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Summary 

 

Background: Mathematical reasoning is a core issue of logical thought 

and consequently represents an important component of higher order cognition. 

However, little is known about developmental plastic changes in the brain 

induced by mathematical learning and training during childhood. This holds true 

for both, normal and disturbed development of number processing. 

Developmental dyscalculia (DD) is a specific learning disability affecting the 

acquisition of arithmetic skills in about 3-6% of school children. 

Aims: The present thesis focuses on the development of cerebral 

representations of number in normally achieving children and children with DD. 

Moreover, special interest is addressed to the relation between mathematical and 

visuospatial abilities and possible gender differences. 

Methods: Functional magnetic resonance imaging (fMRI) was used to 

examine developmental changes and DD-related abnormalities in brain activation 

by comparing normally achieving children of different ages (3rd grade and 6th 

grade school children), age-matched DD children, and normally performing 

adults. The fMRI approach allows the mapping of brain regions that are active 

during a specific task. This method is particularly well suited to address these 

questions as it is non-invasive. 

Results: During number and visuospatial processing, eight year old 

children use similar neural networks compared to adults, including occipital, 

parietal and prefrontal regions. However, developmental plastic changes within 

these networks could be observed. Developmental changes for number 

processing are reflected by increasing brain activation in regions known to play 

an important role for calculation and by decreasing activation in areas associated 

with working memory and attention load. In general, children with DD activated 

similar neural networks for number processing compared to normally achieving 

children. However, DD children exhibited weaker activation in almost the entire 

network of analog magnitude representation. Developmental changes for 

visuospatial processing are reflected by a shift from stronger right lateralized to 

bilateral activation. Moreover, gender differences in brain activation for the 

processing of more complex tasks became apparent in adults, but not in children, 
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which might result from experience specific preferential differences in cognitive 

strategies for solving complex tasks.  

Conclusion: Changes in cortical activation patterns reflecting experience 

driven maturational processes, fine-tuning of neural systems and preferred 

strategy choice of women and men could be observed in different age groups 

from childhood to adulthood. Increasing expertise and automated processing of 

mathematical and visuospatial tasks coincided with improving performance as 

well as with increasing brain activation in task-specific regions and decreasing 

activation in supporting brain areas. Reported developmental plastic changes 

were disturbed in children with DD. Namely, an evidence for significant 

impairments in the cerebral representation of the analog magnitude system in 

children with DD was found. 
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Zusammenfassung 

 

Hintergrund: Mathematik repräsentiert eine zentrale Komponente 

höherer Kognition. Es ist jedoch nur wenig über neuroplastische Veränderungen 

beim Erlernen dieser Fähigkeiten bekannt. Dies gilt sowohl für die normale als 

auch für die beeinträchtigte Entwicklung der Zahlenverarbeitung. Entwicklungs-

bedingte Dyskalkulie (ED) ist eine spezifische Lernstörung, von der ca. 3-6% der 

Schulkinder betroffen sind.  

Ziele: Der Schwerpunkt der vorliegenden Doktorarbeit liegt in der 

Untersuchung der Entwicklung zerebraler Zahlenrepräsentationen bei normal 

entwickelnten Kindern und Kindern, die von einer ED betroffen sind. Besonderes 

Interesse galt dabei sowohl der Beziehung zwischen mathematischen und visuell-

räumlichen Fähigkeiten als auch möglichen Geschlechtsunterschieden. 

Methode: Die funktionelle Magnetresonanztomographie (fMRT) wurde zur 

Untersuchung entwicklungsinduzierter normaler und ED-induzierter veränderter 

Gehirnaktivierung angewandt. Dabei wurden Vergleiche zwischen normal 

entwickelnten Kindern unterschiedlichen Alters (3. Klasse und 6. Klasse), 

gleichaltrigen dyskalkulischen Kindern und gesunden Erwachsenen durchgeführt. 

Die fMRT ermöglicht eine Lokalisierung von Gehirnregionen, die während der 

Durchführung bestimmter Aufgaben aktiv sind und eingnet sich, aufgrund des 

Fehlens ionisierender Strahlung, besonders gut zur Beantwortung solcher 

Fragestellungen.  

Ergebnisse: Für die Verarbeitung von Zahlen- und visuell-räumlichen 

Aufgaben aktivieren Kinder ab acht Jahren ähnliche neuronale Netzwerke in 

okzipitalen, parietalen und präfrontalen Regionen wie Erwachsene. Es konnten 

jedoch entwicklungsbedingte plastische Veränderungen innerhalb dieser 

Netzwerke beobachtet werden. Veränderungen der zerebralen 

Zahlenverarbeitung waren charakterisiert durch eine Zunahme der 

Gehirnaktivität in rechenspezifischen Regionen sowie einer Abnahme der 

Aktivität in Arealen, die Arbeitsgedächtnis und Aufmerksamkeit repräsentieren. 

Allgemein aktivierten ED Kinder ähnliche neuronale Netzwerke wie normal 

entwickelte Kinder. Dyskalkulische Kinder zeigten jedoch signifikant eine 

schwächere Aktivität in fast dem gesamten Netzwerk für analoge 

Mengenrepräsentation. Entwicklungsbedingte Veränderungen von visuell-
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räumlichen Verarbeitungsprozessen zeigten sich in einer Verschiebung von einem 

stärker rechts lateralisierten zu einem bilateralen Aktivierungsmuster bei 

Erwachsenen. Geschlechtsunterschiede in der Gehirnaktivität für die 

Verarbeitung von komplexeren Aufgaben kristallisierten sich erst bei 

Erwachsenen heraus, nicht jedoch bei Kindern. Dies spiegelt möglicherweise 

erfahrungsspezifische Unterschiede von bevorzugten kognitiven Strategien zur 

Lösung komplexer Aufgaben wieder.  

Schlussfolgerungen: Zwischen Kindheit und Erwachsenenalter können 

Veränderungen in kortikalen Aktivierungsmustern beobachtet werden, die durch 

erfahrungsbasierte Reifung, Feinabstimmung neuronaler Systeme und einer 

unterschiedlichen geschlechtsspezifischen Strategiewahl erklärt werden können. 

Zunehmende Expertise und automatisierte Verarbeitung von mathematischen 

und visuell-räumlichen Aufgaben werden sowohl von einer Leistungs-

verbesserung als auch von einer Aktivitätszunahme in aufgabenspezifischen 

Gehirnarealen und einer Aktivitätsabnahme in unterstützenden Regionen 

begleitet. Diese entwicklungsbedingten plastischen Veränderungen erscheinen 

bei dyskalkulischen Kindern gestört. Es wurden Hinweise für eine signifikante 

Beeinträchtigung zerebraler Repräsentation des analogen Mengensystems bei 

dyskalkulischen Kindern gefunden. 
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1. Introduction 

 

Our every day live is not only influenced by numbers, the development 

and maintenance of numerical and mathematical competencies is of crucial 

importance for individuals of our societies and for the society as a whole (Bishop 

1989; Rivera-Batiz 1992). Quantitative abilities have been shown to influence 

employability, productivity, and wages in industrialized and in developing 

nations, above and beyond the influence of literacy, years of schooling, and 

intelligence (Bishop 1989; Boissiere, et al. 1985; Rivera-Batiz 1992). Difficulties 

in learning quantitative abilities or loss of these abilities as a result of 

neurological or other disorders result in individual tragedies and social costs, and 

therefore deserve careful study and consideration by scientists and practitioners 

alike (Geary 2000). 

Indeed, amongst cognitive neuroscientists there is a growing interest in 

understanding the neural correlates of mathematical abilities. Meanwhile, there 

are significant advances in understanding how the adult brain represents 

numerical quantities and enables the processing of mathematical problems. In 

stark contrast, however, there is currently little research focusing on the 

development of typical and atypical neural representations of numbers, despite 

the fact that deficits in number processing and basic mathematical skills are as 

common as impairments of reading and writing (Ansari and Karmiloff-Smith 

2002; Geary 2004). 

The principle aim of the present thesis is to gain a better understanding of 

how neural representations of numerosity are constructed over the course of 

development using both behavioral and brain imaging methods. In this context, 

special interest is directed to the relation between mathematical and visuospatial 

abilities. Furthermore, the proposed research seeks to uncover whether 

functional abnormalities correlate with the impairment in children having a 

specific mathematical learning disorder.  

The following sections of the introduction provide a short overview of the 

normal and abnormal course of the development of numerical abilities and their 

cerebral organization in the human brain. Since learning and experience form the 

development of cognitive abilities, possible mechanisms of reorganization of 

functional brain architecture are reviewed. Some of these changes can be 
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detected by functional magnetic resonance imaging (fMRI). The introduction is 

followed by an explanation of the principles of fMRI and possible advantages and 

disadvantages of this method in examining brain development.  

In the following chapters, our fMRI studies on the development of cerebral 

pathways for calculation, the neural base of developmental dyscalculia, the 

development of neural networks for mental rotation as well as possible gender 

differences in numerical and visuospatial tasks are discussed in detail.  

A final general discussion comprises conclusive remarks on future 

directions in the field. 

 

1.1 Number processing in humans 

 

1.1.1 Development of numerical abilities 

 

1.1.1.1 Infants’ capacities 

 

Children exhibit a biologically based propensity to acquire arithmetic skills. 

Unlike reading, which needs to be taught, certain numerical skills, for example, 

‘subitizing’ and comparing quantities, develop without formal schooling (Ginsburg 

1997). Subitizing is the rapid perceptual enumeration of small sets usually from 

one to four items. If a display contains more than four or five items, subjects 

revert to counting (Balakrishnan and Ashby 1992).  

This numerical capacity is thought to be an inherent trait, present already 

in infancy, i.e. exemplified by the ability of infants to discriminate between small 

numbers and to engage in numerical computation (Antell and Keating 1983; 

Starkey 1992; Starkey and Cooper 1980; Starkey, et al. 1983; Starkey, et al. 

1990; Wynn 1992; Wynn 2000; Wynn 2002; Wynn, et al. 2002; Xu and Spelke 

2000; Xu, et al. 2005). However, other studies could not find a quantity specific 

behavior in infants (Clearfield and Mix 1999; Feigenson, et al. 2002). They argue 

that rather representations subserving object-based attention, than those 

subserving enumeration, underlie performance in infants. 
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In conclusion, behavioral results could not clearly assess, whether basic 

numerical abilities are innate or arise in uncommitted neurons under specific 

learning conditions (Fias and Verguts 2004; Verguts and Fias 2004). The current 

weight of evidence favors the idea that infants are able to represent numerosity 

and carry out mental manipulations employing these representations 

(Butterworth 2005; Piazza, et al. 2004). In addition, the findings that several 

animal species (rats, pigeons, raccoons, dolphins, parrots, monkeys, cats, dogs) 

possess some form of numerical abilities provide further evidence for the 

existence of a phylogenetic origin of numerical knowledge (Feigenson, et al. 

2004; Hauser and Carey 2003; Hauser, et al. 2000; Hauser, et al. 2003). 

 

1.1.1.2 Development of counting 

 

Counting is a complex skill and makes the first bridge from the child’s 

(possibly) innate capacity for numerosity to the more advanced mathematical 

achievements. Children start learning to count around the age of two years and 

progress in stages until about 6 years when they understand how to count and 

how to use counting in a near-adult manner (Butterworth 2005). 

Gelman and Gallistel (1978) have identified the skills required for counting 

as follows: 

• ‘Stable order’: counting words need to be kept in the same order. 

• ‘One-to-one principle’: each counting word must be linked to one and only 

one object and all objects must be counted. 

• ‘Cardinal principle’: the word counted last corresponds to the number of 

objects.  

• ‘Abstractness’: Anything can be counted. 

• ‘Order-irrelevance’: One can start counting with any object in a set. 

 

1.1.1.3 Development of arithmetic competence 

 

Counting is the basis for learning arithmetic. Children make use of their 

counting skills during early stages of learning arithmetic, since the result of 
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adding two numerosities is equivalent to counting the union of two disjoint sets 

(Butterworth 2005).  

In mental addition, children use different levels of strategies, e.g. for 3 + 

5 (Butterworth 1999; Carpenter and Moser 1982): 

• ‘Counting all’: children will count the first set (3), and then the second set (5) 

and make these countables visible, e.g. by their fingers. Then the child will 

count all fingers (8). 

• ‘Counting on from first’: children will start with three, and then count on 

another five to get the solution. 

• ‘Counting on from larger’: children will start with the larger number (5), and 

then count on another three to get the solution. 

• ‘Fact retrieval’: a skilled person typically will not need to count single digit 

problems and will simply retrieve the solution from memory. 

With increasing age, there is a decrease in the use of elementary counting 

strategies (e.g. counting all) and an increase of more sophisticated strategies 

(e.g. counting on) and finally the retrieval of arithmetic facts from memory. The 

efficiency of calculation may be directly linked to the amount of facts that can be 

retrieved (Lucangeli, et al. 2003). 

In this context, it is noteworthy, that numerical ‘fact retrieval’ may not 

exclusively rely on verbal associations, but are also organized in terms of number 

size. For example, retrieval times show a very strong problem-size effect, the 

larger the sum or product the longer the problem takes to solve, and retrieval 

times are shorter for larger addend plus smaller addend than vice versa (Ashcraft 

1995; Butterworth, et al. 2001; Martins, et al. 1999; Takayama, et al. 1994). 

Additionally, problem-size is much more potent than frequency of occurrence, 

say practice (Butterworth, et al. 2001). 

Although, the reported progress in counting as well as in arithmetic skills 

with increasing age is well understood, the neural foundation that enables new 

abilities to develop or to guide which developmental changes in brain patterns 

are evoked by the acquisition of new skills is not yet known. 
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1.1.1.4 Gender differences in number processing 

 

The examination of gender differences in behavior and cognition is both a 

popular and controversial topic among researchers.  

Some studies on mathematical abilities report gender differences favoring 

men (Geary 1995; Geary 1999; Halpern 2000). It seems that these differences 

emerge during preschool years and persist throughout school (von Aster 2000; 

Weinhold Zulauf, et al. 2003). 

However, an international comparison of gender differences in arithmetical 

abilities in children found significant gender differences favoring boys in Japan, 

Switzerland and England, but not so in Singapore, Hungary, Canada, Germany, 

Scotland, USA, Sweden and France (Keys, et al. 1996). These findings indicate 

that differences in educational practices between the countries may contribute to 

performance differences between the genders (Butterworth 2005).  

 

1.1.1.5 Representations of numbers 

 

Combined efforts from developmental psychology and neuroscience have 

begun to paint a picture of both continuity and change in the domain of 

numerical representations. Lesion and brain imaging studies have implicated the 

prefrontal and parietal cortices in arithmetic processing, but do not exclude that 

these brain areas are also involved in non-arithmetic operations (Dehaene and 

Cohen 1995; Menon, et al. 2000; Roland and Friberg 1985). 

 

1.1.1.5.1 Foundation and characteristics of number representation 

 

The question of the neural basis of mathematical thinking is a highly 

debated topic. In mental calculation, Dehaene et al. (Dehaene and Cohen 1995; 

Dehaene, et al. 1999) proposed that exact arithmetic (e.g. arithmetic tables) is 

based on linguistic representations and relies on the left perisylvian language 

areas, while by contrast, the understanding of proximity relations between 

numerical quantities relies on the parietal cortex, thus, being the site of a specific 

biological foundation for number sense (Dehaene, et al. 1998; Spelke and 
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Dehaene 1999). Others opposed developmental arguments to suggest that the 

number sense emerges from nonspecific visuospatial processing areas, especially 

within the parietal cortex (Fias and Verguts 2004; Simon 1999). 

Apart from this debate, performance signatures implicate the existence of 

an innate or very early developing core system representing approximate 

numerical magnitudes, characterized by distance effects (increase of accuracy 

and speed in comparing numerical magnitudes with increasing distance) and size 

effects (decrease of accuracy and speed with increasing magnitude when 

comparing numbers separated by equal distances). These hallmarks of 

magnitude representation, akin to a ‘number line’, are shared across modalities 

(Gallistel and Gelman 2000; Meck and Church 1983). 

During schooling, children quickly learn to map symbolic numbers onto 

their pre-existing representations of numerical magnitude, indicated by the 

development of the so-called SNARC effect (Spatial Numerical Association of 

Response Codes) (Berch, et al. 1999; Schweiter, et al. 2005; von Aster 2001a). 

This effect is based on the spatial organization of magnitude representation, with 

small numbers localized more on the subject’s “mental left side” and large 

numbers to its right. This association between number size and spatial 

localization generates faster responses with the left hand for small numbers and 

with the right hand for large numbers (Dehaene, et al. 1993; Dehaene, et al. 

1990; Gevers, et al. 2003). It is suggested that the mapping of this internal 

mental number line is initially logarithmic but becomes linear during the 

elementary school years (Siegler and Opfer 2003). 

In sum, magnitude representation seems to be innate or a foundation of 

number processing, appearing very early in development. With increasing 

expertise, this representation of spatially organized ordinal sequences might get 

more and more precise. The model proposed by von Aster (in press) argues that 

the ‘early’ analog system (core system for cardinality) provides meaning to the 

linguistic symbols that are acquired in the first years of life. The mental number 

line constitutes a ‘late’ analog system for ordinality that will be mentally 

constructed during the first school years depending on the acquisition of verbal 

and Arabic number symbols. 
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1.1.1.5.2 Number representation in adults 

 

Studies with patients who experience difficulties with numerical cognition 

following brain damage have led to the proposal of an influential structural-

functional model of numerical cognition: the ‘Triple-Code-Model’ (Dehaene and 

Cohen 1995). The ‘Triple-Code-Model’ proposes the existence of three different 

codes: a visual Arabic code, an auditory verbal code and an analog magnitude 

code. While the visual code is involved in the identification of numerical symbols, 

the verbal and analog magnitude codes are thought to subserve different 

numerical computations. The verbal code is thought to reside in left inferior 

frontal regions of the brain, which are associated with various language 

functions. It allows the encoding and retrieval of arithmetic facts and is involved 

in exact numerical computations. The analog magnitude code is thought to reside 

in the intraparietal sulcus (IPS) bilaterally and is implicated in basic processing of 

quantity subserving approximate computations such as magnitude comparison 

and estimation. 

The distinction between the analog magnitude and the verbal code has led 

to the suggestion that adult numerical cognition is based on two representational 

systems: an exact language-dependent system (involving the left inferior frontal 

gyrus and the left angular gyrus) and an approximate, spatial system of number 

representation (involving the intraparietal sulcus, bilaterally). 

A growing body of functional neuroimaging studies in adults continues to 

provide data convergent with the ‘Triple-Code-Model’ (Dehaene and Cohen 1995; 

Piazza, et al. 2004; Schmithorst and Brown 2004). 

 

1.1.2 Relation of number and visuospatial processing  

 

The relation between mathematical and spatial skills has often been 

discussed. When comparing activated regions during numerical and visuospatial 

tasks, they include very similar occipito-parieto-prefrontal networks (Cohen, et 

al. 2000; Dehaene, et al. 2003; Dehaene, et al. 1999; Gruber, et al. 2001; 

Jordan, et al. 2002; Menon, et al. 2000; Rickard, et al. 2000; Simon, et al. 2002; 

Stanescu-Cosson, et al. 2000; Weiss, et al. 2003; Zago, et al. 2001). 

Additionally, lesions to one of these sites cause deficits in both functions. For 
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example, deactivation of parts of the left parietal lobe with repetitive Transcranial 

Magnetic Stimulation (rTMS) produces deficits in both functions, visual as well as 

numerical (Göbel, et al. 2001). This finding is consistent with clinical data from 

children with a chromosomal defect (22q11.2 deletion syndrome), suggesting 

that their deficits in visuospatial and numerical cognitive processes are the result 

of dysfunction of the parietal lobe (Simon, et al. 2005). Further, a recent 

investigation indicated that the link between visuospatial and numerical 

disabilities may be mediated by a basic abnormality in representing numerical 

magnitudes on an oriented mental number line (Bachot, et al. 2005). 

However, the existence of a positive correlation between visuospatial and 

mathematical abilities remains a point of contention, in particular with respect to 

gender differences (Casey, et al. 1997; Casey, et al. 1995; Friedman 1995; 

Goldstein, et al. 1990). Similar to the situation in mathematical abilities, some 

studies examining the visuospatial domain reported gender differences favoring 

men in these tasks (Geary 1995; Geary 1999; Halpern 2000).  

 

1.1.3 Developmental dyscalculia 

 

1.1.3.1 Definition 

 

Developmental dyscalculia (DD) is a specific learning disability affecting 

the acquisition of arithmetic skills in an otherwise normally developing child. 

According to the International Classification of Diseases, 10th revision (ICD-10, 

F81.2), DD is defined as a significant discrepancy between specific mathematical 

abilities and general intelligence that can not be explained by mental retardation, 

inappropriate schooling or poor social environments (WHO 2005). 

 

1.1.3.2 Prevalence and Epidemiology 

 

Specific disorders of arithmetic skills are not widely recognized and 

therefore not well understood. Children can be bad at math in many different 

ways. In addition, standardized tests are diverse, so the meaning of ‘math 



 

9 

attainment’ may vary substantially between tests. To determine the prevalence 

of developmental dyscalculia, a scientific and clinical consensus as to what 

constitutes a learning disability and which definition best describes the problems 

has to be developed. In spite of the lack of definitional consistency, the 

prevalence of DD across countries is relatively uniform, ranging from 3 to 6% 

(Gross-Tsur, et al. 1996; Klauer 1992; Lewis, et al. 1994; von Aster, et al. 

1997). In Switzerland, von Aster et al. (2005) estimated a prevalence of DD of 

6% using the ‘Neuropsychological Test Battery for Number Processing and 

Calculation in Children’ (ZAREKI, von Aster 2001b). While the ‘Diagnostic and 

Statistical Manual of Mental Disorders-IV’ misleadingly states that DD is rare, 

with a prevalence of only 1%, recent studies indicate that DD is as common as 

dyslexia or attention-deficit hyperactivity disorders (ADHD) (APA 1994). 

In general, DD appears to be an isolated and specific learning disability. 

However, about one quarter of affected subjects have a comorbidity with ADHD 

and/or dyslexia (Gross-Tsur, et al. 1996; Monuteaux, et al. 2005; Ramaa and 

Gowramma 2002). Unlike these other learning disabilities, the number of 

affected girls is equivalent or slightly higher than that of boys (Klauer 1992; 

Shalev, et al. 2000; von Aster, et al. 1997). 

 

1.1.3.3 Etiology and Neurobiology  

 

To date no consensus in respect to the etiology of developmental 

dyscalculia has been reached. Possible contributing factors as diverse as genetic 

predisposition, neurological abnormalities and environmental deprivation have 

their proponents (Shalev and Gross-Tsur 2001).  

Several systematic twin or family studies provided evidence for heredity 

(Alarcon, et al. 1997; Kosc 1974; Shalev, et al. 2001). The most recent study 

found that about half of all siblings of children with DD are also dyscalculic, with 

a 5-10 times higher risk than for the general population (Shalev, et al. 2001). 

Some abnormalities of the X chromosome appear to affect numerical capacity 

more severely than other cognitive abilities. This is particularly evident in 

subjects with Turner’s syndrome or fragile X syndrome who can be at normal 

level on tests of IQ, language and reading, but are severely disabled in 
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arithmetic (Brainard, et al. 1991; Grigsby, et al. 1990; Kemper, et al. 1986; 

Rovet, et al. 1994; Temple and Carney 1993; Temple and Marriott 1998).  

Application of electrophysiology and neuroimaging techniques yielded 

encouraging information about the neuroanatomical basis of arithmetic. Thus far, 

only very few studies used these techniques to investigate DD (Isaacs, et al. 

2001; Levin, et al. 1996; Levy, et al. 1999; Molko, et al. 2003; Molko, et al. 

