made when judging number pairs with distances 1-4 (close): t(32) = -2.6, p<.014. 

Similarly a significant difference between adults with WS and their matched controls was 

found for the number of errors made for distances 5-8 (far): t(32) = -3.3, p<.002. 

Inspection of Figure 5.3 and the means shows that adults with WS make significantly less 

errors for both number pairs with numerical distances 1-4 (close) and those with 

distances 5-8 (far), and thus show a smaller effect of distance on accuracy.

5.4.2 Comparison o f Williams syndrome and typical developm ental 
trajectories

As stated in the methods sections, one of the aims of this chapter (as was the case in 

Chapter 4) was to go beyond simple WS-mental age matched TD control group 

comparisons and to contrast the developmental trajectory in WS with the development of 

magnitude comparison abilities over time among TD children. Therefore the analyses 

below will compare the performance of children and adults with WS to that of different 

age groups of TD individuals. First, the performance of the WS groups is compared with 

the group of 4-5 year olds, which consists of the two groups of mental age matched 

controls as well as additional 4-5 year old children. Moreover, the performance of the WS 

groups is contrasted with the results derived from a group of 9-11 year old TD children as 

well as a group of adults.

Distance effect -reaction time

In exactly the same way as in the analyses above, the reaction time data for close (1-4) 

vs. far (5-8) distances was initially explored by plotting it for each group separately. 

These data can be found in Fig 5.4 below.
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Figure 5.4 Mean Distance Effect on Reaction Time by Group

&  2 5 0 0

E 2 0 0 0

u 1000
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H Mean RT D ista n c e s  1 -4 

O Mean RT D ista n c e s  5-8

4 -6  year 9-11 year Adults 
o ld s o ld s

W S
Children

WS
Adults

Group

Note: The error bars display the standard error o f the mean.

Overall differences in reaction times

In order to investigate overall differences in reaction tim e betw een groups, the effect o f  

group (4-6, 9-11, A dults, W S children and W S adults) on the total mean reaction time for 

all distances (1-8) was exam ined by com puting a 1-way A N O V A . A significant effect o f  

group on m ean total reaction tim e w as revealed by this analysis: F(4,98) = 50, p<.001. To 

explore group differences further, Bonferroni post-hoc com parisons w ere run. These tests 

dem onstrated that the adults w ith W S differed significantly  from  all groups (p<.001) 

apart from  the 4-6 year olds. Thus adults w ith W S are overall slow er than the group o f  9- 

11 year olds. The children w ith W S differed significantly  from  all groups (p<.001). 

Inspection o f  Figure 5.3 suggests that this is due to the fact that children w ith W S were 

overall significantly  slow er than all o ther groups. The group o f  9-10 year old TD 

children and the group o f  adults differed significantly  from  all other groups but not from  

each other. This finding show s that 9-10 year olds are overall as fast at the task as are the 

group o f  norm al adults.
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Comparison of the development of the effect of distance on reaction 

time between TD children and individuals with WS

In order to contrast systematically the developmental trajectories of TD participants and 

those with WS, two between-subjects variables were computed. The first of these was 

referred to as group with two levels: WS and controls. The second between-subjects 

variable was referred to as development with two levels: ‘young’ and ‘old’. Inspection of 

Figure 5.4 suggests that the developmental difference between 4-5 and 9-10 year old TD 

children is most similar to the difference between children and adults with WS. Therefore 

the 4-5 year olds and children with WS were labeled as ‘young’ on the development 

variable and the 9-10 year olds and adults with WS were marked as ‘old’. The within- 

subject variable was distance with two levels: close (1-4) vs. far (5-8). A three-way 

mixed ANOVA was computed to investigate both main effects and interactions between 

these variables. A significant main effect of distance was found: F(l,79) = 25.3, p<.001. 

There were no interactions of distance X group or distance X development. A small, 

though significant, 3-way interaction of Distance X Group X Development was found: 

F(l,79)=4.8, p<.031. In an effort to explore this interaction the effect of distance for the 

two levels of development (young vs. old) was plotted for each group separately:
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Figure 5.5 Mean reaction time fo r  small (1-4) and large (5-8) distances fo r  ‘you n g’ and 

‘old ’ JVS groups
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•Y oung W S  
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Note: The error bars display the standard deviation of the mean

Figure 5.6 Mean reaction time fo r  small (1-4) and large (5-8) distances fo r  ‘you n g’ and 

‘o ld ’groups ofT D  children.

4000
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olds)
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Note: The error bars display the standard deviation o f the mean
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Visual inspection of Figures 5.5 suggests that probably the effect of distance between old 

and young individuals with WS does not change substantially (great overlap in the error 

bars). In contrast, the data displayed in Figure 5.6 suggest that the effect of distance 

decreases substantially between the groups of ‘young’ and ‘old’ TD children and so does 

the variability in the reaction time distances. Given these observations it can be predicted 

that there will be no significant differences in the size of the distance effect between the 

two groups of individuals with WS (‘young’ vs. ‘old’) and that the distance effect will 

differ significantly between the ‘young’ and ‘old’ group of TD children. To explicitly test 

these predictions, two 2-way ANOVA’s were computed. In each of these analyses the 

within subjects variable was distance (close vs. far), and the between subjects variable 

was group (‘young’ vs. ‘old’). In a first analysis the effect of distance was examined 

between the groups of ‘young’ and ‘old’ participants with WS. A significant effect of 

distance was found: F(l,27) = 4.5, p<.042. As predicted, there was no significant

distance X group interaction: F(l,27) =1.1, p<.29.

In the second analyses, the between group difference between the group of 4-5 (young) 

and 9-10 year old (old) TD children was investigated. Therefore the groups of ‘young’ 

and ‘old’ TD children were entered as the between-subjects variable. This analysis 

yielded a significant main effect of distance: F(l,52) = 33.7, P<.001. Moreover, as 

predicted, a significant interaction effect of group X distance was found: F(l,52) = 4.9, 

p<.030. This interaction effect shows that the effect of distance changes significantly 

between the ‘young’ and ‘old’ groups of TD children. This may be due to decreasing 

effect of distance on reaction times and less variability in participants’ responses (as 

indicated by the smaller standard deviations of the mean for the ‘old’ group of TD 

children).

The above analyses of the effect of development (young vs. old) for each group 

separately (WS vs. Controls), confirm the predictions derived from the inspection of 

Figures 5.5 and 5.6. The absence of a distance X group interaction for the analysis of the 

difference between ‘young’ and ‘old’ participants with WS suggests that the effect of 

distance on reaction time does not differ significantly between these two participant
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groups. The analysis o f  differences betw een the ‘y o u n g ’ and ‘o ld ’ groups o f  TD children 

and the presence o f  a sm all, but significant group X distance interaction, how ever, 

suggest that the effect o f  distance on reaction tim e differs significantly  betw een these two 

participant groups. The finding that there is a d ifference betw een the two groups as a 

function o f  distance and developm ent explains the presence o f  the three-w ay interaction 

reported above.

Comparison of the development of the effect of distance on reaction 

time between TD children and individuals with WS.

In order to explore the num ber o f  errors m ade by subjects in all groups, the num ber o f  

errors for the two levels o f  d istance (close vs. far) w as plotted for each group separately. 

This data is show n in Figure 5.7 below;

Figure 5 .7  Mean distance effect on accuracy by group

J # L

B  Mean no. of Errors 
Distances 1-4

0  Mean no. of Errors 
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4-6 year 9-11 
olds year olds
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Note: The error bars display the standard deviation o f the mean 

Overall differences in accuracy

In order to com pare overall differences betw een groups in the total num ber o f  errors, a 1- 

way A N O V A  w as com puted, w ith group as the independent variable and total num ber o f
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errors as the within-subjects variable. The group of TD adults was excluded from this 

analysis due to a clear ceiling effect (only 5/20 participants in this group made errors and 

each of these subjects only made 1 error in total) . A significant effect of group on total 

number of errors was found: F(3,79)=10.5, p<.001. Bonferroni post-hoc comparisons 

were run in an effort to disentangle group differences in total number of errors further. 

Interestingly, these comparisons revealed no significant difference between the group of 

WS adults and the group of 9-10 year olds and no significant difference between the 

group of WS children and the group of 4-5 year olds. Furthermore, no significant 

differences were found between the group of 9-10 year olds and the group of adults. All 

other differences were significant (p<.01).

Distance effect -  Accuracy

In the same way as for the reaction time data above, the difference between the effects of 

distance (close vs. far) was contrasted between the ‘young’ and ‘old’ groups of TD 

individuals and participants with WS. A two-way ANOVA was computed, with distance 

as the within subjects variable and group (WS vs. Controls) and development (young vs. 

old) as the between-subjects variable. This analysis revealed a main effect of distance on 

accuracy: F(l,79) = 139.9, p<.001. Furthermore, a significant distance X development 

interaction emerged: F(l,79) = 18.6, p<.001. None of the other interaction effects were 

significant. These findings suggest that in both the WS and TD groups the effect of 

distance decreases over development (young vs. old). However, there appears to be no 

differences between groups in terms of this developmental trajectory.

5.4.3 A doser look a t individual differences in task performance

It is clear that, from inspection of the raw data and the above figures, a substantial 

amount of individual variability exists in these data. Therefore, participants’ distance 

effect data for both reaction time and accuracy were plotted. Data from both children and 

adults with WS and their individually matched control groups were examined in this way. 

The figures displaying individuals’ distance effects for both accuracy and reaction time 

for these four groups of participants can be found in Appendix B. Inspection of the
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individual data points should help to further the understanding of the differences between 

the accuracy and reaction time data.

Individual differences between groups for reaction time data

Inspection of the figures in Appendix B suggests that the number of participants showing 

a normal effect of distance on reaction time WS and control groups is relatively similar 

between groups. A comparison of the number of participants who show a difference 

between small (1-4) vs. large (5-8) distances in reaction time revealed that 7/12 (58%) of 

children with WS and 9/12 (75%) of their individually matched TD controls exhibited 

longer reaction times for small vs. large distances. In the group of adults with WS, 14/17 

(82%) of the participants displayed the typical distance effect in comparison to 11/17 

(64%) of their individually matched controls. Pearson’s Chi-Square tests revealed no 

differences between the WS and control groups in terms of the number of participants 

showing the typical direction (small > large) of the effect of distance on reaction times.

Individual differences between groups for accuracy data

Inspection of individuals’ accuracy data suggests that these data are less variable across 

participants compared with the reaction time data. Participants in all groups showed a 

distance effect in the correct direction (small > large) with the exception of 5 participants 

with WS who committed no errors for both small and large distances as well as 1 

participant each in both the groups of individually matched controls that did not make 

any erroneous response.

5.5 Discussion

The results presented in this chapter yield rich information about non-verbal 

representations of magnitude among individuals with WS and their developmental 

trajectory. The chapter presents two types of analyses, which should initially be discussed 

separately before drawing similarities and divergences in the results yielded by the two 

types of analyses.
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5.5.1 Im plications o f comparisons betw een WS and individuaiiy 
m atched MA controis

Reaction time data

In a first analysis the results of both children and adults were compared with those 

obtained from two groups of controls consisting of TD children matched on their mental 

age on the pattern construction subscale of the BAS to either the children or adults with 

WS. In terms of overall reaction time, no significant differences were found between the 

WS and their very much younger control groups. Furthermore, while all groups show an 

effect of distance on reaction time (longer RTs for close vs. far distances) there were no 

differences between the WS groups and their individually matched controls. It should be 

noted, however, that although there was no group X distance interaction in the 

comparison between the youngest group of WS participants and their mental age matched 

TD controls, post-hoc t-tests did indicate that there was no significant difference between 

mean reaction times for small vs. large distances for the group of children with WS, 

while a significant difference was found for their individually matched controls. 

Inspection of the individual data suggests that the absence of a group X task interaction 

may be the product of high individual variability in the WS data as well as the relatively 

small number of participants. This combination of high variability and low power may 

have led to the absence of an interaction effect. If a larger sample of children with WS 

was tested, the absence of an effect of distance on reaction time might be detectable in 

the group X task interaction.

In general, the results suggest that the speed at which individuals with WS execute the 

number comparison task is at the level expected, given their visuo-spatial mental age. 

Moreover, there were no apparent differences between WS and their controls in the size 

of the effect of distance on reaction times (with the exception of the data for the group of 

children with WS). These finding shows that the amount of overlap in the representations 

of numbers, as indicated by the size of the distance effect, among both children and 

adults with WS is at a level expected given their visuo-spatial mental age. The absence of 

differences between the groups of WS and their controls is interesting given the large
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difference in chronological age between children (mean chronological age: 8 years; 8 

months) and adults with WS (mean chronological age: 30 years; 3 months) compared 

with the very small differences between individually matched controls for WS children 

(mean chronological age: 4 years; 8 months) and the individually matched controls for 

WS adults (mean chronological age: 4 years; 7 months). This indicates that 

developmental changes in underlying non-verbal representations of numerical 

magnitudes are related to the visuo-spatial mental age of the individuals with WS and not 

their chronological ages. This may be due to the association between visuo-spatial 

cognitive functioning and non-verbal representations of numerical magnitudes, as 

revealed by the SNARC effect (see Introduction above) and by the study of brain

damaged, adult patients (Berch et al., 1999; Dehaene et a l, 1993; Zorzi et al., 2002).

Taken together, the lack of significant differences between WS and their individually 

matched controls for the reaction time data point to the fact that they are extremely 

delayed on this task. It is important, however, not to dismiss delay as irrelevant. What 

does the finding that adults with WS are at the level of 4-6 year olds tell us about the 

underlying representational system? Has development simply arrested and what are the 

reasons for this delay and what effects does this have on other aspects of number 

development?

Accuracy data

The results obtained from the analysis of the accuracy data differ somewhat from the 

reaction time data. In terms of overall differences, it was found that adults with WS 

differed significantly from children with WS. Moreover a small, but significant 

difference in the total number of errors emerged between children and adults with WS 

and their individually matched controls. Inspection of the means demonstrated that WS 

adults made significantly less errors than the children with WS. Adults with WS also 

made significantly less errors than their individually matched controls. This finding 

shows that over developmental time individuals with WS become more accurate at 

making number comparisons and by adulthood their accuracy has become is slightly 

better than expected given their visuo-spatial mental age. This represents an interesting
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developmental change, especially when contrasted with the reaction time data (discussed 

above). It may be that among adults with WS there exists a speed/accuracy trade-off, 

since adults with WS are as slow at making number comparisons as their younger, 

individually matched controls but at the same time are more accurate than the latter. 

Nonetheless, this finding may reveal something important about the underlying systems 

of representations. It could well be that the features of magnitude representations among 

adults with WS are as poorly differentiated from one another as in children with WS, but 

that adults have developed better strategies to derive the correct answer in the magnitude 

comparison task.

The analysis of differences between WS subjects and their controls for the effect of 

distance on accuracy leads to similar suggestions. Here, the results demonstrate that the 

effect of distance on the number of errors participants made, does not differ between 

children with WS and their individually matched controls. However, the effect of 

distance on number of errors is smaller for adults with WS in comparison to their 

individually matched controls. Again, the accuracy data differ from the reaction time 

results by showing that over developmental time individuals with WS become more 

accurate and show a smaller effect of distance on the number of errors they make, thereby 

exceeding the level expected given their visuo-spatial mental age. Again a 

speed/accuracy trade-off interpretation is possible. The reason for this trade-off, 

however, may lie in the changes in the underlying representations and strategies. Adults 

with WS may be able to make quite accurate judgments of relative magnitude, but do so 

by means of a laborious process that involves long reaction times. As before, this 

indicates that indeed the representations themselves are highly noisy, but that over 

developmental time individuals with WS are able somehow to overcome this noise and 

thereby achieve higher accuracy rates.

Such slow access to mental magnitudes may have significant consequences for the 

development of higher-level numerical cognition. If the access to the representation is 

highly effortful, as appears to be the case for both children and adults with WS this might
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impair the acquisition of more complicated mathematical skills where access to number 

semantics is necessary.

The results of the WS-individually matched control comparisons, discussed above, are 

interesting in the context of evaluating whether or not both groups of participants with 

WS are at the level expected given their visuo-spatial mental age. They thereby address 

hypothesis 1 outlined in section 5.2 above. Taken together, these results show that both 

children and adults with WS are at the level of their very much younger mental age 

matched controls in terms of reaction time data (both overall and effect of distance). In 

terms of accuracy data the picture is slightly different, showing that while children with 

WS are at the level of their individually matched controls, adults with WS are slightly 

more accurate both in terms of overall accuracy and in terms of the effect of distance on 

accuracy.

These findings beg the question as to whether the developmental trajectory observed in 

WS is similar to or differs from the developmental trajectory observed among TD 

children. This cannot be ascertained from the analyses above, since the two groups of 

individually matched controls do not differ significantly from each other in terms of 

chronological age. However, in the second set of analyses presented in the results section 

above, the commonalities and differences in the WS and typical developmental 

trajectories were evaluated. The implications of these results will be discussed below.

5.5.2 Im plications o f comparison between WS and typical 
developm ental trajectories

The second set of analyses entailed a comparison of the groups of children and adults 

with WS with three groups of TD children representing a cross-section of the typical 

developmental trajectory. Interestingly, in the analysis of overall differences in reaction 

time, children with WS turned out to be slower than all the other groups. These findings 

suggest that for children with WS, the task of magnitude comparison required particular 

effort. On the basis of initial visual inspection of the results, it was decided that the 

difference between WS children and adults needed to be contrasted with the difference
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between the groups of 4-5 and 9-10 year old TD children. This analysis revealed that all 

groups exhibited an effect of distance and that this did not interact with group or 

development. However, a small 3-way interaction effect of the three independent 

variables (group, development and distance) on reaction time was found. Post-hoc 

analyses revealed that the locus of this interaction was a difference in the effect of 

development on the distance effect in the two groups. While in the two groups of TD 

children there was a clear decrease in the effect of distance on reaction time, no such 

difference was found between the groups of children and adults with WS. The data from 

both groups of WS participants were highly noisy with response time distributions 

overlapping between the groups.

One might interpret this three-way interaction as an indication that, unlike for typically 

developing children, development does not involve significant changes in the effect of 

distance on reaction time in WS. This suggests an atypical developmental trajectory of 

non-verbal magnitude representations in WS compared with typical development for 

reaction time data. It also suggests that the differentiation between mental magnitudes 

that appears to characterize the typical developmental trajectory seems to be arrested in 

WS (Sekuler & Mierkiewicz, 1977). From the perspective of the neural coding of relative 

numerical magnitude, it may be the case, that the kind of neurons in the prefrontal cortex, 

recently discovered by (Nieder et al., 2002), have highly undifferentiated response 

properties and have broad tuning filters in individuals with WS, making them respond to 

a larger number of numerical magnitudes than is true of typically developing individuals, 

which could explain why magnitude comparisons are so slow and effortful for individuals 

with WS.

In a similar way as for the findings from the comparison of the WS groups with their 

individually matched controls, the results obtained for accuracy differed slightly from the 

reaction time data. Here, no significant differences were found in terms of total number 

of errors between children with WS and 4-5 year olds, nor between adults with WS and 

the group of 9-10 year old TD children. Furthermore, while a significant main effect of 

distance was found, there was no group X distance interaction, indicating that the effect
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of distance on accuracy did not differ significantly between groups. In addition, the 

significant development X distance interaction suggests that in both groups the effect of 

distance decreased as a function of development. These findings imply that, at least in 

terms of accuracy, the developmental trajectory in WS, while delayed, appears to follow 

the developmental trajectory observed among TD children.

However, the difference in the results of the reaction time and accuracy data points to the 

possibility that the mechanisms underlying developmental change in WS may differ from 

those underlying typical developmental changes. The reaction time data showed that the 

decrease in the effect of distance on reaction time in WS was not as strong as in the case 

of TD children. This result may indicate that, for individuals with WS, the noise in the 

underlying representations does not change substantially over developmental time. In 

light of this interpretation, the changes observed for the accuracy data suggest that 

individuals with WS develop strategies to discriminate successfully between their noisy 

representations of magnitudes, thereby yielding increases in accuracy over developmental 

time that are similar to those observed between the groups of 4-5 and 9-10 year old TD 

children.