2004; Rivera, et al. 2005). Results indicated abnormalities predominantly within 

the parietal lobes, in particular in the IPS. Subjects with arithmetical deficits 

showed overall less and abnormal modulation of brain activation, decreased grey 

matter density as well as an alteration in cell density and energetics. However, 

none of these studies examined DD in a sample of children with isolated DD 

without comorbidity. Investigated subjects were preterm children, adolescents 

with brain injury or adults with Turner syndrome or fragile X syndrome who had 

arithmetical disabilities. 

Although most researchers agree that DD may be a genetic, biologically 

based brain disorder, environmental deprivation (Broman, et al. 1985), poor 

teaching (Miller and Mercer 1997), low intelligence and math anxiety (Ashcraft 

1995) can be reasons to facilitate its genesis. 

 

1.2 Developmental brain plasticity 

 

Learning and experience forms the development of perceptual and 

cognitive abilities through mechanisms of reorganization of functional brain 

architecture, that is, through neural plasticity on a macroscopic scale. On a 

microscopic scale, structural changes include alterations in synaptic efficacy, 

synapse formation, synaptic plasticity, spine density, and alterations in dendritic 

length (Elbert, et al. 2001; Kolb and Whishaw 1998). Neural networks may be 

particularly plastic during ‘sensitive’ periods in the development of cortical 

structures, but they maintain the ability to alter their architecture to afferent 

input throughout life (Draganski, et al. 2004; Knudsen 2004; Maguire, et al. 

2000).  

The construction and maintenance of functional brain organization is 

essentially explained by Hebbian mechanisms (Hebb 1949). Hebb’s rule derives 

from the fact that synaptic contacts are plastic and are modified as a 
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consequence of simultaneous activation of the pre- and postsynaptic neuron by 

either long-term potentiation (LTP) or long-term depression (LTD). LTP and LTD 

are essential tools not only for sculpturing the central nervous system in the 

initial establishment of connections but also for modeling behavior based on 

learning and experience.  

Developmental plasticity of cognitive functions, like arithmetic skills, is 

certainly more difficult to investigate than developmental plasticity of sensory-

motor functions. To disentangle the function affected by experience and learning 

from the variety of functions that together constitute ‘intellect’ is a challenging 

task.  

In conclusion, the brain is a highly dynamic organ, permanently adapting 

its functional and structural architecture to match the environmental needs. 

Thus, people become different with every new experience (Elbert, et al. 2001). 

 

1.3 Functional Magnetic Resonance Imaging 

 

1.3.1 The nature of the fMRI signal 

 

Functional Magnetic Resonance Imaging (or fMRI) is the use of MRI to 

learn which regions of the brain are active in a specific cognitive task. The good 

coverage and high spatial resolution provided by fMRI make it an excellent tool 

for noninvasive imaging of the human brain (Logothetis 2003; Moonen and 

Bandettini 1999). Functional MRI is based on the increase in blood flow to the 

local vasculature that accompanies neural activity in the brain. Although the 

oxygen consumption increases in active areas to ensure increased cell 

metabolism, this results in a local reduction in deoxyhemoglobin because the 

increase in blood flow occurs without an increase of similar magnitude in oxygen 

extraction (Fox and Raichle 1985; Plum, et al. 1968; Posner, et al. 1969; Roy 

and Sherrington 1890). Since deoxyhemoglobin is paramagnetic, it alters the 

magnetic resonance image signal, also called BOLD-signal (Blood Oxygenation 

Level Dependent signal) (Belliveau, et al. 1991; Belliveau, et al. 1990; Ogawa, et 

al. 1990a; Ogawa, et al. 1990b; Ogawa, et al. 1993; Tank, et al. 1992; Turner, 

et al. 1991). In other words, fMRI relies on a surrogate signal, resulting from 
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changes in oxygenation, blood volume and flow, and does not directly measure 

neural activity. Although a relationship between changes in brain activity and 

blood flow has long been speculated, the neural basis of the fMRI signal was only 

recently demonstrated directly in experiments using combined imaging and 

intracortical recordings (Lauritzen and Gold 2003; Logothetis, et al. 2001; 

Logothetis and Pfeuffer 2004). 

 

1.3.2 From brain activation to BOLD signal 

 

Because fMRI does not involve the injection of radioactive tracers, the 

same individual can be tested repeatedly, either in a single session or over 

multiple sessions. With these multiple observations it becomes possible to 

perform a complete statistical analysis on the data from a single subject by 

averaging the BOLD-response over successive observations (Gazzaniga, et al. 

2002). The comparison of the hemodynamic response between experimental and 

control scanning phases reveal brain regions where the BOLD-signal significantly 

correlates with the experimental task (Friston, et al. 1991; Holmes, et al. 1997).  

FMRI studies are typically used to address questions about activation 

effects in populations of subjects. Prior to any statistical group analysis of fMRI 

data, it is important that the individual image volumes are aligned (realignment), 

normalized to the same space (normalization) and smoothed (smoothing) to 

reduce the number of parameters to be fitted (Ashburner and Friston 1999; 

Friston 2003). Subsequently, data is analyzed specifically to allow for hypothesis 

testing at the group level, e.g., in order to assess whether the observed effects 

are common and stable across or between groups of interest. 

 

1.3.3 Developmental neuroimaging 

 

A fundamental goal of developmental cognitive neuroscience is to 

understand how age-related changes in the anatomy and physiology of the brain 

are linked to the maturation of cognitive abilities. MRI-techniques are particularly 

well suited to address these questions by examining the developing brain of 

children and adolescents, as no ionizing radiation is necessary (Martin and 
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Marcar 2001). Despite this, the investigation of the developing brain using these 

techniques has started only recently. Anatomical and functional MR-findings in 

children and adolescents showed that brain regions that support motor and 

sensory function mature earliest, whereas higher-order association areas, which 

integrate these functions, mature later (Sowell, et al. 2003). This pattern of 

development is paralleled by a shift from diffuse to more focal recruitment of 

cortical regions with learning and cognitive development (Brown, et al. 2005; 

Thomason, et al. 2005). In addition, mainly age-related increases of activation in 

task-relevant areas along with performance gains from childhood to adulthood 

were reported (Adleman, et al. 2002; Brown, et al. 2005; Kwon, et al. 2002); 

other studies, however, demonstrated simultaneous region-specific increases and 

decreases (Booth, et al. 2003; Booth, et al. 2004; Durston, et al. 2005; Tamm, 

et al. 2002). 

The reported plastic changes in cortical architecture and function is 

presumably an experience-driven maturational process that reflects fine-tuning 

of neural systems with experience and development (Casey, et al. 2005a; Casey 

2002; Casey, et al. 2000; Casey, et al. 2005b; Johnson 2001; Johnson and 

Munakata 2005a; Johnson and Munakata 2005b; Rivkin 2000). 

 

1.4 Hypotheses 

 

As already mentioned, the general aim of this thesis is to improve the 

understanding of the neural underpinnings of developmental dyscalculia (DD) in 

schoolchildren. To evaluate possible brain-based disorders in these children, the 

normal development of cerebral representation of number has to be 

comprehended. 

Developmental neuroimaging studies have shown that indeed plastic 

modulations in brain networks can be expected, which are mediated by 

increasing experience with age (Adleman, et al. 2002; Booth, et al. 2003; Booth, 

et al. 2004; Brown, et al. 2005; Durston, et al. 2005; Kwon, et al. 2002; 

Shaywitz, et al. 1998; Tamm, et al. 2002; Thomason, et al. 2005). 

With respect to reported findings, we expect that main activation foci 

found in adults are already detectable in eight-year old children. However, 

activation patterns in children may be more diffuse in general. With learning and 
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cognitive development, these diffuse networks in children should shift to a more 

modularized and focal recruitment of specific brain regions. This shift from 

diffuse to focal activation pattern is suggested to be paralleled by an age-related 

increase of activation in task-relevant areas along with performance gains and a 

possible decrease in supporting regions from childhood to adulthood. These 

developmental tendencies are expected for the development of numerical as well 

as visuospatial cerebral representations. Furthermore, as it seems that numerical 

and visuospatial representation share very similar neural networks in the human 

brain, both tasks should elucidate developmental changes in similar brain areas. 

 For the development of number representation in particular, concomitant 

changes in the activation of brain regions that are associated with the usage of 

certain strategies could be expected. Children who are generally more relying on 

counting-strategies may evoke stronger activation in frontal areas compared to 

adults who are able to retrieve the solution from memory or can easily 

manipulate numbers by direct access to their mental number line, which is 

located in the parietal lobes. 

Thus far, only a few imaging studies have investigated dyscalculia. 

Therefore, proposed hypotheses are rather speculative. However, recent findings 

provided evidence for diverse abnormalities in parietal cortices in dyscalculic 

subjects (Isaacs, et al. 2001; Levin, et al. 1996; Levy, et al. 1999; Molko, et al. 

2003; Molko, et al. 2004; Rivera, et al. 2005). In addition, a range of 

neurobiological investigations in reading-disabled subjects showed a failure of 

left hemispheric reading circuits to function properly during reading (Brunswick, 

et al. 1999; Helenius, et al. 1999; Horwitz, et al. 1998; Paulesu, et al. 2001; 

Rumsey, et al. 1992; Salmelin, et al. 1996; Shaywitz, et al. 1998). Accordingly, 

we are expecting deficits in brain regions that are known to play a critical role for 

number processing in children with DD. In particular, posterior parietal areas 

may exhibit lower activation. 

Concerning behavioral results, we expect an increase in performance 

levels, indicated by shorter reaction times and higher accuracy rates, with 

increasing age. Yet, children with DD might exhibit lower performance levels 

compared to age matched control children in tasks used during fMRI 

examination. The discussion about sex differences in numerical and visuospatial 

skills is controversial. Therefore, differences between female and male subjects 

are possible, but not necessary. 
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The expected results are of high value because they should contribute to a 

basic understanding of the specific normal and abnormal development and help 

to implement and evaluate therapeutic strategies. The scientific yield might be of 

high relevance not only for developmental neurocognitive science, child and 

adolescent psychiatry, neuropediatrics and neurorehabilitation but also for 

educational sciences as well as for health and educational policy. 

 



16 



 

17 

2 Development of Neural Networks for Number 

Processing: a fMRI Study in Children and 

Adults  

Kucian K et al. (submitted) NeuroImage 

 

2.1 Summary 

 

Neuroimaging findings in adults suggest that number processing relies on 

a distinct neural circuitry including a verbal and a semantic route located in 

prefrontal and parietal regions, respectively. The current study addresses the 

question, whether this pattern of cortical specialization is already established in 

school children. Using fMRI, brain activation was measured in 20 normally 

achieving 3rd and 6th grade school children and 20 healthy adults during trials of 

approximate (AP) and exact (EX) calculation, as well as magnitude comparison 

(MC) of objects.  

Children and adults activated similar networks during these numerical 

tasks. However, within these networks developmental plastic changes could be 

observed. Brain activation in the intraparietal sulcus (IPS) and the inferior frontal 

gyrus (IFG) increased with age as well as with expertise. Both regions are known 

to play a critical role in number processing. In contrast, during calculation tasks, 

activation in the anterior cingulate gyrus (ACG), a region associated with 

attentional effort and working memory load, decreased with increasing age. In 

addition, behavioral results (reaction time, accuracy) indicated major differences 

between children and adults in AP and EX, but not in MC.  

In conclusion, increasing expertise with age may lead to more 

sophisticated cognitive strategies (e.g. retrieval) and automated processing of 

mental arithmetic, which are, on the one hand, reflected by improved 

performance and, on the other hand, by increasing brain activation in regions 

specialized for number processing (IPS, IFG) and in a decreasing activity in 

supporting areas (ACG). 
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2.2 Introduction 

 

Despite the importance of number processing in the classroom and in 

everyday life, far less is known about its neuronal development than for other 

basic cognitive abilities, such as language. The ability to observe brain functions 

during number processing and calculation provides the possibility to study 

changes in circuitry during the acquisition of numerical competencies and may 

help to indicate effective teaching strategies. Furthermore, disorders of numerical 

cognition, like dyscalculia, necessitate investigations on foundations of numerical 

cognition and, in particular, the structural and developmental changes of 

numerically relevant neuronal representations (Ansari and Karmiloff-Smith 

2002). 

Several authors presented evidence for the existence of phylogenetic and 

ontogenetic continuity in a very basic system of numerical knowledge 

(Butterworth 1999; Dehaene 1997; Dehaene 2001; Dehaene, et al. 1998; 

Gallistel and Gelman 2000). Core representations of number intelligibility are 

common among many species. When given number related tasks comparable to 

those presented to human infants or adults, animals (rats, pigeons, raccoons, 

dolphins, parrots, monkeys, cats, dogs) show the same signature limits, 

suggesting that the core knowledge of numbers depends on mechanisms with a 

long phylogenetic history (Butterworth 2005; Feigenson, et al. 2004; Hauser and 

Carey 2003; Hauser, et al. 2000; Hauser, et al. 2003). This phylogenetic origin is 

suggested to constitute the basis for the ontogenetic number development. 

However, whether infants really demonstrate numerical knowledge and whether 

they are able to actively manipulate numeracy remains controversial (Carey 

2002; Cohen and Marks 2002; Mix 2002; Mix, et al. 2002; Wynn 2002). Some 

researchers suggested that infants have the ability to discriminate small 

quantities of dots, objects or sounds (Antell and Keating 1983; Starkey and 

Cooper 1980; Starkey, et al. 1983) or are even able to actively manipulate 

numbers (Starkey 1992; Starkey, et al. 1990; Wynn 1992; Wynn 2000; Wynn 

2002; Wynn, et al. 2002; Xu and Spelke 2000; Xu, et al. 2005). In contrast, 

other studies could not find a dishabituation of infants to a change in quantity 

(Clearfield and Mix 1999; Feigenson, et al. 2002). In conclusion, behavioral 

results could not clearly assess whether basic numerical abilities are innate or 
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arise in uncommitted neurons under specific learning conditions (Fias and 

Verguts 2004; Verguts and Fias 2004). 

Neurons with a firing rate tuned to a specific numeracy could be identified 

in animals using single cell recordings (Nieder, et al. 2002; Sawamura, et al. 

2002; Thompson, et al. 1970). Brain-imaging techniques have made it possible 

to explore the neural foundations of numerical cognition in humans. It has been 

proposed that number processing in adults is based on a distinct neural circuitry 

(Dehaene, et al. 1998). This network consists of two major coordinated routes: 

First, a direct ‘verbal’ route that transcodes written numbers to auditory verbal 

representations which is located in the left perisylvian language area and guides 

retrieval of knowledge of arithmetic facts without semantic mediation. Second, 

an indirect ‘semantic’ route specialized for quantitative processing that 

manipulates analogue magnitude representations in bilateral parietal areas, e.g. 

to estimate and compare numbers (Dehaene and Cohen 1995; Schmithorst and 

Brown 2004). 

To our knowledge, so far, three neuroimaging studies have examined 

corresponding networks for different aspects of number processing in children 

and adolescents. EEG findings in 5 to 6 year old children suggest that the system 

involved in rapid estimation of quantity develops before formal schooling in the 

same brain areas as found in adults (Temple and Posner 1998). Further, it has 

been shown that analogous regions are active in adolescents and in experienced 

adults when solving equations (Qin, et al. 2004). However, adolescents’ brain 

responses were more plastic and seem to be more adaptive with practice. A 

recent study of Rivera and colleagues (2005) went even further and provides 

evidence for significant changes in neural responses underlying the development 

of mental arithmetic in children and adolescents. In their study, subjects viewed 

addition or subtraction equations randomly intermixed and were asked to judge 

whether the results were correct or incorrect. It is suggested that addition is 

mediated through the verbal route by counting and fact retrieval whereas 

analogue magnitude representations are more required in subtraction (Chochon, 

et al. 1999; Cohen, et al. 2000; Kazui, et al. 2000). Due to the box-car analysis 

of their paradigm it was not possible to examine these two routes separately. 

However, their findings provide evidence for a process of increasing functional 

specialization of the left inferior parietal cortex in mental arithmetic, a process 
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that is accompanied by decreasing dependence on memory and attentional 

resources with development. 

The present study on number processing and calculation with functional 

magnetic resonance imaging (fMRI) addresses the question whether the brain 

activation patterns observed in children after three and six years of schooling will 

be similar to those observed in adults during different numerical tasks. To track 

both routes in the cerebral representation of number (the verbal (counting, fact 

retrieval) and the analogue (semantic number processing)) the paradigm used in 

the current study consisted of three different conditions: exact calculation 

presented in Arabic notation (verbal), approximate calculation presented in 

Arabic notation (analogue magnitude) and comparison of amounts of objects 

(analogue magnitude). We expect similar cerebral activation patterns in children 

and adults during these numerical tasks. However, differences in the distribution 

and levels of activity within these networks may reflect maturation and 

expertise. With development, cognitive mechanisms mediating number 

processing should change from deliberate and slow step-by-step procedures to 

faster and less strenuous retrieval (Delazer, et al. 2003). In particular, learning 

should be reflected by a decrease of task specific cognitive load on working 

memory and attention and by an increase in parietal activation as automatic 

processing increases (Adams and Hitch 1997; Rivera, et al. 2005). 

 

2.3 Methods 

 

Subjects 

Twenty-two healthy adults and 26 normally achieving school children 

participated in this study. Participants were healthy, right-handed, medication-

free volunteers with no psychiatric or medical complications, as determined by a 

detailed questionnaire, and without neuro-anatomical abnormalities, as shown on 

high resolution structural magnetic resonance scans. Valid MR data without 

motion artifacts (less than half a voxel size) were obtained in 20 of the 22 adult 

subjects (10 females and 10 males, mean age 27.2 ± 5.0 years). Six children had 

to be excluded from data analysis due to motion of more than half a voxel size (1 

subject), image artifacts (3 subjects) or very poor behavioral results (2 

subjects). The remaining children were divided in two age groups: ten 3rd grade 
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schoolchildren (5 females and 5 males, mean age 9.2 ± 0.2 years) and ten 6th 

grade schoolchildren (5 females and 5 males, mean age 12.0 ± 0.3 years). 

Written, informed consent for the participation in this study was obtained from 

the adult subjects and the legal guardians of the children. The study was 

approved by the local ethics committee based on the World Medical Association's 

Declaration of Helsinki (WMA 2002). 

 

Behavioral tests 

All children had to undergo behavioral tests to assess their linguistic and 

mathematical competence before the study. The adult subjects had to fill out a 

questionnaire, which served as information about their competence in reading 

and calculation. 

Children of the 6th grade completed two modules of a test battery for 

semantic and linguistic verbal fluency in German and mathematical competence 

(Klassencockpit Ausgabe 2003/2004). Two 6th grade children were excluded from 

the study due to poor test results with more than one standard deviation below 

the average performance of the 6th grade Swiss normative sample in one or both 

modules. Children of the 3rd grade were tested for number processing and 

calculation abilities (ZAREKI, von Aster 2001b) and for reading and spelling skills 

(Knuspel’s Leseaufgaben: Marx 1998; Salzburger Rechtschreibtest: Landerl, et 

al. 1997). All 3rd grade children showed normal age-related performance. 

 

Stimuli and task 

Subjects were carefully instructed about the examination procedure and 

the tasks to be performed, before entering the scanner. Participants had to solve 

a few practice trials on a computer outside the scanner to ensure that they 

understood the tasks. During the fMRI-examination, the computer-generated 

paradigm (E-Prime, Psychology Software Tools Inc.), synchronized with the fMRI-

sequence, was presented to the subjects via video-goggles (Resonance 

Technology Inc., Northridge, U.S.A.). Behavioral data were collected using a 

response box (LUMINA, Cedrus Corporation, San Pedro, U.S.A). The paradigm 

was a classical box-car design consisting of three experimental conditions: (1) 

approximate and exact calculation, (2) approximate and exact control condition, 

(3) magnitude comparison of small numbers of objects (Fig. 2.1).  
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Each block lasted exactly 80 s separated by a break of 12.5 s. Subjects 

were asked to focus on a fixation point, presented in the center of the screen 

during the rest phases. All conditions and trials were presented to the subjects in 

a randomised order, to account for habituation effects. The number of solved 

trials within a block varied between subjects due to the self-paced stimulation. 

 

 
 

Figure 2.1: The paradigm used during fMRI examination consisted of approximate and exact 

calculation, approximate and exact control condition as well as magnitude comparison. 

Each condition was presented in three blocks of 80 s. 
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Calculation: The calculation task consisted of three cycles of alternating 

approximate (AP) and exact (EX) calculation blocks. First, a single-digit addition 

was presented for 850 ms, followed by a break of 200 ms and two alternative 

solutions displayed for 850 ms. Afterwards, subjects had up to 6 s time to give 

their answer. The subsequent trial started 1 s after they gave their response. In 

the exact addition condition subjects selected the correct sum of two numerically 

close numbers by pressing a response button. In the approximate addition 

condition, they were asked to estimate the result and to select the nearest 

number of the two choices.  

Control condition: The control condition of the calculation part was a 

grey-scale discrimination task. The control condition was again presented during 

three cycles of approximate and exact discrimination blocks using equal stimulus 

presentation times and interstimulus intervals (ISI). The stimuli were presented 

completely randomised. In the exact control task, subjects had to match 

sequentially presented grey-scale patterns. In the approximate control task, they 

were asked to pick out the grey-scale pattern that was closer to the one shown 

before. The alternative answers were more equal in the exact control condition 

than in the approximate control condition. 

Magnitude comparison: The magnitude comparison (MC) task involved 

three blocks of 80 s. Subjects had to compare two sets of different objects 

(pictures of fruit and vegetables) and were asked to select the set with the 

higher number of objects. The utmost stimulus duration was 2 s, the ISI was 1 s. 

The highest number of objects displayed on one side was 18. The differences 

between the two sets were 1, 2, 3 or 4 in the first block; 9, 10, 11 or 12 in the 

second block; and 5, 6, 7 or 8 in the third block. Fixation during rest served as 

control condition for magnitude comparison. 

 

fMRI image acquisition 

Functional MRI acquisition was performed on a 1.5 Tesla whole-body 

system (GE Medical Systems, Milwaukee, WI, USA), using gradient-recalled echo 

planar imaging (repetition time, TR = 3.2 s; echo time, TE = 55 ms; field of view 

(FOV) = 240 mm x 240 mm; flip angle = 90°; matrix size = 64 x 64 x 32; voxel 

size = 3.75 mm x 3.75 mm x 4 mm; 32 contiguous slices parallel to the AC-PC 

line; slice thickness = 4 mm). Three-dimensional anatomical images of the entire 
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brain were obtained by using a T1-weighted gradient echo pulse sequence (TR = 

27 ms; FOV = 240 mm x 240 mm x 144 mm; matrix size = 256 x 192 x 90) 

 

Data analysis 

Statistical analysis (SPSS 11.5, Chicago, USA) of behavioral data was 

based on 20 female subjects (10 adults, 10 children) and 19 male subjects (9 

adults, 10 children). One male subject had to be excluded because of a recording 

failure.  

The fMRI-data were analyzed using the Statistical Parametric Mapping 

software (SPM99, Wellcome Department of Cognitive Neurology, London, UK). 

The first four images were discarded thus allowing for a steady-state 

magnetization. All images were realigned and transformed into the standardized 

stereotactic reference system (EPI-template provided by the Montreal 

Neurological Institute). Each normalized scan was smoothed with a 9 mm full-

width at half-maximum Gaussian kernel. Changes in regional blood oxygen level-

dependent (BOLD) contrast were determined by applying the general linear 

model (GLM) to each voxel. A within-group voxel-wise comparison of BOLD 

contrast was performed using t-statistics to test for significant changes in BOLD 

response. The resulting set of voxel values for each contrast constituted a 

statistical parametric map of the t-statistic (SPM(T)). The activated brain regions 

reported had been subjected to a family wise error (FWE) or false discovery rate 

(FDR) correction (Genovese, et al. 2002) with a minimum number of 10 voxels. 

A second level analysis was performed on the basis of the linear contrasts for 

each subject and condition. Finally, MNI coordinates (Montreal Neurological 

Institute) of activated voxels were transformed into the Talairach and Tournoux 

reference system using the MNI2TAL tool written by Matthew Brett. Localisation 

of Talairach coordinates was performed by Talairach Daemon (Lancaster, et al. 