It should be noted, however, that alternative interpretations are also possible. It might be 

that the accuracy data are more reliable indices of the quality and developmental changes 

of the underlying representation of numerical magnitude, because the reaction time data 

in the groups of children and adults with WS are highly noisy. This interpretation is 

supported by the inspection of individuals’ data (presented in Appendix B) where it is 

clear that for both control and WS groups the accuracy data are less variable (in terms of 

the direction of the distance effect) and therefore may be construed as a more reliable 

measure.

From the current data, it cannot be clearly stated which of the above interpretations is 

correct. However, it is interesting to note that the difference between reaction time data 

and accuracy data is only apparent for the groups of individuals with WS and not for the 

TD children, although levels of variability that are comparable to the WS group were
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observed in the groups of young TD children (matched controls and 4-5 year olds). This 

suggests that this difference in WS does indeed have a functional role and is indicative of 

a developmental deviance in this clinical group.

Taken together, the present findings suggest that the developmental trajectory of 

magnitude comparison abilities in WS differs in subtle ways from the developmental 

trajectory observed among TD children. However, the findings raise a number of 

questions that cannot be answered by the current results. A number of potential future 

studies, arising from this work are addressed below.

5.5.3 Individually m atched control analysis and comparison o f 
developm ental trajectory -  are tw o analyses b etter than one?

As stated in the Methods section above, one of the aims of this chapter, and indeed of the 

entire thesis, is to understand whether and how the developmental trajectory in WS 

differs from the developmental changes observed among TD children by means of a 

cross-sectional design. Most research on clinical populations uses a straightforward 

clinical vs. control group design. In such designs one or more variables are held constant 

between groups and thus these groups are matched on these variables. So, for example, 

groups may be matched on chronological age and gender, or on a mental age measure and 

gender, etc. These types of comparisons certainly yield a great deal of information and 

help to evaluate the extent to which a clinical group is at, behind, or above the level 

expected, given the variable that was used for matching the groups. However, these types 

o f comparisons yield little or no information about whether or not the constraints on, and 

mechanisms of, development of a certain cognitive function differ between groups. In 

this chapter two types of analysis were employed to explore both these issues. The 

purpose of this section of the discussion is to evaluate the relative merit of these two 

approaches, and discuss whether or not they are justified. As discussed above, the 

analysis of the differences and similarities between the WS groups and their very young 

individually MA-matched controls revealed both interesting similarities (at the level of 

reaction times) and differences (at the level of accuracy data). However, because the 

spatial MA of WS children and adults was very similar the two groups of TD controls
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were virtually indistinguishable from one another in terms of chronological age, the only 

conclusion that could be drawn from the findings was that both children and adults with 

WS were delayed, and only reached the level of their very much younger controls in 

terms of reaction times, while adults, but not children with WS, were slightly more 

accurate than their mental age matched controls. No information could be gleaned from 

these comparisons about how the developmental changes (or absence of changes) in the 

WS groups relate to developmental changes among TD children.

With the additional, detailed analysis of developmental changes in groups of TD children, 

conclusions could be drawn about how the development of magnitude comparison 

abilities in WS both differs and converges with developmental changes observed between 

groups of TD children. These analyses revealed that the developmental changes for the 

reaction time in WS seem to be a smaller than is the case for typical development, while 

the trajectories for accuracy data among children and adults with WS and groups of TD 

children are virtually indistinguishable from one another.

In light of these considerations, it is clear that the two types of analysis each yield 

important information and compliment one another. While the comparison with mental 

age matched controls helps to evaluate the level of performance of individuals with WS, 

these types of comparisons do not contain any information to ascertain the extent to 

which the developmental trajectories differ between WS and TD controls. Understanding 

development and developmental differences between clinical and TD groups of children 

and adults, however, is crucial if the aim is to understand the developmental origins of 

both similarities and differences between groups (Karmiloff-Smith, 1998; Paterson et al., 

1999). Therefore, while the second set of analysis does not allow conclusions to be drawn 

about whether or not children and adults with WS are at the level of the visuo-spatial 

mental age matched controls, these types of analyses help to compare and contrast the 

developmental trajectories of the two groups. Finally, the typical developmental 

trajectory on a given task has not always been entirely understood and thus mapping this 

at the same time as understanding atypical development allows for more reliable 

conclusions to be drawn.

201



Chapter 5 Magnitude comparison abilities in WS

5,5.4 Outstanding questions and future outiook

As discussed above, the interpretation of the findings presented in this chapter is 

obviously not entirely unambiguous. On the one hand, the difference between reaction 

time findings and the accuracy data could reveal something important about the systems 

underlying magnitude representations. On the other hand, it may be that the reaction time 

data in general are more noisy and variable between individuals (as indicated by 

examination of individuals’ data in Appendix B) and this therefore complicates the 

interpretation of reaction time data.

It is clear that these issues cannot be fully resolved on the basis of the current results. 

However, a number of clear predictions can be derived to guide future work aiming at 

clarifying these issues. First, future studies should employ baseline tasks that measure 

reaction times but do not tap the cognitive processes involved in numerical magnitude 

comparisons. In other words, it would be important to test individuals in all groups on a 

baseline task that measures their reaction times but does not involve number-related 

processing. This measure of reaction time could then be used as a covariate in the 

analyses to ensure that any differences between groups in overall reaction time and the 

effect of numerical distance on reaction time, stem from differences in number-related 

processing rather than more general processing time differences.

One of the interpretations of the above findings might be that while the features of the 

representations in WS remain fuzzy and overlapping and do not change substantially over 

developmental time (as indicated by the reaction time data), adults with WS have 

developed strategies to access accurately these fuzzy reaction times which allow them to 

be more accurate, while still being slow and exhibiting a large effect of distance in their 

reaction time data. This hypothesis could be further addressed by using a number-stroop 

task in the same way as has previously been done by (Girelli et al., 2000) with typically 

developing children. Such a task measures the amount of interference exerted by 

mismatching the physical size of Arabic numerals with their actual numerical magnitude. 

If the representations of numerical magnitude are fuzzy and hence difficult to distinguish
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in WS, and remain so over developmental time, then it could be hypothesized that the 

access to numerical magnitudes would be less automatic in WS than is the case among 

typical developing children.

Furthermore, several design limitations need to be overcome in any future study of 

magnitude comparison abilities among individuals with WS or any other clinical group. 

First, it should be ensured that there are equal pairs of ‘small’ and ‘large’ distances. In the 

current design with all possible combinations of number pairs 1-9 this was obviously not 

achieved. In fact, there were a lot more trials representing the mean reaction times for 

distances 1-4 compared with the mean RT for distances 5-8. Thus in a future study it 

should be ensured that there are equal number of trials for distances 5-8 and distances 1- 

4.

Additionally, in future analyses with equal trials for distances 1-4 and 5-8, the ‘size’ 

effect should be explored. It may be the case that this differs between WS and controls. 

Such an analysis could be achieved by means of multiple regressions with both size and 

distance as predictors in a hierarchical regression model. This type of analysis could not 

be conducted in the present design because of the limitations in the number of trials 

discussed above and because the a priori hypotheses were mainly concerned with a 

straightforward analysis of the distance effect.

The final outstanding question pertains to the stimuli themselves and the kind of 

processing that they require. In our experiment, Arabic numerals were used as stimuli. It 

could be argued that this kind of experiment is not only tapping processes related to the 

underlying representations of numerical magnitude, but participants’ task performance is 

also reflecting the processing involved in mapping between the mental magnitude 

representations and the symbols that represent them externally. Thus, it is conceivable 

that individuals with WS exhibit long reaction times and large effects of distance for 

Arabic numerals, but not for non-symbolic representations of magnitudes, such as arrays 

of dots or bars of different sizes. This was therefore the focus of the next experiment.

203



Chapter 5 Magnitude comparison abilities in WS

Experiment 6 

5.6 Introduction

The question of whether the data for WS participants were true, particularly of magnitude 

comparisons computed over symbolic stimuli, was addressed in a pilot study that was 

only run on the adult participants with WS who took part in the study discussed above. In 

this new study participants were asked to judge the relative height of two bars and 

indicate which of the two bars was the tallest. The following section of this chapter 

represents a brief description of the methods, results and implications of this study. Here 

the results from the comparisons of Arabic numerals (‘symbolic’) will be contrasted with 

the data obtained from WS adults’ comparisons of bars of different heights (‘non- 

symbolic’) to establish whether any effects of overall reaction time and accuracy and/or 

effects of distance on reaction time and accuracy differ between the two conditions for 

the adults with WS. Unfortunately, none of the other groups were tested on this task due 

to difficulties in ensuring the concentration of participants over long periods of time.

5.7 Methods

The participants were the same 17 adults with WS whose data is reported above (see 

Table 5.1 for their background data). Moreover, the apparatus, pre-tasks, treatment of 

data and were the same as for Experiment 5 above.

5.7.1 Tasks

Arabic number comparison task:

The design of this task is described in the methods of Experiment 5 above.

“Block size” comparison task:

In this task, participants were presented with blocks of varying sizes. The screen was 

divided into two halves by a thick black line in just the same way as for the number
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com parison task. The pairs o f  blocks w ere presented in the center o f  the left and right 

hand side o f  the screen. Participants w ere asked to respond as quickly as they could by 

touching the ‘ta lle r’ or ‘b igger’ o f  the two blocks. The stim ulus rem ained on the screen 

until the participant had m ade a response. U pon each response, the pair o f  blocks w as 

replaced by a red dot in the center o f  the w hite screen in the sam e w ay as in E xperim ent 5 

above.

The blocks m easured 1 cm in w idth, w ith the height varying from  1-9. There w ere 9 

different blocks (corresponding to the 9 different A rabic num erals), w ith the tallest block 

m easuring a w idth o f  1cm and a height o f  9cm  and the shortest block m easuring a w idth 

o f  1cm and a height o f  1cm. Exam ples o f  these stim uli can be found in F igure 5.8 below

Figure 5.8 Examples o f  stimulus presentation: Block Size Comparison Task

I Tim e

Note: the top pair o f blocks represents 2-1 and the bottom corresponds to 1-8.

In the sam e w ay as for the A rabic num ber com parison task, participants w ere presented  

w ith all possible com binations o f  B locks 1-9, m aking up a total o f  72 trials. The adults 

with W S w ere alw ays tested on this task before com pleting the A rabic num ber
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com parison task. This w as done because it w as though that this task w ould be easier than 

the num ber com parison task and thus participants w ould still have a relatively high level 

o f  concentration w hen they reached the num ber com parison task. Both tasks w ere alw ays 

adm inistered in the sam e experim ental session.

5.8 Results

Analysis of reaction time difference for Arabic numbers and block 

comparisons

In order to explore the results for reaction time for A rabic num ber and block com parisons 

in the group o f  WS adults, the m ean reaction tim es for ‘sm all’ (1-4) and ‘large’ (5-8) 

distances w ere plotted separately for the conditions.

Figidre 5.9 Mean Distance effect reaction time by condition fo r  JVS adult group

2000
o  1 8 0 0

0) 1 4 0 0  

^ 1200

A rabic N u m era ls  B lo ck s

C o n d it io n

B  M ean  reaction  t im e s  1-4  

U  M ean  reaction  t im e s  5 -8

Note: The error bars denote the standard error o f the mean 

Overall differences in reaction times

In a first analysis the overall reaction tim es for all distances (1-8) betw een conditions 

w ere analyzed by m eans o f  a paired-sam ples t-test. This test revealed no significant
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differences in overall reaction time between the Arabic numerals and Blocks conditions: 

t( 16)= 1.70, p<.110.

Differences in the effect of distance on reaction times between conditions

To establish whether the effect of distance on reaction time differed between the Arabic 

numerals and Block comparison conditions, a 2-way within-subjects ANOVA was 

computed, with Task (Arabic numerals and Block comparisons) and Distance (small and 

large) as the within subjects variables. This analysis revealed a significant main effect of 

distance F(l,16)=42.42, p<.001. The main effect of task was non-significant: 

F(l,16)=2.86, p<.l 10. The interaction between task and distance was also found to be 

non-significant: F(l,16)=1.22, p<.285. The above results suggest that while for both tasks 

adults with WS show a significant distance effect, this effect is not modulated between 

tasks. The next section will explore whether the same held for the accuracy data for both 

tasks.

Analysis of accuracy difference for Arabic numbers and block comparisons

In the same way as for the reaction time data above, the mean number of errors for 

‘small’ and ‘large’ distances was plotted separately for both the Arabic number and 

Block comparison conditions.
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Figure 5.10 Mean Distance effect on accuracy by condition

Mean distance effect by condltons

B  M ea n  n u m b e r  o f  errrors 1 -4  

□  M ea n  n u m b e r  o f  erro rs 5 -8

A rab ic N u m e r a ls B lo c k s

C ondition

Note; Error bars denote the standard error o f the mean 

Overall differences in accuracy

To establish w hether the total num ber o f  errors m ade by W S adults differed betw een the 

A rabic num erals and Block com parison conditions, a paired-sam ples t-test was 

com puted. This test revealed a significant difference betw een the tw o conditions: 

t(16)=2.85, p < .0 1 1. Inspection o f  the m eans and o f  F igure 5.9 show s that, in contrast to 

the B lock com parison condition, W S adults m ade significantly  m ore errors in the A rabic 

num erals condition.

Differences in the effect of distance on accuracy between conditions

G iven that adults w ith W S m ade significantly  m ore errors in the A rabic num erals 

conditions, does this also m ean that they exhibit a larger effect o f  distance in this 

condition than for relative m agnitude judgm ents o f  the blocks? To test this, a 2-w ay 

w ithin-subjects A N O V A  w as com puted with T ask (A rabic num erals and Block 

com parisons) and D istance (sm all and large) as the w ithin subjects variables. A 

significant m ain effect o f  task w as found: F ( l,1 6 )  = 8.14, p<.011. This effect reveals 

exactly  the sam e as the analysis o f  overall d ifferences in accuracy, nam ely that
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participant’s made more errors for the Arabic numeral judgments than they did for the 

Block comparisons. Furthermore, a significant main effect of distance was found 

F(l,16)=9.60, p<.007. The interaction between task and distance was also significant: 

F(l,16)=8.15, p<.011. In both tasks, significant differences between the numbers of 

errors made for small (1-4) vs. large (5-8) distances was found. The data plotted in Figure

5.9 above clearly suggest that the effect of distance for the relative magnitude judgments 

of Arabic numerals was larger than the effect of distance for the Block comparisons. 

Post-hoc paired-samples t-tests revealed that adults with WS made significantly more 

errors for small, but not large distances in the Arabic numeral conditions: t(16)=2.86, 

p<.011 and t( 16)= 1.00, p<.332, respectively.

5.9 Discussion

The above data should be viewed as a first step towards a comprehensive evaluation of 

whether or not the types of data obtained from number comparison are somewhat 

dependent on the type of stimuli and, more specifically, whether the stimuli are symbolic 

(Arabic numerals) or non-symbolic. In other words, do their difficulties with number 

comparisons arise from problems with magnitude representations per se or from the 

processing that might be involved in mapping from symbols to mental magnitudes and 

vice versa?

The reaction time data show no differences between the two tasks, both in terms of 

overall reaction time and distance effect. These findings therefore reveal that individuals 

with WS exhibit slow reaction times when computing both symbolic and non-symbolic 

relative magnitude. Thus the slow reaction times observed for comparisons of Arabic 

numerals are not caused by problems in mapping between symbols and mental 

magnitudes, but rather by more general difficulties in making relative magnitude 

discriminations and judgments. It is possible that slow reaction times are a consequence 

of a difficulty with accessing an abstract system of magnitude representation that operates 

regardless of the particular stimulus characteristics. It has frequently been claimed that 

the representations underlying basic non-verbal representation of number are abstract 

(Dehaene, 1997; Dehaene et al., 1998). Moreover, in recent adult brain-imaging studies,
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magnitude comparisons of numbers, angles and lines each activate areas in and around 

the intraparietal sulcus (IPS), which may be the neural substrate for an abstract 

representation of non-verbal magnitude (Fias et al., 2003). It is important to note, 

however, that these data come from healthy human adults. Moreover, no studies of 

typical development have yet systematically explored whether the developmental 

trajectories for symbolic and non-symbolic stimuli are similar or whether they are 

initially divergent and later converge towards adulthood. Consequently, studying these 

developmental trajectories in both WS and typical developing individuals may provide a 

better insight into whether or not there is a general impairment of an abstract system of 

magnitude representation, or whether processes related to the mapping between stimuli 

and mental magnitude or from mental magnitude to stimuli, are what creates the greatest 

difficulty for individuals with WS.

In addition to the above interpretations, it is also possible that reaction times for both 

Arabic numerals and block comparisons do not reflect an impairment of number-related 

processing, but rather generally slow response times. As alluded to in the discussion of 

Experiment 5, any future task should have a common baseline that does not tap 

processing of magnitude but measures reaction time: such a measure could then serve as 

a covariate and thus enable a more specific evaluation of the reaction time data.

As in Experiment 5 above, the accuracy data for this pilot study yield a slightly different 

picture. Here, adults with WS made significantly less errors on the block comparison task 

compared with the Arabic numerals comparison task. Furthermore, the effect of distance 

was larger for the Arabic numerals conditions, owing to significantly more errors being 

made for small distances in this condition compared with the block comparison 

condition. These findings indicate that indeed it is the processing that is required to 

associate the symbols with their mental magnitudes that lead to a greater number of 

errors, while a perceptual comparison of relative height of blocks does not require the 

same mapping processes.
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All these interpretations are plausible, however, as in Experiment 5, it is difficult to 

assess whether the reaction time or accuracy data provide the strongest evidence. And 

indeed, as in Experiment 5 above, it may not be necessary to commit to either one or the 

other dependent measure. Instead, it may be the case that for both symbolic and non- 

symbolic representations, the access to the representation is highly effortful, due to fuzzy 

representations. However, in the case of Arabic numerals the additional step of mapping 

between symbols and the abstract magnitudes that represent them, leads to more 

erroneous judgments compared with the block condition. The perceptual representation 

of magnitude implicates less of the processes involved in mapping from external to 

mental representation of magnitudes, and thus allows for more accurate judgments to be 

made.

Clearly this interpretation is speculative and can only be resolved by means of future 

studies that aim to investigate more systematically the differences between processing of 

symbolic and non-symbolic magnitude over developmental time, to evaluate the extent to 

which processing converges and/or diverges during both typical and atypical 

development.
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6 Development of numerical estimation abilities in 
Williams syndrome

6.1 Introduction

In the previous chapter the development of magnitude comparison abilities in children 

and adults with Williams syndrome (WS) was compared with the developmental 

trajectory followed by TD children. The findings suggest that the representation of 

relative magnitude is noisy in both children and adults with WS. Furthermore adults with 

WS were found to be at the level of 5-year old TD children. This suggests that non

verbal, approximate representations of numerical magnitude and their developmental 

trajectories are impaired in WS. However, evidence from magnitude comparison studies 

provides a relatively indirect measure of underlying representations of magnitude. 

Therefore, the present Chapter seeks to provide a more detailed examination of the 

quality of non-verbal magnitude representations in WS and their developmental 

trajectory.

6.1.1 Why magnitude comparisons a te only indirect measures o f non
verbal quantity representations

The distance effect suggests that the discriminability of the representations of two 

numerical magnitudes is inversely proportional to the numerical distance between them. 