2000) and Talairach atlas (Talairach and Tournoux 1988). 

Region of interest (ROI) definition, extraction of data for the region and 

statistical analysis of ROI data using the SPM statistics machinery was performed 

by MarsBar (MarsBar Version 0.37, Matthew Brett). 
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2.4 Results 

 

2.4.1 Behavioral results 

 

Figure 2.2 illustrates the mean reaction times (RT) and accuracy rates 

(ACC) for all conditions in children and adults. The exact values are given in 

Table 2.1. Statistical t-test analysis within each condition indicated significant 

differences in RT and ACC between 3rd graders, 6th graders and adults. RT and 

ACC showed significant improvements with age (RT decreasing and ACC 

increasing). 3rd graders needed more time than 6th graders (AP: p < 0.01; EX: p 

< 0.001) and 6th graders needed more time than adults (AP: p < 0.05; EX: p < 

0.05) during approximate and exact calculation. However, in magnitude 

comparison only small differences between groups could be observed, RT of 3rd 

graders did not differ from 6th graders and RT from 6th graders did not differ from 

adults. Only RT’s of third graders were significantly longer compared to adults (p 

< 0.01). Significant differences for ACC were most prominent during exact 

calculation: 3rd graders made more errors than 6th graders (p < 0.01) and 6th 

graders made more errors than adults (p < 0.01). During approximate 

calculation there was a significant differences in ACC between 3rd grade and 6th 

grade children (p < 0.001), in which younger children made more errors than 

older ones. Only a trend could be observed in ACC between 6th graders and 

adults (p < 0.1) during approximate calculation. ACC in magnitude comparison 

was high for all subjects and significant differences could only be noted between 

6th graders and adults (p < 0.01), but neither 6th graders and 3rd graders nor 3rd 

graders and adults differed in ACC. 

 

 

 

 

 

 

 



26 

Condition 
Approximate 
Calculation Exact Calculation 

Magnitude 
Comparison 

3rd grade children    
 Reaction time (ms)    
  Mean 1658.7 1706.7 930.5 
  S.D. 659.8 762.7 254.1 
 Accuracy rate (%)    
  Mean 79.5 73.7 97.2 
  S.D. 4.9 8.2 2.0 
6th grade children    

 Reaction time (ms)    

  Mean 891.2 768.1 702.3 
  S.D. 352.0 370.0 175.7 
 Accuracy rate (%)    

  Mean 89.5 87.9 96.7 
  S.D. 4.6 8.3 1.3 
Adults    

 Reaction time (ms)    

  Mean 597.1 442.3 635.6 
  S.D. 97.3 62.4 174.7 
 Accuracy rate (%)    

  Mean 92.6 96.6 98.4 
  S.D. 4.2 3.4 1.1 

 

Table 2.1: Behavioral results: Means and standard deviations (SD) of reaction times and accuracy 

rates for 3rd grade and 6th grade children and adults during approximate calculation, exact 

calculation and magnitude comparison. 

 

 
 

Figure 2.2: Behavioral results of reaction time and accuracy level for each condition split in three 

different groups (3rd graders, 6th graders, adults) are illustrated. Box-plots show the 

median (horizontal line within the box), the absolute range (horizontal lines outside the 

box), the inter-quartile range (box) and outliers (stars). RT and ACC showed significant 

age-dependant improvements. RT decreased and ACC increased with age. 
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ACC was positively (Pearson r = 0.724, p < 0.01), RT negatively (Pearson 

r = -0.621, p < 0.01) correlated with age. 

To test significant interactions between conditions, a repeated-measures 

GLM analysis was computed with RT or ACC for (1) exact calculation, (2) 

approximate calculation and (3) magnitude comparison as within-subjects factors 

and group (3rd graders, 6th graders, adults) as between subjects factors. 

Statistical Wilks’ lambda analysis indicated significant interactions between 

conditions for RT (F(2, 35) = 15.610, p < 0.001) and ACC (F(2, 35) = 98.029, p 

< 0.001) as well as between conditions and groups for RT (F(4, 70) =7.057, p < 

0.001) and ACC (F(4, 70) = 16.608, p < 0.001).  

Posthoc t-tests between different conditions demonstrated that 3rd grade 

children needed significantly less time for magnitude comparison than for 

approximate as well as exact calculation (MC vs. AP: p < 0.01; MC vs. EX: p < 

0.05) and 6th grade children needed more time for approximate calculation 

compared with magnitude comparison (p < 0.05). In contrast, adults responded 

fastest to exact calculation problems (EX vs. AP: p < 0.001; EX vs. MC: p < 

0.001). Adults as well as children reached highest ACC levels for magnitude 

comparison (adults: MC vs. EX: p < 0.05, MC vs. AP: p < 0.001; 6th graders: MC 

vs. EX: p < 0.01, MC vs. AP: p < 0.01; 3rd graders: MC vs. EX: p < 0.001, MC 

vs. AP: p < 0.001) and adults made most errors during approximate calculation 

(AP vs. EX: p < 0.001; AP vs. MC: p < 0.001) whereas 3rd graders made most 

errors during exact calculation (EX vs. AP: p < 0.05; EX vs. MC: p < 0.001). 6th 

grade children showed no differences in ACC or RT between approximate and 

exact calculation.  

Significant interactions between conditions and groups resulted mainly 

from differences between 3rd graders and adults. For example, RT differences 

between magnitude comparison and exact calculation are reverse in adults and 

3rd graders. Adults needed more, and 3rd graders needed less time for magnitude 

comparison compared to exact calculation. Children in the 3rd or the 6th grade 

needed similar amount of time to solve approximate or exact calculation, but 

adults needed significantly more time for approximate calculation than for exact 

calculation (p < 0.001). Furthermore, ACC levels were oppositional for 

approximate and exact calculation in adults and 3rd grade children. Adults made 

less errors while 3rd graders made more errors during exact calculation compared 

to approximate calculation. 



28 

In children, gender differences were not observed in either ACC or RT. 

Adults showed no gender differences in ACC for any condition and in RT for 

approximate calculation and magnitude comparison. One remaining difference 

was that female adults needed significantly more time for exact calculations than 

male subjects (p < 0.05). 

 

2.4.2 fMRI results 

 

Approximate Calculation 

Children’s brain activation patterns during approximate calculation 

(relative to approximate control condition) resembled those of the adults (Figure 

2.3 A, Table 2.2). However, children’s global maximum of signal change was in 

the cingulate gyrus (BA32) contrasting adult’s global maximum in the left IPS. 

The neural network activated in children (p = 0.01 FDR corrected) included the 

cingulate gyrus (BA32) bilateral, the middle frontal gyrus bilaterally (BA9, BA10), 

extending into the precentral gyrus (BA9) only on the left hemisphere and 

bilateral insula (BA13). In the right frontal lobe additional regions in the inferior 

and superior frontal gyrus (BA9, BA47) were activated. Children activated the 

IPS only in the left parietal lobe prolongating into the parieto-occipital sulcus. 

Adults showed significant (p = 0.01 FDR corrected) bilateral activation 

during approximate calculation (relative to approximate control condition) in the 

inferior and superior parietal lobe (BA40, BA7) including the IPS (Figure 2.3 B, 

Table 2.2). Significant visual activation was found bilaterally in the extrastriate 

cortex [middle occipital gyrus (BA19), precuneus (BA31), fusiform gyrus 

(BA19)]. Frontal activation was detected in the left inferior frontal gyrus (BA9), 

extending into the left precentral gyrus (BA6) and at the right hemisphere in the 

middle and superior frontal gyrus (BA9, BA46, BA6). The anterior cingulate gyrus 

(BA24) was activated bilaterally. 
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Talairach 
coordinates 

Anatomical region 

x y z 

T Volume 
(kE) 

Adults (p = 0.01 FDR corrected, k ≥ 10)     
 Left inferior parietal lobe, IPS, (BA40) -42 -42 41 8.38 1094 
 Left fusiform gyrus (BA19) -36 -68 -19 8.07  
 Left middle occipital gyrus (BA19) -48 -73 -6 7.63  
 Right inferior parietal lobe (BA7) 33 -56 44 8.27 282 
 Right superior parietal lobe (BA7) 27 -71 45 5.38  
 Right occipital lobe, precuneus (BA31) 30 -72 23 4.89  
 Left inferior frontal gyrus (BA9) -50 7 33 6.42 334 
 Left precentral gyrus (BA6) -42 -1 39 6.1  
 Right occipital lobe, fusiform gyrus (BA19)  36 -65 -17 7.06 183 
 Left cingulate gyrus (BA24)  -9 8 47 6.3 157 
 Right cingulate gyrus (BA24)  9 17 46 5.09  
 Right middle frontal gyrus (BA9) 53 13 30 5.27 70 
 Right middle frontal gyrus (BA46) 45 33 18 5.02 15 

Right superior frontal gyrus (BA6) 24 6 52 4.89 13 
Right middle occipital gyrus (BA19) 33 -87 18 4.55 16 

Children (p = 0.01 FDR corrected, k ≥ 10)      
 Left cingulate gyrus (BA32) -15 19 35 7.68 962 
 Right cingulated gyrus (BA32) 15 16 32 7.22  
 Right inferior frontal gyrus (BA9) 45 4 19 5.75 48 
 Left supramarginal gyrus, IPS (BA40) -39 -45 35 5.2 131 
 Left precentral gyrus (BA9) -39 5 36 5.18 141 
 Left insula (BA13) -36 15 13 4.88  
 Left middle frontal gyrus (BA9) -45 28 26 4.49  
 Right middle frontal gyrus (BA10) 33 39 17 5.17 46 
 Right superior frontal gyrus (BA9) 36 36 29 4.32  
 Left precuneus, parieto-occipital sulcus (BA7) -27 -72 26 4.99 17 
 Right insula (BA13) 45 12 5 4.57 80 
 Right inferior frontal gyrus (BA47) 45 14 -8 4.57 27 

 

Table 2.2: Cortical activation of adults and children during approximate calculation: Anatomical 

localization, Talairach coordinates, T scores of significantly activated voxels and cluster size 

for adults and children at p = 0.01 FDR corrected, k ≥ 10 during approximate calculation. 

 

Exact Calculation 

The observed activation pattern during exact calculation (relative to exact 

control condition) looks similar to that observed during approximate calculation. 

However, the activation during exact calculation is more lateralized to the left 

hemisphere. In children (Figure 2.3 C, Table 2.3), the most prominent activity 

was observed in left frontal regions [left inferior and middle frontal gyrus (BA13, 

BA47, BA46, BA9, BA6) and the anterior cingulate (BA32), extending into the 

superior frontal gyrus (BA6)]. Parietal activation was seen in the left IPS (BA39, 

BA7) down to the parieto-occipital sulcus. 

Adults significantly activated (p = 0.01 FDR corrected) parietal areas 

including the IPS (BA7, BA40) and the parieto-occipital sulcus (BA31), the left 

dorsolateral prefrontal cortex [left inferior and superior frontal gyrus (BA9, BA6), 
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the left precentral gyrus (BA6)], the anterior cingulate (BA32), visual areas 

[inferior and middle occipital gyrus (BA18, BA19), fusiform gyrus (BA19), 

calcarine fissure (BA17)] and the right cerebellum (Figure 2.3 D, Table 2.3). 

 

Talairach 
coordinates 

Anatomical region 

x y z 

T Volume 
(kE) 

Adults (p = 0.01 FDR corrected, k ≥ 10)  
 Left superior parietal lobe, IPS (BA7) -30 -53 44 6.24 283 
 Left supramarginal gyrus, IPS (BA40) -39 -39 35 6.2  
 Left inferior frontal gyrus (BA9) -45 7 25 6.29 95 
 Left precentral gyrus (BA6) -53 5 36 4.76  
 Left inferior occipital gyrus (BA19) -42 -79 -6 6.2 215 
 Left fusiform gyrus (BA19) -39 -68 -14 6  
 Left middle occipital gyrus (BA18) -27 -90 13 5.67  
 Right cerebellum 36 -54 -25 6.12 277 
 Right cuneus, calcarine fissure (BA17) 18 -93 2 6.08  
 Left precuneus, parieto-occipital sulcus (BA31) -24 -74 29 5.83 36 
 Right middle occipital gyurs (BA19) 36 -78 15 5.3 32 
 Left cingulate gyurs (BA32) -3 8 39 4.86 10 
 Right superior parietal lobe, IPS (BA7) 30 -53 39 4.76 15 
Children (p = 0.01 FDR corrected, k ≥ 10)      
 Left inferior frontal gyrus (BA13) -39 24 7 7.55 49 
 Left inferior frontal gyrus (BA47) -36 29 -1 5.62  
 Left cingulate gyrus (BA32) -9 14 41 6.64 182 

 Left superior frontal gyrus (BA6) -3 11 55 6.56  
 Right superior frontal gyrus (BA6) 9 6 58 5.91  
 Left angular gyrus, IPS (BA39) -27 -54 33 6.6 161 
 Left superior parietal lobe, IPS (BA7) -27 -59 42 6.19  
 Left precuneus, parieto-occipital sulcus (BA31) -24 -69 26 5.38  
 Right parahippocampal gyrus 27 -41 5 6.45 40 
 Left middle frontal gyrus (BA46) -39 19 24 6.32 107 
 Left precentral gyrus (BA6) -48 -5 25 5.71  
 Left inferior frontal gyrus (BA9) -42 4 25 5.01  
 Left middle frontal gyrus (BA6) -27 3 58 5.94 63 
 Left precentral gyrus (BA4) -48 -6 47 5.15  
 Left precentral gyrus (BA6) -39 -6 47 5.15  
 Right inferior frontal gyrus (BA9) 33 29 7 5.1 10 

 

Table 2.3: Cortical activation of adults and children during exact calculation: Anatomical 

localization, Talairach coordinates, T scores of significant activated voxels and cluster size 

for adults and children at p = 0.01 FDR corrected, k ≥ 10 during exact calculation. 

 

Magnitude Comparison 

During magnitude comparison (relative to baseline) children activated a 

network consisting of occipital and parietal regions [inferior and middle occipital 

gyrus (BA19, BA37, BA18), the lingual gyrus (BA17, BA18), fusiform gyrus 

(BA19, BA37), IPS (BA40, BA7), postcentral gyrus (BA2), precuneus (BA31, 

BA7)]. Figure 2.3 E illustrates the activated brain pattern in children during the 
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comparison of quantity ( p = 0.001 FDR corrected). Table 2.4 summarizes the 

corresponding peak locations including Talairach coordinates at p = 0.05 FWE 

corrected. 

Adults activated a network of primary and secondary visual areas (BA18, 

BA19), bilateral parietal areas [right superior parietal lobe, left supramarginal 

gyrus (BA40)], the right inferior frontal gyrus (BA44) and the cerebellum 

bilaterally (p = 0.05 FWE corrected). Table 2.4 shows activated cluster at p = 

0.05 FWE corrected; for better visualization active brain areas are presented in 

figure 2.3 F at a lower significance level (p = 0.001 FDR corrected). 

 

Talairach 
coordinates 

Anatomical region 

x y z 

T Volume 
(kE) 

Adults (p = 0.05 FWE corrected, k ≥ 10)     
 Right cerebellum 33 -59 -20 8.57 18 
 Right occipital lobe, cuneus (BA18) 3 -90 7 8.55 17 
 Left inferior occipital gyrus (BA19) -42 -79 -1 8.16 25 
 Right inferior frontal gyrus (BA44) 50 13 27 7.71 14 
 Right inferior parietal lobe, IPS (BA40) 33 -48 38 7.68 15 
 Right superior parietal lobe (BA7) 30 -56 44 7.61  
 Left middle occipital gyrus (BA18) -27 -90 13 7.65 13 
 Right middle occipital gyrus (BA19) 33 -84 18 7.58 13 
 Left supramarginal gyrus (BA40) -45 -42 38 7.24 21 
Children (p = 0.05 FWE corrected, k ≥ 10)      
 Left inferior occipital gyrus (BA19) -33 -73 1 8.71 24 
 Left middle occipital gyrus (BA37) -36 -64 -2 8.17  
 Left inferior parietal lobe, IPS (BA40) -45 -36 40 8.61 18 
 Left lingual gyrus (BA18) -18 -88 -8 8.6 47 
 Left lingual gyrus (BA17) -6 -90 -3 6.96  
 Left fusiform gyrus (BA37) -39 -59 -17 8.58 31 
 Left fusiform gyrus (BA19) -42 -74 -14 6.93  
 Right middle occipital gyrus (BA18) 27 -81 7 7.93 47 
 Right lingual gyrus (BA18) 33 -70 -4 7.79  
 Left superior parietal lobe, IPS (BA7) -27 -62 42 7.62 17 
 Right postcentral gyrus (BA2) 53 -27 43 7.57 11 
 Right precuneus, parieto-occipital sulcus (BA31) 27 -72 20 7.56 25 
 Right precuneus, parieto-occipital sulcus (BA7) 27 -96 28 7.02  

 

Table 2.4: Cortical activation of adults and children during magnitude comparison: Anatomical 

localization, Talairach coordinates, T scores of significant activated voxels and cluster size 

for adults and children at p = 0.05 FWE corrected, k ≥ 10 during magnitude comparison. 
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Comparison of Children and Adults 

Although there was a substantial overlap in the activated networks during 

all three tasks in adults and children, the calculated contrasts revealed significant 

differences for calculation. Contrasts between adults and children were corrected 

to a family wise error (FWE) with a p value of 0.05 and only clusters of 10 or 

more voxels are shown. In both conditions, approximate as well as exact 

calculation vs. corresponding control condition, children showed significantly 

stronger activation in the occipital lobe [AP: right cuneus (BA7); EX: left cuneus 

(BA18)] compared to adults (Figure 2.4). Post-hoc ROI analysis of the 

percentage of signal change and mean t values in these clusters revealed a 

deactivation in adults in contrast to children. These effects were rather small with 

mean t values for children of 1.1 for exact calculation and 1.0 for approximate 

calculation, respectively, and for adults of –1.6 for exact and -1.1 for 

approximate calculation. When subtracting activation of children from those of 

adults, there was no remaining activity, which means that activity in adults was 

not stronger in any region than that of children. For magnitude comparison, no 

differences between children and adults could be found. In any condition, 

contrasts between 3rd and 6th grade children revealed no significant differences in 

brain activation. 

 

 

 

Although the direct contrast of adults and children revealed no differences 

in brain regions essential for number processing, a ROI analysis indicated 

significant developmental changes in parietal as well as prefrontal areas. ROIs 

were defined by significantly activated clusters in the IPS in adults for each 

condition and in the left inferior frontal gyrus (IFG) for approximate and exact 

calculation. For approximate calculation, two ROIs were located in the IPS, one 

Figure 2.4: Contrasting children vs adults revealed stronger

activation in the right cuneus (Talairach: 9 –65 31) and left

cuneus (Talairach: -9 –77 26) in children during approximate

calculation vs. approximate control condition (turquoise) and

during exact calculation vs. exact control condition (yellow),

respectively. Displayed clusters were family wise error (FWE)

corrected at a p value of 0.05 with a minimum of 10 voxels

on z-section 28. 
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on the left and the other on the right hemisphere, as well as one in the left 

frontal lobe. For exact calculation only two ROIs in the left hemisphere were 

defined, one located in the left IPS and one in the left frontal lobe. For magnitude 

comparison, ROIs in the bilateral IPS were delineated. Percentage of signal 

change (∆S) was computed within these ROIs for all subjects. The mean was 

calculated for the left and right hemisphere ROI for approximate calculation and 

for magnitude comparison, resulting in two values of ∆S for approximate 

calculation, two for exact calculation and one for magnitude comparison.  

As mentioned before, random group analysis in children indicated strong 

activation of the anterior cingulate gyrus (ACG) for both calculation tasks. 

Therefore, two additionally ROIs were defined by activated clusters in the ACG in 

children for these conditions. Table 2.5 summarizes all defined ROIs with 

corresponding Talairach coordinates of the cluster extension and applied p values 

for the random effect group analysis. 

 

Talairach coordinates Condition ROI 

x y z 

Volume 
(m3) 

p value 

Left IPS 50 -24 -57 -36 33 29 2754 0.00001 AP IPS 
Right IPS 30 39 -62 -47 39 47 891 0.00001 

AP IFG Left IFG -53 -39 -2 13 17 32 1485 0.00001  

Approximate 
calculation 

AP ACG bilateral -16 16 12 24 32 42 648 0.05 FWE cor. 
EX IPS Left IPS -54 -21 -63 -30 31 48 5670 0.0001 
EX IFG Left IFG -50 -39 -2 10 22 30 1377 0.0001 

Exact 
calculation 

EX ACG bilateral -12 15 -9 18 42 69 4914 0.01 FDR cor. 
Left IPS -50 -24 -63 -35 31 52 3699 0.01 FWE cor. Magnitude 

Comparison 
MC IPS 

Right IPS 27 39 -62 -44 36 46 1701 0.01 FWE cor. 
 

Table 2.5: Defined ROIs: Defined ROIs, corresponding range of Talairach coordinates, volume of 

ROI and used p values for group analysis are listed. Bilateral parietal ROIs were merged to 

one ROI. This resulted in three ROIs for approximate calculation (AP IPS, AP IFG, AP ACG), 

three for exact calculation (EX IPS, EX IFG, EX ACG) and one for magnitude comparison 

(MC IPS). 

 

Mean ∆S did not significantly vary between children of different ages in 

any ROI. But when comparing mean ∆S of children and adults during each 

condition, an increase of ∆S with age in the IPS and IFG and a decrease of ∆S 

with age in the ACG could be observed. For all conditions, children showed 

significantly lower mean ∆S in the IPS (AP IPS: p < 0.01; EX IPS: p < 0.001; MC 

IPS: p < 0.0001 ) as well as in the IFG for exact calculation (EX IFG: p < 0.01). 

Children activated stronger the ACG during approximate calculation when 

compared to adults (AP ACG: p < 0.01). For exact calculation no differences 
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between adults and children could be found in ACG activity. No significant 

differences have been found in this ROI for any condition between adults and 

children. To exclude a global maturation effect, we performed the same analysis 

in the primary visual cortex. WFU PickAtlas v1.02 (Maldjian, et al. 2003) was 

used to generate the ROI mask in the primariy visual cortex.  

Bivariate Pearson correlation was used to examine the differential 

contribution of age and performance (RT and ACC) on brain activation (∆S) 

during each condition. Figure 2.5 illustrates significant correlations between ∆S 

and age. 

 

 
Figure 2.5: Fitted lines are presented for significant Pearson correlations between age and 

percentage signal change in definded ROIs during each condition. A signal increase with age 

was found during approximate and exact calculation as well as during magnitude 

comparison in IPS, and, additionally, for exact calculation in IFG (AP IPS: r = 0.333, p < 

0.05; EX IPS: r = 0.484, p < 0.01; EX IFG: r = 0.403, p < 0.01; MC IPS: r = 0.449, p < 

0.01). ACG was the only region that correlated negativly with age during approximate 

calculation (AP ACG: r = -0.480, p < 0.01). 
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ACC was a significant predictor for brain activation in the IPS for exact 

calculation as well as magnitude comparison and in the ACG during approximate 

calculation. Increasing ACC rates were correlated with increasing IPS activation 

for exact calculation (r = 0.377, p < 0.05) and magnitude comparison (r = 

0.346, p < 0.05) and decreasing ACG activity for approximate calculation (r = -

0.423, p < 0.01). However, no significant correlation between IPS or ACG 

activation and ACC or age, respectively, could be found when splitting children 

and adults (p ≤ 0,1). No significant correlation between RT and brain activation 

could be found in any ROI. To test whether ACC or age was a better predictor for 

brain activation in the ACG or IPS, we used Steiger’s Z-test to compare bivariate 

correlations within a population (Steiger 1980). None of the comparisons 

between significant correlations of ∆S and age or ACC, respectively, turned out 

to be significant (AP ACG: Z = -0.25; EX IPS: Z = 1.25; MC IPS: Z = 0.37). 

 

2.5 Discussion 

 

Our study provides a quantitative analysis of brain activity and cognitive 

behavior related to number processing and calculation at different levels of 

development. FMRI results showed that active areas in children were similar to 

those in adults during approximate and exact calculation, as well as during 

magnitude comparison. However, within these activated networks developmental 

plastic changes could be suggested in regions known to play a critical role in 

number processing. Brain activation increased significantly with age in the IPS 

and left IFG whereas activation decreased in the ACG. As expected, behavioral 

results revealed clear differences in performance between children and adults. In 

general, ACC increased and RT decreased with age. Moreover, ACC correlated 

significantly with brain activation in the IPS and ACG. However, individual 

performance within the children and adult group were not correlated with IPS or 

ACG activation. Therefore, individual levels of performance are unlikely to 

account for the brain activation pattern which we found in the present study. 

 

Behavioral findings 

High above chance rates of correct responses in children confirm that they 

were able to perform the task. Nevertheless, age-related changes in RT and ACC 
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could be observed. RT decreased and ACC increased significantly with age. 

Variability in both RT and ACC was higher in younger subjects. Within group 

analysis indicated that children responded most quickly and accurately in the 

magnitude comparison task. In contrast, adults responded most quickly and 

reached highest ACC in the exact calculation condition.  

A progressive evolution of strategies from initial counting strategies to 

automatic retrieval of results has been hypothesized (Ashcraft 1982; Baroody 

1987; Siegler 1988). In mental addition, children use different levels of 

strategies. With increasing age, there is a decrease in the use of elementary 

counting strategies (e.g. counting all) and an increase of more sophisticated 

strategies (e.g. counting on), and finally the retrieval of arithmetic facts from 

memory. The efficiency of calculation may be directly linked to the amount of 

facts that can be retrieved (Lucangeli, et al. 2003). Hence, children needed more 

time and made more errors with calculation and had less problems in rapid 

estimation of quantity when two sets of objects had to be compared. 

According to the proposed dissociated routes for number processing 

(Dehaene 1992; Dehaene and Cohen 1995), arithmetic fact retrieval is mediated 

by the verbal system. The cognitive representation of arithmetic procedures may 

be organized and structured in terms of connections between the memorized 

elements and the strength of storage. Thus, the probability and speed of 

retrieval may depend on experience and amount of practice (Lucangeli, et al. 

2003). In contrast to retrieval strategies, approximate calculation additionally 

and magnitude comparison exclusively depends on the analogue magnitude 

system. During approximate calculation, the exact solution has to be retrieved or 

to be calculated in a first step and has to be compared with the presented 

alternatives in a second step. Finally, the distance between these numbers has to 

be estimated. To some degree, trained subjects are able to skip these steps and 

reject grossly false results without completing the exact calculation (Ashcraft and 

Stazyk 1981). During magnitude comparison only a quantitative discrimination 

has to be performed. 

In conclusion, our behavioral findings point to a highly automatic 

processing of exact calculation in adults, whereas children may still more rely on 

counting strategies than on automatic fact retrieval. 
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fMRI findings 

As mentioned, the overall organization of brain activation observed in 

children was similar to that observed in adults. In general, activated networks 

included those regions that have been found to be most critical for number 

processing, e.g. bilateral parietal, left prefrontal, anterior cingulate, premotor 

and occipital regions (Dehaene, et al. 1999; Menon, et al. 2000; Rickard, et al. 

2000). However, the present study revealed differences in brain activation within 

these networks between age groups. A critical issue in developmental cognitive 

neuroscience is the extent to which the observed differences between children 

and adults could be attributed to general maturation or specific task performance 

(Casey 2002; Gaillard, et al. 2001; Klingberg, et al. 2002; Schlaggar, et al. 

2002). Further, in most cognitive tasks performance correlates positively with 

age what makes it even more difficult to assign differences in brain activation to 

the one or the other. We decided to perform bivariate correlations between brain 

activation and age as well as between brain activation and mean ACC or RT to 

examine the contributions of age and indicators of task performance to brain 

activity pattern.  

ROI-analysis in the IPS and IFG revealed a task specific increase in brain 

activation from childhood to adulthood. According to the dissociated activation 

pattern of exact and approximate calculation, as well as magnitude comparison, 

task related brain activation correlated positively with age in the IPS in all 

conditions and in the left IFG in the exact calculation condition. Additionally, IPS 

activation increased significantly with increasing accuracy in the exact calculation 

and magnitude comparison condition. However, according to statistical tests it 

could not be decided whether age or accuracy was a better predictor for brain 

activation in the IPS. Both variables were highly inter-correlated. However, no 

significant correlation was found between IPS activation and age or ACC, when 

separately computed for children and adults. Therefore, it seems likely that the 

observed differences in activation between children and adults reflect plastic 

developmental changes probably due to increasing expertise with age. Several 

developmental studies confirm increasing activation during development in 

distinct brain areas that are essential for certain tasks (Adleman, et al. 2002; 

Klingberg, et al. 2002; Kwon, et al. 2002; Tamm, et al. 2002). In particular, 

Rivera et al. (2005) reported an increase of activation in the parietal cortex in 

subjects from 8 to 19 years during addition or subtraction trials. 
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Corresponding to age and expertise related increase of IPS activation, the 

activity in the ACG decreased significantly with age and higher accuracy levels 

for approximate calculation. This finding is consistent with the previously 

reported stronger activation in the ACG in younger subjects during mental 

arithmetic (Rivera, et al. 2005). ACG has been suggested to be involved in 

executive control processes such as selective attention (Pardo, et al. 1990), 

working memory, monitoring of response conflicts (Barch 1999; Barch, et al. 

2001), response selection and error detection (Carter, et al. 1998). There is no 

doubt that these functions are relevant while performing mental arithmetic. 

However, it is proposed that the ACG activation in this and other mental 

arithmetic studies may not reflect a calculation-specific role (Cowell, et al. 2000). 

More likely, it reflects general cognitive requirements. Moreover, the ACG has 

been shown to be active when subjects are instructed to produce a less practiced 

instead of a more automatic response and the degree of activation in the ACG is 

known to increase with task difficulty (Barch, et al. 2000; Gerton, et al. 2004). 

In our study, children needed more time to solve the task and made more errors, 

which indicates higher task difficulty. Consequently, they require stronger 

engagement of supporting networks for attention and working memory relying 

on the anterior cingulate cortex. We assume that the differences in expertise, 

automatic processing and task difficulty between children and adults are 

reflected by the differences in ACG activation. 

As mentioned before, there is an ongoing debate as to what extent 

primary numeral abilities are innate or acquired. The EEG study by Temple and 

Posner (1998) suggest that the parietal network involved in rapid estimation of 

quantity is already established before school-age. The present study provides 

evidence that cerebral networks for mental calculation are still developing 

beyond the age of 9 to 12 years. Plastic changes take place during school-age in 

these neural networks relevant for number processing characterized by an 

increase in activation of regions rooting automatic number processing (IPS and 

IFG), and a decrease in supplementary brain areas for general cognitive load 

(ACG). At the same time, feedback projections may contribute to decreasing 

activity in lower areas by increasing activity in higher areas (Murray, et al. 

2002). In a direct contrast between children and adults, children showed 

stronger activation in visual areas. This may point to a shift of activation from 

lower to higher level processing areas with increasing automation. However, 
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these effects were small and to that effect less task specific, which makes a clear 

interpretation difficult. 

Findings from behavioral studies of the development of spatial number 

representations and arithmetic competence corroborate our results. In adults, 

the spatially oriented mental number line is, among others, evidenced by the 

SNARC effect (Spatial Numerical Association of Response Codes: faster left-hand 

responses to small numbers and faster right-hand responses to large numbers, 

Dehaene, et al. 1993). SNARC effects arise after the 2nd grade in normally 

developing children and are positively correlated with arithmetic performance, at 

least in boys (Berch, et al. 1999; Schweiter, et al. 2005). The mental number 

line may constitute a ‘late’ analog system for ordinality that will be mentally 

constructed during the first school years depending on the acquisition of verbal 

and Arabic number symbols (von Aster in press). These findings suggest that 

automation in number processing is achieved gradually as numerical skills 

progress during schooling (Girelli and Butterworth 2000).  

In summary, the present study denotes that increasing activation in the 

IPS and IFG is associated with increasing age and expertise in arithmetic. In 

particular, increasing IPS activation was observed in all three task conditions 

supporting its essential role in number processing, whereas increasing IFG 

activation was solely observed for exact calculation suggesting the increasing use 

of fact retrieval strategies. The individual performance within the children and 

adult groups did not correlate with brain activation and a general maturation 

effect could be excluded, because no differences in activation was found between 

children and adults in a control region (primary visual cortex). Therefore, the 

data presented in this study suggest that increasing brain activation in IPS and 

IFG reflects the maturation of a functional network rather than general 

maturation or individual performance levels. However, not only developmental 

studies (Adleman, et al. 2002; Rubia, et al. 2000), but also studies in adults with 

different levels of expertise emphasize that better performance is paralleled with 

increasing activation in brain areas relevant to the task (Lawrence, et al. 2003; 

Unterrainer, et al. 2000). Accordingly, morphometric brain imaging studies show 

that maturation of gray matter and myelinization of frontal and parietal regions 

continue into adulthood (Gogtay, et al. 2004; Sowell, et al. 2003). In the 

presented study, brain activation in the ACG was stronger in children, a region 

reflecting attentional and working memory load as well task difficulty. During 
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magnitude comparison, both children and adults reached similar levels of RT and 

ACC and showed no differences in activation patterns in a direct contrast. These 

findings suggest that neural correlates for simple quantity discrimination are 

nearly established in nine-year-old children and only little improvement in 

performance could be observed until adulthood. However, an increasing 

activation in the IPS could be observed from childhood to adulthood when 

performing ROI-analysis. 

To conclude, neural networks for number processing are similar in children 

and adults. However, plastic modulations take place in regions known to play a 

critical role in number processing, obviously due to increasing expertise and 

automatic processing. The effectiveness of calculation may depend on the 

development of more sophisticated strategies requiring automated retrieval and 

processing of quantities, as well as Arabic digits. These developmental changes 

are reflected in clear differences in performance and brain activation between 

children and adults as a result of increasing expertise with age. 
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3 Impaired Neural Networks for Number 

Processing in Dyscalculic Children 

Kucian et al. (submitted) Annals of Neurology 

 

3.1 Summary 

 

Developmental dyscalculia (DD) is a specific learning disability affecting 

the acquisition of mathematical skills in children with otherwise normal general 

intelligence. The goal of the present study was to examine the cerebral basis of 

DD. Eighteen children with DD aged 11.2 ± 1.3 years and twenty normal 

achieving schoolchildren aged 10.6 ± 1.5 years were investigated using functional 

magnetic resonance imaging (fMRI) during trials of approximate and exact 

calculation as well as magnitude comparison.  

fMRI revealed similar parietal-prefrontal activation patterns in DD children 

compared to controls in all conditions. However, children with DD showed greater 

inter-individual variance in activation patterns. They also exhibited weaker 

activation in almost the entire neuronal network during approximate calculation, 

in particular, the left intraparietal sulcus, the left inferior frontal gyrus and the 

right middle frontal gyrus seem to play a crucial role for correct approximate 

calculation. In contrast, no differences could be found in exact calculation and 

magnitude comparison. Accordingly, the present study provides evidence for a 

deficient recruitment of neural resources for the processing of analog magnitudes 

of numbers, which is basic for approximation, in children with DD. 

 

3.2 Introduction 

 

The present study aimed at investigating the neural underpinnings of 

developmental dyscalculia in schoolchildren using functional magnetic resonance 

imaging (fMRI). 

Specific disorders of numeracy are neither widely recognized nor well 

understood. Children can have low math performance in many different ways 
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(Butterworth 2005). Some may have particular difficulty with arithmetical facts 

(Kaufmann, et al. 2004), others with procedures and strategies (Temple 1991), 

while most disabled children seem to have difficulties across the whole spectrum 

of numerical tasks (Landerl, et al. 2004). As diverse as the manifestation of 

specific math learning disabilities, as wide is the range of terms referring to these 

developmental math disabilities (developmental dyscalculia, mathematical 

disability, arithmetical learning disability, number fact disorder, psychological 

difficulties in mathematics). The term ‘developmental dyscalculia’ (DD) will be 

used, which is defined as a significant discrepancy between specific math 

performance and general intelligence that can not be explained by mental 

retardation, inappropriate schooling or poor social environments according to the 

International Classification of Diseases, 10th revision (ICD-10, F81.2) (WHO 

2005). Prevalence studies using different definitions of DD have been carried out 

in various countries. In spite of the lack of definitional consistency, the 

prevalence of DD across countries is relatively uniform, ranging from 3-6% in the 

normal population which is similar to that of developmental dyslexia and 

attention deficit hyperactivity disorder (ADHD) (Shalev, et al. 2000). Unlike these 

other learning disabilities, girls seem to be affected by DD equally or even more 

frequently than boys (Shalev, et al. 2000; von Aster, et al. 1997). Furthermore, 

DD seems to be an enduring specific learning difficulty, persisting into late 

adolescence (Shalev, et al. 2005). While it is clearly the case that DD is 

frequently co-morbid with a variety of disorders, like dyslexia, ADHD, poor hand-

eye coordination, poor working memory span, epilepsy, fragile X syndrome, 

Williams syndrome and Turner syndrome, causal relationship between these 

disorders have not been established (Ardila and Rosselli 2002; Butterworth 

2005; Monuteaux, et al. 2005; Reiss, et al. 2000; Rosenberg 1989; Shalev 

2004). However, over the past two decades sufficient genetic, neurobiological, 

and epidemiologic evidence has accumulated to indicate that learning disabilities, 

including DD, are, in fact, expressions of brain dysfunction (Alarcon, et al. 1997; 

Dellatolas, et al. 2000; Shalev 2004; Shalev and Gross-Tsur 2001; Shalev, et al. 

1995; Shalev, et al. 2001). 

Functional neuroimaging revealed that parietal and prefrontal cortices are 

involved in arithmetic tasks (Burbaud, et al. 1995; Dehaene, et al. 1999; Menon, 

et al. 2000; Pesenti, et al. 2000; Rickard, et al. 2000; Schmithorst and Brown 

2004). In particular, the intraparietal sulcus (IPS) seems to play a major role in 
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number processing (Dehaene, et al. 2003). While in adults the IPS seems to be 

mainly involved in processing numerical quantity, comparison of numbers and 

simple quantity manipulations, including approximation, the left angular gyrus 

and left prefrontal regions are mainly implicated in exact, verbal memory based, 

language-dependent calculation (Dehaene 1992; Dehaene and Cohen 1995). 

According to this functional dissociation, circumscribed lesions should cause 

different patterns of dysfunction depending on whether the lesion affects the 

quantity or the verbal system of numerical representation (Stanescu-Cosson, et 

al. 2000). Indeed, patients with IPS lesions particularly fail to comprehend 

numerical quantity, which is required for example in solving substraction trials, 

whereas multiplication can be unaffected, presumably because they can still be 

retrieved from intact verbal memory (Dehaene and Cohen 1997; Takayama, et 

al. 1994). Conversely, a patient with acalculia following a perisylvian lesion 

exhibited greater impairment for multiplication tables than for quantity-based 

operations (Cohen, et al. 2000). 

Thus far, only few functional (Levin, et al. 1996; Levy, et al. 1999; Molko, 

et al. 2003; Rivera, et al. 2002), spectroscopic (Levy, et al. 1999) and 

morphometric (Isaacs, et al. 2001; Molko, et al. 2004) MRI studies have been 

conducted on dyscalculia. fMRI has been used to study neural activity in a 

patient with dyscalculia secondary to a right temporal lobe hemorrhage endured 

during infancy (Levin, et al. 1996; Levy, et al. 1999), samples of patients with 

Turner’s (Molko, et al. 2003) and fragile X syndrome (Rivera, et al. 2002). All 

these fMRI studies provide evidence for an abnormality in the parietal cortices 

with overall less and abnormally modulated IPS activity correlated to number 

size or task difficulty (Levin, et al. 1996; Molko, et al. 2003; Rivera, et al. 2002). 

Magnetic resonance spectroscopy indicated a defect in the left parieto-temporal 

area in a patient with DD without any known structural abnormality (Levy, et al. 

1999). Using voxel-based morphometry, a decrease in grey matter density has 

been found in the left IPS in premature children with DD (Isaacs, et al. 2001) 

and in a symmetrical location in the right IPS of Turner syndrome subjects 

(Molko, et al. 2004). In addition, morphometric analysis revealed atypical 

anatomy of the right IPS in Turner syndrome subjects (Molko, et al. 2004). In 

sum, the data derived from findings in patients with dyscalculia suggest that 

particularly deficits in parietal areas seem to be responsible for arithmetic 

problems. However, the potential distinct roles of the left and right IPS remain to 
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be clarified. Finally, the question remains open whether observed structural 

abnormalities in IPS are the cause or the consequence of poor arithmetic ability 

(Butterworth 2005). 

The present fMRI study investigated brain activation of 18 children with 

DD and 20 normal achieving schoolchildren during different numerical tasks. To 

track both routes in the cerebral representation of number, the verbal (counting, 

fact retrieval) and the analog magnitude route (approximation, comparison), the 

paradigm used in the current study consisted of three different conditions: exact 

calculation presented in Arabic notation (verbal), approximate calculation 

presented in Arabic notation (analog magnitude) and comparison of amounts of 

objects (analog magnitude). The present study represents the first examination 

of brain activation in a nonclinical sample of children with DD. Therefore, it is 

difficult to pose clear hypotheses. However, according to previous findings we 

expect that children with DD show deviations in parietal and prefrontal activation 

patterns compared to normal achieving children. In particular, differences in IPS 

activation during approximate calculation seem to be probable. 

 

3.3 Methods 

 

Subjects 

Eighteen children with DD and 20 normally achieving schoolchildren 

participated in this fMRI-study. Participants were healthy, right-handed 

volunteers with no psychiatric or medical complications as determined by a 

detailed questionnaire. None of the children suffered from any neuroanatomical 

abnormalities as determined by high resolution structural magnetic resonance 

scans. All participants were medication-free. Children in two age ranges were 

examined. Younger normally achieving subjects visited the 3rd grade (5 females 

and 5 males, mean age 9.2 ± 0.2 years) and older normally achieving 

schoolchildren the 6th grade (5 females and 5 males, mean age 12.0 ± 0.3 

years). Eighteen age-matched children with DD were carefully selected (younger 

group: 5 females and 4 males, mean age 10.1 ± 0.6 years; older group: 9 

females, mean age 12.3 ± 0.6 years). Dyscalculia was clearly diagnosed in all of 

our subjects by a trained specialist. It was not possible to balance gender in the 

DD group because fewer boys volunteered and most of them did not fulfill the 
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participation criteria. But, we think that our DD population matches the normal 

prevalence of DD in the public, in which DD is overrepresented in girls (Shalev, 

et al. 2000; von Aster, et al. 1997). In addition, our previous study showed no 

gender differences in normal achieving children during number processing 

(Kucian, et al. 2005a). 

Written, informed consent for the participation in this study was obtained 

from the legal guardians of the children. The study was approved by the local 

ethics committee based on the World Medical Association's Declaration of 

Helsinki (WMA 2002). 

 

Behavioral tests in children 

Behavioral tests were executed by a trained specialist, e.g. from the 

psychological school services, in children with DD. Batteries included tests to 

assess their mathematical, linguistic and spatial abilities as well as their IQ 

(examples: ZAREKI, von Aster 2001b; K-ABC, Kaufman and Kaufman 1999; 

HAWIK-III, Wechsler 1999). Dyscalculia was clearly diagnosed in all of our 

subjects by a trained specialist. The diagnosis was based on the definition of the 

ICD-10 (WHO 2005), which uses the discrepancy between the individual’s 

general intelligence and his or her mathematical performance that can not be 

explained by inadequate schooling, sensory deficits or other neurological, 

psychiatric or medical disorders alone. None of these children suffered form any 

other neurological, psychiatric or learning disorder (e.g. dyslexia, ADHD). 

All normally achieving children had to undergo behavioral tests to assess 

their linguistic and mathematical competence before the study. 

Children of the 6th grade completed two modules of a test battery for 

semantic and linguistic verbal fluency in German and mathematical competence 

(Klassencockpit Ausgabe 2003/2004). Two 6th grade children were excluded from 

the study due to poor test results with more than one standard deviation below 

the average performance of the 6th grade Swiss normative sample in one or both 

modules. Children of the 3rd grade were tested for number processing and 

calculation abilities (ZAREKI, von Aster 2001b) and for reading and spelling skills 

(Knuspel’s Leseaufgaben, Marx 1998; Salzburger Rechtschreibtest, Landerl, et al. 

1997). All 3rd grade children showed normal age-related performance. 
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Stimuli and task 

Before entering the scanner the participants were carefully instructed 

about the examination procedure and task. First, the paradigm was explained 

and performed on a desktop computer outside the scanner and children had to 

solve one to three practice trials by pressing the corresponding mouse button. 

After completing practice trials with a minimum of 60% correct answers within a 

block, we proceeded to the actual fMRI experiment. 

During fMRI examination the computer-generated paradigm (E-Prime, 

Psychology Software Tools Inc.) was presented to the subjects via video-goggles 

(Resonance Technology Inc., Northridge, U.S.A.) and synchronized using the 

fMRI trigger. Behavioral data were collected by means of a response box 

(LUMINA, Cedrus Corporation, San Pedro, U.S.A). The paradigm was a classical 

boxcar design consisting of three experimental conditions: (1) approximate and 

exact calculation, (2) approximate and exact control condition, (3) magnitude 

comparison of small numbers of objects (see Fig. 2.1 in chapter 2). 

Each block lasted 80 s separated by a break of 12.5 s. During the rest 

condition, subjects were asked to focus on a fixation mark at the center of the 

screen. The three conditions and trials within a block were presented to all 

subjects in randomized order. The number of trials within one block varied 

between subjects due to the self-paced stimulation. 

Calculation: The calculation task consisted of three cycles of alternating 

approximate (AP) and exact (EX) calculation blocks. First, a single-digit addition 

was presented for 850 ms, followed by a break of 200 ms and two alternative 

solutions again presented during 850 ms. Afterwards, subjects had a maximum 

time of 6 s to give their answer. The following trial started 1 s after the previous 

response. In the exact addition condition, subjects selected the correct sum from 

two numerically close numbers by pressing a response button. In the 

approximate addition condition, they were asked to estimate the result and to 

select the closest number of the two choices. 

Control condition: The control condition of the calculation part was a 

grayscale discrimination task. The control condition was again presented during 

three cycles of approximate and exact discrimination blocks using an equal 

stimulus presentation time and interstimulus interval (ISI). Stimuli were 

presented in randomized order. In the exact control task, subjects had to match 

sequentially presented grayscale patterns. In the approximate control task, they 
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were asked to pick the grayscale pattern with the most similar luminosity. 

Alternative solutions were more alike in the exact control condition than those in 

the approximate control condition. 

Magnitude comparison: The magnitude comparison (MC) task involved 

three blocks of 80 s. Subjects had to compare two sets of different objects 

(pictures of fruit and vegetables) and were asked to select the set with the 

higher multitude. Maximal duration of stimulus presentation was 2 s, the ISI was 

1 s. The maximum number of objects displayed on one side was 18. The 

differences between the two sets were 1, 2, 3 or 4 in the first block; 9, 10, 11 or 

12 in the second block; and 5, 6, 7 or 8 in the third block. Fixation during rest 

served as control condition for magnitude comparison. 

 

fMRI image acquisition 

Functional MRI acquisition was performed on a 1.5 Tesla whole-body 

system (GE Medical Systems, Milwaukee, WI, USA), using gradient-recalled echo 

planar imaging (repetition time, TR = 3.2 s; echo time, TE = 55 ms; field of view 

(FOV) = 240 mm x 240 mm; flip angle = 90°; matrix size = 64 x 64; voxel size 

= 3.75 mm x 3.75 mm; 32 contiguous slices parallel to the AC-PC line, slice 

thickness = 4 mm). Three-dimensional anatomical images of the entire brain 

were obtained by using a T1-weighted gradient echo pulse sequence (TR = 27 

ms; FOV = 240 mm x 240 mm x 144 mm; matrix size = 256 x 192 x 90). 