Furthermore, even when distance is held constant, reaction time increases in proportion to 

the relative size or ratio of the numbers to be compared. Thus, the discriminability of 

numerical magnitudes is also related to their relative size. Hence, as predicted by 

Weber’s law, different pairs of magnitudes are equally discriminable if their ratios are 

equivalent. The observation that the noise in the remembered magnitude is proportional 

to the size of the magnitude is commonly referred to as ‘scalar variability’. In view of 

these findings, it has been argued that the distance and size effects reflect an underlying 

non-verbal system of magnitude representation that is qualitatively similar to the system 

of magnitude representation observed in animals (Dehaene, 1997; Dehaene et al., 1998; 

Gallistel & Gelman, 1992; Huntley-Fenner & Cannon, 2000). However, relative
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magnitude judgments are only indirect measurements of underlying non-verbal 

representations of number. While the results from magnitude comparison studies carry 

the signature typical of non-verbal magnitude representation found in animals, magnitude 

comparison performance does not provide direct evidence for the quality of the 

variability or noise in the representations of mental magnitudes. Is there a way of 

assessing the variability in the magnitude representations of children and adults with WS 

more directly?

6.1.2 Direct tests o f non-verbal numerical magnitude representations

In the animals experiments discussed in Chapter 1, direct measurements of variability 

were obtained. In these experiments, rats were trained to press a lever different number of 

times in order to arm a feeder. Results from multiple trials with different numbers of 

target presses have consistently revealed that rats’ responses are roughly normally 

distributed around the target number of presses. In addition, it has been shown repeatedly 

that the standard deviation increases in direct proportion to the magnitude of the required 

number of presses, a phenomenon referred to as ‘scalar variability’ (Gibbon, 1977; Meek 

& Church, 1983; Platt & Johnson, 1971). Since the standard deviation is directly 

proportional to the estimated magnitude, the ratio between the standard deviation and the 

mean estimate should be constant across numerosities. This relationship has been referred 

to as the ‘coefficient o f variation ’, which is the product of the standard deviation divided 

by the mean estimate. Indeed, the coefficient of variation has been found to be constant 

across numerosities in the lever-press experiments with rats (Platt & Johnson, 1971).

As briefly discussed in Chapter 1, (Whalen et al., 1999) designed a number of 

experiments for human adults that closely resemble those employed to measure the 

variability in animals’ remembered magnitudes, thus allowing for a more direct 

comparison between non-verbal magnitude representations in animals and humans. In 

one study, human adults were given a computer joystick and were seated in front of a 

computer screen. They were then presented with an odd Arabic numeral between 7 and 

25 and were asked to press the joystick key approximately the number of times 

represented by the Arabic numeral on the screen. Participants were instructed not to count
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but to press by ‘feel’ as quickly as they eould. The similarities in the characteristics of 

the responses of human adults and those made by rats in the lever-press experiments 

discussed above are surprising. The mean number of participants’ key presses was found 

to be approximately normally distributed around the target number. Furthermore the 

standard deviation of the number of participant’s key presses increased in direct 

proportion to the target magnitude, and thus the coefficient of variation was found to be 

constant across target magnitudes.

In a second experiment, Whalen et al. (1999) evaluated whether similar data eould be 

obtained when participants estimated the number of rapidly presented flashes. In this 

experiment participants were presented with 7 to 25 dot flashes. The rate of dot flashes 

was varied to avoid the possibility that participants eould predict the occurrence of dot 

flashes or make use of the total presentation time to predict the number of flashes. In this 

experiment, it was found that participants’ responses were very similar to those found in 

the key-press experiment discussed above. Again, the mean target estimates were linearly 

related to the actual numerical magnitudes of the targets, and the standard deviation was 

found to increase in direct proportion to the target magnitude, with the consequence that 

the coefficient of variation was found be constant across set sizes.

According to Whalen and collaborators (1999), their findings are consistent with the 

‘accumulator metaphor’ initially proposed for animals by Meek and Church (1983). As 

described in Chapter 1, the ‘accumulator theory’ posits that enumeration involves the 

passing of a number of impulses that are proportional to the number of enumerated items 

into an accumulator. The final magnitude or ‘volume’ of the accumulator is passed into 

memory. The representations of magnitudes that are read into memory are noisy and 

exhibit ‘scalar variability’. This variability in the representation of accumulated 

magnitudes in memory leads to error in the mapping between symbols and their 

magnitudes or the comparison between remembered magnitudes (as is thought to be the 

case for magnitude comparison tasks).
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Are the magnitude representations of young children qualitatively similar to those 

observed in animals and human adults? Recently Huntley-Fenner (2001) evaluated this 

hypothesis in 5-7 year old children. In this study, children estimated arrays of 5,7,9 and 

11 squares. The arrays were presented for 250msec to avoid counting strategies. The 

findings suggest that children’s estimates were approximately normally distributed 

around the target magnitudes and hence there was a strong linear relationship between 

target magnitudes and mean estimates. Furthermore, a non-significant effect of 

numerosity on the coefficient of variation was found, suggesting that, consistent with 

findings from animals and adults, the variability in participants’ numerical estimates is 

directly proportional to estimated magnitude. In view of this, it appears that a high degree 

of both phylogenetic and ontogenetic qualitative continuity exists in non-verbal 

representations of magnitude. However, it should be pointed out that several quantitative 

differences emerged between the findings made by Huntley-Fenner (2001) with 5-7 year 

old children and the results from adults reported by Whalen et al. (1999). Importantly, 

Huntley-Fenner (2001) found that the coefficient of variation was negatively correlated 

with age, suggesting that the variability in participant’s estimates decreases with age and 

concurrently that the overall accuracy in children’s estimates increases over 

developmental time. These findings map onto the results reported by (Sekuler & 

Mierkiewicz, 1977) who found that the effect of distance on reaction time in magnitude 

comparison judgments decreases over developmental time. Perhaps the decrease in the 

coefficient of variation in estimation tasks and the effect of numerical distance on 

accuracy and reaction time in numerical comparison tasks reflects increasing precision in 

non-verbal, approximate magnitude representations. It is possible that these quantitative 

changes are crucial in the development of numerical competence.

The present chapter focuses on very low-level aspects of children’s developing 

estimation chapter. Hence, while it is beyond the scope of this chapter to review the 

entire body of literature of children’s estimation abilities, it should be noted that there has 

been great interest among number development researchers in other aspects of children’s 

numerosity estimation abilities, which are not as low-level in nature as kind of numerical 

estimation processing competencies reviewed above. These include estimation of set size.
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line length and discrete quantities (Baroody & Gatzke, 1991; Crites, 1992; Siegel & 

McBumey, 1970). Furthermore, among both educators and researchers there is increasing 

interest in children’s ability to estimate the results of additions and the individual 

differences associated with these abilities (Baroody, 1989, 1992; Dowker, 1997, 2003).

With regards to the the study of low-level estimation abilities, several authors (Dehaene, 

1997; Gallistel & Gelman, 2000; Gallistel & Gelman, 1992) have argued that basic 

magnitude representations form the foundation for the constructions of discrete integer- 

list representation of number. Against this background, increasing precision in the basic 

parameters of this representation may allow for increasingly improved mappings between 

numerical magnitudes and discrete integers. Conversely, impairments of the development 

of these basic parameters may lead to difficulties in the construction of discrete 

representations of number and thus atypical development of higher-level numerical 

cognition.

Taken together, the findings reviewed above provide direct evidence to suggest a high 

degree of qualitative similarity in the non-verbal representations of animals and human 

children and adults. Animals, human adults and children all appear to represent numerical 

quantities in terms of mental magnitudes that are noisy or approximate, rather than exact. 

These mental magnitudes are approximately proportional to the actual numbers they 

represent. In addition, the degree of variability or noise in the mental magnitudes is 

proportional to the numerical values they represent: ‘scalar variability’.

Experiments such as those described above provide a more direct insight into the quality 

and characteristics of basic, non-verbal magnitude representations. Such an experimental 

approach may thus provide a more in-depth assessment of basic, non-verbal, approximate 

representations of numerical magnitudes in WS and how their development and quality 

may differ from the typical case. It is for this reason that this chapter reports data from 

children and adults with WS as well as three groups of TD children and a group of adults 

who were all tested on a numerical estimation task adapted from the tasks used by 

(Huntley-Fenner, 2001). The dot estimation paradigm was chosen over a task that
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required a motor response, such as the key-press experiment (Whalen et al., 1999) for use 

in the present study because it has previously been successfully used with groups of 

young children (Huntley-Fenner, 2001).

6.2 Hypotheses

Against the background of the literature reviewed above, several questions and 

hypotheses can be formulated. The rationale behind the current experiment emerged as a 

direct consequence of the findings presented in Chapter 5, which suggested that non

verbal magnitude representations are highly noisy in both children and adults with WS. 

Given that the measurement of magnitude comparison abilities only provides an indirect 

index of non-verbal magnitude representation, the current study was employed to provide 

more direct evidence of this. The primary objective of the research presented in this 

chapter was to address the following three hypotheses:

1. Non-verbal representations as measured by numerical estimation will be extremely 

delayed in WS and only at the level of the youngest group of typically developing 

children.

2. The development of numerical estimation skills will be impaired in WS, resulting in a 

highly noisy non-verbal system of magnitude representation in adulthood.

3. The parameters that describe estimation abilities in children and adults with WS will 

differ quantitatively and qualitatively from those observed in typically developing 

children.

To address these hypotheses, a systematic investigation of the parameters underlying 

estimation abilities and their developmental trajectory was undertaken. Mean accuracy, 

mean accuracy approximate (+/- 1 of the correct answer), and the coefficient of variation 

will be compared within and between groups. Given the developmental focus of this 

thesis, the analyses presented in the chapter will not entail an experimental-control group
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comparison, but instead a systematic comparison of the developmental trajectory in WS 

(older children vs. adults) with the developmental trajectory in typically developing (TD) 

children. In this vein, the difference between children and adults with WS was compared 

to sizes of developmental difference in the group of TD children. In a first comparison, 

the developmental trajectory of estimation abilities in WS was compared with the 

developmental difference between the group of 4-5 year olds and the group of 6-7 year 

olds. In a second analysis, the developmental changes in estimation abilities between the 

group of 4-5 year olds and the group of 9-10 year olds will be compared with the 

developmental trajectory between children and adults with WS. In such analyses main 

effects are an indication of differences between control and WS groups in the absolute 

magnitude of developmental changes in the dependent variables. An interaction between 

group and development suggests differences in the quality of the developmental 

differences between TD children and individuals with WS. In other words, an interaction 

of group and development indicates that the slope of developmental change differs 

between groups.

Experiment 7

6.3 Method

6.3.1 Participants

A total of 94 participants were tested. This sample consisted of 31 participants with WS 

and 63 typically developing (TD) controls. The group of individuals with WS was 

divided into two groups: older children (N=18) and adults (N=13). The group of TD 

controls was split into four different age groups: a group of 4-5 year olds (N=15), a group 

of 6-7 year olds (N=22), a group of 9-10 year olds (N=14) and a group of adults. Three 

children with WS and one adult with WS were excluded from the analyses because they 

persevered on a few different numbers during the estimation task and often responded 

with one of these numbers before a stimulus had actually be presented to them. In 

addition, during the testing of these participants, the experimenter encountered difficulty 

in conveying the task demands. As is the case for Chapter 5, potential statistical
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problems with unequal numbers of subjects per group are present in this Chapter and the 

same approach as in Chapter 5 was adopted.

6.3.2 Background Measures

Participants were also tested on the British Picture Vocabulary Scales, BPVS (Dunn et 

al., 1997) and the Pattern construction subtest of visuo-spatial cognition of the British 

Abilities Scales, BAS (Elliot et al., 1996). The means and standard deviation of 

participants’ chronological ages, verbal and spatial mental for all groups tested can be 

found in Table 6.1 below.

Table 6.1 Participants ’ Background Data

Group

4-5 year olds 

(N=15)

6-7 year olds 

(N=22)

9-10 year olds 

(N=14)

Adults

(N=12)

WS children 

(N=18)

WS Adults 

(N=13)

Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D

C hronological

A ge

4.8 0.4 6.9 0.6 9.5 0.5 30.8 9.2 9.7 1.9 28.9 10.5

Pattern

Construction

A ge

Equivalent

5.1 1.3 7.4 1.8 9.5 0.5 N/A N/A 4.9 1.6 6.3 2.2

B P V S A ge  

Equivalent

4.6 1.5 6.1 0.8 8.9 2.02 N/A N/A 7.6 1.4 11.5 2.7

Independent-samples t-tests were computed to establish whether the group of children 

with WS differed in pattern construction age equivalent score from the TD 4-5 year olds 

and whether the pattern construction age equivalent scores from the group of adults with 

WS diverged significantly from the scores on this test among the 6-7 year olds. No 

significant difference was found between children with WS and the group of 4-5 year 

olds: t(28)=.38, p<.70 or the group of adults with WS and the group of 6-7 year old TD
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children: t(32)=1.5, p<.15. Hence these groups can be said to be group-matched on the 

basis of their pattern construction age equivalent scores.

6.3.3 Procedure

Participants were tested in a quiet environment in their school or home. Participants sat in 

front of a laptop computer on which the stimuli were displayed. A number line 

representing numbers 1-20 was put in full view of the participant on the table surface 

immediately in front of the computer.

6.3.4 Tasks

Pre-tasks

Participants were asked to count aloud from 1-20. They were then asked to point to 

different, randomly chosen, numbers on the number line in front of them. Next 

participants were told to focus on the screen where different numbers would appear. They 

were instructed to indicate which number they saw each time as quickly and as accurately 

as possible. Participants were then presented with displays of numbers 1-20 in random 

order. Numbers appeared in back on a white background in the center of the screen. 

Numbers appeared for 250msec followed by a blank white display. Once the participant 

had indicated which number they saw, a rewarding display was presented showing a 

cartoon figure. After showing the cartoon, the experimenter asked the participant whether 

s/he was ready and the next number was displayed. Participants were given the choice 

between responding by pointing to the number on the number line in front of them that 

they felt corresponded to the number of dots they saw on the screen by saying the number 

word aloud.
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Experimental Task

Following the pre-tasks, participants were told that they were now going to play a 

different number game, in which, instead of Arabic numbers, they would now see 

different numbers of dots appearing very briefly on the screen (as in the pre-task 

described above, stimuli appeared on the screen for 250msec at a time). The experimenter 

repeated that the dots would appear very briefly, for a time too short to enable counting. 

Furthermore the experimenter told the participants that he did not want them to count. 

Instead, they were asked to estimate or guess how many dots there were each time, in 

other words to say how many dots they thought they saw quickly after the display of dots. 

The experimenter repeated questions such as: ‘ how many dots were there? , ‘how many 

dots did it feel like’ throughout the experiment. Following the brief appearance of dot 

displays was a blank white display. The experimenter ensured that participants responded 

quickly and therefore did not count by asking immediately how many dots they saw. 

After participants had responded and before moving onto the next presentation of a dot 

array, the experimenter presented the participants with a rewarding display of a cartoon. 

This served both as entertainment for the participant and minimized the likelihood that 

participant were attending to the next trials while still processing or representing an 

afterimage of the preceding trial. After showing the cartoon the experimenter asked the 

participant whether they were ready and then the next array of dots was displayed 

Participants were presented with arrays of 5, 7, 9 and 11 dots.
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Figure 6.1 Examples o f  dot stimuli
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2 dots

5 dots

3 dots

• • %v
7 dots

e e e eee 
e e e

9 dots 11 dots

Each num erosity  was presented 20 tim es leading to a total o f  80 trials. The order o f  

presentation w as random . The spatial arrangem ents o f  dots w ere system atically  varied 

across displays. To avoid perceptual learning and tem plate m atching, there w ere 10 

different dot arrangem ents per num erosity. This ensured that unique dot arrangem ents 

were only repeated tw ice per num erosity. In addition, participants w ere presented w ith 5 

different arrays o f  2 and 3 dots. The presentation o f  these w as random ized together with 

the displays o f  5, 7, 9 and 11 dots. The arrays o f  2 and 3 dots w ere presented for two 

reasons. First o f  all, to establish w hether children and adults w ith W S can recognize 2 

and 3 objects w ithout counting, a phenom enon refereed to as ‘subitiz ing’ or rapid 

enum eration (M andler & Shebo, 1982; Trick & Pylyshyn, 1994). Secondly, the random  

occurrence o f  2 and 3 dots also enabled the experim enter to establish w hether the child or
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adult was concentrating on the task and actually attending to the dot displays, since 

children should be able to provide accurate answers when presented with displays. So 

when they did not respond correctly to the presentation of 2 and 3 dots, the experimenter 

asked them whether they were confident about their answer (‘are you sure?’).

In an effort to ensure that participants’ estimates were related to differences in the 

number of dots they were presented with rather than the total area occupied by the dots, 

the total area occupied by dots was equated across displays. This was achieved by 

drawing one large dot: the ‘master’ dot and subsequently making sure that all arrays 

occupied approximately the same total area as the ‘master’ dot. To check that the total 

area occupied by the dots in each display was approximately the same, the diameter of 1 

dot in the display was measured and divided by 2 to obtain the area. The area of this 

single dot was the multiplied by the total number of dots in the array (since all dots in a 

give array had the same area) to obtain the total area occupied by all dots in the array. 

The values of these were very close for all 6-dot arrays (2,3,5,7,9 and 11), hence it can be 

said that the total area occupied by dots was held constant while the number of dots 

varied.

6.4 Results

To gain an initial insight into the data, results from the main dependent variables are 

initially plotted and described for each group. Subsequently the effects of development 

and group on these measures and their interactions will be reported.

6.4.1 Descriptive Analyses

Pre-tasks

Before the start of the estimation task, all participants were asked to count aloud from 1- 

20. All groups performed at ceiling on this pre-test. In the second pre-test, participants 

were presented with Arabic numerals 1-20 for 250msec each, in random order, and were 

asked to name the numeral they saw. In the groups of TD children number-naming 

abilities changed with age. In the group of 4-5 year old children all children were able to
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name Arabic numerals 1-10 but only 8/15 participants in this group were able reliably to 

name Arabic numerals 11-20. In the groups of 6-7 and 9-10 year olds all children were 

able to name all Arabic numerals 1-20. In the group of children with WS 3/15 children 

presented with difficulties in naming digits 11-20, but all children in this group were 

proficient at naming digits 1-10. A chi-square was run to establish whether significantly 

more individuals in the group of 4-5 year olds compared with the group of WS children 

exhibited problems in naming digits 11-20. No significant difference between the groups 

could be detected with this test.

All of the adults with WS were able to name Arabic numerals 1-20. The experimenter 

sought to ascertain whether children in the group of 4-5 year olds and the group of 

children with WS who were not able reliably to name numerals 1-20 had some 

understanding of the numerical relationship between double digits. Therefore, the 

experimenter pointed to pairs of double digits on the number line in front of the child and 

asked him or her to indicate which of the two represented the ‘larger’ or ‘bigger’ number. 

It was found that those children who could not name double digits nevertheless possessed 

an understanding of relational magnitude between double digits.

Experimental task: Estimation Accuracy

Overall accuracy changed with age in the TD groups. In the group of 4-5 year olds 

overall accuracy was 15%, it was 27% for the 6-7 year olds and 43% for the 9-10 year 

olds, and 62% for the group of adults. In the group of children with WS overall accuracy 

was 11%, while the adults with WS gave the correct response 20% of the time. Figure 6.2 

below plots the mean proportion correct for each of the four numerosities for each groups 

separately.
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Figure 6.2 Mean accuracy by group and numerosity
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Experimental task: Mean Approximate Accuracy

In order to establish the extent to w hich p a rtic ipan ts’ estim ations w ere approxim ately 

distributed around the target m agnitude, all responses that w ere w ithin +/- 1 o f  the target 

num erosity  w ere calculated. This variable w ill be referred to as m ean approxim ate 

accuracy. O verall approxim ate accuracy w as 43%  in the group o f  4-5 year olds, 52%  in 

the group o f  6-7 year olds, 64.5%  in the group o f  9-10 year olds and 85%  for the group o f  

adults. In the group o f  children w ith W S, m ean approxim ate accuracy was 35.5%  and, in 

the group o f  adults w ith W S, 49% . F igure 6.3 below  show s the m ean approxim ate 

accuracy responses by num erosity  and group.
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Figure 6.3 Mean approximate accuracy by group and numerosity
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Coefficient of variation

The coefficient o f  variation (GOV) w as com puted by dividing the standard deviation  o f 

partic ipan ts’ estim ates by their m ean estim ate. The GOV is a m easure o f  the variability  in 

partic ipants’ estim ates. T herefore higher G O V ’s indicate a greater am ount o f  fuzziness 

and variability  in partic ipants’ responses. The m ean GOV decreased with age in the 

group o f  TD children and adults: for the group o f  4-5 year olds, it was 0.33, for the 6-7 

year olds 0.23, for the 9-10 year olds 0.15, and for the adults it w as 0.08. In the group o f 

children w ith W S the m ean GOV w as found to be 0.32 and for the adults w ith W S 0.22. 