 

Data analysis 

Statistical analysis (SPSS 11.5, Chicago, USA) of behavioral data was 

based on 18 children with DD and 20 normal achieving children. 

FMRI-data were analyzed using the Statistical Parametric Mapping 

(SPM99) software (Wellcome Department of Cognitive Neurology, London, UK). 

The first four images were discarded thus allowing for a steady-state 

magnetization. All images were realigned and transformed into the standardized 

stereotactic reference system (EPI-template provided by the Montreal 

Neurological Institute). Each normalized scan was smoothed with a 9 mm full-

width at half-maximum Gaussian kernel. Changes in regional blood oxygen level-

dependent (BOLD) contrast were determined by applying the general linear 

model (GLM) to each voxel. A within-group voxel-wise comparison of BOLD 

response was performed using t-statistics to test for significant changes in BOLD 
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contrast. The resulting set of voxel values for each contrast constituted a 

statistical parametric map of the t-statistic (SPM(T)). The activated brain regions 

reported had been subjected to a family wise error (FWE) or false discovery rate 

(FDR) correction (Genovese, et al. 2002) with a minimum number of 10 voxels. 

A second level analysis was performed on the basis of the linear contrasts for 

each subject and condition. Finally, MNI coordinates (Montreal Neurological 

Institute) of activated voxels were transformed into the Talairach and Tournoux 

reference system using the MNI2TAL tool written by Matthew Brett. Localization 

of Talairach coordinates was performed by Talairach Daemon (Lancaster, et al. 

2000) and Talairach atlas (Talairach and Tournoux 1988). 

Region of interest (ROI) definition, extraction of data for the region and 

statistical analysis of ROI data using the SPM statistics machinery was performed 

by MarsBar (MarsBar Version 0.37, Matthew Brett). ROIs were defined by 

significantly activated clusters in the random effect analysis of normal achieving 

children for all conditions at a FWE corrected level of p < 0.05. Only ROIs 

containing more than 10 voxels were included. Table 3.1 summarizes all defined 

ROIs, corresponding range of Talairach coordinates and volume of ROIs for all 

conditions. Percentage of signal change (∆S) was computed within these ROIs for 

all subjects. 

 

Talairach coordinates Condition 

  ROI x y z 

Volume 

(m3) 

Approximate Calculation        

  Left intraparietal sulcus (IPS) -45 -6 -80 -35 32 52 6588 

  Right intraparietal sulcus (IPS) 18 36 -78 -53 23 50 4401 

  Left inferior frontal gyrus (IFG) -39 -27 14 26 -8 4 1458 

  Right inferior frontal gyrus (IFG) 24 45 14 33 -13 9 4023 

  Left middle frontal gyrus (MFG) -33 -18 -10 9 42 60 2916 

  Right middle frontal gyrus (MFG) 27 50 27 51 12 31 4536 

  Anterior cingulate gyrus (ACG) -12 15 2 29 30 54 5535 

Exact Calculation        

  Left inferior frontal gyrus (IFG) -39 -27 15 30 -1 12 1161 

  Left fusiform gyrus (FG) -48 -36 -75 -55 -16 -2 1448 

  Left intraparietal sulcus (IPS) -42 -24 -65 -44 36 52 2295 

  Right intraparietal sulcus (IPS) 24 51 -74 -38 26 46 3504 

Magnitude Comparison        

  Left fusiform gyrus (FG) -45 -6 -97 -43 -23 5 6480 
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  Right fusiform gyrus (FG) &  

  right middle occipital gyrus (MOG) 

6 44 -94 -48 -21 21 6376 

  Right intraparietal sulcus (IPS) 21 30 -77 -62 37 47 1323 

 

Table 3.1: Defined region of interests (ROIs) for each condition, corresponding range of Talairach 

coordinates and volume of ROI are listed. 

 

3.4 Results 

 

3.4.1 Behavioral results 

 

Table 3.2 shows the mean reaction times, accuracy rates and the 

corresponding standard deviations for the four different tasks in children with 

and without DD. For each condition, a multivariate GLM was computed with the 

reaction time (RT) and accuracy rate (ACC) as dependent variables and type 

(with or without DD), grade (3rd or 6th grade) or gender (female or male) as fixed 

factor. Wilks’ lambda tests revealed significant differences between 3rd and 6th 

graders (F (6, 31) = 7.519, p < 0.001). Post-hoc t-tests indicated significant 

higher ACC rates for 6th graders in approximate (p < 0.001) as well as exact 

calculation (p < 0.001), and a trend in the same direction was observed in 

magnitude comparison (p < 0.1). In addition, children at the 3rd grade answered 

significantly slower than 6th grade children during all conditions (AP: p < 0.001; 

EX: p < 0.001; MC: p < 0.05). 

The improvement in performance with age is also reflected in significant 

Pearson correlations of ACC and RT with age (AP: ACC r = 0.387, p < 0.05; RT r 

= -0.694, p < 0.01 / EX: ACC r = 0.497, p < 0.01; RT r = -0.710, p < 0.01 / 

MC: RT r = -0.433, p < 0.01). 

Multivariate GLM analysis revealed no significant differences either 

between children with or without DD (F (6, 31) = 1.188, p < 0.4) or between the 

genders (F (6, 31) = 0.958, p < 0.5). Additionally, calculated effect sizes 

(Cohen’s d, Cohen 1988) for differences between children with or without DD as 

well as for gender differences ranged from small values to medium values for 
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both effects (with or without DD: min. d = .08 (EX RT), max. d = .64 (AP ACC); 

gender differences: min. d = 0.1 (ACC AP), max. d = 0.57 (RT MC). 

As mentioned, multivariate GLM analysis revealed no differences between 

DD children and normally achieving children or the genders. However, adjacent 

independent samples t-test analysis indicated a trend for ACC between DD 

children and normally achieving children. Normally achieving children reached 

higher levels of accuracy for approximate (p < 0.1) and exact calculation (p < 

0.1). Concerning gender differences, only a trend could be found during 

magnitude comparison where girls answered slower than boys (p < 0.1). 

To test for differences between conditions, a repeated-measures GLM 

analysis was calculated with RT or ACC for exact calculation, approximate 

calculation and magnitude comparison as within-subjects factors, and type (with 

or without DD) as between subjects factor. Statistical Wilks’ lambda analysis 

indicated significant differences between conditions for RT (F (2, 35) = 10.932, p 

< 0.01) as well as for ACC (F (2, 35) = 39.616, p < 0.01). Interactions between 

conditions and type turned out to be not significant for RT and ACC. Post-hoc t-

tests between conditions demonstrated that both normally achieving and DD 

children performed most accurately and fast in the magnitude comparison 

condition compared to calculation conditions (ACC: normal children: p < 0.001; 

children with DD: p < 0.001; RT: normal children: p < 0.001; children with DD: 

p < 0.01). Neither for children with nor for those without DD, RT and ACC 

differed between approximate and exact calculation. 

 

3rd grade children 6th grade children 

Condition 
Normal 
achieving 
children 

Dyscalculic 
children 

Normal 
achieving 
children 

Dyscalculic 
children 

Approximate Calculation     

 Reaction time (ms)     

  Mean 1659 1467 891 929 

  S.D. 660 523 352 351 

 Accuracy rate (%)     

  Mean 79.5 68 89.5 86 

  S.D. 4.9 17.0 4.6 9.2 

Exact Calculation     

 Reaction time (ms)     

  Mean 1707 1499 768 872 

  S.D. 763 494 370 426 
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 Accuracy rate (%)     
  Mean 73.7 60 87.9 84 

  S.D. 8.2 17.2 8.3 10.2 

Magnitude Comparison     

 Reaction time (ms)     

  Mean 931 964 702 827 

  S.D. 254 288 176 189 

 Accuracy rate (%)     

  Mean 97.2 95 96.7 97 

  S.D. 2.0 1.9 1.3 1.6 

 

Table 3.2: Behvioral results: Means and standard deviations (SD) of reaction times and accuracy 

rates for 3rd grade and 6th grade children with or without DD during approximate or exact 

calculation and magnitude comparison are presented. 

 

3.4.2 fMRI results 

 

In general, similar cerebral patterns were activated in children with and 

without DD including parietal and prefrontal regions. Contrasting children with 

DD and normal achieving schoolchildren revealed no differences either in 

approximate or in exact calculation or in magnitude comparison. However, 

observed brain activation patterns in children with DD were more diffuse and 

showed greater inter-individual variation. Hence, mean t-values of activated 

voxels were lower in children with DD compared to normally achieving children. 

Although direct statistical contrasts revealed no differences in brain activation 

between children with and without DD, subsequent ROI analysis indicated 

weaker brain activation in almost the entire network for approximate calculation 

in children with DD. However, no differences were found in exact calculation and 

magnitude comparison when performing ROI analyses. 

Figure 3.2 shows activation patterns in children with and without DD 

during all three conditions. The following sections describe the brain activation 

patterns in detail and the results from ROI analysis for approximate calculation, 

exact calculation and magnitude comparison. Since contrasts between 3rd and 6th 

grade children showed no significant differences in brain activation in any 

condition, reported group analysis include all 18 dyscalculic and all 20 control 

subjects. 
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Figure 3.2: Brain activation patterns of children with DD (N = 18) and normally achieving children 

(N = 20) during each condition are depicted on the SPM standard brain template. The 

activated brain regions shown had been subjected to a FWE or FDR correction with a 

minimum number of 10 voxels. Top line: approximate calculation vs. approximate control 

condition (normally achieving children: FWE p < 0.05; children with DD: FDR p < 0.01). 

Middle line: exact calculation vs. exact control condition (children without DD: FDR p < 

0.005; children with DD: FDR p < 0.005). Bottom line: magnitude comparison vs. rest 

(children without DD: FWE p < 0.05; children with DD: FWE p < 0.05). 

 

Approximate Calculation vs. Approximate Control Condition (Table 3.3) 

Children with DD showed significant (p < 0.01 FDR corrected) activation in 

both hemispheres during approximate calculation in the middle frontal gyrus 

(MFG), intraparietal sulcus (IPS) and anterior cingulate gyrus (ACG). Unilateral 

activation was found in the left inferior parietal lobe (IPL), right middle occipital 

gyrus (MOG) and left inferior frontal gyrus (IFG) (see Figure 3.2 A). 

The brain activation pattern of normally achieving children (p < 0.05 FWE 

corrected) during approximate calculation resembled those of the children with 

DD. Yet, activated clusters reached higher mean t-values compared to mean t-

values of activation in children with DD (p < 0.001). The activated network 
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included the middle frontal gyrus (MFG), the anterior cingulate gyrus (ACG), the 

intraparietal sulcus (IPS) and the inferior frontal gyrus (IFG) in both 

hemispheres. Additionally, activation was found in the left precuneus and right 

inferior parietal lobe (IPL) (see Figure 3.2 B). 

 

Talairach 
coordinates 

Anatomical region 

x y z 

T Number of 
voxels in 
cluster 

Children with DD (p < 0.01 FDR corr.)      
 Left middle frontal gyrus (MFG) -27 6 58 7.48 92 
 Left intraparietal sulcus (IPS) -27 -71 31 6.69 108 
 Bilateral anterior cingulate gyrus (ACG) -3 14 44 6.56 162 
 Left middle frontal gyrus (MFG) -39 47 -2 6.33 13 
 Left inferior parietal lobe (IPL) -45 -47 49 6.31 36 
 Right intraparietal sulcus (IPS) 45 -39 38 6.23 77 
 Right middle frontal gyrus (MFG) 42 39 17 5.91 28 
 Right middle occipital gyrus (MOG) 45 -75 -12 5.41 27 
 Left inferior frontal gyrus (IFG) -45 10 30 5.59 15 
 Right intraparietal sulcus (IPS) 33 -59 42 5.27 28 
Normal achieving children (p < 0.05 FWE corr.)      
 Left middle frontal gyrus (MFG) -27 0 53 15.03 108 
 Bilateral anterior cingulate gyrus (ACG) 12 16 38 11.8 205 
 Left intraparietal sulcus (IPS) -30 -53 44 9.59 244 
 Left inferior frontal gyrus (IFG) -36 20 -6 9.7 54 
 Right inferior frontal gyrus (IFG) 39 23 -9 9.41 149 
 Right intraparietal sulcus (IPS) 33 -65 45 9.41 163 
 Right middle frontal gyrus (MFG) 33 39 20 9.1 168 
 Left precuneus -24 -77 34 8.34 15 
 Right inferior parietal lobe (IPL) 48 -39 41 8.16 24 
 Right middle frontal gyrus (MFG) 30 0 53 8.12 23 
 Right inferior frontal gyrus (IFG) 48 7 30 7.83 14 

 

Table 3.3: Cortical activation in children with DD and normal achieving children during 

approximate calculation: Anatomical localization, Talairach coordinates, T scores of 

significant activated voxels and cluster size of activated regions with a minimum number of 

10 voxels in children with DD (FDR p < 0.01) and normal achieving children (FWE p < 

0.05) during approximate calculation vs. approximate control condition are listed. 

 

Exact Calculation vs. Exact Control Condition (Table 3.4) 

In general, the observed activation pattern for exact calculation was quite 

similar to that of approximate calculation. In children with DD (p < 0.005 FDR 

corrected), exact calculation activated primary and secondary visual areas in the 

right hemisphere (MOG, inferior temporal gyrus (ITG), fusiform gyrus (FG)) and 

in both hemispheres the parietal lobe including the intraparietal sulcus (IPS) as 

well as prefrontal regions (IFG, MFG, ACG) (see Figure 3.2 C). 

In normally achieving children (p < 0.005 FDR corrected), most intense 

activity was observed in the left inferior frontal gyrus (IFG). Besides, activation in 
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the frontal lobe was found in the left precentral gyrus, left superior frontal gyrus 

(SFG), right inferior and middle frontal gyrus (IFG, MFG). Bilateral parietal 

activation was seen in the superior parietal lobe (SPL) including the intraparietal 

sulcus (IPS). Furthermore, primary and secondary visual areas were activated 

(MOG, inferior occipital gyrus (IOG), ITG, lingual gyrus (LG), FG) (see Figure 3.2 

D). 

 

Talairach coordinates Anatomical region 

x y z 

T Number of 
voxels in 
cluster 

Children with DD (p < 0.005 FDR corr.)      
 Right middle occipital gyrus  (MOG) 45 -73 -6 7.36 94 
 Right inferior temporal gyrus (ITG) 45 -70 1 6.0  
 Right fusiform gyrus (FG) 45 -59 -17 5.7  
 Left intraparietal sulcus (IPS) -45 -47 50 6.57 288 
 Right inferior frontal gyrus (IFG) 21 -90 7 6.95 20 
 Right intraparietal sulcus (IPS) 48 -36 46 6.82 242 
 Right inferior parietal lobe (IPL) 53 -41 49 6.72  
 Anterior cingulate gyrus (ACG) 0 8 49 6.3 120 
 Left inferior frontal gyrus (IFG) -30 23 -1 6.22 54 
 Right inferior frontal gyrus (IFG) 36 23 -11 6.08 76 
 Left middle frontal gyrus (MFG) -27 3 58 5.8 98 
 Right middle frontal gyrus (MFG) 39 36 20 5.59 15 
 Right middle frontal gyrus (MFG) 42 48 20 5.36 12 
Normal achieving children (p < 0.005 FDR corr.)      
 Left inferior frontal gyrus (IFG) -33 26 1 7.42 491 
 Left intraparietal sulcus (IPS) -30 -56 44 10.01 902 
 Right superior parietal lobe (SPL) 30 -71 45 9.33 914 
 Right intrapaprietal sulcus (IPS) 45 -42 41 8.63  
 Left precentral gyrus -48 2 33 8.8 126 
 Right inferior frontal gyrus (IFG) 36 18 7 8.49 211 
 Left middle occipital gyrus (MOG) -45 -73 -4 7.78 806 
 Left fusiform gyrus (FG) -39 -59 -12 7.54  
 Left superior frontal gyrus (SFG) -24 3 61 6.99 481 
 Left middle frontal gyrus (MFG) -27 -9 47 6.41  
 Right inferior occipital gyrus (IOG) 42 -79 -6 6.46 238 
 Right inferior temporal gyrus (ITG) 48 -67 -2 5.67  
 Right inferior frontal gyrus (IFG) 50 7 33 6.27 93 
 Right middle frontal gyrus (MFG) 42 37 37 4.51 214 
 Right middle frontal gyrus (MFG) 27 0 58 5.35 68 
 Left thalamus -12 -14 12 5.17 36 
 Right lingual gyrus (LG) 18 -79 -1 5.16 27 
 Left lingual gyrus (LG) -18 -87 -1 4.72 17 
 Right fusiform gyrus (FG) 45 -47 -15 4.66 13 

 

Table 3.4: Cortical activation in children with DD and normal achieving children during exact 

calculation: Anatomical localization, Talairach coordinates, T scores of significant activated 

voxels and cluster size of activated regions in children with DD and normal achieving 

children during exact calculation vs. exact control condition are specified. Listed activated 

brain regions had been subjected to a FDR correction at p < 0.005 with a minimum number 

of 10 voxels. 
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Magnitude Comparison vs. Rest (Table 3.5) 

During magnitude comparison children with DD (p < 0.05 FWE corrected) 

activated a network of primary and secondary visual areas including middle 

occipital gyrus (MOG), fusiform gyrus (FG), lingual gyrus (LG) and cuneus. In the 

right hemisphere, the network extended into the parietal lobe along with the 

intraparietal sulcus (IPS) (see Figure 3.2 E). 

Peak locations of brain activation in normally achieving children (p < 0.05 

FWE corrected) included the same regions found in children with DD. However, 

normally achieving children showed bilateral parietal activation foci in the 

intraparietal sulcus (IPS) (see Figure 3.2 F). 

 

Talairach 
coordinates 

Anatomical region 

x y z 

T Number of 
voxels in 
clusters 

Children with DD (p < 0.05 FWE corr.)      
 Right middle occipital gyrus (MOG) 33 -78 15 16.29 979 
 Right fusiform gyrus (FG) 30 -68 -19 12.94  
 Right lingual gyrus (LG) 9 -87 -1 12.35  
 Left fusiform gyrus (FG) -27 -65 -19 10.92  
 Left cuneus -15 -87 10 10.71  
 Left middle occipital gyrus (MOG) -30 -87 4 10.57  
 Right superior parietal lobe (SPL) 21 -74 40 8.35  
Normal achieving children (p < 0.05 FWE corr.)      
 Left fusiform gyrus (FG) -39 -68 -12 11.32 339 
 Left lingual gyrus (LG) -9 -93 0 9.22  
 Right cuneus 18 -93 7 10.18 418 
 Right fusiform gyrus (FG) 27 -71 -19 9.94  
 Right intraparietal sulcus (IPS) 27 -71 42 8.76 46 
 Left intraparietal sulcus (IPS) -42 -39 41 7.82 11 

 

Table 3.5: Cortical activation in children with DD and normal achieving children during magnitude 

comparison: Anatomical localization, Talairach coordinates, T scores of significant 

activated voxels and cluster size of activated regions in children with DD and normal 

achieving children during magnitude comparison vs. rest are listed. Activated brain regions 

had been subjected to a FWE correction at p < 0.05 with a minimum number of 10 voxels. 

 

ROI analysis 

A total number of 14 ROIs were defined that included all main activation 

foci during approximate calculation, exact calculation and magnitude comparison. 

Table 3.1 describes all determined ROIs. Percentage of signal change (∆S) was 

computed within these ROIs for all subjects. Multivariate GLM was computed 

separately for each condition with ∆S as dependent variables in each ROI and 

type (with or without DD), grade (3rd or 6th grade) or gender (female or male) as 
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fixed factor. No significant differences between children with and without DD (F 

(7, 25) = 1.576, p < 0.2), between grades (F (7, 25) = 1.009, p < 0.5), and 

between genders (F (7, 25) = 0.534, p < 0.9) were found. However, when 

comparing mean ∆S between children with or without DD in each ROI by t-tests, 

significant differences or trends for differences turned out in six out of seven 

ROIs for approximate calculation (Figure 3.3). Children with DD exhibited 

significant weaker activation in the left IPS (p < 0.05), right IFG (p < 0.05) and 

right MFG (p < 0.05) and showed a trend for weaker activation in the right IPS 

(p < 0.1), left IFG (p < 0.1) and left MFG (p < 0.1). For exact calculation and 

magnitude comparison, no differences could be found in any ROI by statistical 

comparison of mean ∆S using paired t-tests (Figures 3.4 and 3.5). 

Repeated-measures GLM analysis in the left IPS for both calculation tasks 

(AP, EX) suggested the same trend. No significant differences between the 

conditions could be found (Wilk’s Lambda F (1, 36) = 0.274, p < 0.7), but a 

trend could be observed for an interaction between condition (AP, EX) and type 

(children with DD, normal achieving children) (Wilk’s Lambda F (1, 36) = 2.993, 

p < 0.1). This interaction suggests that brain activation in the left IPS differs 

more strongly in approximate calculation compared to exact calculation between 

children with DD and normal achieving children. No differences between 

conditions and no interactions could be found in the right IPS when computing 

repeated-measures GLM analysis. 
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Figure 3.3: Percentage of signal change in each defined ROI for approximate calculation in normal 

achieving children (black) and children with DD (striped) is shown. Significant group 

differences are marked with two stars (** p < 0.05) and trends with one star (* p < 0.1). 

 

 
 

Figure 3.4: Percentage of signal change in each defined ROI for exact calculation in normal 

achieving children (black) and children with DD (striped) is shown. No group differences 

could be found. 
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Figure 3.5: Percentage of signal change in each defined ROI for magnitude comparison in normal 

achieving children (black) and children with DD (striped) is shown. No group differences 

could be found. 

 

As mentioned above, behavioral results showed slightly lower ACC in 

children with DD compared to normally achieving children for approximate and 

exact calculation. To test the relation between performance level and brain 

activation, partial correlations were computed, controlled for type (with or 

without DD), between ACC and ∆S in each ROI for approximate and exact 

calculation. One subject was excluded from this analysis due to very low ACC 

levels (AP: 26%; EX: 21%). Only in approximate calculation significant 

correlations or a trend for correlations was found. ACC in approximate calculation 

correlated positively with ∆S in the right MFG (p < 0.05), left IPS (p < 0.1) and 

left IFG (p < 0.1). 

 

3.5 Discussion 

 

No differences in ACC and RT between DD children and normally achieving 

children were observed, which confirms that both groups were able to perform 

the presented tasks. Children of both groups usually reported that they could 

easily solve the tasks. Differences in brain activation, therefore, could rather be 

attributed to differences in cerebral organization and not to effects of task 

difficulty or quality of response. 

In general, children with DD and normally achieving children showed 

similar brain activation patterns during approximate calculation, exact calculation 
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and magnitude comparison. The activation sites for both groups fall within brain 

areas that are well known to be involved in arithmetic processing in non-

impaired adults and children, including parietal and prefrontal areas (Burbaud, et 

al. 1995; Dehaene, et al. 1999; Menon, et al. 2000; Pesenti, et al. 2000; 

Rickard, et al. 2000; Rivera, et al. 2005; Schmithorst and Brown 2004). 

However, particular differences in activation patterns between the two groups 

could be observed: First, children with DD showed greater inter-individual 

variance than normal achieving children, and, secondly, they exhibited weaker 

activation in almost the entire network during approximate calculation. 

Our results confirm previous fMRI findings with dyscalculic subjects 

suffering from Turner’s-, fragile X-syndrome or early brain injury that activated 

networks in subjects with DD resemble those of unaffected subjects in general 

(Levin, et al. 1996; Molko, et al. 2003; Rivera, et al. 2002). However, abnormal 

modulation of brain activation was reported. For example, dyscalculic subjects 

with Turner’s syndrome showed an insufficient recruitment of the right IPS with 

increasing number size, and dyscalculic subjects with fragile X syndrome did not 

show increasing activation with greater task difficulty as observed in normal 

controls (Molko, et al. 2003; Rivera, et al. 2002). In addition, a single case study 

of a 17-year-old boy with dyscalculia and dyslexia after early brain injury 

associated with right parietal skull fracture and right temporal lobe hemorrhage 

disclosed predominantly left hemisphere activation involving frontal and parietal 

regions in contrast to control subjects who showed a bilateral activation pattern 

(Levin, et al. 1996). Studies examining impairments of the parietal-prefrontal 

network in fragile X syndrome subjects suggest that synaptic malfunctions may 

result in an impaired neural system that is not able to recruit a sufficient number 

of neurons, which leads to weaker overall activation (Kwon, et al. 2001; Rivera, 

et al. 2002). Based on these results alone, however, it remains unclear, whether 

these differences in patterns of brain activation are specific to number 

processing, or whether they belie a more general cognitive processing deficits in 

subjects with Turner’s-, fragile X-syndrome or brain injury. 

Also morphometric and spectroscopic findings corroborate a particular 

defect of the parietal lobe in dyscalculic subjects. A voxel-based morphometric 

MR study in adolescents who had been born preterm demonstrate that children 

with deficits in calculation have less gray matter in the left IPS compared to 

those who do not have this deficit (Isaacs, et al. 2001). In addition, the 



62 

examination of an 18-year-old man with DD using MR spectroscopy revealed a 

focal wedge-shaped defect in the left parieto-temporal area of the brain where 

decreased signal of metabolites suggested an alteration in cell density and 

energetics (Levy, et al. 1999). Apart from reported left hemispheric deficits, a 

decrease in grey matter was found in the right parietal lobe of dyscalculic 

subjects with Turner’s syndrome. Morphometric analysis revealed that their right 

hemispheric IPS was shallower and tended to be shorter (Molko, et al. 2004). 

Findings from a behavioral study, that investigated the correlation 

between arithmetic dysfunction and brain laterality in children with DD suggested 

that dysfunction of either hemisphere hampers arithmetic reasoning (Shalev, et 

al. 1995). 

Taken together, data from different functional, morphometric and 

spectroscopic MR studies as well as from a behavioral study indicate that 

abnormalities, particularly in the IPS, of either hemisphere are associated with 

deficits in calculation. However, arithmetic ability seem to be more profoundly 

disturbed in subjects with left hemisphere dysfunction. This conclusion is 

strengthened by findings of lesion studies of the left IPS followed by specific 

difficulties in calculation (Martins, et al. 1999; Takayama, et al. 1994). 

Our results affirm particular differences in parietal and prefrontal brain 

activation between otherwise healthy children with DD and normally achieving 

children. In detail, brain activation of children with DD during approximate 

calculation was significantly weaker in the left IPS, right IFG and right MFG and 

tended to be weaker in the right IPS, left IFG and left MFG. However, no 

differences in brain activation could be detected during exact calculation and 

magnitude comparison between children with or without DD. Furthermore, brain 

activation in those regions that showed weaker fMRI-signal was significantly 

correlated with performance measures (left IPS, left IFG, right MFG). 

The fact that brain activation in children with DD was significantly weaker 

only in approximate calculation, but similar to controls in exact calculation and 

magnitude comparison, and that differences in left IPS activation between 

children with and without DD tended to be larger in the left IPS in approximate 

calculation than exact calculation, may reflect specific impairments of dyscalculic 

children in tasks that require the understanding of proximity relations between 

numbers. In contrast, simple arithmetic fact retrieval (exact calculation) 

mediated by language-based representations revealed no differences. In the 
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same way, simple comparison of different quantities of objects (magnitude 

comparison) processed by predominantly visual brain regions exposed also no 

differences between children with and without DD. 

Findings from behavioral studies of normal development of spatial number 

representations and arithmetic competence contribute to the interpretation of 

our results. In adults, the spatially oriented mental number line is, among 

others, evidenced by the SNARC effect (Spatial Numerical Association of 

Response Codes: faster left-hand responses to small numbers and faster right-

hand responses to large numbers (Dehaene, et al. 1993)). SNARC effects arise 

after the 2nd grade in normally developing children and are positively correlated 

with arithmetic performance, at least in boys (Berch, et al. 1999; Schweiter, et 

al. 2005). Interestingly, children with visuospatial and numerical disabilities did 

not show SNARC effects (Bachot, et al. 2005). These results indicate that 

visuospatial and numerical disabilities are interlinked and may be mediated by an 

abnormality in constructing a mental number line and representing ordinal 

numbers. 

Finally, it has to be reemphasized that a direct contrast of brain activation 

patterns of children with DD and controls revealed no differences in any 

condition. Only comparison of percentage of signal change in ROIs that were 

defined by activated clusters in the control group revealed differences between 

the children with DD and normal achieving children. It has to be considered that 

if a region is selected on the basis that it is shown to be activated in one group 

(here, the control group), then comparison with any other group statistically 

inflates the chances that increased activation in the first group will be found. 

However, in the present study both groups showed positive activation in all ROIs 

and activation patterns of normally achieving children are supposed to mirror the 

ordinary cerebral representation of number processing enabling age-appropriate 

arithmetic efficiency. 

To sum up, the present study presents the first attempt at characterizing 

the neural underpinnings of DD in otherwise normal schoolchildren. Results 

indicated that dyscalculic and normal achieving children activated similar neural 

networks during number processing. However, significant differences between 

children with DD and controls were found in approximate calculation with 

dyscalculic children exhibiting weaker activation in almost the entire neural 

network. In particular, the left IPS, left IFG and right MFG seem to play a crucial 
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role for correct number processing. In conclusion, these group differences appear 

to reflect a deficiency in recruitment of neural resources of the analog magnitude 

system for number processing in dyscalculic children. In contrast, no differences 

in brain activation could be detected in simple arithmetic fact retrieval mediated 

by language-based representations. 

Future research is needed to answer remaining questions. Which are the 

optimal circumstances to induce brain plasticity so that children with DD may 

maximally benefit from an intervention? Will these children ever be able to 

overcome their deficits through other compensatory mechanisms? 
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4 Gender Differences in Brain Activation 

Patterns during Mental Rotation and Number 

Related Cognitive Tasks  

Kucian K et al. (2005) Psychology Science 47 (1): 112-131 

 

4.1 Summary 

 

Gender differences in the visuospatial and mathematical cognitive domain 

seem to rely on the preferences for different cognitive strategies. Such 

differences may involve or reflect different neural circuits. 

In this study three number related tasks and a mental rotation fMRI-

paradigm were used to examine whether different brain activation and 

performance patterns could be observed between genders. 

In a simple magnitude comparison task no gender differences in brain 

activation patterns were found. In contrast, during exact calculation, 

approximation and mental rotation tasks that demand the use of more complex 

problem solving strategies, different activation patterns were observed between 

men and women. In particular, women showed additional activation in bilateral 

temporal, right inferior frontal and primary motor areas. These results indicate 

that women use cognitive strategies that involve brain areas for spatial and 

verbal working memory and speech/head-motor mechanisms while solving 

mental rotation and number related problems. 

 

4.2 Introduction 

The examination of gender differences in behaviour and cognition is both a 

popular and controversial topic among researchers. Many cognitive tasks have 

favoured one gender over the other; and research of visuospatial tasks have 

produced the most consistent sex differences, especially those that require 

mental rotation of objects. Mental rotation is a complex cognitive skill, that 

demands different neuropsychological functions such as shape perception, spatial 
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reasoning and problem solving (Weiss, et al. 2003). Based on behavioral 

responses (reaction time and accuracy) several studies have found males to 

perform better than females in mental rotation tasks (Crucian and Berenbaum 

1998; Halpern 2000; Linn and Petersen 1985; Roberts and Bell 2000). However, 

few neuroimaging studies have evaluated gender differences in mental rotation 

and the reported results are highly inconsistent (Dietrich, et al. 2001a; Jordan, 

et al. 2002; Roberts and Bell 2000; Tagaris, et al. 1996; Thomsen, et al. 2000; 

Unterrainer, et al. 2000; Weiss, et al. 2003). Preferences for different cognitive 

strategies by women and men (Jordan, et al. 2002; Schwank 1993), different 

levels of task performance (Unterrainer, et al. 2000) and gender-related 

hemispheric organisation are factors that might contribute to these differences. 

The existence of a positive correlation between visuospatial and 

mathematical abilities remains a point of contention, in particular with respect to 

gender differences (Casey, et al. 1997; Casey, et al. 1995; Friedman 1995; 

Goldstein, et al. 1990). As in the visuospatial domain most studies on 

mathematical abilities also report gender differences favouring men (Geary 

1995; Geary 1999; Halpern 2000). It seems that these differences emerge 

during preschool years and persist throughout school (von Aster 2000; Weinhold 

Zulauf, et al. 2003). 

The better performance of males during spatial and mathematical tasks, a 

close connection between these two cognitive abilities and a gender difference in 

brain activation during mental rotation led us to question whether women and 

men use the same cerebral networks to solve arithmetic problems. Lesion and 

brain-imaging studies have described a dissociated network for arithmetic fact 

retrieval and numerical magnitude judgements (Cohen, et al. 2000; Dehaene, et 

al. 1999; Menon, et al. 2000). The prefrontal and parietal cortices, respectively, 

have been implicated in the performance of these tasks (Cohen, et al. 2000; 

Dehaene, et al. 2003; Dehaene, et al. 1999; Gruber, et al. 2001; Menon, et al. 

2000; Rickard, et al. 2000; Simon, et al. 2002; Stanescu-Cosson, et al. 2000; 

Zago, et al. 2001). However, none of these neuroimaging studies addressed 

gender differences in brain activation during number processing. 

The aim of the present study was to assess possible gender-specific brain 

activation patterns during simple numerical magnitude judgements and more 

complex mathematical and mental rotation tasks. We used one mental rotation 

and three number-related fMRI-paradigms to learn whether differences exist 
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between women and men in terms of brain activation patterns or task 

performance. 

 

4.3 Methods 

 

Subjects 

Twenty-two right-handed healthy adults participated in the study. Of 

these, valid MR data without motion artefacts (less than half a voxel size) were 

obtained from 20 subjects, 10 females and 10 males (median age 25.9 ± 5.3 

years). fMRI-data analysis was based on these 20 subjects. All subjects gave 

written informed consent to participate in the study. 

 

Stimuli and task 

Before entering the scanner the subjects were carefully instructed about 

the whole examination procedure and how to respond to the paradigm 

presented. The computer-generated paradigm (E-Prime, Psychology Software 

Tools Inc.) was presented to the subjects via video-goggles (Resonance 

Technology Inc., Northridge, U.S.A.). The paradigm was a classical box-car 

design consisting of four experimental conditions: (1) approximate and exact 

calculation, (2) approximate and exact control condition, (3) magnitude 

comparison of small numbers of objects, (4) mental rotation of two-dimensional 

pictures (Fig. 4.1). Each block lasted exactly 80 s and the stimulation was self-

paced. Between each block was a pause of 12.5 s. A fixation point was presented 

in the centre of the screen during the resting period, and subjects were asked to 

fixate the point. The four conditions were presented to all subjects in randomised 

order and behavioral data were collected using a response box (Lumina LP-400, 

Cedrus Corporation, San Pedro, U.S.A). 
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Figure 4.1: Paradigm-Design used during brain imaging. 

 

Calculation: The calculation task consisted of three cycles of alternating 

approximation and exact calculation blocks. First, a single-digit addition was 

presented for 850 ms, followed by two alternative solutions again for 850 ms 

after a break of 200 ms. In the exact addition condition subjects selected the 

correct sum from two numerically close numbers by pressing a response button. 

In the approximate addition condition, they were asked to estimate the result 

and to select the nearest number of the two choices. 

Control condition: The control condition of the calculation part was a 

grey-scale discrimination task. The control condition was again presented during 

three cycles of approximate and exact discrimination blocks using an equal 

stimulus presentation time and interstimulus interval (ISI). Completely 

randomised stimuli were presented. In the exact control task, subjects had to 

match sequentially presented grey-scale patterns. In the approximate control 

task, they were asked to pick out the grey-scale pattern that was more similar to 

the one shown before. The alternative answers were more similar in the exact 

control condition compared to those in the approximate control condition. 

Magnitude comparison: The magnitude comparison task involved three 

blocks of 80 s. Subjects had to compare two sets of different objects (pictures of 

fruit and vegetables) and were asked to select the set with the higher multitude. 

Maximal duration of stimulus presentation was 2 s, the ISI was 1 s. The 
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maximum number of objects displayed on one side was 18. The differences 

between the two sets were 1, 2, 3 or 4 in the first block; 9, 10, 11 or 12 in the 

second block; and 5, 6, 7 or 8 in the third block. Fixation during rest served as 

control condition for magnitude comparison. 

Mental rotation: During the mental rotation task subjects had to 

mentally rotate 2-D pictures of animals. By pressing a button they indicated 

whether the two animals could be superimposed upon one another, i.e. identical 

or not identical. This condition included three blocks of mental rotation (first 

block: seahorses; second block: whales; third block: squids). The randomised 

stimulus presentation was self-paced, maximally 6 s, the ISI was 1 s. Analogous 

to the magnitude comparison task, point fixation during rest served as control 

condition for the mental rotation task. 

 

fMRI image acquisition 

Functional magnetic resonance image acquisition was performed on a 1.5 

Tesla system (GE Medical Systems, Milwaukee, WI, USA) using gradient echo 

planar imaging (repetition time, TR = 3.2 s; echo time, TE = 55 ms; field of 

view, FOV = 240 x 240 mm2; flip angle = 90°; matrix size = 64 x 64 x 32; voxel 

size = 3.75 x 3.75 x 4 mm3; 32 contiguous slices parallel to the AC-PC line, slice 

thickness = 4 mm). Three-dimensional anatomical images of the entire brain 

were obtained using a T1-weighted gradient echo pulse sequence (TR = 27 ms; 

FOV = 240 x 240 mm2; slice thickness = 1,6 mm; matrix size = 256 x 192). 

 

Data analysis 

The behavioral data were statistically analysed using the SPSS software 

(SPSS 11.5, Chicago, USA). Statistical data analysis of behavioral results was 

based on 10 female subjects and 9 male subjects. One male subject had to be 

excluded because of a recording failure. 

The fMRI-data were analysed using the Statistical Parametric Mapping 

(SPM99) software (Wellcome Department of Cognitive Neurology, London, UK). 

The first four images were discarded to allow establishment of steady-state 

magnetisation. For the analysis, all images were realigned and transformed into 

the standardised stereotactic reference system (EPI-template provided by the 

Montreal Neurological Institute). Each normalised scan was smoothed with a 9 

mm full-with at half-maximum Gaussian kernel. Changes in regional blood 
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oxygenation level dependent (BOLD) contrast were determined by applying the 

general linear model to each voxel. To test the significance of BOLD changes in 

different brain regions, voxel-wise comparisons were performed using t statistics 

within each group. The resulting set of voxel values for each contrast constituted 

a statistical parametric map of the t-statistic (SPM(T)). Subsequently a second 

level analysis was performed using the linear contrasts for each subject and 

condition. MNI coordinates (Montreal Neurological Institute) of activated voxels 

were transformed into the Talairach and Tounoux reference system. 

 

4.4 Results 

 

4.4.1 Behavioral data 

 

Table 4.1 shows the mean reaction time, accuracy rate and the 

corresponding standard deviations for the four different tasks in women and 

men. Univariate general linear model (GLM) analysis was computed with the 

reaction time (RT) and accuracy rate (ACC) as dependent variables and the 

gender as grouping factor for both magnitude comparison and mental rotation 

tasks. Neither ACC nor RT revealed differences in the performance between 

women and men for both tasks. The arithmetic data were tested using the GLM 

analysis for ‘repeated measures’. RT and ACC were the dependent variables, 

gender was the grouping factor and the conditions were the repeated 

measurement factors (exact / approximate calculation). Partial ETA2 is quoted for 

better description of the data. Partial ETA2 values describe the portion of total 

variability attributable to a factor. Subjects needed significantly more time (F(1, 

17) = 169.320, p < 0.0001, partial ETA2 = 0.909) and made more errors (F(1, 

17) = 26.521, p = 0.0001, partial ETA2 = 0.609) solving approximate compared 

to the exact calculation problems. No significant gender differences in the 

accuracy rate were found, but women needed significantly more time (F(1, 17) = 

4.618, p = 0.046, partial ETA2 = 0.214) solving exact and approximate 

calculation problems compared to male subjects. The interaction between gender 

and condition turned out to be non-significant (RT: F(1, 17) = 0.03, p < 0.865, 

partial ETA2 = 0.002; ACC: F(1, 17) = 0.019, p < 0.893, partial ETA2 = 0.001). 
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Calculation Control Condition Mental 
rotation 

Magnitude 
comparison approximate exact approximate exact 

Women       
Reaction time (ms)       
 Mean 2331.3 665.6 631.2 474.5 653.5 599.5 

 S.D. 748.3 164.4 108.7 54.2 222.1 198.1 
Accuracy rate (%)       
 Mean 85.6 97.9 91.5 95.6 78.3 79.4 
 S.D. 8.8 1.0 5.2 4.0 9.0 14.1 
Men       
Reaction time (ms)       
 Mean 1954.3 602.3 559.1 406.5 532.6 521.1 
 S.D. 478.0 178.2 70.4 52.0 109.4 89.2 
Accuracy rate (%)       
 Mean 90.3 98.9 93.8 97.7 78.4 83.1 
 S.D. 4.7 1.1 2.3 2.4 10.3 11.9 

 

Table 4.1: Behavioral results: Means and standard deviations (SD) of women and men for the 

reaction times and accuracy rates for all conditions. 

 

4.4.2 Neuroimaging data 

 

During magnitude comparison (magnitude comparison relative to 

baseline) both, men and women activated a network of primary and secondary 

visual areas (BA18, BA19), bilateral parietal areas (right superior parietal lobe, 

left supramarginal gyrus (BA40)), right inferior frontal gyrus (BA44) and the 

cerebellum bilaterally (p = 0.05 corr., T = 6.70, k = 5) (figure 4.2, table 4.2). 

 

 

 

Figure 4.2: Magnitude comparison: Results of the group study: significant activation of all 20 

subjects is shown upon a normalized brain viewed from left, right, and back side (p = 0.05 

corr., T = 6.70, k = 5). 
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Talairach 
coordinates 

T kE Condition Anatomical region 

x y z   
right cerebellum 33 -59 -20 8.6 18 

right occipital lobe, cuneus, BA18 3 -90 7 8.6 17 

left occipital lobe, inferior occipital gyrus, BA19 -42 -79 -1 8.2 25 

right frontal lobe, inferior frontal gyrus, BA44 50 13 27 7.7 14 

right parietal lobe, intraparietal sulcus 33 -48 38 7.7 

right parietal lobe, superior parietal lobule 30 -56 44 7.6 

15 

left occipital lobe, middle occipital gyrus, BA18 -27 -90 13 7.7 13 

left cerebellum -30 -54 -23 7.6 6 

right occipital lobe, middle occipital gyrus, BA19 33 -84 18 7.6 13 

Magnitude 
comparison  
women & men 

left parietal lobe, supramarginal gyrus, BA40 -45 -42 38 7.2 21 

 

Table 4.2: Magnitude comparison: Anatomical localisation, Talairach coordinates, T scores of 

significant activated clusters, and cluster size. 

 

In contrast to the magnitude comparison task, approximate and exact 

calculation and mental rotation evoked significant differences in brain activation 

between the genders. Women recruited additional brain regions during 

approximation, exact calculation and mental rotation compared to men. 

Women showed significant bilateral activation during mental rotation 

(mental rotation relative to baseline) in the inferior parietal lobule (BA40) 

including the intraparietal sulcus (p = 0.0001, T = 6.01, k = 5) (figure 4.3, table 

4.3). Significant activation was also found bilaterally in visual areas (BA18, 

BA19), extra striate cortex, fusiform gyrus and the inferior frontal gyrus. Male 

subjects activated a similar yet more diffuse network to women during mental 

rotation. Like women, men exhibited significant (p = 0.0001, T = 6.01, k = 5) 

activation of bilateral occipital areas (BA18, BA19) including the fusiform gyrus, 

extra striate cortex, the inferior and superior parietal lobule (BA40, BA7) and the 

intraparietal sulcus. Broca’s area and the right-hemispheric homologue area 

(BA47), parts of the middle and inferior frontal gyrus (BA9, BA44, BA46) of the 

right hemisphere and the premotor cortex (BA6) of the left hemisphere were also 

activated in men. For the main gender effect, female activation was subtracted 

from male activation. There was significant (p = 0.001, T = 3.61, k = 5) 

activation of the right hemisphere in the middle temporal gyrus (BA21) and the 

inferior frontal gyrus (BA44) and of the left hemisphere in the primary motor 

cortex (BA4), as shown in figure 4.3. When subtracting the activity for the males 
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from the females, just a small activation area remained in the white matter (p = 

0.001, T = 3.82, k = 5, Talairach and Tournoux coordinates: -33 -63 14). 

 

             

|       

}       

  | }     - 

 

 

Figure 4.3: Mental rotation: Areas of significant activation are depicted on a normalised brain of 

the group analysis of the mental rotation task for female subjects (top, p = 0.0001, T = 

6.01, k = 5), male subjects (middle, p = 0.0001, T = 6.01, k = 5), and female vs. male 

subjects (bottom, p = 0.001, T = 3.61, k = 5). 

 

Talairach 
coordinates 

T kE Condition Anatomical region 

x y Z 

left occipital lobe, middle occipital gyrus, BA19 -30 -81 7 8.6 254 
right parietal lobe, intraparietal sulcus, BA40 39 -53 50 11.6 320 
right occipital lobe, middle occipital gyrus, BA19 30 -84 18 10.3  
right parietal lobe, inferior parietal lobule, BA40 36 -47 41 10.2  
right occipital lobe, fusiform gyrus 48 -73 -9 10.6 30 
left parietal lobe, inferior parietal lobule, BA40 -53 -33 38 9.5 161 
left parietal lobe, intraparietal sulcus -33 -47 41 9.0  
right occipital lobe, fusiform gyrus 27 -79 -14 9.3 49 
right frontal lobe, inferior frontal gyrus, BA9 36 7 25 9.3 6 

Mental rotation 
women 

left frontal lobe, precentral gyrus -39 1 25 7.3 24 
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right occipital lobe, fusiform gyrus 18 -77 -19 12.3 24 
right frontal lobe, middle frontal gyrus, BA46 39 33 20 12.1 49 
left occipital lobe, fusiform gyrus -45 -73 -11 11.9 83 
right frontal lobe, middle frontal gyrus, BA9 48 13 27 11.7 77 
right frontal lobe, inferior frontal gyrus, BA44 56 18 18 6.5  
Left occipital lobe, lingual gyrus -6 -79 -9 11.4 64 
Left frontal lobe, inferior frontal gyrus, BA47 -39 23 -9 9.9 49 
right cerebellum 39 -54 -23 9.6 85 
right occipital lobe, middle occipital gyrus, hMT 42 -81 4 9.4 52 
right occipital lobe, middle occipital gyrus, BA18 42 -79 -9 7.1  
right frontal lobe, inferior frontal gyrus, BA46 48 41 12 9.4 10 
left frontal lobe, middle frontal gyrus, BA6 -24 -7 45 9.3 53 
right occipital lobe, cuneus, BA7 24 -80 32 9.2 12 
right insula, BA13 30 26 -1 9.1 59 
right frontal lobe, inferior frontal gyrus, BA47 42 23 -4 9.0  
left frontal lobe, medial frontal gyrus, BA32 -9 11 46 9.1 17 
right frontal lobe, medial frontal gyrus, BA8 3 20 46 6.8  
right parietal lobe, intraparietal sulcus 33 -48 38 8.7 28 
right parietal lobe, inferior parietal lobule, BA40 39 -53 47 6.3  
left parietal lobe, inferior parietal lobule, BA40 -45 -39 41 8.6 44 
left frontal lobe, precentral gyrus, BA6 -50 -7 39 8.5 18 
right parietal lobe, postcentral gyrus, BA2 50 -27 37 7.6 10 
left parietal lobe, precuneus, BA7 -21 -68 34 7.3 6 
right occipital lobe, lingual gyrus, BA17 21 -90 -1 7.1 5 
left parietal lobe, superior parietal lobule, BA7 -39 -56 55 7.0 9 
right frontal lobe, middle frontal gyrus, BA6 27 -3 47 6.7 15 
right occipital lobe, middle occipital gyrus, BA19 30 -81 21 6.3 6 

Mental rotation 
men 

right parietal lobe, precuneus, BA7 24 -68 39 6.2 5 
left frontal lobe, precentral gyrus, BA4 -18 -20 56 4.7 11 
right temporal lobe, middle temporal gyrus, BA21 59 -35 -3 4.5 19 
left frontal lobe, precentral gyrus, BA4, -50 -9 45 4.5 6 
right frontal lobe, inferior frontal gyrus, BA44 59 18 16 4.2 19 
right frontal lobe, precentral gyrus 62 9 13 4.0 

Mental rotation  
women vs. men 

right frontal lobe, inferior frontal gyrus, BA44 56 7 19 3.7 
 

Table 4.3: Mental rotation: Anatomical localisation, Talairach coordinates, T scores of significant 

activated clusters, and cluster size. 