Figure 6.4 plots the m ean GOV by group and num erosity.
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Figure 6.4 Mean COV by group and numerosity
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6.4.2 Subitizing

As described above, in addition to asking participants to estim ate 5,7, 9 and 11 dots, 

participants com petence in rapidly enum erating or ‘sub itiz ing ’ arrays o f  2 and 3 dots was 

tested by presenting them  w ith 5 different exem plars o f  both 2 and 3 dots. In all typical 

and atypical groups accuracy for these arrays w as close to 100%.

6.4.3 Were participants estimating number?

The m ean estim ates were found to be linearly  related to the target num erosities for all 

groups. For all groups o f  TD individuals the linear fit (as indicated by the P earson’s 

correlation coefficient, r) w as close to 1 and the intercept close to 0: 4-5 year olds, r^=.76, 

Po=.68; 6-7 year olds, r‘=.87, po= -1.60; 9-10 year olds; r^=.94, Po= -1.64; A dults: r‘=.96, 

Po= -.47. The sam e held true for the WS groups. C hildren w ith WS: r^=.70, Po= 68; 

adults: r^=.80, Po= .-.75. All correlations w ere found to be significant at p<.001.
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Figure 6.5 Relationship betw een mean estimate and target numbers fo r  all groups
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In addition to dem onstrating that partic ipants’ estim ates in all groups are linearly related 

to the target num ber, F igure 6.4 illustrates how  the variance in partic ipan ts’ estim ates 

increases in proportion to the m agnitude o f  the target estim ates. Inspections o f  the plot o f  

ind iv iduals’ m ean estim ates for all groups illustrate that variance in m ean estim ates 

increase in proportion to the target m agnitude for all groups. In order to test the effect o f  

num erosity  and group on estim ates, a 6 (group) X 4 (num erosity) A N O V A  was 

com puted. A m ain effect o f  num erosity  on m ean estim ate w as found: F(3, 336) = 251.40, 

p<.001. Furtherm ore a significant effect o f  group on estim ates w as detected F(5,336) = 

5.44, p<.001. There was no significant effect o f  group X num erosity  on the mean 

estim ates F( 15,336) = 1.03, p < .4 I8 . B onferroni post-hoc com parisons w ere run in an 

effort to explore the effect o f  group on m ean estim ates. This analysis revealed a small, 

but significant, difference (p<.024) betw een the group o f  4-5 year olds and the group o f  

children w ith W S for estim ates o f  11 dots (m ean for 4-5 TD children: 11.7 vs. m ean for 

W S children: 13.0). Inspection o f  the m eans suggests that m ean estim ates o f  children
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with WS are slightly higher than those found among children in the group of 4-5 year 

olds. No other significant differences between groups were found.

6Æ 4 Effects o f number on coefficient o f variation

The literature discussed earlier suggests that one of the fundamental hallmarks of 

approximate representations of number is that the fuzziness in numerical estimates is 

proportional to the magnitude that is estimated. The coefficient variability expresses this 

relationship as the ratio between the standard deviation and the mean estimate. Therefore 

it is predicted that the coefficient of variation should remain constant across numerosities.

Inspection of Figure 6.4 above suggests that this may not be true for all groups tested in 

this study. It indicates that in the groups of 6-7 and 9-10 year olds, but not in the group of 

4-5 year olds, the coefficient of variation for 5 dots is significantly lower than the COV 

scores for 7, 9 and 11 dots. Therefore the effect of numerosity and group on the 

coefficient of variation was measured by computing a 4 (numerosity) X 6 (group) way 

ANOVA. Both the main effect of number: F(3,336) = 7.4, p<.001 as well as the main 

effect of group: F(5,336)=61.8, p<.001, were significant. Furthermore, the effect of the 

interaction of group X number was also significant: F(15, 336)= 4.8, p<.001.

To disentangle the main effects of numerosity and group as well as their interaction on 

COV, 1-way ANOVAs were run to investigate the effects of numerosity on COV in each 

group separately. As predicted from Figure 6.3, there was a significant effect of 

numerosity on COV in the group of 6-7 year olds: F(3,84)=8.0, p<.001, in the group of 9- 

10 year olds: F(3.52)=22.27, p<.001, in the group of adults: F(3,44)= 13.53, p<.001, but 

not in the group of 4-5 year olds: F(3,56)=2.0, p=.125. Bonferroni post-hoc comparisons 

revealed that in the groups of 6-7, 9-10 year olds and in the group of TD adults the COV 

for 7, 9 and 11 dots did not differ significantly from each other but all differed 

significantly from the COV for 5 dots. Thus, the effect of number on coefficient of 

variation in these groups is entirely due to very small COV scores for arrays of 5 dots, 

which explains both the main effects of group and numerosity on COV as well as the
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interaction effect of group X numerosity. In view of these findings, statistical analyses 

will be conducted on mean scores both with and without the estimation data for 5 dots.

Figure 6.4 also suggests that the coefficient of variation decreases with magnitude in the 

group of children with WS. One-way ANOVA revealed a significant effect o f numerosity 

on COV in the group of children with WS: F(3,56)=4.28, p<009. From a Bonferroni post- 

hoc comparison it emerged that that the mean COV for 11 dots differed significantly 

from the COV for 5 and 7 but not 9 dots. This suggests that in the group of children with 

WS there is a small decrease in COV with increasing magnitude. The effect of 

numerosity on COV in the group of adults with WS was found to be non-significant: 

F(3,44)=.78, p<.50.

6.4.5 Numerical estimation - analyses o f group and developmental 
differences

In the next section, the results of analyses are described which were run in an effort to 

compare levels of performance between TD individuals and those with WS as well as to 

compare and contrast the developmental changes in estimation in the two populations.

The findings presented above suggest that the cognitive mechanisms underlying 

estimations of 5 dots may be qualitatively different from estimations of the other dot 

arrays. In view of this, all dependent variables entered into analyses below were 

computed both as means for all dot arrays (5, 7, 9 and 11) as well as means for all dot 

arrays except for 5.

Developmental differences between adults and children with WS in comparison to 

the developmental changes between TD 4-5 and 6-7 year olds.

Figures 6.2, 6.3 and 6.4 above suggest that the children with WS are at the level of 4-5 

year olds and that the estimation abilities (as indicated by accuracy, approximate 

accuracy, coefficient of variation) of adults with WS are not greater than the level 

exhibited by 6-7 year olds. To systematically investigate this, an analysis was conducted 

to compare the developmental difference in estimation between children and adults with
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WS with the developmental difference in estimation ability between 4-5 and 6-7 year 

olds. In order to achieve this, a dichotomous variable was created to separate both 

children and adults with WS as well as 4-5 and 6-7 year olds (this variable will be 

referred to as “development”). In addition a between subject variable of group (WS and 

Controls) was created to investigate the overall differences between participants with WS 

and TD individuals, as well as the interaction between development and group. A 2 

(group) X 2 (development) way ANOVA was computed to assess the effect of 

development and group on mean accuracy, mean approximate accuracy and mean 

coefficient of variation. Since there was a large number of simple and interaction effects, 

the results of these analyses were reported in the form of a Table. The comparison 

between the developmental differences between adults and children with WS and the 

developmental changes between typically developing 4-5 and 6-7 year olds are presented 

in Table 6.2 below.

As can be seen from the results in Table 6.2 below, all effects of development apart from 

mean approximate accuracy without 5 dots were found to be significant. Furthermore, a 

main effect of group on accuracy was found. No significant effects of group emerged for 

the other dependent variables (mean accuracy approximate, and mean coefficient of 

variation). There were no significant interactions between group and development.
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Table 6.2 Summary o f  results fo r the comparison o f the developmental difference between 

4-5 and 6-7 year olds with the difference between children and adults with Williams 

syndrome.

Factor D ependent V ariables F Sig.

Development Mean Accuracy for 5,7,9,11 dots 20 .4 .001**
Mean Accuracy Approximate 8.7 .005*
Mean COV for 5, 7 ,9 , 11 dots 283 .001**
Mean Accuracy without 5 9.5 .003*
Mean Accuracy Approximate without 5 2.5 .118
Mean COV without 5 12 .001**

Group Mean Accuracy for 5,7,9,11 dots 5.6 .021*
Mean Accuracy Approximate 1.8 .180
Mean COV for 5, 7 ,9 ,1 1  dots 0.2 .675
Mean Accuracy without 5 8.1 .006*
Mean Accuracy Approximate without 5 2.0 .153
Mean COV without 5 0.8 .367

Group X Development Mean Accuracy for 5,7,9,11 dots 0.4 .523
Mean Accuracy Approximate 0.4 .497
Mean COV for 5 ,7 ,9 ,  11 dots 0 .04 .839
Mean Accuracy without 5 0.03 .856
Mean Accuracy Approximate without 5 1.7 .193
Mean COV without 5 0.1 .713

Developmental difference between adults and children with WS in 

comparison to the developmental changes between TD 4-5 and 9-10 years olds.

Inspection of Figures 6.2, 6.3 and 6.4 suggests that the developmental difference in all of 

the present measurements of estimation abilities between 4-5 and 9-10 year olds is larger 

than the developmental difference between children and adults with WS. In order to 

assess these differences, another 2 X 2  between-subjects ANOVA was run with Group 

(WS and TD children) and development (4-5 vs. 9-10 year olds and children vs. adults 

with WS) as between subjects variables.

As can be seen from Table 6.3 below, all main effects for development were found to be 

significant. In addition, significant main effects of group emerged for mean accuracy and 

mean approximate accuracy. The main effect for mean coefficient of variation was non-
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significant, but a significant group X development interaction for mean accuracy was 

observed. This suggests that the developmental difference between 4-5 and 9-10 year old 

TD children for this variable is larger than the difference observed between children and 

adults with WS. A small significant group X development interaction was found for the 

mean coefficient of variation.

Table 6.3 Summary o f the results fo r  the comparison o f the developmental difference 

between 4-5 and 9-10 year olds with the difference between children and adults with 

Williams syndrome.

Factor Dependent Variable F Sig.

Development Mean Accuracy for 5,7,9,11 dots 53 .8 .001**
Mean Accuracy Approximate 19.1 .001**
Mean COV for 5, 7 ,9 , 11 dots 51 .0 .001**
Mean Accuracy without 5 18.2 .001**
Mean Accuracy Approximate without 5 9 .4 .003*
Mean COV without 5 22.1 .001**

Group Mean Accuracy for 5,7,9,11 dots 28 .6 .001**
Mean Accuracy Approximate 8.2 .006*
Mean COV for 5, 7 ,9 , 11 dots 2 .2 .140
Mean Accuracy without 5 17.0 .001**
Mean Accuracy Approximate without 5 8.6 .005*
Mean COV without 5 0 .2 .610

Group X Development Mean Accuracy for 5,7,9,11 dots 14.1 .001**
Mean Accuracy Approximate 0 .8 .357
Mean COV for 5 ,7 ,9 ,  11 dots 4 .4 .039*
Mean Accuracy without 5 4 .9 .031*
Mean Accuracy Approximate without 5 0.1 .753

Mean COV without 5 1.2 .307

As can be seen from Figures 6.2 and 6.4 and from the analyses above, the difference 

between 4-5 and 9-10 year olds for both mean accuracy and mean coefficient of variation 

appears to be greatest for estimations of 5 dots. However, the main effect of group on 

accuracy was found to be significant even after excluding the accuracy data for 

estimations of 5 dots (mean accuracy without 5). Nevertheless, a comparison of the effect
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sizes for the main effect of group on mean accuracy and mean accuracy without 5 dots 

suggests a substantial reduction in the effect size.

Similarly, an interaction between group and development for mean accuracy with and 

mean accuracy without 5 was found. A comparison of both the significance and size of 

effect for these two interactions suggests that the effect of group X development 

interaction is smaller for mean accuracy without 5 than it is for the interaction effect on 

mean accuracy for all dot arrays. The groups X development interaction for mean 

coefficient variability excluding the 5 dot data was found to be non-significant. No other 

significant interactions were found. In order to explore this interaction further, a set of 

between-subjects t-tests were run. A comparison between the group of 4-5 and 9-10 year 

olds for the mean accuracy for all dot arrays indicated a significant difference between 

the groups of TD children: t(27) = -6.6, p<.001. A significant difference in mean total 

accuracy for all dots was also found between the groups of children and adults with WS: 

t(25)=-3.55, p<.002. Although both differences are significant, inspection of the t-values 

suggests that the size of the developmental change was slightly larger between 4-5 and 9- 

10 year olds than between children and adults with WS. A second set of between-subjects 

t-tests was run to investigate further the group X development interaction for mean 

accuracy without 5 dot data. A significant difference for mean accuracy without 5 dot 

data was found between the groups of 4-5 and 9-10 year olds: t(27)=-3.7, p<.001. A 

small, but significant, difference for mean accuracy without 5 dot data was also found 

between children and adults with WS: t(25)= -.2.4, p<.025.

These findings indicate that both the main effect of group and the group X development 

interaction for mean accuracy were substantially affected by the variance in mean 

accuracy for 5 dots. Similarly, the small group X development interaction for mean 

coefficient of variation for all dot arrays diminished when the same analysis was run with 

mean coefficient for variability without 5 dots.

234



Chapter 6 Estimation abilities in WS

6,4.6 Individual differences in the main measurements o f estimation 

abilities

An inspection of the error bars in Figures 6.2 -  6.4 suggests a substantial amount of 

individual variability measurements of estimation abilities among both TD children and 

individuals with WS. In order to gain a better understanding of the individual data points 

that make up the average scores used as dependent variables in the analyses above, 

individual data points for mean accuracy, mean accuracy approximate and total 

coefficient of variation were plotted for individuals in the groups of adults and children 

with WS as well as the 4-5 and 6-7 year old groups of TD children. The latter groups of 

TD children were chosen because the statistical analyses above suggest that the 

developmental difference between these two groups is equivalent to the developmental 

difference between children and adults with WS. The individual data for these four 

groups can be found in Appendices C, D and E.

6.5 Discussion

This chapter provides an in-depth assessment of the quality of basic non-verbal 

magnitude representations in WS and their developmental trajectory. Inspection of the 

descriptive analyses presented above reveals that the estimation abilities (as measured by 

mean accuracy, mean accuracy approximate and coefficient of variation) are poor and do 

not seem to change substantially between late childhood and early adulthood. In contrast 

the descriptive data from the 4 groups of TD individuals (4-5, 6-7, 9-10 year olds and 

adults) show steady increases in accuracy and a steady decrease in the coefficient of 

variation over developmental time. It transpires that the developmental difference 

between older children (9-10 year olds) and adults is more dramatic than the change 

between older children and adults with WS. These findings indicate a persistent 

developmental impairment of magnitude representation in WS.

Two analyses were run in an effort to compare systematically the developmental changes 

in the groups of TD children with those found to occur between late childhood and 

adulthood in WS. The first served to contrast the developmental changes in mean
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accuracy, mean approximate accuracy and mean coefficient of variation between the 

groups of 4-5 and 6-7 year olds with the changes in the same parameters observed 

between older children and adults with WS. Overall the developmental trajectory 

between 4-5 and 6-7 year olds resembles very closely the developmental changes in 

estimation abilities that occur between late childhood and early adulthood in WS. This 

indicates a severe degree of impairment in the development of estimation abilities in WS, 

since the actual difference in age between the 4-5 and 6-7 year olds is merely 1 year, 

while the difference in age between children and adults with WS was, on average, 18 

years. This impairment in the development of estimation abilities in WS is also evident 

from the group difference for mean accuracy approximate with and without 5 dots. This 

main effect of group on mean accuracy suggests that overall the responses of TD children 

were significantly more accurate than those given by children and adults with WS. Thus, 

despite similar approximate accuracy, and coefficient of variation, the responses made by 

individuals with WS are overall less accurate in absolute terms.

The second set of analyses was run to establish the size of difference between the 

developmental difference in estimation abilities between older children and adults with 

WS and a wider age difference between groups of TD children. The developmental 

difference between 4-5 and 9-10 year olds was therefore contrasted with the 

developmental changes that occurred between children and adults with WS. This analysis 

revealed significant effects of group on mean accuracy and mean approximate accuracy, 

as well as on mean accuracy without 5 dot data and mean approximate accuracy 

excluding 5. No significant main effect for group was found for the mean coefficient of 

variation. These findings show that overall the groups of 4-5 and 9-10 year old TD 

children show significantly higher levels of total and approximate accuracy than the 

children and adults with WS. It should be noted, however, that the effect size for mean 

accuracy without 5 dot data was substantially smaller than the effect size for mean 

accuracy for all dot arrays. These findings highlight a difference between TD controls 

and individuals with WS in terms of estimations of 5 dots. In addition to the main 

effects, significant interactions were found for mean accuracy, mean accuracy without 5- 

dot data and mean coefficient of variation. Inspection of Figure 6.2 suggests that the
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interactive effect of group and development on mean accuracy is due to significantly 

greater increases in mean accuracy between 4-5 and 9-10 year old children in comparison 

to the increase observed between older children and adults with WS. However, Figure 

6.2 also suggests that this greater increase overall may be primarily explained by a 

substantial increase in accuracy for estimations of arrays of 5 dots. This observation is 

confirmed by the finding that while the interaction between group and development 

remains significant for accuracy without 5 dot data, the effect size and significance is 

substantially reduced in comparison to accuracy for all dot arrays. Notwithstanding, it 

appears that the estimations of TD children become significantly more accurate between 

the 4-5 and 9-10 year olds than is the case for the development of estimation accuracy 

between older children and adults with WS.

Taken together, the findings from the second analysis highlight the extent of the 

impairment in the development of estimation abilities in WS. The mean age difference 

between the 4-5 and 9-10 year olds is substantially smaller than the mean difference in 

age between children and adults with WS and yet the groups of TD children show greater 

levels of accuracy and approximate accuracy with and without 5 dots. Interestingly, there 

were no statistically significant effects of group for the mean coefficient of variation. 

This suggests that the same degree of variability is present in the groups of TD children 

and WS children, but that a significantly greater proportion of the variability is accounted 

for by accurate in the groups of TD children. This leads to the hypothesis that while, on 

average, the same degree of fuzziness exists in the representations of both groups, there is 

a stronger relationship between the degree of fuzziness and the actual numerosities in the 

TD children. This may arise from features of the magnitude representations themselves or 

from differential processes involved in the mappings between mental magnitudes and 

numerals.

It should be noted, however, that the differences between the development of estimation 

abilities in TD children and individuals with WS are mostly quantitative and not 

qualitative (with the exception of the estimations for arrays of 5 dots discussed below). 

In other words, the main parameters of numerical estimation that have been reported in
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the literature on both animals (Mechner, 1958; Platt & Johnson, 1971), human adults 

(Whalen et al., 1999) and children (Huntley-Fenner, 2001), appear to obtain for 

individuals with WS, albeit at the level of very young children. Individuals with WS 

exhibit scalar variance in so far as the coefficient of variation was found to be constant 

across numerosities (with the exception of the children with WS where the coefficient 

declined slightly for estimations of 11 dots, probably owing to perseverance on certain 

double digits, such as ten or eleven, rather than an actual qualitative difference in scalar 

variability). Thus, the fundamental properties underlying magnitude estimation in WS 

appear to be qualitatively similar to those found in animals, human children and adults. 

But the quantitative differences are striking, and these may have important consequences 

for the development of numerical cognition in this disorder. The steady increase in 

accuracy and decrease in the coefficient of variation in typical development might allow 

for more efficient mappings between non-verbal, approximate magnitudes and 

representations of exact numerosity.

Despite overall qualitative similarities, one qualitative difference between TD children 

and individuals with WS is evident from the above data: the ability to estimate arrays of 5 

dots. It is to this difference between WS and controls that the discussion will now turn.

6.5.1 Differential development o f "fiveness" in WS and typicaiiy 
developing controls.

Analyses of individuals’ accuracy and coefficient of variation data indicate that TD 

children develop estimation skills for 5 dots at a faster rate than estimation abilities for all 

other dot arrays. For TD 9-10 year olds the mean accuracy for 5 dots was near ceiling. No 

such developmental differences were found between children and adults with WS. In 

contrast to controls, accuracy for 5 dots increased only marginally and the coefficient of 

variation for 5 dots was not significantly different from the COV for estimations of the 

other dot arrays in children and adults with WS.
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What is the functional significance of this qualitative difference between the development 

of TD children and that of individuals with WS? Children in all groups were able to 

enumerate 2 and 3 dots: subitizing. In TD children this high level of accuracy gradually 

extends to the visual enumeration of 5 dots (Starkey & Cooper, 1995). A number of 

factors may account for this development. It has been suggested that the ability to 

subitize can be explained by a pre-attentive stage in visual processing: a limited-capacity, 

parallel mechanism for item individuation (Trick & Pylyshyn, 1994). It has been 

suggested that the upper limit of visual items that can be individuated in parallel is 

between 4 and 5. This mechanism has been implicated as an explanation for the findings 

that infants can discriminate between small numerosities (Starkey & Cooper, 1980). It 

has been argued that the ability to individuate in parallel and to represent small numbers 

of objects in so-called “object files”, may have important developmental functions in the 

establishment of integer-list representations (Carey, 2001). Similarly, (Starkey & 

Cooper, 1995) have argued that subitizing has developmental primacy over counting and 

that initial counting development may dependent on the development of subitizing 

abilities. Like Carey, Starkey and Cooper argue that subitizing may provide children with 

the means to grasp the semantics of small number names (1-5) and the relationship 

between number names, which may enable them to grasp the successor function (+1).

The findings from the groups of TD children demonstrate that the pre-attentive subitizing 

mechanism undergoes developmental changes and that the upper limit of this mechanism 

gradually changes over developmental time. The absence of this developmental change in 

WS indicates the presence of an impairment of the development of visual enumeration. 

Such an impairment is likely to have functional consequences for number development 

(Carey, 2001; Starkey & Cooper, 1995).

A related argument is that the developmental increase in accuracy for 5 dots could be the 

consequence of developmental changes in the visual strategies that children use to derive 

an estimate in the estimation task. Perhaps children develop the ability to chunk small 

groups of dots (such as 2 and 3) and then rapidly add these together. Thus while there 

may be no qualitative developmental changes in mechanisms of pre-attentive
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enumeration, there may be developmental changes in the cognitive ability to hold 

different chunks of the visual arrays in working memory and to perform rapid addition 

over these. While the current results cannot directly distinguish between these two 

possible interpretations, there are a number of aspects of the experimental design that 

might favour the former interpretation. First of all, grouping arrays of 5 dots into smaller 

groups of 2 and 3 dots and then performing additions over these was discouraged by 

varying the spatial arrangements of the dots. As described above, there were 10 different 

exemplars of 5 dots, each varying in the way in which the dots were arranged on the 

screen, and there was only 1 repetition per dot array. Furthermore the brief presentation 

time of 250 msec should have served to successfully circumvent grouping strategies.

It is clear that the nature of the underlying developmental change for visual estimation of 

5 dots in the groups of TD children cannot be fully understood against the background of 

the present findings. In future investigations experimenters should seek to obtain 

measurements of reaction times in response to arrays of 2-5 dots to establish how the 

effect of numerosity on reaction time and accuracy changes over developmental time. 

Furthermore, visual displays of 5 dots should be varied systematically in ways to promote 

and circumvent perceptual grouping. In other words, participants would be presented 

with some arrays that are very easily grouped into chunks of 2 and 3 or 4 and 1 dot, while 

others will have spatial arrangements where perceptual grouping is complicated.

Whatever the nature of the developmental changes in the estimation of “fiveness” might 

be in TD children, it is evident that these developmental changes are absent in WS. Thus, 

the development of mechanisms that allow for the precise enumeration of small set sizes 

appears impaired in WS.

6.5.2 Implications for number development in WS

The present findings demonstrate that both children and adults with WS have difficulties 

estimating visual quantity. The level of estimation abilities in adults with WS does not 

exceed the level observed in 6-7 year old children, and the level of older children with 

WS only reaches that of 4-5 year olds. These findings suggest that the features of basic
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magnitude representation are very fuzzy and variable, leading to poor mapping between 

mental magnitude and the symbols that best represent them. Alternatively it may not be 

the case that the representations themselves are highly noisy, but rather that the results 

reflect an impairment of the process that allows for the mapping between mental 

magnitudes and number words and symbols. As discussed above, the current design 

cannot clearly dissociate these two possibilities, and it is not clear from the literature 

whether an absolute distinction can be drawn between numerical magnitude 

representations and the mapping mechanisms themselves. Perhaps computational models 

of such processes could help to resolve the issue over the separability of these 

mechanisms.

Whatever the precise locus of the difficulty and developmental impairment of estimation 

may be in WS, it is likely to have important functional consequences for number 

development in the syndrome. It has been argued by several authors (Dehaene, 1997; 

Gallistel & Gelman, 2000) that fuzzy mental magnitudes are the representational 

primitives of numerical cognition and that the meaning of each verbal numerical symbol 

is derived from mappings between mental magnitudes and symbols. Thus the linguistic 

representation of exact number may be constructed from the non-verbal representation of 

mental magnitudes. Perhaps the quantitative changes observed in the groups of TD 

children (decreasing coefficient of variation, increasing accuracy) enable more 

sophisticated mappings between mental magnitudes and linguistic representations of 

exact numbers. Thus the failure to refine non-verbal representations of magnitude in WS 

might impair these developmental processes and thus lead to difficulties in higher-level 

numerical cognition.

Notwithstanding, the notion that fuzzy mental magnitudes with scalar variability are the 

representational basis for higher-level numerical cognition is by no means 

uncontroversial. It has instead been argued (Carey, 2001) that non-verbal, approximate 

magnitude representations of number do not embody the successor function (+1). The 

successor function requires precise equal intervals between numbers in such a way that 

the same interval separates any two numbers in the count sequence. In the non-verbal.
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approximate representation of number, this is not the case. Take the example of 1 and 2 

versus 2 and 3. Evidence from magnitude comparisons and numerical estimation such as 

that presented in Chapter 5 and the present chapter suggest that discriminability of 

numerical magnitudes is related to their relative size, with the consequence that the 

subjective difference between 2 and 3 is smaller than the subjective difference between 1 

and 2. Against this background, Carey argues that non-verbal, approximate magnitude 

representations cannot represent the ontogenetic basis for verbal counting and exact 

numerical cognition (Carey, 2001). Instead, she suggests that the ability of infants and 

animals to process small numbers spontaneously, i.e. represent up to 3 items and 

discriminate between them, may be a more likely basis for the construction of the integer- 

list representation of number. It has been argued that infants do not represent small 

numerosities in terms of approximate mental magnitudes, but instead represent each 

object in the array separately in so-called object files. Carey maintains that the opening of 

a new object-flle is analogous to the successor function and thus is a more likely 

developmental basis for the construction of a discrete representation of number.

The current findings suggest that individuals with WS do not show this kind of 

differential development for the enumeration of 5 dots in comparison to larger arrays. 

This finding suggests that the development of mechanisms for rapid enumeration (like 

object-files) is impaired in WS. While both children and adults with WS can reliably 

recognize 2 and 3 objects, their ability to enumerate 5 objects does not develop in the 

same way as is the case for TD children. Perhaps, if integer-list representations are 

bootstrapped from the processes that allow for rapid pre-attentive enumeration of small 

sets, then perhaps the lack of differential development for the estimation of numerosities 

up to 5 in WS might represent evidence for an impairment of such a mechanism. 

Alternatively, for the bootstrapping of the integer-list representation, the ability to 

enumerate 2 and 3 objects accurately may be sufficient. Indeed, even infants with WS 

have been found to be able to discriminate between 2 and 3 dots (Paterson et al., 1999).

The contributions of either approximate or object files mechanisms to the development of 

higher-level numerical cognition and linguistic integer-list representation remain to be
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clearly mapped out for typical development of numerical cognition. However, recent 

theoretical accounts are moving beyond advocating the importance of either the non

verbal, approximate or object-file system of magnitude representation. Instead, authors 

seek a theoretical approach that embraces the role of both object-file and non-verbal, 

approximate representations of number and their potential interaction in the complex 

developmental trajectory, which leads to the construction of a linguistic, integer-based 

representation of number (Spelke & Tsivkin, 2001).

In sum, it is difficult to pinpoint the exact functional consequences of developmental 

impairment of numerical estimation abilities presented in this chapter, since the 

significance of these abilities in typical number development is not yet fully understood. 

However, the current findings clearly suggest impairment in WS of the development of 

very basic numerical estimation, shared by animals, human infants, children and adults.

The present results highlight the importance of tracing in atypical and TD children the 

developmental trajectory of basic numerical abilities. The current conclusions are drawn 

from comparisons of developmental differences rather than merely focusing on the 

absolute differences between experimental and control groups. These comparisons yield a 

much richer picture of the extent to which the development of estimation abilities in WS 

both differs from and converges with the typical development of these competencies. 

Furthermore, the results presented in this chapter and in Chapter 5 highlight how limited 

the developmental changes in non-verbal systems of magnitude representation are in 

individuals with WS. Finally, these findings raise important questions about the 

functional role of the steady development of numerical estimation abilities in the groups 

of TD children. Much of the literature has focused on demonstrating a high level of 

phylogenetic and ontogenetic continuity in the qualitative characteristics of non-verbal 

representations of quantity (Dehaene, 1997; Gallistel & Gelman, 2000; Huntley-Fenner, 

2001). Given the existence of this convergence, it is now important to gain a better 

understanding of the functional significance of the developmental changes in the quality 

of these representations. Through such analyses in the typical case, it will become clearer
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how the impairment of these developmental changes constrains the acquisition of higher- 

level numerical cognition in developmental disorders.

6 .5 3  Outstanding questions and future outiook

The above presented and discussed findings raise a number of questions and provide the 

grounds for the formulation of hypotheses that may be addressed in future work. In this 

section these questions and hypotheses will be discussed.

Firstly, it is not entirely clear how the results from the magnitude comparison data 

presented in Chapter 5 are related to the findings discussed in this Chapter. The reaction 

time data in Chapter 5 also suggests that the development of non-verbal magnitude 

representations is impaired in WS. Total reaction time and the effect of distance on 

reaction time was not found to change substantially between children and adults with 

WS. However, the accuracy data in Chapter 5 paints a slightly different picture. Here it 

was found that the level of accuracy with which individuals with WS make judgments of 

relative magnitude increases over developmental time. If the magnitude comparison task 

in Chapter 5 and the estimation task in this chapter do tap similar representations of non

verbal magnitudes, the discrepancies in the findings deserve some explanation.

The reaction time data in Chapter 5 indicates that both children and adults with WS are 

very slow at accessing their mental representations of numerical magnitudes. This could 

be due to a great degree of overlap of the distributions of represented magnitudes and 

might explain why children and adults with WS perform so poorly on the estimation task. 

In the estimation task participants in all groups had to estimate the number of dots after a 

250 millisecond presentation time. This short presentation time might not be sufficient 

for participants with WS to access their representations of approximate magnitudes, 

especially given the slow reaction times and large effects of numerical distance on 

reaction time found for both children and adults with WS in Chapter 5. In other words, 

the short presentation of dot arrays may have prevented participants with WS to access 

their highly noisy representations of magnitudes and thus led to the kind of erroneous and
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highly variable responses and small developmental changes observed in this chapter. This 

in itself is not a limitation of the visual estimation paradigm employed in this chapter, as 

it indicates that access to numerical magnitude representation might be what is at the 

heart o f the impairments observed in both the present chapter and in Chapter 5. However, 

without explicit manipulation of presentation times in the visual estimation paradigm this 

conclusion remains speculative. In any future study, experimenters should aim to have a 

number of different exposure times to investigate whether the length of the exposure time 

has a significant effect on the accuracy and coefficient of variation data in the WS groups 

and crucially, whether longer exposure times of the experimental stimuli will suggest 

greater developmental differences between children and adults with WS. It should be 

noted, however, that with greater lengths of exposure to the dot stimuli, the possibility 

that participants use counting strategies to derive their numerical estimates increases, thus 

making this kind of variation a complicated experimental undertaking.

A second outstanding problem pertains to what specific representations are tapped by the 

visual estimation task. As briefly discussed above and also in Chapter 5, there are a 

number of possible processes that might contribute to participants’ performance. On the 

one hand it might be argued that the findings provide evidence for impoverished 

representation of approximate magnitude in WS. Alternatively, it could be argued that 

what is impaired in WS is the mechanism that is involved in mapping from the mental 

magnitude representations to the symbols and number words that represent them. The 

visual estimation task used in this chapter required participants to map from mental 

magnitudes that correspond to the dot stimuli to the symbols that best represent these 

mental representations. It is possible that the mechanisms underlying these mapping 

processes are impaired rather than the mental representations of magnitude themselves. 

However, it is not clear whether or not the processes of mapping from mental 

representations of magnitude to symbols that represent them (Arabic numerals and 

numbers words) and the mental representations themselves are truly separable.

In future experiments it should be sought to separate these potentially different aspects of 

processing by varying the experimental conditions. For instance, in addition to asking
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participants to estimate a number from viewing an array of dots, it might be interesting to 

contrast this with participants’ ability to map from the presentation of an Arabic numeral 

to an array of dots. Furthermore, presenting participants with two different arrays of dots 

in quick succession and asking them which array was more numerous could control for 

magnitude to symbol mapping processes.

Finally, a potential confound might be inherent in the particular stimuli that were used. 

While it was ensured that the total area occupied by dots was held constant with 

increasing numerosity of the displays, the total contour length of the dot stimuli was not 

controlled for. Recent experimental evidence suggests that infants are highly sensitive to 

differences in the total contour length of stimuli (Clearfield & Mix, 1999). These 

experimenters found that 6-8 month old infants were sensitive to changes in contour 

length but not changes in number when contour length was held constant.

In the present visual estimation paradigm contour length and numerosity are confounded, 

since the total contour length of dots in more numerous display is greater than in displays 

containing smaller numbers of dots. Hence it is possible that individuals tested in the 

current experiment were using total contour lengths as a cue to making their numerical 

estimations. However, it should be noted that there is to date no published evidence to 

show that older children and adults, like infants, are highly sensitive to contour length 

over and above numerosity. Notwithstanding, future experiment of this sort should 

control for the potential confound of contour length by randomly varying this across 

displays so that on average both total area and contour length of the dots is approximately 

equated.
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7 General Discussion

7.1 Introduction

As Stated in the General Introduction (Chapter 1), this thesis had two principal aims:

1. To examine systematically the development of numerical cognition in individuals 

with Williams syndrome (WS) in an effort to uncover the extent of their 

impairments in numerical cognition and the mechanisms that account for these 

difficulties.

2. To develop a novel theoretical approach and research strategy for the study of 

disorders of number development in general, with WS as a case study disorder.

The following general discussion will evaluate the extent to which these two aims have 

been realised. The discussion will not entail a detailed re-consideration of the empirical 

studies and their individual strengths and weaknesses. Instead, the broad and overarching 

implications of the thesis as a whole will be discussed and future questions (and their 

potential resolution through empirical study) evaluated.

The discussion of how the first aim of this thesis was addressed will consider the 

implications of the results presented in Chapters 2-6 which concerned how and why 

individuals with WS develop difficulties with number. From this evidence, possible 

models of number development in WS will be presented. Subsequently, the level of 

numerical cognition in WS and thus the severity of difficulties experienced in the domain 

of number will be evaluated. The differences between the development of number 

abilities in WS and the development of the same competencies among typically 

developing children will furthermore be analysed. In this context, number development 

will be assessed within the overall cognitive development of children with WS. 

Specifically focussing on the role played by this cognitive domain in the context of the 

relative proficiency in language and the weakness in visuo-spatial cognition that 

characterise this syndrome, the final section will include an evaluation of the implications
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and relevance of the results from the WS studies contained in this thesis for the study of 

typical development.

The discussion of the way in which this thesis has begun to realise its second aim will 

involve a move away from the evaluation of the specific implications of the results for 

WS, towards an assessment of how the theoretical and methodological perspectives of 

this thesis may contribute to future study of both typical and atypical number 

development. It will be evaluated whether and the extent to which a focus on basic, low- 

level, non-verbal and verbal number representations and their developmental trajectories 

might help to elucidate how children develop difficulties with number. In this context, the 

importance and merit of a truly developmental perspective through the systematic 

charting of development trajectories will be critically evaluated. The potential 

implications of this approach for the early identification and remediation of number 

deficits will be discussed.

Finally, this general discussion will turn towards the outstanding questions that have been 

generated from the theoretical and empirical work presented in this thesis. Here questions 

both specific to number development in WS and to the typical development of numerical 

cognition will be considered. In view of these outstanding questions a number of future 

studies will be proposed, which could directly proceed from the findings herein.

7.2 Aim 1: Developmental trajectories of number 

development in Williams syndrome

The extent to which this thesis has addressed Aim 1 will be discussed through the 

consideration of a series of questions.

7.2.1 What is  the level o f numerical abilities In WS?

The literature review in Chapter 1 revealed that very little is currently known about 

numerical cognition and its development in WS. The evidence presented in Chapters 2
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and 3 of this thesis sought to begin to remedy this state of affairs through two means: 

first, by providing descriptive data on the level of number abilities in children with WS 

through the administration of standardized tests of numerical cognition, and second, by 

asking a large group of parents of children with WS to answer questions about their 

child’s number abilities (Numeracy Questionnaire).

The results presented in both Chapters 2 and 3 indicate that children with Williams 

syndrome have great difficulties with number and are significantly behind what would be 

expected given their chronological age. The results from the standardized measures 

presented in Chapter 2 clearly illustrate that number development is strongly delayed in 

WS. While the longitudinal measures using the ‘Early Number Concepts’ and 

‘Quantitative Reasoning’ subtests of the British Abilities Scales (Elliot et al., 1996) 

suggest that number abilities increase significantly over developmental time, several 

methodological considerations outlined in detail in the Discussion of Chapter 2 cast 

serious doubt on this interpretation of the results. It appears that developmental changes 

in numerical competence are only marginal among children with WS.

The results from the ‘Numeracy Questionnaire for Parents’ also confirm the claim that 

the development of numerical competence is delayed in children with WS and that 

developmental changes are small. While, according to their parents, even the youngest 

group of typically developing children were at ceiling on almost all of the composite 

scales, it was commonly only the parents of children with WS aged 8 Vi years or older 

(with the exception of the counting composite scales) who indicated that their children 

had reached the level of competence indicated by the parents of the youngest group of 

typically developing children (3 V2 - 4 Vi year olds).

Thus both the results from standardised measures and from parental assessments of 

children’s number abilities suggest that the development of numerical competence is 

impaired in WS. The results indicate that these children’s numerical abilities are lagging 

far behind what would be expected given their chronological age. Furthermore, 

improvements in numerical competence over developmental time appear to be marginal
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and very gradual in children with WS. These results raise the question of how the level 

of numerical competence might be situated within the overall cognitive profile of 

individuals with WS. This question will be addressed in the following section.