 

During approximate calculation versus approximate control condition, 

bilateral activation (p = 0.0005, T = 4.78, k = 10) was detected in females in the 

intraparietal sulcus extending into the inferior parietal lobule of the left 

hemisphere (BA40), bilaterally in the fusiform gyrus and in the left inferior 

occipital gyrus (BA19), as can be seen in figure 4.4 and table 4.4. Similarly, male 

subjects revealed bilateral brain activation (p = 0.0005, T = 4.78, k = 10) in the 

intraparietal sulcus extending into the inferior parietal lobule of the left 

hemisphere and a left-hemispheric occipital area (BA19). Men showed also 

bilateral activation in supplementary motor areas (BA6), in the inferior frontal 

gyrus (BA9), the left primary motor area (BA4), the right insula and bilaterally in 

the cerebellum. 
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Women showed additional brain activation during approximation mirroring 

the gender differences seen during mental rotation. In more detail, by 

subtracting the activation of approximate calculation of men from the 

approximate condition of the female subjects ([approximate calculationwomen – 

approximate controlwomen] – [approximate calculationmen – approximate 

controlmen]), women showed additional activation (p = 0.001, T = 3.61, k = 5) of 

the bilateral superior temporal sulcus, the primary motor cortex (BA4) of the 

right hemisphere and anterior parts of the left superior temporal gyrus. The 

subtraction of the female activation from that of the males revealed a small area 

in the left occipital lobe (p = 0.001, T = 4.88, k = 13, Talairach and Tournoux 

coordinates: -6 -92 16). 

 |   

}   

|    -    }    

 
 

Figure 4.4: Approximate calculation vs. approximate control condition: Areas of significant 

activation are depicted on a normalized brain of the group analysis of approximation for 

female subjects (top, p = 0.0005, T = 4.78, k = 10), male subjects (middle, p = 0.0005, T 

= 4.78, k = 10), and females minus males (bottom, p = 0.001, T = 3.61, k = 5). 
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Talairach 
coordinates 

Condition Anatomical region 

x y z 

T kE 

left occipital lobe, fusiform gyrus, BA37 -36 -62 -10 11.6 121 
left occipital lobe inferior occipital gyrus, BA19 -39 -73 -4 7.7  
right parietal lobe, intraparietal sulcus 33 -56 42 7.8 13 
right occipital lobe, fusiform gyrus, BA37 36 -62 -17 7.0 23 
left parietal lobe, inferior parietal lobule, BA40 -42 -42 41 6.8 51 

Approximate 
calculation 
women 

left parietal lobe, intraparietal sulcus -33 -45 41 6.0  
left frontal lobe, medial frontal gyrus, BA6 -3 11 46 10.3 86 
right frontal lobe, superior frontal gyrus, BA6 3 6 52 7.8  
right parietal lobe, intraparietal sulcus 39 -42 38 6.6 70 
Right insula 39 -40 21 6.0  
left frontal lobe, inferior frontal gyrus, BA9 -50 7 33 8.2 59 
right frontal lobe, inferior frontal sulcus 50 7 33 7.8 22 
left frontal lobe, precentral gyrus, BA4 -24 -9 53 7.0 10 
left cerebellum -42 -68 -22 7.0 29 
right cerebellum 0 -68 -22 6.8 11 
left parietal lobe, Precuneus, BA19, -24 -77 37 6.5 13 
left parietal lobe, intraparietal sulcus -48 -39 41 6.2 47 

Approximate 
calculation 
men 

left parietal lobe, inferior parietal lobule, BA40 -39 -47 44 6.2  
left temporal lobe, superior temporal sulcus -50 -54 19 5.4 27 

right temporal lobe, superior temporal sulcus 56 -52 16 5.3 20 

left superior temporal gyrus -53 3 3 4.5 12 

Approximate 
calculation 
Women vs. men 

right frontal lobe, precentral gyrus, BA4 62 -10 31 3.9 20 
 

Table 4.4: Approximate calculation: Anatomical localisation, Talairach coordinates, T scores of 

significant activated clusters, and cluster size. 

 

Figure 4.5 and table 4.5 show significant activation in both genders during 

exact calculation. Exact calculation versus exact control condition evoked a 

similar activation pattern in women to the one observed during approximate 

calculation. Like in approximation, women showed brain activation (p = 0.001, T 

= 4.30, k = 8) bilaterally in the fusiform gyrus and in the left intraparietal sulcus. 

Furthermore, primary and secondary visual areas of both hemispheres (BA18, 

BA19) as well as the left-hemispheric inferior frontal gyrus (BA9) were activated 

in females during exact addition. Male subjects showed activation (p = 0.001, T 

= 4.30, k = 8) during exact addition minus exact control condition in the left 

primary and supplementary motor areas (BA4, BA6), the left medial frontal 

gyrus, the right fusiform gyrus and the right cerebellum. Like in mental rotation 

and approximation both sexes showed differences in the cerebral processing of 

exact calculation. The contrast of female relative to male subjects for solving 

exact arithmetic problems vs. the exact control task revealed additional 

activation (p = 0.001, T = 3.61, k = 5) in the right middle temporal gyrus 

(BA21) and in a small left-hemispheric spot of the primary motor cortex (BA4), 

as can be seen in figure 4.5. The reverse comparison of male relative to female 
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subjects revealed a small activation dot in the left middle frontal gyrus (BA10: p 

= 0.001, T = 4.34, k = 6, Talairach and Tournoux coordinates: -36 55 –5; and 

BA46: p = 0.001, T = 3.76, k = 5, Talairach and Tournoux coordinates: -48 36 

15). 

 |   

}   

|    -    }    

 
 

Figure 4.5: Exact calculation vs. exact control condition: Areas of significant activation are 

depicted on a normalised brain of the group analysis of exact calculation for female 

subjects (top, p = 0.001, T = 4.30, k = 8), male subjects (middle, p = 0.001, T = 4.30, k 

= 8), and females minus males (bottom, p = 0.001, T = 3.61, k = 5). 

 

Talairach 
coordinates 

T kE Condition Anatomical region 

x y z 
left parietal lobe, intraparietal sulcus -30 -56 44 5.2 89 
left occipital lobe, fusiform gyrus -36 -68 -14 6.6 114 
left occipital lobe, middle occipital gyrus, BA19 -45 -76 -6 5.6  
left occipital lobe, lingual gyrus -24 -82 -3 6.1 18 
right occipital lobe, fusiform gyrus 30 -76 -11 6.0 44 
right occipital lobe, cuneus, BA18, BA19 24 -87 10 5.8 28 
right occipital lobe, middle occipital gyrus, BA18 39 -78 12 5.4 8 
left occipital lobe, middle occipital gyrus -27 -90 13 5.0 8 

Exact calculation 
women 

left frontal lobe, inferior frontal gyrus, BA9 -45 7 30 4.9 10 
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left frontal lobe, precentral gyrus, BA4 -50 -9 47 8.1 20 
left frontal lobe, medial frontal gyrus -6 -3 55 5.7 28 
right occipital lobe, fusiform gyrus 30 -74 -19 6.1 58 
right cerebellum 21 -71 -24 5.1 10 

Exact calculation 
men 

left frontal lobe, middle frontal gyrus, BA6 -33 -7 42 5.1 16 
right temporal lobe, middle temporal gyrus, BA21 62 -32 -6 5.3 26 Exact calculation 

women vs. men left frontal lobe, precentral gyrus, BA4 -27 -21 45 4.4 8 

 

Table 4.5: Exact calculation: Anatomical localisation, Talairach coordinates, T scores of significant 

activated clusters, and cluster size. 

 

4.5 Discussion 

 

The present fMRI-study was designed to measure cortical activation 

patterns in women and men during mental operation that consisted of (a) 

numerical magnitude judgement, (b) exact and approximate addition of single 

digits and (c) of mental rotation.  

Our behavioral results did not confirm a better performance of males in 

mental rotation and mathematics. Moreover, the accuracy levels were equal for 

all conditions between women and men, however, the reaction times of men 

were faster in the arithmetic tasks. 

Women and men seem to use an identical activation network in the 

magnitude comparison task as revealed by fMRI. Our results support the 

assumption of a central semantic representation of numerical quantity that relies 

on a common bilateral parietal (intraparietal sulcus) and right-hemispheric 

prefrontal network as shown by various studies (Chochon, et al. 1999; Pinel, et 

al. 2001; Rickard, et al. 2000). 

In contrast to magnitude comparison, those tasks that demand more 

complex problem solving strategies (mental rotation, approximate and exact 

calculation) revealed gender differences in brain activation.  

In general, mental rotation evoked a similar cortical activation pattern in 

women and men, which is in agreement with previous studies showing increased 

signal intensities bilaterally in the occipital lobe, the inferior parietal lobe and the 

frontal lobe (Jordan, et al. 2002). Whereas activation in the parietal lobe 

underscores the major role of this area in mental rotation of visual objects, the 

activation of the frontal cortex may reflect flexibility in thought, programming of 

action sequences and problem-solving strategies (Weiss, et al. 2003). Stimulus-
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related activation in the visual cortex is based on the fact that the task itself 

involves visual imagery, which activates similar areas in the visual cortex as 

visual perception (Kosslyn, et al. 1993). Additionally, the results show that solely 

imagining rotating an object has the capability to activate bilaterally the human 

middle temporal complex (hMT/V5), a region involved in motion processing 

(Peigneux, et al. 2000). Though both women and men, overall, showed similar 

patterns of activation, some gender differences were evident. Women had 

significantly more activation of the right hemisphere in the middle temporal 

gyrus (BA21) and the inferior frontal gyrus (BA44), and of the left hemisphere in 

the primary motor cortex (BA4). The temporal lobe is involved in object and 

spatial memory, and in object identification and categorisation (Cabeza and 

Nyberg 2000). Jordan et al. (2002) also found stronger activation of temporal 

areas in women than in men. They claimed that the temporal activation indicates 

that women expend more effort in dealing with the identity of visual objects. In 

accordance with other studies (Jordan, et al. 2002; Thomsen, et al. 2000), we 

found more activation in the right inferior frontal gyrus in females. Thomsen et 

al. (2000) suggested that males and females may differ in the processing 

strategy; males use a ‘gestalt’ strategy whereas females follow a ‘serial’ 

reasoning strategy. Primary motor cortex activation may be due to greater 

interhemispheric interaction in women than in men (Sadato, et al. 1997) or 

differences of females and males perspectives during dynamic imagery (Jordan, 

et al. 2002). An internal perspective of manipulating an object on its own would 

evoke motor area activation, whereas the external perspective, e.g. “imagine 

somebody else is manipulating an object” would not. 

Consistent with previous imaging studies, we found activation related to 

arithmetic processing in the intraparietal sulcus extending into the inferior lobule 

of the left hemisphere, the inferior and medial frontal gyrus, fusiform gyrus, 

visual cortex, primary, as well as, supplementary motor areas and cerebellum 

(Menon, et al. 2000). Visual cortex and fusiform gyrus activation is involved in 

processing visual number forms (Dehaene, et al. 1996). Activation of motor 

areas during arithmetical tasks are suggested to rely on the developmental trace 

of a finger-counting strategy that mediates numerical knowledge in adults 

(Houdé and Tzourio-Mazoyer 2003). Parietal areas are associated with 

visuospatial functions in general, with representations of approximate quantities 

in the form of a number line in particular (Dehaene et al. 1999). In contrast, 
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exact calculation is language-dependent and relies on a left inferior frontal circuit 

(Dehaene, et al. 1999). According to our results both women and men revealed 

activation in parietal areas during approximate calculation. Male subjects also 

showed activation in the inferior frontal gyrus (BA9) during approximation. 

Although exact calculation should not be required during the approximation task, 

subjects nevertheless may retrieve the exact number fact from memory, as 

psychological evidence suggests that activation of addition facts is automatic and 

cannot be repressed (Le Fevre, et al. 1988). During exact calculation, neither 

females nor males showed activation in primary perisylvian language areas 

(Broca’s and Wernicke’s area). We found in females during exact calculation and 

in males during approximate calculation inferior frontal gyrus (BA9) activation, 

which may reflect the verbal recall of addition facts. Overall, our results of 

arithmetic processing showed activation of expected cerebral networks, however, 

we could not identify a clear dissociation in processing of exact and approximate 

calculation.  

Women showed additional brain activation compared to men during exact 

and approximate calculation in accordance with the findings of gender differences 

during mental rotation. In particular, females showed additional activation in the 

temporal (BA21, BA22) and primary motor cortices (BA4) during calculation. 

Activated temporal areas are involved in verbal recall and verbal working 

memory. Activated primary motor areas particularly represent mental speech 

production.  

Wilkinson and Halligan (2004) argue that reaction time and accuracy are 

perhaps imperfect measures of cognition. This could explain the divergence 

between behavioral and neural-activation measures. The absence of an allied 

behavioral effect does not render imaging data uninterpretable. As both groups 

in the current study showed very high and similar levels of accuracy, gender 

differences observed in brain activation may be attributed to gender-specific 

processing strategies in arithmetic, as we have also seen during mental rotation. 

Males tend to use visuospatial strategies, whereas females prefer strategies 

involving verbal and spatial working memory. Corresponding psychological 

theory differentiates between functional and predicative thinking (Mölle, et al. 

2000). Functional thinking emphasizes the preference of thinking in terms of 

courses/effects and modes of action, whereas predicative thinking does not care 

so much on dynamics but on static structures and the embedded complex 
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relationships. While female subjects prefer predicative thinking, male subjects 

tend to use more functional thinking algorithms (Noel, et al. 1997; Schwank 

1994). Preferred processing strategies of women seem equally effective in 

visuospatial and arithmetical tasks if no emphasis is placed on speed (Goldstein, 

et al. 1990). Accordingly, differences in problem solving strategies are associated 

with participation of different neural networks (Maestu, et al. 2003). 

 

 

 

Figure 4.6: Model: With increasing task complexity women and men use different problem solving 

strategies. These different strategies are reflected in gender specific brain activation 

patterns whereas performance level of both genders are the same. 

 

In conclusion (Figure 4.6), the observed gender differences in tasks that 

demand the use of more complex problem solving strategies indicate that women 

use different cognitive networks compared to men. These strategies involve 

spatial and verbal working memory and speech/head-motor mechanisms while 

solving mental rotation and number related problems. In contrast, tasks that do 

not demand the use of special problem solving strategies, such as basic 

comparison of numerical magnitudes evoke no gender differences in brain 

activation patterns.  

 



82 

 

 



 

83 

5 Brain Activation during Mental rotation in 3rd 

and 6th Grade School Children 

Kucian K et al. (submitted) Cognitive Brain Research 

 

5.1 Summary 

 

The goal of the present study was to investigate the maturing functional 

network for mental rotation. Using functional magnetic resonance imaging 

(fMRI), we measured cortical activation in 20 children (10 3rd grade, 10 6th 

grade) and 20 adults during mental rotation tasks. Mental rotation is a complex 

cognitive skill in which men usually outmatch women. However, in the present 

study behavioral results revealed no gender differences. The level of accuracy 

was comparable between children and adults but children needed more time to 

mentally rotate the stimuli. Although patterns of activated areas during mental 

rotation in children looked quite similar to those in adults, calculated contrasts 

revealed significant differences. Children showed more activation in the posterior 

cingulate gyrus and precuneus, while adults showed more activation in the left 

intraparietal sulcus. During development, there is a shift of activation from 

predominantly right parietal areas to a bilateral activation pattern. Increased 

cingulate and precuneus activation in children may indicate higher visual 

attention and memory load. In contrast to adults, there were no gender 

differences in brain activation of children. Gender differences in cerebral 

organization of mental rotation seem to develop during late childhood and might 

be a consequence of hormonal changes or gender specific cognitive strategies.  

In conclusion, children and adults activated similar patterns during mental 

rotation. However, within these networks changes indicating developmental 

processes could be observed. These modulations may be due to increased 

experience and automation of visual manipulation leading to faster performance 

and a more left-sided parietal activation pattern. 
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5.2 Introduction 

 

The investigation of cognitive development in infants and children provides 

a fascinating reflection of human brain development. A wealth of brain mapping 

work has been performed in adults, yet cognitive development in children has 

not been studied to such a degree. The topography and extent of cerebral 

activation associated with a particular task may alter as children become more 

proficient. Concomitant changes can be observed in the distribution and 

intensities of cerebral activation associated with task performance (Rivkin 2000; 

Stiles, et al. 2003).  

In this study, the development of the neurocognitive network for 

visuospatial processing was examined using a mental rotation task. Mental 

rotation is a complex cognitive ability, which is supported by a variety of 

neuropsychological functions such as shape perception, spatial reasoning and 

problem solving. In adults, brain activation during mental rotation is associated 

with the parietal lobes, most often centered on the intraparietal sulcus, as well as 

with regions of the frontal and occipital lobe (Alivisatos and Petrides 1997; 

Carpenter, et al. 1999a; Cohen, et al. 1996; Harris, et al. 2000; Jordan, et al. 

2002; Kosslyn, et al. 1998; Richter, et al. 2000; Richter, et al. 1997; Tagaris, et 

al. 1996; Thomsen, et al. 2000; Vingerhoets, et al. 2001; Weiss, et al. 2003). 

Based on behavioral responses (i.e., reaction time and accuracy), several studies 

report males to outperform females in mental rotation tasks (Crucian and 

Berenbaum 1998; Halpern 2000; Linn and Petersen 1985). However, only few 

neuroimaging studies have evaluated gender differences in mental rotation and 

the results are highly inconsistent (Dietrich, et al. 2001b; Jordan, et al. 2002; 

Roberts and Bell 2000; Tagaris, et al. 1996; Thomsen, et al. 2000; Unterrainer, 

et al. 2000; Weiss, et al. 2003). In a previous study (Kucian, et al. 2005b), we 

found significant differences in brain activation but no differences in performance 

between women and men during the same mental rotation task we used in the 

present study. 

Only recently, neuroimaging studies have begun to examine the neural 

underpinnings of mental rotation in children. To our knowledge, four 

neuroimaging studies have been carried out until now. One study used functional 

magnetic imaging (fMRI) to examine brain activation of 9 to 12 year old children 
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during mental rotation of alphanumeric stimuli (Booth, et al. 1999; Booth, et al. 

2000). Results showed that healthy children and adults activate similar 

neurocognitive networks, but there were differences in the distribution of 

activation across these networks. Adults showed more activation in the superior 

parietal and middle frontal areas and less activation in the supramarginal gyrus 

(Booth, et al. 2000). In children, the inferior parietal lobe was more active in the 

right hemisphere, whereas activation in the superior parietal lobe was more 

lateralized in the left hemisphere (Booth, et al. 1999). Booth et al. (1999) 

reported no lateralization bias in adults. Taken together, these fMRI studies 

revealed overlapping similar patterns of activation in children and adults, but 

certain regions associated with visuospatial skills may be more lateralized in 

children. Two other studies in children used EEG and focused on the relationships 

between gender, age and hemispheric activation during different mental rotation 

tasks (Roberts and Bell 2000; Roberts and Bell 2002). One of these studies 

(Roberts and Bell 2000) showed that men exhibited more activation (lower EEG 

power values) compared to women in left parietal and posterior temporal 

regions, whereas boys’ and girls’ power values did not differ in these regions in a 

two-dimensional (2D) mental rotation task (gingerbread man figures). Moreover, 

they observed faster reaction times for men compared to women, whilst there 

were no differences between boys and girls. However, the results of the other 

EEG study (Roberts and Bell 2002) indicated gender differences not only in 

adults but also in children. Men and boys exhibited greater left parietal activation 

than women and girls in the 2D mental rotation task (gingerbread man figures). 

When using a different 2D stimulus (alphanumeric characters), men unlike 

women, exhibited left posterior temporal activation whereas there were no 

differences between boys and girls. During a 3D mental rotation task (basketball 

players), all participants exhibited greater activation in right than in left parietal 

areas, but no gender differences in adults or children could be found (Roberts 

and Bell 2002). Taken together, neuroimaging studies in children provide some 

evidence that the parietal lobe plays an important role in developmental and 

gender differences revealed in cerebral patterns during mental rotation.  

Compared to EEG, fMRI techniques offer the advantage to investigate 

cortical activations with higher spatial resolution and thus provide the ability to 

focus on developmental changes of brain activation locations. The purpose of the 

present fMRI study is to examine the functional network associated with mental 
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rotation in children and adults. We aim to provide further insights into the 

maturation of brain areas involved in mental rotation and possible differences 

between genders. We expected children to show a similar activation pattern as 

those in adults, yet differences in the distribution and levels of activation within 

this network may reflect maturation and experience. Existing literature on 

gender differences in brain activation during mental rotation is not only scarce 

but also contradictory. 

 

5.3 Methods 

 

Participants 

Twenty-six normally achieving school children and twenty-two adults 

participated in this study. Participants were healthy, right-handed volunteers 

with no psychiatric or medical complications as determined by a detailed 

questionnaire. None of the participants suffered from any neuroanatomical 

abnormalities as determined by high resolution structural magnetic resonance 

scans. All participants were medication-free. Valid MR data without motion 

artifacts (less than half a voxel size) were obtained in 20 out of 22 adult 

participants (10 females and 10 males, mean age 27.2 ± 5.0 years). Six children 

had to be excluded from data analysis due to motion of more than half a voxel 

size (1 child), image artifacts (3 children) or poor behavioral performance (2 

children). The remaining 20 children were split in two age groups: ten 3rd grade 

schoolchildren (5 females and 5 males, mean age 9.2 ± 0.2 years) and ten 6th 

grade schoolchildren (5 females and 5 males, mean age 12.0 ± 0.3 years). 

Written informed consent for the participation in the study was obtained from the 

adult participants and from the legal guardians of the children. The study was 

approved by the local ethics committee based on the World Medical Association's 

Declaration of Helsinki (WMA 2002). 

 

Behavioral tests in children 

All children underwent behavioral tests to assess their linguistic and 

mathematical competences prior to the study. 6th grade children completed two 

modules of a test battery for semantic and linguistic verbal fluency in German 

and mathematical competence (Klassencockpit Ausgabe 2003/2004). Two 6th 
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grade children were excluded from the study due to poor test results with more 

than one standard deviation below the average performance of the 6th grade 

Swiss normative sample in one or both modules. Children of the 3rd grade were 

tested for number processing and calculation abilities (ZAREKI, von Aster 2001b) 

and for reading and spelling skills (Knuspel’s Leseaufgaben, Marx 1998; 

Salzburger Rechtschreibtest, Landerl, et al. 1997). The performance of all 3rd 

grade children was within the Swiss normative sample. 