7.2.2 What is the relationship betw een language, visuo-spatiai skills 
and numerical cognition in WS?

As discussed above, the results presented in Chapters 2 and 3 of this thesis show that 

children with WS exhibit delayed levels of numerical ability and that developmental 

changes in numerical competence are limited. These findings beg the question of whether 

the level of number abilities and the characteristics of their developmental changes are 

comparable to the level and developmental change of either their verbal or visuo-spatial 

skills.

It is vital to address this question and its wider implications for two reasons. First, the 

empirical resolution of this question is important in order to situate numerical cognition 

within the overall cognitive profile with which individuals with WS present. This is best 

achieved by comparing their number abilities with their characteristic weakness in visuo- 

spatial ability and their relative proficiency in language. Secondly, it is crucial to address 

the extent to which the relative strength in language and impairment of visuo-spatial 

cognition in WS relates to dissociable systems of number representation. The ability to 

represent numbers exactly has been shown to be related to language and associated with 

the activation of left-frontal areas of the brain, typically involved in language processing. 

By contrast, approximate non-verbal numerical cognition has been related to visuo- 

spatial cognition and found to activate areas of the brain typically associated with neural 

computation of a visuo-spatial nature (Dehaene et al., 1999; Spelke, 2003; Spelke & 

Tsivkin, 2001 ; Zorzi et al., 2002). Furthermore, it has been argued that development may 

involve the integration of approximate and exact systems of number representation 

(Ansari & Karmiloff-Smith, 2002; Spelke, 2003). One of the aims of this thesis was to 

examine whether the performance of children with WS is compatible with predictions 

derived from adult neuropsychological models of number representations or whether a 

developmental account needs to be sought.
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With regard to the question of where in the cognitive profile of individuals with WS 

numerical cognition might be situated, the results from the standardised tests of 

numerical ability (presented in Chapter 2) suggest that the level of number abilities 

among children with WS falls somewhere between their relative proficiency on tests of 

vocabulary and their strong deficits on tests of visuo-spatial ability. In other words, 

children’s age equivalent scores on the tests of numerical ability were found to be 

significantly lower than their scores on the test of vocabulary but significantly above their 

mental age equivalent scores on the test of visuo-spatial ability. This finding is interesting 

because it indicates that neither children’s relative proficiency in language nor their 

impairment of visuo-spatial cognition has an exclusive influence on their mathematical 

ability. The finding that number abilities lie between these two extremes of the WS 

cognitive profile might suggest that both language and visuo-spatial competence each 

play a part in the development of numerical cognition in this developmental disorder. It 

would seem that number development in WS is not exclusively influenced by either 

children’s weakness in visuo-spatial competence or their verbal strength. Instead, it is 

possible that a complex interaction between the verbal and non-verbal systems underlies 

number development in this clinical group, as indeed is thought to be the case for typical 

number development (Carey, 2001; Mix et al., 2002b; Spelke, 2003).

While the data from standardised tests are certainly informative and allow for a broad 

assessment of the relative position of numerical competence within the overall cognitive 

profile of individuals with WS, the tests used are broad and it is not clear what specific 

numerical abilities are tested and, most crucially, whether the skills tested are related to 

approximate and exact number processing. The role of exact and approximate systems of 

number representation and their developmental trajectories were explored in greater 

depth in Chapter 4. The aim of the study in question was to examine a milestone in the 

development of exact number representation: the understanding of the meaning of 

counting. It was hypothesized that the performance of children with WS might be 

relatively strong for exact number tasks, such as the ‘give a number task’. This 

hypothesis was based on the assumption that the cognitive performance of children with
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Williams syndrome can be derived from findings from brain damaged patients (Dehaene 

& Cohen, 1997) and behavioural and brain-imaging studies with healthy adults (Dehaene 

et al., 1999; Spelke & Tsivkin, 2001), which indicate that exact number processing is 

related to language.

However, since numerous studies and theoretical considerations now indicate that the use 

of adult neuropsychological models to interpret developmental disorders is highly 

dubious and empirically flawed (Karmiloff-Smith, 1998; Karmiloff-Smith, Scerif, & 

Ansari, 2003; Paterson et al., 1999), an alternative hypothesis was also entertained. This 

hypothesis predicted that both language and visuo-spatial cognition play important roles 

in the developmental construction of exact number representation. In typical development 

it may be the case that approximate non-verbal representations of number, which are 

related to visuo-spatial cognitive processing, are crucial in children’s developing 

understanding of exact numbers. As discussed throughout this thesis, the qualitative 

changes in basic non-verbal representations indicate that overlap between representations 

of approximate magnitudes decreases and the automaticity in accessing these magnitudes 

increases over developmental time. The integration of these representations with 

language-related processes may be crucial in the development of exact number 

representations. Thus, development of exact number processing abilities may be related 

to a complex interaction between numerical computations related to visuo-spatial skills 

and those relating to linguistic competencies. The early development of exact number 

representations, it seems, may be scaffolded by non-verbal competencies. With this 

developmental framework as a foundation, it was hypothesized that number development 

in WS may be characterised by a different weighting of visuo-spatial and linguistic 

predictors.

This prediction was confirmed by the findings presented in Chapter 4. While children 

with WS were at the level of typically developing children matched on visuo-spatial 

mental age, their performance on the task assessing their understanding of the meaning of 

counting (‘give a number’ task) was predicted by their verbal mental age over and above 

their visuo-spatial mental age. In a group o f typically developing children with a
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comparable variability in task performance, the opposite emerged. In this group, visuo- 

spatial ability predicted performance on the ‘give-a-number’ task over and above scores 

on a test of vocabulary.

What can we conclude from these results with reference to the development of exact 

number representation in both typically developing children and those with WS? 

Certainly, the fmdings in Chapter 4 are the first report of an association between 

children’s visuo-spatial cognitive functioning and their development of an understanding 

of exact number. This finding raises the possibility that, as hypothesized above and in 

Chapter 4, non-verbal, approximate representations of magnitude and their development 

play a crucial role in the typical development of children’s understanding of the meaning 

of counting and, therefore, their growing understanding of exact number. The finding 

that the opposite obtains for children with WS is intriguing. As the comparison with the 

control group of typically developing children suggests, the understanding of cardinality 

in children with WS was at the level expected for their visuo-spatial mental age, yet it 

was their language ability over and above their visuo-spatial competence that predicted 

their understanding of the cardinality principle. This raises the possibility that the deficit 

in visuo-spatial competence in WS leads to impaired development of exact number. It 

may be hypothesized that the developing system seeks to compensate for this impairment 

by exploiting the relative proficiency in language. However, it appears that a relative 

strength in language cannot not fully compensate for an impairment of non-verbal 

representations of numerical magnitude.

The findings presented in Chapter 4 suggest that children with WS are far from proficient 

at even the most basic aspect of exact number representation: the understanding of the 

meaning of counting. Thus, these findings lend further support to the hypothesis that the 

cognitive abilities of children with developmental disorders, such as WS, cannot be 

predicted from studies of brain-damaged adult patients or from behavioural and brain- 

imaging studies (Karmiloff-Smith, 1998; Paterson et al., 1999). These findings highlight 

the importance of tracing the developmental trajectories of cognitive functions in children
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with WS in order to understand how both strengths and weaknesses arise in the final 

adult endstate.

The above conclusions are not only relevant for the findings from the children with WS, 

but also for typical development. Adult models of numerical cognition posit that exact 

number representations are dependent on language and on the neural circuits typically 

associated with language (Dehaene et al., 1999). The present findings indicate that the 

numerical representations in adulthood are the end product of a gradual developmental 

process. Furthermore, the findings suggest that exact number representations may be 

constructed from non-verbal representations of magnitude and developmental changes in 

children’s non-verbal cognitive competencies, such as visuo-spatial cognition. How these 

representations change over developmental time and become integrated with language- 

related processing, eventually becoming dependent on language and represented in 

language-related areas of the brain, needs to be clarified in typical development and will 

lay the ground for the study of these developmental changes and their possible 

impairment in atypical number development. The fundamental question raised by these 

results and their interpretation is whether the development of basic non-verbal 

representations is impaired in WS and thus might prevent normal development of exact 

number representations. It is to this question that the discussion turns next.

7.2.3 Is the developm ent o f basic non-verbal representations o f 
numerical magnitude Impaired in Williams syndrome?

The finding that the understanding of the cardinality principle, which is a fundamental 

developmental milestone in children’s understanding of exact number, is related to visuo- 

spatial cognitive ability to a greater extent than language among typically developing 

children raises the possibility that non-verbal, approximate representations of magnitude 

play a crucial role in the development of exact number representation and higher-level 

numerical cognition. As demonstrated by the literature reviews in Chapters 1, 5 and 6, 

systems of non-verbal representations of numerical magnitude have been found across 

species and are qualitatively similar over developmental time. It has been argued that 

they play a crucial role in the development of numerical competence (Dehaene, 1997).
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The general impairment of non-verbal cognition and in particular visuo-spatial 

competence in WS may compromise the development of non-verbal magnitude 

representations in children with this disorder and may therefore lead to atypical 

developmental trajectories of exact number. However, the absence of a significant 

relationship between visuo-spatial cognition and understanding of the cardinality 

principle in WS does not directly imply that non-verbal systems of magnitude 

representations are impaired. The absence of this relationship should be understood as a 

pointer to a possible impairment of non-verbal representations of magnitude in WS rather 

than direct evidence for such a deficit. Therefore Chapters 5 and 6 sought to explore 

directly whether WS is characterised by a developmental impairment of non-verbal, 

approximate representations of magnitude.

The results presented in Chapters 5 and 6 demonstrate that the development of non

verbal, approximate representations of magnitude is impaired in WS. Both the study of 

the development of magnitude comparison abilities and the study of numerical estimation 

abilities show that the development of non-verbal, approximate representation of 

numerical magnitude is delayed in WS. In both studies, adult participants with WS were 

found to perform at the level of 4-6 year old typically developing children and hence 

exhibited a large degree of developmental delay.

In both chapters a developmental analysis was adopted through the systematic 

comparison of the developmental trajectory in WS with the developmental trajectory of 

typically developing children. The data firom the groups of typically developing children 

suggest that approximate, non-verbal representations of magnitude become increasingly 

differentiated over developmental time. Evidence for this interpretation comes from the 

finding that, in the magnitude comparison task (Chapter 5), the effect of numerical 

distance on both reaction time and children’s accuracy decreased over developmental 

time, suggesting that the overlap between representations of numerical magnitudes 

decreases and that therefore representations become less fuzzy, more easily accessible 

and more flexible (Sekuler & Mierkiewicz, 1977). In a similar vein, in the Estimation
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Study presented in Chapter 6, it was revealed that typically developing children become 

more accurate and that the variability in their estimates (as expressed by the coefficient of 

variance) also decreases over time. Quantitative changes over developmental time were 

found to be small among individuals with Williams syndrome in both the magnitude 

comparison and the estimation tasks. In both experiments, differences between the typical 

and WS developmental trajectories were found which will be discussed next.

In the magnitude comparison study, the reaction time data were substantially noisier for 

both the groups of children and adults with WS than they were for the groups of TD 

children. In addition the effect of distance on reaction time decreased to a greater extent 

in the TD groups than in the WS groups. The accuracy data, however, indicated that the 

degree of developmental change between children and adults with WS is not significantly 

different from the amount of change between 4-5 and 9-10 year old groups of TD 

children. The findings reported in Chapter 5 suggest that the access to number 

representations in WS is slower than is the case in typical development and that this may 

be an index of a greater overlap in the underlying non-verbal representation of numerical 

magnitude, which appears to decrease only marginally over developmental time. 

Furthermore, the pilot data in Experiment 6 (in Chapter 5) suggest that the slow access to 

non-verbal, approximate representations of magnitude cannot exclusively be explained by 

an impairment of children’s ability to map between representations of magnitude and the 

symbols (Arabic numerals) that represent them. The results from Experiment 6 (in 

Chapter 5) suggest that adults with WS were also slow at making comparisons over non- 

symbolic stimuli of size (block comparisons). These data may indicate that, in WS, the 

developmental processes involved in the construction of (and access to) an abstract 

representation of non-verbal, approximate representation of magnitude is impaired.

The detailed discussion in Chapter 5 outlines a number of possible explanations for the 

difference between the reaction time and accuracy data. For the sake of this general 

discussion it suffices to say that individuals with WS were found to be strongly delayed 

on the magnitude comparison task and that there are some indications that their
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developmental trajectory differed both quantitatively and qualitatively from the 

developmental trajectory of typically developing children.

The data from the estimation study, presented in Chapter 6, also suggest that the ability to 

use non-verbal representations of numerical magnitude is delayed in WS and that the 

developmental trajectory of estimation abilities is both quantitatively and qualitatively 

different from the typical developmental trajectory underlying competencies involved in 

numerical estimation. As was the case for the results from the magnitude comparison 

task, both children and adults with WS were at the level of very young typically 

developing children. Furthermore, the amount of developmental change in measures of 

estimation ability (Accuracy, Approximate Accuracy and Coefficient of Variation) was 

not found to exceed the developmental differences between the two youngest groups of 

typically developing children tested (4-5 and 6-7 year olds). The groups of typically 

developing children were, on average, more accurate than children and adults with WS. 

Subsequently, when the level of developmental change between children and adults with 

WS was compared to a wider developmental difference among TD children (4-5 vs. 9-10 

year olds), crucial differences between the WS and TD developmental trajectories of 

numerical estimation abilities were found. Accuracy developed at a significantly faster 

rate among typically developing children. Moreover, typically developing children 

became almost perfect at accurately estimating arrays containing 5 dots, while this was 

not the case for the participants with WS. These findings suggest that while, over 

developmental time, typically developing individuals extend the range of object arrays 

whose numerosity they can identify rapidly without counting (‘subitizing’), this 

developmental change is absent in WS. If non-verbal representations of small numbers of 

objects (‘object-file) or subitizing play a crucial role in the development of higher-level 

numerical cognition, this developmental difference may have important functional 

implications (Carey, 2001; Starkey & Cooper, 1995).

What do the findings presented in Chapters 5 and 6 reveal about non-verbal numerical 

representations and their developmental trajectories in WS? Let us first briefly reconsider 

what is known about the typical case. In a detailed review of the literature on infant

257



Chapter 7 General Discussion

number abilities in Chapter 1, the possibility of the existence of two types of 

representation that might help explain infants’ performance in number discrimination was 

considered: the ‘Object-File’ (Carey, 2001; Simon, 1997; Uller et al., 1999) and non

verbal, approximate magnitude representation systems (Dehaene, 1997; Moyer & 

Landauer, 1967; Xu, in press; Xu & Spelke, 2000). The object-file system is thought to 

underlie the representations of small numbers of objects in a non-symbolic fashion, with 

each object being represented in a separate object-file. The object-file system is thought 

to have an upper limit of around 4, which may explain why numerous studies have shown 

that infants cannot discriminate between numerosities greater than 4. The system for the 

non-verbal representations of approximate magnitude, on the other hand, is thought to 

have no upper limit. Here, the greater the distance between numerical magnitudes the 

easier they are discriminated from one another. Furthermore, difficulty in discriminating 

magnitudes increases with their relative size. The use of both object-file and non-verbal 

approximate systems of magnitude representation can be detected in young children and 

adults. Young children can rapidly enumerate up to 4-5 objects (Starkey & Cooper, 1995) 

and exhibit the characteristic signature of the non-verbal representation of numerical 

magnitude for larger numerosities: size and distance effects (Huntley-Fenner & Cannon, 

2000; Sekuler & Mierkiewicz, 1977). The same is true of adults (Dehaene et al., 1990; 

Trick & Pylyshyn, 1994).

Thus, in typical development, two systems of non-verbal representations of numerical 

magnitude seem to exist: a system for the representation of small numbers of objects and 

a system for the approximate representation of larger numerical magnitudes. The data 

reported in Chapters 5 and 6 reveal that the development of both of these systems of 

representation differs in subtle ways in WS. The data from both chapters indicate that 

individuals with WS have highly noisy and immature systems of non-verbal, approximate 

representation of numerical magnitude. Furthermore, the amount of developmental 

change in task performance between children and adults with WS is very small in 

comparison with the quantitative changes in task performance among typically 

developing children. The data point to the possibility that there is a high degree of 

overlap between the features of approximate representations of magnitude in WS (as
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evidenced by large effects of distance on reaction time and accuracy in magnitude 

comparison, and high coefficients of variation in the estimation task). With respect to the 

system for the representation of small number of objects, the results presented in Chapter 

6 suggest that while both children and adults with WS are proficient at rapidly 

enumerating (or subitizing) 1-3 objects, individuals with WS do not appear to extend this 

ability to arrays of 5 objects in the same way as is true of the typically developing 

children.

Taken together, the findings indicate that the development of both systems of non-verbal 

representation of numerosity are impaired in WS, and subtle differences point to an 

atypical developmental trajectory of basic, non-verbal representation of numerical 

magnitude in this clinical population.

The functional significance of these findings for the development of exact number 

representation in WS may be substantial. As discussed above, among typically 

developing children the decrease in the noise of non-verbal, approximate representations 

of magnitude over developmental time may enable the construction of exact number 

representations through integration with language-related processes. Therefore, if 

representations remain highly noisy as seems to be the case for WS, these developmental 

processes may be impaired and thus lead to the kind of atypical developmental trajectory 

reported in Chapter 4. Alternatively, as recently argued by Spelke (2003), language may 

serve as a bridge for the integration of both the ‘object file’ system and the non-verbal 

system for the representation of approximate magnitudes. In WS, both these systems are 

subtly impaired, which may prevent their normal integration.

7.2.4 Does numerical cognition in WS deveiop aiong a typicai or 
atypicai deveiopm entai trajectory?

The focus throughout this thesis has been to compare the developmental trajectories of 

number abilities in WS with developmental changes in task performance in groups of 

typically developing children. One of the questions addressed in all chapters was whether 

the developmental trajectories in WS were similar to or different from the typical case, in
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other words, whether the WS developmental trajectory follows a typical or atypical 

pattern over time. A developmental trajectory can be considered atypical when it 

significantly deviates from the typical case. This may be indicated by significant task by 

group interaction effects where the slope of developmental change differs significantly 

between groups. Alternatively, as is the case for the results presented in Chapter 4, it is 

possible that while overt task performance is equivalent across groups, the predictors of 

this performance differ between groups. In Chapter 4 the performance of typically 

developing children on the ‘give a number’ task was predicted by visuo-spatial cognition 

over and above language while the reverse was true of WS. This finding highlights the 

need to look beyond behavioural measures of task performance towards an assessment of 

the factors underlying developmental change and how these might differ between groups 

(Karmiloff-Smith, 1998).

A number of indications for diverging or atypical developmental trajectories were found 

in Chapters 5 and 6, where subtle differences in the development of magnitude 

comparison and estimation abilities were reported, which are discussed in 7.2.3 above. It 

should be noted, however, that the majority of the findings presented in this thesis 

indicate that participants with Williams syndrome perform at the level of very much 

younger typically developing children, in other words, that they are severely delayed on 

all number tasks. However, it is important not to dismiss delay as irrelevant or to 

concentrate solely on differences in performance between WS and control groups 

(Karmiloff-Smith et al., 2003). The finding, for example, that adults with Williams 

syndrome perform at the level of typically developing 4-5 year olds on the numerical 

estimation task requires careful consideration. Might this finding imply that the 

development of the cognitive systems underlying task performance has arrested at a level 

of performance not significantly different from the level reached by typically developing 

4-5 year olds? Questions need to be raised about whether or not their system had 

developed from the same representational origins as for typically developing children. 

This would require tracing the entire developmental trajectory from infancy onwards in 

both typically developing children and those with WS. It should also be noted that the 

finding that the level of task performance is equivalent in both control and experimental
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groups does not necessarily imply that the representational mechanisms underlying task 

performance among adults with WS are exactly equivalent to those of 4-5 year olds. 

Furthermore, the potentially functional consequences of the severe delay in number 

development for the rest of the developing cognitive system need to be examined. What 

does it mean for the development of numerical cognition in general that adults with WS 

are only functioning at a level exhibited by typically developing 4-6 year olds? In 

addition, it is necessary to ascertain whether measurement tools are sensitive enough to 

pick up the kinds of subtle differences between groups that may have wide-ranging 

implications for number development. From a statistical perspective, it is important not to 

place undue confidence in non-significant differences, particularly when sample sizes are 

small and individual variability is substantial (Howell, 1996).

In summary, then, it is crucial to assess the ways in which the developmental trajectories 

of children with WS do or do not diverge from typical developmental trajectories. Yet, 

when no task X group interactions are detected, the results of serious delay in children 

and adults with WS should not be dismissed as irrelevant, but instead questions such as 

those outlined above and in the discussion sections of Chapters 4-6 should be seriously 

considered.

7.2.5 Charting developm ental trajectories vs. m atched control- 
experim ental group comparisons

An issue that is closely related to the analysis of whether the performance of groups 

diverges or converges is the choice of comparison groups. As discussed in detail in 

section 1.4 of Chapter 1, there are numerous problems associated with the selection of 

control groups. Matching typically developing children to a group of children or adults 

with WS on verbal mental age might lead to an underestimation in other domains of the 

children with WS. This is because the control group will be older than, say, an IQ- 

matched group. Conversely, matching on visuo-spatial mental age on which WS score 

very poorly will result in very young controls and thus may lead to the overestimation of 

task performance. Comparisons with typically developing controls matched on 

chronological age will necessarily result in the detection of group differences, since the
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performance of participants with WS will, on most tasks, be significantly below the 

performance of their chronological age matched controls. These considerations illustrate 

that the choice of control group can have significant effects on the way in which the 

performance of children and adults with WS is thought to differ from or converge with 

the performance of controls. Moreover, it is often difficult to find a good a priori, 

theoretically well-founded, rationale for choosing one particular control group over 

another.

Perhaps the most crucial limitation of choosing only a single, specific control group is 

that such comparisons between one control group and the experimental group of 

participants cannot provide information about development and how the development 

over time of task performance might differ between groups. In view of these 

considerations, a different approach was adopted in Chapters 5 and 6 of this thesis. 

Instead of simply comparing the performance of children and adults with WS to 

individually- or group-matched control groups, a number of different age groups of 

typically developing children were tested in an effort to build a developmental trajectory 

for each task, i.e., to map the relationship between age and task performance in typical 

development. This allowed for a systematic comparison of developmental changes 

between groups over time.

Let us consider the data presented in Chapter 5, to help illustrate how much more about 

development can be gleaned from the analysis of developmental differences between 

groups than from experimental-control group comparisons. In the first analysis, the 

performance of both children and adults with WS was compared with two groups of 

typically developing children, matched to the WS groups on their performance on a test 

of visuo-spatial cognition. While these comparisons helped to establish that the effect of 

distance did not differ significantly between WS and MA-matched control groups, these 

comparisons did not reveal the extent to which developmental changes in task 

performance may differ between groups. For this purpose the second analysis was 

conducted in which the developmental difference between children and adults with WS 

was systematically compared with the developmental changes among different age
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groups of typically developing children. This analysis presented an opportunity to answer 

questions about how the development of magnitude comparison abilities differs between 

typically developing children and people with WS.

In summary, this thesis has demonstrated that in order to understand developmental 

differences between groups, it is necessary to chart the developmental trajectories for 

both typically and atypically developing groups and thereby systematically compare the 

extent and slope of developmental change between groups. Notwithstanding these 

considerations, the classic experimental-control group comparison methodologies should 

not be entirely abandoned, as important information may also be derived from these 

comparisons. Consider, for example, the data presented in Chapter 4. The analysis of 

differences between children with WS and a group of typically developing children 

individually matched on visuo-spatial mental age revealed that children with WS 

performed at the level expected for their visuo-spatial competence. This result is 

important, as it provides a specific indication of the level of performance among children 

with WS in relationship to their overall cognitive profile. In view of these considerations 

both experimental-control group comparisons and the delineation of developmental 

trajectories should be sought.

7.2.6 What has the stu dy o f number in WS revealed about the typical 
numerical competence?

In the early research into the cognitive abilities of individuals with WS, rather strong 

claims were made about the implications of these studies for typical cognitive functions 

and their organisation. It was argued that the relative proficiency in language coupled 

with the strong impairment in visuo-spatial cognition in WS represents evidence for a 

functional dissociation between language and other cognitive fimctions (Bellugi et al., 

1988). Researchers claimed that WS is a rare ‘experiment of nature’, which provides 

evidence for a selective sparing of language in the presence of impairments of non-verbal 

cognitive abilities.
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While it was concluded from early investigations that an intact language module coupled 

with an impaired visuo-spatial module exists in WS, more in-depth research has 

demonstrated that these early claims should be substantially attenuated. It has been found 

that language is not as intact in WS as was originally thought and differentiating overt 

behaviour from underlying cognitive processes that the term ‘proficient’, is perhaps a 

more appropriate adjective to describe the rather fluent linguistic output of individuals 

with WS (Karmiloff-Smith et al., 1997).

The notion of intact vs. impaired modules is directly derived from the study of adult 

neuropsychology. However, individuals with a developmental disorder, such as WS, 

cannot be studied as if they were cases of adult brain damage (Karmiloff-Smith, 1997, 

1998). While adult brain-damaged patients may suffer damage to brain systems that were 

fully developed, children with a developmental disorder developed these cognitive and 

brain systems under atypical constraints. The crucial difference between adult patients 

and individuals with a developmental disorder is the role that ontogeny plays in the 

eventual cognitive outcome. While development need not be considered for the patient 

who suffers damage in adulthood, it plays an essential role in the development of 

cognitive functioning in individuals with developmental disorders. A significant number 

of studies have revealed that children with WS develop language along an atypical 

developmental trajectory and that the constraints underlying developmental change in this 

population differ from the typical case from infancy onwards (Karmiloff-Smith et al., 

1997; Laing et al., 2002; Nazzi & Karmiloff-Smith, 2002).

What about the representation of number in WS? Does the study of WS support the 

notion that different aspects of numerical representations are functionally dissociated 

from each other? As discussed above, the prediction from adult neuropsychological 

models of number (Dehaene & Cohen, 1995; Dehaene et al., 1999) for WS would have 

been that individuals with WS present with a dissociation between exact, language- 

dependent and approximate, language-independent numerical abilities. The data in 

Chapters 2 and 3 suggest that this is highly unlikely, since the numerical skills of children 

with WS are significantly below their language abilities. Moreover, the evidence in
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Chapter 4 illustrates that the prediction from adult neuropsychological models neither 

holds for either typically developing children nor for those with WS. In typical 

development it is visuo-spatial cognition that appears to influence the early development 

of exact number representations. In WS, by contrast, it is language that predicts early 

development of numerical competence. Thus, their relative strength in language does not 

afford children with WS a relative strength in exact calculation, but might instead allow 

them to compensate for their weakness in non-verbal numerical abilities. In addition, the 

results presented in Chapters 5 and 6 do not merely demonstrate that the non-verbal, 

approximate system of numerical magnitude representation is impaired in WS, but that its 

developmental trajectory differs from the typical case in subtle ways.

These considerations also have important implications for the study of typical 

development as they reveal just how crucial it is to have a developmental perspective on 

children’s understanding of number. The data in this thesis reveal that for both the typical 

and atypical development of numerical cognition, the functional dissociations between 

different aspects of numerical cognition, such as approximate and exact numerical 

cognition, are the outcome of a developmental trajectory with both qualitative and 

quantitative changes in underlying representations. The study of developmental 

disorders, such as WS, help to remind us that evidence from studies of the adult brain 

cannot be used to predict how numerical cognition is organised in the child’s brain.

The data in this thesis have a further implication for the study of typical numerical 

cognition and its development. Classic theories of development, which include number 

development as one aspect of the child’s cognitive development, do describe quantitative, 

developmental changes in skill acquisition and underlying representations and their 

functional importance (Piaget & Inhelder, 1969; Vygotsky, 1989). However, in the 

current literature from cognitive science and cognitive neuroscience there exists a 

tendency to focus on the qualitative similarities (phylo- and onto-genetic continuity) in 

non-verbal, approximate numerical representations between infants, children, adults and 

animals and to dismiss quantitative changes in underlying representations over 

developmental time as irrelevant (Dehaene, 1997; Huntley-Fenner, 2001; Wynn, 1998;
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Xu & Spelke, 2000). While it is important to highlight qualitative similarities in 

representational systems, quantitative changes may have critical functional roles in the 

development of numerical competence. The results from typically developing children 

presented in Chapters 5 and 6 suggest that, over developmental time, children become 

more accurate and faster at tasks that tap their non-verbal, approximate representation of 

magnitude, suggesting that access to these representations improves, with the overlap 

between the representations of numerical magnitudes decreasing over time. Similar 

observations were made by (Sekuler & Mierkiewicz, 1977) for magnitude comparison 

abilities and by (Huntley-Fenner, 2001) for the development of estimation abilities. There 

is now a need to understand the role that these quantitative changes have in task 

performance and in underlying representations during number development. Through a 

better understanding of the functional significance of these developmental changes in the 

typical case, it will become possible to draw more precise conclusions about the arrest of 

such developmental changes and deviations from the typical case.

Taken together, these studies of numerical cognition in WS raise a number of issues, 

which are of relevance to the way in which the development of typical numerical 

cognition should be conceived of and studied. First, as other studies of WS have 

previously shown (see Karmiloff-Smith, 1998 for a detailed discussion of this), this thesis 

demonstrates the importance of having a truly ontogenetic perspective on the 

development of both typical and atypical numerical cognition. The way in which number 

is organised in the brains of typically and atypically developing children cannot be 

derived from what is known about the adult endstate numerical representations. Second, 

this thesis highlights the importance of studying not only the characteristics of numerical 

representations that appear to have a degree of qualitative similarities over developmental 

time and between species, but also the quantitative changes and their role in the 

development of numerical competence. By gaining an understanding of the significance 

of these changes in typical development it will become possible to understand better how 

non-verbal representations influence the development of exact, higher-level numerical 

cognition.
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7.3 Aim 2: Typical and atypical developmental trajectories of 

number: from the case study to wider implications

The above discussion focussed on the specific implications of the results presented in this 

thesis for number development in WS and in typically developing children. In the light of 

this discussion, it is now necessary to consider the broader theoretical and 

methodological implications of this thesis for the study of atypical number development 

in general.

7.3.1 Does charting developm ental trajectories o f low -level 
representations o f number elucidate developm ental Impairments 
o f numerical cognition?

At the outset of this thesis several methodological and theoretical perspectives were 

available to the author to guide the exploration of numerical cognition in WS. The 

numerical abilities of children and adults with WS might have been interpreted within 

adult neuropsychological framework, where the principal aim is to uncover functional 

independence of different aspects of numerical cognition (Sokol, Macaruso, & Gollan, 

1994; Temple, 1997). Alternatively, as is most frequently the case for studies of 

developmental deficits of numerical cognition, the focus could have been placed on 

higher-level numerical cognition, the examination of strategy and the roles played by 

working memory, speed of processing, attention, etc. (Geary, 1993; McLean & Hitch, 

1999; Ostad, 2000) However, this thesis addressed numerical cognition in WS with a 

developmental, ‘neuroconstructivist’ perspective (Ansari & Karmiloff-Smith, 2002; 

Karmiloff-Smith, 1998). This theoretical approach examines how basic representations of 

number are constructed over developmental time. Taking a developmental perspective 

necessitates a focus on low-level processing competencies and on the representational 

and developmental foundations of numerical cognition. It is for this reason that 

fundamental, basic processes of numerical cognition were the focal point of the 

experimental studies. Furthermore, taking a ‘neuroconstructivist’ perspective on the 

development of numerical cognition necessitated a move away from the sole use of
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standardized measures of numerical cognition to studying the mechanisms underlying 

performance on these tasks. The emphasis is on the processes of numerical cognition 

rather than their products (Ansari & Karmiloff-Smith, 2002). The contrast between the 

descriptive results in Chapters 2 and 3 of this thesis and the experimental results 

presented in Chapters 4-6 illustrates the differences between examining solely overt 

behavioural performance and studying the cognitive mechanisms underlying it.

Having reiterated the fundamentals of the theoretical and methodological approach of this 

thesis, it is important to address the extent to which a ‘neuroconstructivist’ perspective on 

atypical number development might help to study developmental impairments of 

numerical cognition in general. As previously demonstrated, the central tenant of the 

‘neuroconstructivist’ approach to the study of numerical cognition is that a 

developmental perspective is crucial. The results presented in this thesis illustrate the 

importance of this both for WS and for typically developing children. The case for a 

developmental perspective is particularly emphasized by the data presented in Chapter 4, 

which illustrates that the factors underlying both the typical and atypical development of 

the understanding of the meaning of counting (cardinality principle) could not have been 

predicted from findings in the adult neuropsychological literature. In addition, the 

findings presented in Chapters 5 and 6 reveal that the development of non-verbal 

representations of approximate magnitude is marked by gradual developmental changes 

and do not appear to be fixed from birth. It therefore seems unlikely that using an adult 

neuropsychological approach to the study of developmental impairments of numerical 

cognition would be fhiitful either for the study of number deficits among typically 

developing children or for those with developmental disorders. Indeed, the literature on 

typical number development, reviewed in Chapter 1, clearly indicates that the 

developmental foundations of numerical cognition are not equivalent to the way in which 

numerical cognition is organized in the adult brain. It appears that development involves 

the gradual construction of exact, language-dependent representations of number from 

basic systems of non-verbal representation of both small numbers of objects (‘Object 

file’) and approximate, non-verbal representations of numerical magnitude.
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The ‘neuroconstructivist’ approach to number development places particular emphasis on 

the need to investigate basic systems of number representations. The exploration of the 

foundations of number and of their developmental trajectories will help to pinpoint subtle 

deficits in these systems, which may have a subsequent, cascading effect on the 

ontogenesis of higher-level numerical cognition. The crucial point is that only through 

the exploration of developmental foundations will it be possible to understand how 

deficits in higher-level functioning arise. The data from WS presented in this thesis 

demonstrate that children with this disorder exhibit subtle differences and serious delay in 

the developmental trajectories of both fundamental exact and approximate number 

processing abilities.

As the literature review in Chapter 1 illustrates, these basic or low-level systems of 

numerical representations, their development from infancy to adulthood and their neural 

instantiation have received a significant amount of attention in the literature on typical 

numerical cognition. This research has revealed that these systems of number 

representation are in the process of developing long before children enter formal 

schooling. Yet the focus of research into atypical number has been (and remains) heavily 

concentrated on the exploration of school-level numerical cognition. Thus far, little effort 

has been made to explore whether or not deficits in higher-level numerical cognition 

arise, at least in part, from impairments to the development of basic exact and 

approximate systems of number representations. The review of literature and the research 

presented in this thesis illustrate the enormous potential of an approach to the study of 

developmental impairments of numerical cognition that is heavily based on the recent and 

fast-developing advances in the study of typical numerical cognition. To reiterate, the 

time is ripe to develop a theoretically motivated approach to the study of number deficits 

that is founded on the rapidly growing insights into typical number development from 

infancy onwards.

The experimental evidence presented in this thesis also demonstrates the merits of 

moving beyond standardised measures of numerical cognition to an in-depth 

experimental investigation of the underlying processes. While the data presented in
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Chapters 2 and 3 serve to describe the level of impairment of numerical cognition in 

children with WS, it cannot elucidate the processes that lead to impaired behavioural 

performance. The results presented in Chapters 4-6, however, go beyond describing the 

absolute levels of overt behavioural performance to an assessment of the cognitive 

processes underlying them. In this context, the study of WS presented in this thesis can 

be viewed as a case study for the exploration of a theoretically and methodologically 

novel perspective on atypical number development. This does not imply, however, that 

the specific empirical results from WS could be generalised to atypical development of 

number in general. Rather, it is contended that the theoretical and methodological basis of 

this thesis can serve as a foundation for the exploration of developmental deficits of 

numerical cognition in other populations, keeping in mind that identical behavioural 

scores across syndromes may camouflage different cognitive processes and/or a different 

developmental trajectory.

Notwithstanding the case for adopting a ‘neuroconstructivist’ perspective for the study of 

the developmental impairments of numerical cognition presented in this thesis, it should 

be pointed out that, as with any theoretical and methodological approach, its merit in 

relation to other theoretical and methodological approaches must be empirically 

established. Is the theoretical and methodological perspective outlined in this thesis 

useful for the exploration of number deficits in the entire population? It may prove to be 

the case that other approaches, such as those in the literature that focus on strategy use 

and immature development of domain-general competencies such as working memory, 

attention and speed of processing in higher-level numerical cognition (Geary, 1993) turn 

out to be more fruitful for the study of certain groups of children with some kinds of 

developmental deficits of numerical cognition.

Alternatively, it is possible that the optimal theoretical account for developmental 

impairments of number is dependent on the age at which number deficits are examined. 

The approach outlined in this thesis may be particularly useful for the study of ‘risk 

factors’ for difficulties with number in very young children, while an explanatory model 

that focuses on strategies and domain-general competencies may be what best describes

270



Chapter 7 General Discussion

impairments of numerical cognition in older children. Yet, it is nonetheless crucial to 

understand the relationship between the low-level representations of number in early 

childhood and the frequently reported immature use of strategies and impaired retrieval 

of arithmetic facts in older children. The theoretical and methodological approach 

presented this thesis paves the way for the exploration of the developmental relationship 

between deficits in low- and high-level numerical processing.

7.3.2 What are the implications for diagnosis and remediation?

The main focus of the discussion of this thesis thus far has been on empirical and 

theoretical issues. However, there are several points to be made about the potential 

relevance the results might have for both the early diagnosis of developmental 

impairments of number and their remediation. As discussed above, developmental 

deficits of number are most commonly studied in school-age children. The 

‘neuroconstructivist’ approach urges the study of the development of the basic systems of 

number representations that are developing long before children are introduced to formal 

concepts of number. Young children have a sense of approximate quantity and develop 

an understanding of exact number before they learn the rules and strategies necessary to 

manipulate numerical quantity in order to solve mathematical problems. It may therefore 

be possible to detect difficulties in children’s development of basic number 

representations before they enter school. In other words, the identification of ‘risk 

factors’ for developmental impairments of numerical cognition should be sought before 

children set foot in the classroom.

The potential for early diagnosis of atypical number development has crucial implications 

for intervention and thus remediation. If it became possible to diagnose developmental 

difficulties of numerical cognition in a child before s/he entered school, the design of 

highly targeted intervention programmes for children ‘at risk’ of developing impairments 

of higher-level numerical skills should be attempted. Such intervention should be 

focussed around providing children with the means to construct a concept of quantity and 

to learn how to apply their quantitative knowledge. Indeed (Griffin & Case, 1999) have
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outlined a ‘cognitive science’ approach to early math curriculum and intervention 

programme, in which the focus is very much on teaching children the concept of 

numerical quantity rather than focussing on their ability to use the strategies and rules 

necessary to solve arithmetic problems proficiently.

The ‘ neuroconstructivist ’ approach has the potential of enriching current perspectives on 

intervention by highlighting the importance the processes that underlie children’s 

ontogenetic construction of numerical quantity representations even before they enter 

school. This approach advocates that it is crucial to carefully chart the developmental 

trajectories of exact and approximate representations of number from infancy onwards. 

This research programme may, in future, enable intervention programmes to be more 

sensitive to developmental changes in the representations of magnitude and thus target 

children’s developmental impairments of numerical cognition more accurately leading 

eventually to more successful, evidence-based remediation programmes. Moreover, 

whereas current intervention programmes are primarily designed for school-age children, 

the ‘neuroconstructivist’ approach highlights the importance of very early identification 

of ‘risk factors’ and the potential for intervention well before children enter school, i.e. 

during the period of maximal brain plasticity.

7.4 Outstanding questions and future studies

At the end of each of the Chapters of this thesis a section on outstanding questions and 

suggested future studies was included. These sections discussed future research, 

specifically relevant to the empirical studies presented in each of the chapters. By 

contrast, the following discussion will address outstanding questions and suggestions for 

future studies that are important with respect to the overall aims of the thesis.

7,4.1 What are the functional im plications o f deveiopm entai 
impairments o f basic number representations?

One of the fundamental points put forward in this thesis is that atypical developmental 

trajectories of basic systems of number representations may lead over time to
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developmental impairments of higher-level numerical skills. Underlying this assumption 

is the notion that these fundamental representations of both approximate and exact 

number and their developmental trajectories have an important functional role in the 

development of high-level numerical abilities, such as mental arithmetic. Although this 

relationship has been discussed theoretically in the literature (Dehaene, 1997), there is 

only sparse direct empirical evidence for it. In one study with healthy adults it was 

observed that the amount of time that it takes adults to solve a simple, single-digit 

addition problem is related to the numerical distance between the addends (Butterworth et 

al., 2001). Apart from this study, explicit evidence of a relationship (or lack thereof) 

between basic representations of exact and/or approximate number remains to be 

established. Although interesting in the adult case, the relationship is especially important 

in the context of the study of developmental impairments of these low-level systems of 

number representation. Gaining insights into how these systems may or may not structure 

the development of more advanced number abilities over developmental time will enable 

a more specific account of how atypical developmental trajectories for these 

representational systems may constrain the development of numerical cognition.

Ideally, the design of such studies would be longitudinal. Only a longitudinal study 

would allow researchers to track precisely how developmental changes in basic systems 

of both exact and approximate number map onto the development of increasingly 

complex numerical skills. Such a study would help to address whether individual 

differences in the size of the distance effect in magnitude comparison tasks or the 

coefficient of variation in estimation tasks actually predict individual differences in the 

age at which children grasp the cardinality principle. In turn, these studies would also 

help to establish whether individual differences in the age at which children display an 

understanding of the cardinality principle predict the age at which they are able to 

successfully master addition and subtraction skills. It is crucial that such studies also 

measure the relationship between the development of basic exact and approximate 

number processing and children’s performance on standardised measures of numerical 

abilities, since this will enable the establishment of the extent to which underlying 

processes contribute to children’s broad level of performance.
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In the context of the kind of longitudinal investigations discussed above, it is also crucial 

to map out developmental changes in the neural processing of numerical magnitude and 

of the functional brain localization of numerical cognition. As reviewed in Chapter 1 and 

Chapter 5, Event-Related Brain Potentials (ERP) methodology has been successfully 

employed to study the temporal brain organisations underlying non-verbal, approximate 

magnitude comparison tasks (Dehaene, 1996; Temple & Posner, 1998). These studies 

indicate that there exists broad qualitative similarity in the way in which the brains of 5- 

year olds and adults process approximate, non-verbal numerical magnitude (Temple & 

Posner, 1998). However, there has not been hithetero any systematic investigation into 

the developmental trajectory of underlying brain processes and how these might differ in 

children with development impairments of numerical cognition. Such a developmental 

investigation of brain processes underlying numerical processing would complement the 

kinds of longitudinal, behavioural studies outlined above.

In addition to studying the developmental trajectory of the temporal neural organisation 

of numerical processing, the spatial localisation of processes associated with both exact 

and approximate number processing should be traced over developmental time in an 

effort to understand how the dissociation between exact and approximate representation 

of number in the adult endstate (Dehaene et al., 1999) emerges ontogenetically. Through 

such research it will also become possible to understanding whether changes in the neural 

organisation of exact and approximate number differ in children who go on to develop 

impairments of numerical cognition.

7.4.2 What is the developm ental relationship betw een basic verbal and 
non-verbal number representations?

An issue closely related to the above question pertains to the developmental relationship 

that might exist between the developmental trajectories of basic verbal and non-verbal 

representations of number. This issue raises related questions such as: Do these systems 

interact over developmental time and become integrated with one another? How do exact, 

language-dependent and approximate, language-independent cognitive and brain systems

274



Chapter 7 General Discussion

of number representations emerge over developmental time? Do these systems of 

number representations develop independently? The results presented in Chapter 4 

suggest that visuo-spatial skills predict the understanding of the cardinality principle in 

typically developing children. Does this imply that non-verbal approximate systems of 

number representation scaffold the development of exact number representations? These 

questions may also be addressed by the kind of longitudinal research proposed in 7.4.1 

above. Through such a research project it would be possible to track whether and how the 

emergence of exact number skills is related to quantitative changes in non-verbal, 

approximate systems of number representation. Multiple measures thought to tap both 

systems of representation would need to be employed and their developmental 

relationships systematically studied. In addition, it will be crucial to analyse the role that 

language plays in the developmental construction of exact representation of number. Data 

from adults suggest that exact calculation is language-dependent (Spelke & Tsivkin, 

2001). This raises questions about which specific aspects of language development 

(syntax, semantics, morphology, etc.) might be important in the development of exact 

number representations.

7 .4 3  How do number abilities in WS compare with those o f individuals 
with other deveiopm entai disorders?

The results presented in this thesis suggest that the development of basic number abilities 

is atypical and severely delayed in WS. This raises the question of whether numerical 

abilities in WS are impaired to a greater extent than in other developmental disorders 

such as 22ql 1.2 deletion (or Velocardiofacial) syndrome (Simon, Bearden, McDonald 

Mc-Ginn, & Zackai, in press). Down syndrome (Paterson, 2001), Turner syndrome 

(Rovet, Szekely, & Hockenberry, 1994), etc., where deficits in the domain of numerical 

cognition have been reported. A cross-syndrome comparison of number abilities would 

make it possible to imderstand how the level of the impairment of numerical cognition 

differs between disorders. Furthermore, cross-syndrome comparisons would establish 

whether delay or deviations from the typical developmental trajectory of number also 

exist among individuals with these other disorders.
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On a more general level, cross-syndrome comparisons with the same number tasks, as 

used in this thesis, would help to elucidate whether both syndrome-specific and 

syndrome-general developmental impairments of exact and approximate number 

representations actually exist. In such a study it would also be crucial to assess the extent 

to which differences in the overall cognitive profiles between different developmental 

disorders contribute to the development of numerical competence. Is it possible that, in a 

disorder where visuo-spatial cognitive function is less impaired than in WS, the 

development of non-verbal representations of magnitude will turn out to be less impaired 

and delayed?

The results from WS presented here constitute a first step towards a systematic 

investigation of number deficits in children with developmental disorders. Furthermore, 

the theoretical and methodological approach adopted in the thesis readily lends itself to 

the exploration of cross-syndrome commonalities and differences in numerical cognition.

7Æ 4 What are the implications o f individual differences?
An important issue to consider in future studies relates to individual differences, also in 

healthy controls, in task performance. The statistical analysis of the results presented in 

this thesis was based on the regression to the mean. Yet, it has been shown that there are 

wide individual differences in arithmetic in both children and adults (Dowker, 1998). 

These individual differences in arithmetic also indicate that children are neither totally 

proficient nor totally incompetent at solving number problems, but show different 

patterns of strengths and weaknesses. The observation of individual differences casts 

some doubt on mean-based studies, since the mean simply represents the most common 

profile of peaks and valleys in performance. It reveals nothing about variations within 

such profiles nor about the implications of such individual variability. Data with a large 

degree of individual variability are often referred to as ‘noisy’. Yet the study of 

individual differences suggests that these should not be ignored because they might 

reveal fundamental aspects of underlying representations. By paying closer attention to 

individual differences, it may be possible to establish whether those individuals who, for 

example, exhibit a very large effect of distance on reaction time in the magnitude
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comparison task also perform very poorly on standardised measures of numerical 

cognition.

In this thesis, a significant amount of individual variability was observed between 

participants, especially in the groups of children and adults with WS (as can be seen from 

the individual data plots in Appendices B-D). Does such individual variability in the data 

merely reflect ‘noise’ or do individual differences map on to different levels of numerical 

competence and, if so, how? These are questions that need to be addressed in the kinds of 

future research projects proposed above. This is of particular importance in the context of 

intervention programs, which often need to be strongly adapted to each individual’s 

strengths and weaknesses.

When considering individual differences in task performance and their significance it is 

crucial to have confidence in the reliability of the measurement tools employed. There is 

thus an urgent need to establish the extent to which these tasks are reliable measures of 

performance both on individual and group levels of analysis. Establishing reliability of 

these measures will not only help to better understand the significance of individual 

differences, but may also aid diagnosis and assignment to specific intervention programs.

7.5 Concluding Comments

In comparison to the ever-growing literature on the neurocognitive profile of individuals 

with Williams syndrome, surprisingly little effort has gone into studying the numerical 

abilities of people with this genetic developmental disorder. This thesis has begun the 

process of filling this knowledge gap. The data show important developmental 

relationships between language, visuo-spatial cognition and the development of 

numerical cognition in WS. Furthermore, this thesis has shown that adult, 

neuropsychological models of the organisation of numerical cognition clearly cannot be 

used to interpret data from individuals with WS. This provides further empirical support 

for the case that the use of adult neuropsychological models for the study of 

developmental disorders is theoretically dubious and empirically flawed. Instead, the data
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presented here demonstrate that, in order to understand cognitive outcomes in adulthood, 

it is important to study their developmental trajectories.

Beyond the specific study of numerical cognition in people with WS, this thesis has put 

forward a novel way of exploring developmental impairments of numerical cognition. 

The ‘neuroconstructivist’ account of atypical number development predicts that 

impairments in ‘higher-level’ numerical cognition may be better understood through the 

study of the developmental trajectories of the ‘low-level’ representational processes that 

lead to their construction.

The ability to manipulate numbers and to solve mathematical problems is an essential 

element of success in modem day society. It is therefore not unsurprising that policy 

makers and researchers in the fields of education, psychology and neuroscience are 

becoming increasingly aware of the urgent need to develop means to investigate 

systematically impairments of numerical cognition in otherwise typically developing 

children as well as those with genetic developmental disorders. It is hoped that this thesis 

represents a significant contribution to the quest to understand why children develop 

problems with numbers.
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NUMERACY QUESTIONNAIRE 
PLEASE RETURN IN STAMPED ADDRESSED ENVELOPE PROVIDED

Mathematical skills are Important In many aspects of everyday life. In this 
study we are Interested In the numerical abilities of children and we would like 
you to complete the questionnaire below. Results from this questionnaire will 
help us to get a better Idea of which concepts of number children have 
problems with and how these problems might be remedied In the future.
Thank you very much for your co-operation and taking the time to complete 
this questionnaire for us!

Guidelines:
a. Some of the questions may not be applicable to your child (s/he may be 

too young or too old). If so please indicate by writing N/A next to the 
question.

b.The answer format of the questions varies throughout the 
questionnaire. Therefore please circle or tick answers as appropriate or 
write in the space provided. Please feel free to add any comments next 
to the questions.

c. If you find that you do not know the answer a question 
you could try and find out by testing your child.

Background Information:
Your child's name:..................................................................................................
Your child’s date of birth:.......................................................................................
Your name:.............................................................................................................
Mother’s schooling (primary/secondary/college)..................................................
Father’s schooling (primary/secondary/college)...................................................
Mother’s occupation...............................................................................................
Father’s occupation............................................................................................... ,
Mother’s first language..................................................................... .....................
Father’s first language...........................................................................................
Child’s first language..............................................................................................
Language(s) spoken at home................................................................................

Please return the questionnaire in enclosed stamped envelope to:
Daniel Ansari
Neurocognitive Development Unit 
Institute of Child Health 
30, Guilford Street 
London , WC1N 1EH
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Number Basics and Counting 

Please circle and tick answers as appropriate or write In the space provided

1. Can s/he count aloud numbers 1 to 10 without skipping or saying the 
same number twice ?

Yes can count aloud with objects 
Yes can count aloud without objects 
No cannot count aloud numbers 1 to 10 
Don’t know

2. Does s/he count spontaneously (say when walking up the stairs or 
during games)?

Yes No Don’t know

3. Do you play number games, number rhymes at home?

0 1 2 3 4 5 6 7 8 9  10
never sometimes very often

4. Can s/he read the written number symbols 1-10 aloud?

Can do Can do with help Cannot do Don’t know

5. Can s/he write numbers 1-10?

Can do Can do with help Cannot do Don’t know

6 . Can s/he tell the difference between a few and a lot?

Can do Can do with help Cannot do Don’t know
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7. Could s/he divide a number of sweets into two piles with the same number 
of sweets in each pile?

Can do Can do with help Cannot do Don’t know

8. Does s/he accurately notice when there are different numbers of things, 
for example if there are more chips on one plate than on another ?

Can do Can do with help Cannot do Don’t know

9. Can s/he discriminate between objects of different lengths and sizes 
(different sizes of shoes, bottles etc.)?

Can do Can do with help ' Cannot do Don’t know

10. At what age did s/he start to count?

11. Do you encourage him/her to count at home?

0 1 2 3 4 5 6 7 8 9  10
never sometimes very often

12. Do you play counting and other number-relevant games at home?

0 1 2 3 4 5 6 7 8 9  10
never sometimes very often

13. When did you start playing such games?

Before s/he started going to school 
When s/he started going to school 
Don’t know

14. Can he or she count on from a given number (For example starting at 5 
and counting on to 10, without starting at 1)?

Yes with objects 
Yes without objects 
No
Don’t know
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15. Can s/he count backwards?

Yes with objects 
Yes without objects 
No
Don’t know

16. Does s/he find counting different kinds of objects more difficult than 
counting the same kind of object? For example counting different kinds of 
fruits compared to counting oranges only.

Yes No Don’t know

17. We count in order to establish how many objects are in a set. When s/he 
has finished counting a set of objects do you feel that s/he was:

Just reciting the numbers without knowing the purpose of counting 
Actually knows what the purpose of counting is 
Don’t know

18. Does s/he use her fingers to aid counting?

Yes No Don’t know

19. Do you think s/he is better at counting small (numbers 1-5) or large 
numbers

(5-20)?

Small numbers 
Large numbers
Equally good at small and large numbers

20. Do you feel that your child knows how to count but does not understand 
what counting is for?

Does not know what counting is for/ just recites number names 
Knows what counting means 
Don’t know

300



21. How confident are you that s/he knows that numbers refer to specific 
amounts?

0 1 2 3 4 5 6 7 8 9 10
not at all somewhat confident very confident

22. When your child counts do you think that she is actually counting things or 
do you get the feeling that it is more like s/he is reciting a rhyme?

Just reciting
Actually know what counting means 
Don't know

Numbers in Everyday Life 

Please circle and tick answers as appropriate or write In the space provided

23. Does s/he receive pocket money?

Yes No

24. How confident are you that s/he can deal with pocket money?

0 1  2 3 4 5 6 7 8 9  10
not at all sometimes very confident

25. Have you experienced that s/he cannot deal with pocket money very 
well?

0 1 2 3 4 5 6 7 8 9  10
never sometimes very often

If YES, please expand:
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26. Do you have to help your child In dealing with money?

0 1 2 3 4 5 6 7 8 9 10
never sometimes very often

27. Is s/he familiar with the prices of things that s/he wants?

0 1 2 3 4 5 6 7 8 9 10
not at all somewhat confident very confident

28. Do you feel that s/he has a good understanding of distances between 
places?

Yes No , Don’t know

29. Do you find that he or she often over- or under-estimates the price of 
objects?

0 1 2 3 4 5 6 7 8 9  10
never sometimes always

30. Can he or she tell the time?

Yes No Don’t know

31. When you ask him/her to bring you a certain number of objects (say two 
oranges or 3 sets of knifes and forks) does s/he give you the right 
number of objects that you asked for?

0 1 2 3 4 5 6 7  8 9 10
never sometimes always

32. Is s/he he aware of the difference in age between people. For example 
does s/he know that her grandfather or grandmother is older than her 
father or mother?

Yes No Don’t know
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33. Does he or she often make a lot of mistakes in these or similar everyday 
situations ihvolving numbers?

Yes No Don’t know

If yes, can you give some examples.

Addition and Subtraction 

Please circle and tick answers as appropriate or write in the space provided

34. Is s/he better at adding or subtracting?

Adding Subtracting Is good at both

35. Can s/he add two numbers together?

Yes with objects 
Yes without objects 
No
Don’t know

36. Can s/he subtract numbers from each other?

Yes with objects 
Yes without objects 
No
Don’t know

37. Can s/he add written numbers together?

0 1 2 3 4 5 6 7

Finds equally difficult

8
never sometimes

38. Can s/he subtract written numbers from each other? 

0 1 2 3 4 5 6 7 8

10
always

10
never sometimes always

303



39. Does s/he notice when there are more objects in a set than before (for 
example When you have more fruit in a bowl than before)?

0 1 2 3 4 5 6 7 8 9  10
never sometimes always

40. Does s/he notice when objects have been taken away from a set (for 
example when he or she finds that there are fewer toys than were there 
previously)

0 1 2 3 4 5 6 7 8 9 10
never sometimes always

Numeracy at School 

Please circle and tick answers as appropriate or write in the space provided

41. What kind of school does s/he attend?

42. Does s/he attend numeracy hour at school?

Yes No Don’t know

43. If yes, does s/he find numeracy hour difficult?

0 1  2 3 4 5 6  7 8 9  10
not difficult very difficult

44. Does s/he receive any extra tuition in numeracy?

Yes No

If YES, what kind of tuition and how frequently?
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45. Do you know what kind of number exercises your child is being taught 
at school?

Yes No

46. Do you try to do similar exercises with him/her at home?

0 1 2 3 4 5 6 7 8 9  10
never sometimes always

47. Do you sometimes worry about his/her performance in numeracy?

0 1 2 3 4 5 6 7 8 9 10
never sometimes always

48. Have your child’s teachers mentioned a problem with numeracy?

Yes No ' Don’t know

If Yes, please expand:

49. How do you think your child’s performance with number compares with 
her/his reading ability?

Better at numbers 
Better at reading 
Equally good at both 
Problems in both

50. Which one of them does your child find more enjoyable?

Literacy 
Numeracy 
Enjoys both equally 
Dislikes both
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51. Can s/he do any more advanced number work than is mentioned in this 
questionnaire? If yes, please expand and give examples:

52. If you have any other comments about your child’s numeracy skills, 
please write them in the space below:

Thank you very much for taking the time to complete this questionnaire! 
Please use the stamped addressed envelope provided to return the 
completed questionnaire to:
Daniel Ansari
N eu récognitive Development Unit
Institute of Child Health
30, Guilford Street
London
WC1N 1EH
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Appendix B

Individual participants' data for distance effect
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Reaction time data;

WS GROUPS

Mean Distance effect reaction time by participant (WS Adults)
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Mean Distance effect Reaction time by participant 
(Individually matched controls for WS children)
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INDIVIDUALLY MATCHED CONTROL GROUPS
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Accuracy data:

WS GROUPS

Mean Distance effect Errors by participant (WS Children)
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INDIVIDUALLY MATCHED CONTROL GROUPS

Mean Distance effect errors by participant 
(individuaiiy matched controis for WS chiidren)

I I  Mean errors Distances 1-4 
■  Mean errors Distances 5-8

S5 S6 S7 

Participant
S10 S11

314



Appendix C:

Individual participants' data for estimation study

Mean Accuracy
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Mean Accuracy Data 
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Mean total Accuracy WS Adults
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TYPICALLY DEVELOPING CONTROL GROUPS

Mean Accuracy 4-5 year old ID  Children
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Mean total Accuracy 6-7 year olds
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Appendix D

Individual participants' data for estimation study

Mean accuracy approximate
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Mean total Accuracy Approximate WS Adults
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TYPICALLY DEVELOPING CONTROL GROUPS

Mean total Accuracy Approximate 4-5 year olds
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Mean total Accuracy Approximate 6-7 year olds
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Appendix E

Individual participants' data for estimation study

Coefficient of Variation
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Coefficient of Variation (GOV) 
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Coefficient of variation WS Adults
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TYPICALLY DEVELOPING CONTROL GROUPS

Coefficient of variation 
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Coefficient of variation 
6-7 year oids
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