 

Stimuli and task 

Before entering the scanner the participants were carefully instructed 

about the examination procedure and the task. The paradigm was a 2D mental 

rotation task. Two colored drawings of animals were presented as stimuli 

simultaneously one above the other on a screen. The two stimuli appeared at 

varying orientations (0°, 90°, 180°, 270°) whereby the difference in orientation 

between the two stimuli was either 90° or 180°. but in varied presentation 

positions of the stimuli. Participants had to mentally rotate one of these pictures 

by either ±90° or 180° in the picture plane to decide whether the two animals 

were the same or different. In a pilot study, four different stimuli types 

(seahorses, whales, octopi, fishes) were tested with eight 3rd grade children (3 

girls, 5 boys) and 11 adults (5 women, 6 men). The result of the pilot study 

ensured that the task difficulty was age appropriate; children reached a mean 

accuracy level of 80 % with a mean reaction time of 3’492 ms. The three stimuli 

that were chosen for this study (seahorse, whale, octopus) revealed similar error 

rates and reaction times. Drawings of fishes were excluded as stimuli due to 

slightly higher error rates and slightly longer reaction times compared to the 

other three stimuli. The fishes were used later for the practice session prior to 

scanning.  

Children who participated in the fMRI study were instructed to the 

paradigm in two separate steps outside the scanner to ensure that they 

understood the task. In a first step, the task was explained to them and the 

children practiced with cut out drawings of fishes so that they could manually 

rotate the objects for verification if they were identical or not. In a second step, 

the paradigm was performed on a desktop computer and children had to solve 

two to four 20 s blocks of practice trials by pressing the corresponding mouse 

button. Subjects were asked to work as quickly and as accurately as possible. 



88 

After completing practice trials with a maximum of two errors within a block, we 

continued with the actual fMRI experiment. 

During fMRI examination the computer-generated paradigm (E-Prime, 

Psychology Software Tools Inc.), synchronized by trigger pulses of the fMRI-

sequence, was presented to the participants via video-goggles (Resonance 

Technology Inc., Northridge, U.S.A.). The paradigm was a classical box-car 

design consisting of three blocks of mental rotation tasks (first block: seahorses, 

second block: whales, third block: octopi, Fig. 5.1). The blocks lasted 80 s, 

separated by breaks of 12.5 s. The maximum duration of the randomized self-

paced stimuli presentation was 6 s, separated by inter-stimulus intervals (ISI) of 

1 s. Participants were asked to fixate a point at the center of the screen during 

the rest phases. An additional 0° rotation control condition was discarded to 

make the fMRI data acquisition less demanding for the young children. 

Furthermore, prior pilot testing revealed identical and accurate activation 

patterns compared to literature when contrasting mental rotation against 

fixation. Behavioral data were collected by means of a response box (LUMINA, 

Cedrus Corporation, San Pedro, U.S.A). 

 

 
 

Figure 5.1: Mental rotation paradigm. First block: seahorses; second block: whales; third block: 

octopi. Participants had to mentally rotate these 2D pictures either by ±90° or 180° to 

decide whether the two animals were the same or different. 

 

fMRI image acquisition 

Functional MRI acquisition was performed on a 1.5 Tesla whole-body 

scanner (GE Medical Systems, Milwaukee, WI, USA), using gradient-recalled echo 

planar imaging (repetition time, TR = 3.2 s; echo time, TE = 55 ms; field of view 
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(FOV) = 240 mm x 240 mm; flip angle = 90°; matrix size = 64 x 64 x 32; voxel 

size = 3.75 mm x 3.75 mm x 4 mm; 32 contiguous slices parallel to the AC-PC 

line, slice thickness = 4 mm). Three-dimensional anatomical images of the entire 

brain were obtained by using a T1-weighted gradient echo pulse sequence (TR = 

27 ms; FOV = 240 mm x 240 mm x 144 mm; matrix size = 256 x 192 x 90). 

 

Data analysis 

The behavioral data were statistically analyzed using SPSS (SPSS 11.5, 

Chicago, USA). Statistical data analysis of behavioral results was based on 20 

female participants (10 adults, 10 children) and 19 male participants (9 adults, 

10 children). One male participant had to be excluded because of a recording 

failure in behavioral data acquisition. The fMRI data were analyzed using the 

Statistical Parametric Mapping (SPM99) software (Wellcome Department of 

Cognitive Neurology, London, UK). The first four images were discarded thus 

allowing for a steady-state magnetization. All images were realigned and 

transformed into the standardized stereotactic reference system (EPI-template 

provided by the Montreal Neurological Institute). The small differences in time 

courses and locations of activation foci between child and adult brains validate 

the feasibility of direct statistical comparison of these groups within a common 

space (Kang, et al. 2003). Each normalized scan was smoothed with a 9 mm full-

width at half-maximum Gaussian kernel. Changes in regional blood oxygen level-

dependent (BOLD) contrast were determined by applying the general linear 

model (GLM) to each voxel. A within-group voxel-wise comparison of regional 

BOLD change was performed using t statistics to test hypotheses regarding 

significant changes in BOLD. The resulting set of voxel values for each contrast 

constituted a statistical parametric map of the t-statistic (SPM{T}). A second 

level analysis was performed on the basis of the linear contrasts for each 

participant and condition. Finally, MNI coordinates (Montreal Neurological 

Institute) of activated voxels were transformed into the Talairach and Tournoux 

reference system. Region of interest (ROI) definition, extraction of data for the 

region and statistical analysis of ROI data using SPM was performed by MarsBar 

(MarsBar Version 0.37, Matthew Brett). 
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5.4 Results 

 

5.4.1 Behavioral results 

 

The accuracy levels for all groups were high (83 % in 3rd graders, 86 % in 

6th graders, 87 % in adults). Mean reaction times were 2811 ms for 3rd graders, 

2728 ms for 6th graders and 2153 ms for adults. Table 5.1 shows the mean 

reaction time and accuracy rate and standard deviations for the mental rotation 

tasks separately for the two children groups and adults.  

Multivariate GLM analysis was computed with reaction time (RT) and 

accuracy rate (ACC) as dependent variables and gender (FEMALE / MALE) and 

age (3RD GRADE / 6TH GRADE / ADULTS) as fixed factors. The analysis indicated 

significant age differences (F(4, 64) = 2.663, p < 0.05). Posthoc t-tests showed 

that both 3rd grade (p < 0.01) and 6th grade children (p < 0.05) needed 

significantly more time to solve the mental rotation tasks than adults. However, 

we found no significant differences in ACC between 3rd graders, 6th graders and 

adults (p > 0.1). Figure 5.2 illustrates the significant difference in RT between 

children and adults. There were no significant differences in ACC (p ≥ 0.08) 

between the three subsequent blocks of stimuli whether in children nor in adults. 

Children answered fastest during the first block (p ≤ 0.05) and adults needed 

significantly more time during the second block (p ≤ 0.05). Thus, we did not 

observe any effects of practice took during the course of the experiment. 

Neither accuracy nor reaction time revealed significant gender differences 

in adults or children (F(2, 32) = 1.069, p > 0.1). We computed the effect sizes 

(Cohen’s d, Cohen 1988) and they ranged from small values, d = .21 (ACC 3rd 

graders), to high values, d = .90 (ACC 6th graders).  
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Condition All Females Males 

3rd grade children    

 Reaction time (ms)    

  Mean 2810.8 2651.4 2970.1 

  S.D. 460.3 546.0 339.4 

 Accuracy rate (%)    

  Mean 83.1 83.0 83.2 

  S.D. 10.1 8.7 12.3 

6th grade children    

 Reaction time (ms)    

  Mean 2727.8 2873.0 2582.7 

  S.D. 551.4 614.0 504.4 

 Accuracy rate (%)    

  Mean 85.5 81.2 89.8 

  S.D. 11.2 14.3 5.4 

Adults    

 Reaction time (ms)    

  Mean 2152.8 2331.3 1954.3 

  S.D. 647.2 748.3 478.0 

 Accuracy rate (%)    

  Mean 87.8 85.6 90.3 

  S.D. 7.4 8.8 4.7 

 

Table 5.1: Behavioral results: Means and standard deviations (S.D.) of reaction times and 

accuracy rates, split into sexes for 3rd grade and 6th grade children and adults. None of the 

comparisons between female and male participants turned out to be significant. 

 

 
Figure 5.2: RT in ms and standard deviation of 3rd grade and 6th grade children and adults during 

mental rotation. Children needed significantly more time to solve mental rotation problems 

( p < 0.01). Box-plots show the median (horizontal line within the box), the absolute range 

(horizontal lines outside the box), the inter-quartile range (box) and outliers (stars). 
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The majority of the participants (79 %) needed more time to mentally 

rotate objects presented 180° ( mean RT children: 3038 ±788 ms, mean RT 

adults: 2330 ±811 ms) than ±90° (mean RT children: 2789 ±671 ms, mean RT 

adults: 2245 ±806 ms). However, the differences between participants were 

relatively large and the mean overall RTs ranged from 1195 ms to 4002 ms. 

Paired t-tests revealed significantly higher RTs for 180° than for ±90° rotation (p 

< 0.01) in children but did not reach significance in adults (p = 0.14). We 

calculated a quotient by dividing the mean RT for 180° by the mean of RT for 

±90° for each participant using the following equation: [RT180° / RT±90°] – 1. This 

formula results in a positive value for participants who needed more time for 

180° than for ±90° and a negative value for participants who needed more time 

for ±90° than for 180° rotation. Using this normalization we then compared all 

participants in a one-sample t-test and the results showed that children (p < 

0.001) as well as adults (p < 0.05) needed significantly more time to rotate 

objects for 180° than for ±90°. The fact that participants needed more time for 

180° than 90° rotation, was independent from stimulus presentation. Paired t-

test indicated that all combinations requiring 180° rotation (‘0° and 180°’; ‘90° 

and 270°’) evoked longer RTs compared to 90° rotation (’0° and 180°’ vs. 90°, p 

< 0.01; ’90° and 270°’ vs. 90°, p < 0.01). 

 

5.4.2 fMRI results 

 

Children: The brain activation patterns of the children resembled those of 

the adults when using uncorrected p-values in children. Main foci of activation 

relative to fixation (p = 0.0001 uncorrected) in children included in both 

hemispheres the precuneus, intraparietal sulcus, superior parietal lobe, fusiform 

gyrus, thalamus, pulvinar, middle frontal gyrus (BA6 and BA9), superior frontal 

gyrus (BA6), inferior frontal gyrus (BA47), insula and only on the left hemisphere 

the inferior occipital gyrus (BA17) (Figure 5.3 ‘children’, Table 5.2). When using 

the corrected threshold of significance (p = 0.05 FWE corrected ) we found fewer 

areas of activation and a more right lateralized activation pattern in children 

compared to adults. Only peak voxels of the activation pattern in children 

maintained a family wise error (FWE) correction (superior parietal lobe stronger 

pronounced on the right hemisphere, right fusiform gyrus, Table 5.2). 
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Adults: Adults showed significant (p = 0.05 FWE corrected) bilateral activation 

during mental rotation (relative to fixation) in the inferior parietal lobule (BA40) 

including the intraparietal sulcus (IPS) (Figure 5.3 ‘adults’, Table 5.2). Significant 

activation was also found bilaterally in visual areas (BA18, BA19), extrastriate 

cortex and fusiform gyrus. Frontal activation was found in the inferior frontal 

gyrus (BA47, BA9) bilaterally, extending on the right hemisphere into the inferior 

frontal sulcus. 

Talairach coordinates Anatomical region 

x y z 

T Volume 
(kE) 

Adults (p = 0.05 FWE corrected)      
 Left inferior parietal lobe, IPS (BA40) -45 -41 42 11.73 534 
 Left fusiform gyrus (BA19) -39 -76 -11 10.79  
 Right inferior parietal lobe, IPS (BA40) 36 -47 41 11.57 434 
 Right middle occipital gyrus (BA19) 30 -84 18 10.27  
 Right fusiform gyrus (BA19) 21 -80 -19 9.75 106 
 Left inferior frontal gyrus (BA47) -33 23 -9 9.42 38 
 Right inferior frontal gyrus (BA9) 39 7 22 9.40 48 
 Right inferior frontal sulcus (BA9)  50 16 27 9.01  
 Right inferior frontal sulcus (BA46)  39 27 18 9.31 12 
 Right inferior frontal gyrus (BA47)  33 29 -6 8.83 35 
 Left inferior frontal gyrus (BA9) -42 4 25 8.33 72 
 Right cuneus (BA18) 21 -93 7 7.85 12 
 Left fusiform gyrus (BA37) -33 -54 -23 7.85 11 
Children (p = 0.05FWE corrected)      
 Right superior parietal lobe (BA7) 18 -71 42 10.55 181 
 Right fusiform gyrus (BA19) 36 -76 -9 8.41 71 
 Left superior parietal lobe (BA7) -15 -68 39 8.02 26 
Children (p = 0.0001 uncorrected)      
 Right precuneus (BA7) 18 -71 42 10.55 2519 
 Right superior parietal lobule (BA7) 12 -64 56 9.22  
 Right fusiform gyrus (BA19) 36 -76 -9 8.41  
 Left precuneus (BA7) -15 -68 39 8.02  
 Right intraparietal sulcus (BA40) 39 -42 33 6.80  
 Left intraparietal sulcus (BA40) -39 -47 41 6.60  
 Right pulvinar 12 -26 4 7.14 167 
 Right thalamus 6 -17 1 7.00  
 Left pulvinar -15 -26 4 5.60  
 Left thalamus -9 -17 6 5.28  
 Right middle frontal gyrus (BA6) 27 0 58 6.70 401 
 Right superior frontal gyrus (BA6) 3 14 55 6.28  
 Left fusiform gyrus (BA19) -24 -82 -6 6.63 166 
 Left inferior occipital gyrus (BA17) -12 -91 -8 5.34  
 Left superior frontal gyrus (BA6) -21 -8 67 6.32 119 
 Left middle frontal gyrus (BA6) -27 -6 50 6.27  
 Right insula 24 26 -4 5.84 60 
 Left inferior frontal gyrus (BA47)  -42 17 -8 5.82 27 
 Left insula -36 23 -6 5.34  
 Right inferior frontal gyrus (BA47) 50 15 2 5.64 20 
 Right middle frontal gyrus (BA9) 42 31 32 5.24 44 

 

Table 5.2: Cortical activation of adults and children: Anatomical localization, Talairach coordinates, 

T scores of significant activated clusters and cluster size of adults and children at different 

statistical levels. 
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Children versus Adults: Although there was substantial overlap in the 

activated pattern during mental rotation in adults and children, the calculated 

contrasts revealed significant differences (Table 5.3). The contrast ‘children vs. 

adults’ revealed more activation in the posterior cingulate gyrus (PCG) and 

precuneus bilaterally (p = 0.05 FWE corrected) (Figure 5.3 ‘children vs. adults’). 

Post-hoc ROI analysis of percentage of signal change (∆S) in these clusters 

revealed a deactivation in adults (mean ∆S = -0.57) in contrast to children 

(mean ∆S = 0.02). 

 

Adults versus Children: Figure 5.3 ‘adults vs. children’ shows activated 

clusters when comparing adults (10 females, 10 males) with children (10 girls, 

10 boys). Adults showed more activation in the left IPS (p = 0.05 FWE 

corrected). ROI analysis of ∆S in the left IPS supported stronger activation in 

adults (mean ∆S = 1.13) compared to children (mean ∆S = 0.31). 

 

Talairach coordinates Anatomical region 
x y z 

T Volume 
(kE) 

Children - adults      
 Right posterior cingulate gyrus (BA31) 9 -51 22 6.84 122 
 Right precuneus (BA31) 9 -60 28 6.62  
 Right precuneus (BA31) 12 -51 30 6.45  
 Left precuneus (BA31) -9 -60 28 6.09 61 
 Left posterior cingulate gyrus (BA31) -6 -39 41 5.99 16 
Adults - children      
 Left inferior parietal lobe, intraparietal sulcus -42 -42 38 7.69 49 

 

Table 5.3: Cortical activation of adults vs. children: Anatomical localization, Talairach 

coordinates, T scores of significant activated clusters and cluster size of “children – adults” and 

“adults – children” at p = 0.05 FWE corrected. 
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Figure 5.3: Pattern of significant activation during mental rotation is depicted on a normalized 

brain for adults (p = 0.05 FWE corrected, T = 11.73, k = 10) and for children (p = 

0.0001 uncorrected, T = 10.55, k = 10). Areas of significant activation are illustrated on 

template brain sections of the contrast adults versus children (p = 0.05 FWE corrected, 

T = 6.84, k = 10) at the global maximum (Talairach coordinates: 9, -51, 22) and of the 

contrast children versus adults (p = 0.05 FWE corrected, T = 7.69, k = 10) at the global 

maximum (Talairach coordinates: -42, -42, 38) using SPM. 
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 Integration of behavioral and fMRI data 

Since reaction times were markedly different between children and adults, 

we calculated a correlation between percentage of signal change in the left IPS 

and RT. The left IPS is the main region that showed a weaker activation in 

children compared to adults. A ROI analysis in the left IPS showed a significant 

correlation between the percentage signal change in this region with RT and age 

(Fig. 5.4). Activation in the left IPS increased with age (Pearson Correlation r = 

0.633, p < 0.001) and decreased with longer RTs (Pearson Correlation r = -

0.384, p < 0.05). However, no significant correlations between left IPS activation 

and age (children: r = 0.104, p < 0.7; adults: r = -0.339, p < 0.2) or RT 

(children: r = -0.048, p < 0.9; adults: r = -0.017, p < 1.0), respectively, could 

be found when splitting children and adults. 

 

 
 

Figure 5.4: Correlation of % signal change in the left IPS with age (r = 0.633, p < 0.001) and RT 

(r = -0.384, p < 0.05). Gray dots = children, black dots = adults. 

 

3rd Grade versus 6th Grade Children  

Both contrasts, 3rd graders versus 6th graders and 6th graders versus 3rd 

graders revealed no significant differences in brain activation. 

 

Gender differences 

For the analysis of the effect of gender in children, the brain activation in 

girls was subtracted from that in boys and vice versa. Both contrasts yielded no 

gender differences in activation (p = 0.001 uncorrected, k = 7). We also found 

no difference between girls and boys when splitting them into two groups of 
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different ages (3rd grade children and 6th grade children) and analyzing them 

separately. 

In contrast, differences in brain activation between adult women and men 

were found (Kucian, et al. 2005b).  In particular, women showed stronger 

activation in the right middle temporal gyrus, the right inferior frontal gyrus and 

the left primary motor cortex compared to men (p = 0.001 uncorrected, k = 5). 

 

5.5 Discussion 

 

The purpose of this fMRI study was to examine the brain activation pattern 

in children during mental rotation and to compare it to that of adults. 

Furthermore, the present study investigated performance differences and how 

they were related to brain activation patterns. 

We found a significant difference in left IPS activation between children 

and adults. The activation in IPS was weaker in children than in adults. No 

correlations were found between left IPS activation and RT when computed 

separately for children and adults. Thus, the difference is not due to the 

individual level of performance. The difference in left IPS activation between 

children and adults is more likely to reflect functional organization during brain 

development, which – per se – could be influenced by the amount of experience 

acquired with increasing age. Besides, children showed greater activation 

compared to adults in the PCG and precuneus. It is possible that the mental 

rotation task is more demanding for children in terms of visuospatial attention 

(Small, et al. 2003). No gender differences could be observed between children 

of 9 and 12 years, whereas adult women and men showed significant differences 

in cerebral activation patterns during mental rotation. In particular, women 

showed stronger activation in the right middle temporal gyrus, the right inferior 

frontal gyrus and the left primary motor cortex compared to men. It has been 

suggested that women engage different cognitive strategies while solving 

visuospatial problems than men (Jordan, et al. 2002; Kucian, et al. 2005b). 

A critical issue in developmental cognitive neuroscience is the extent to 

which the functional neuroanatomy underlying task performance differs in adults 

and children (Schlaggar, et al. 2002). The importance of taking performance 

differences into account has been noted in several developmental neuroimaging 
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studies (Casey 2002; Gaillard, et al. 2001; Klingberg, et al. 2002). In the present 

study, the similarly high rates of correct responses in children and adults confirm 

that both groups were able to perform the task equally well. Additionally, 

possible influences of error trials on brain activation are very small due to the 

low error rates, which were absolutely comparable in children and adults (Murphy 

and Garavan 2004). Moreover, even though there was a wide range of RTs within 

the children and adult groups, the individual performance level did not correlate 

with brain activation in left IPS. The data presented in this study suggest that the 

stronger brain activation in left IPS is more likely to reflect general maturation of 

a functional network rather than an individual mental rotation ability.  

Children and adults used mental rotation to solve the task. It took adults 

and children more time to solve the task when the stimuli had to be rotated 180° 

compared to 90° independent of the orientation in which the stimuli appeared. 

Therefore, increasing RTs with increasing rotation angle implies that participants 

used mental rotation to solve the task. We varied the stimulus orientation and 

the 180° rotation trials where not necessarily associated with an upside-down 

stimulus presentation, which has been reported to sometimes elicit other types 

of strategies (Murray 1997). The increase in time suggests that participants did 

in fact rotate the stimuli in the picture-plane (Cooper and Shepard 1973). The 

fact that the increase in reaction time with increasing angle was more 

pronounced in children than in adults suggests that it is more difficult for children 

to rotate the stimuli mentally. Therefore, children were just slower to react, even 

though they had no difficulty performing the task and they were using equivalent 

strategies to decide whether the two objects were identical or not. Several other 

studies confirm a continued overall decrease of reaction time with age, even in 

rather simple tasks, where young children and adults reach similar accuracy 

rates (Kwon, et al. 2002; Rivera, et al. 2005). 

An important point for the analysis of neuroimaging data in children is the 

choice of the statistical threshold. It is possible that assumptions about the ideal 

threshold for children may be overly conservative. Technical as well as 

developmental factors may influence the detection of the MR signal (Gaillard, et 

al. 2001). For example, differential maturation rates in children could lead to 

greater interindividual variability. Moreover, many developmental studies provide 

a shift in patterns of cortical activation from diffuse to focal activation of cortical 

regions with cognitive development (for review see Casey, et al. 2005b). 
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Therefore, we examined our children data at different thresholds to identify true 

activation extent not covered by any general differences in signal detection 

between children and adults. Using a lower statistical threshold in children 

revealed activation corresponding to the foci found in adults. 

 

Brain Development 

Similar brain areas were activated in children and adults as reported 

earlier by Booth et al. (1999; 2000). Among those the IPS is known to be a core 

region involved in mental rotation (Alivisatos and Petrides 1997; Carpenter, et al. 

1999b; Harris, et al. 2000; Harris and Miniussi 2003; Jordan, et al. 2002; 

Kosslyn, et al. 1998; Richter, et al. 1997; Tagaris, et al. 1996; Tagaris, et al. 

1998; Vingerhoets, et al. 2001). In the study presented here, the pattern in 

children was more lateralized to the right hemisphere in contrast to the adults’ 

bilateral activation pattern. Several brain imaging studies in adults report 

bilateral parietal activation in mental rotation (Cohen, et al. 1996; Jordan, et al. 

2002; Richter, et al. 2000; Richter, et al. 1997). Booth et al. (1999) also found a 

stronger right hemispheric activation in the right inferior parietal lobe (IPL) in 

children. In contrast to our findings they described a stronger left hemispheric 

activation in the superior parietal lobe (SPL) of children. We found that children 

activated the left IPS significantly less than adults. Observed differences might 

be due to different kinds of mental rotation tasks and stimuli used (Vingerhoets, 

et al. 2001).  

The developmental shift of brain activation in the IPS from the right 

hemisphere in children to the left hemisphere in adults could result from 

functional organization related to task performance changes during brain 

development. Processes of learning and expertise may account for such a shift in 

laterality. For example, the left hemisphere has been shown to be engaged in 

well-trained cognitive tasks, while the right hemisphere is involved in the 

acquisition of skills needed to perform novel tasks (Goldberg and Costa 1981). 

Different strategies are unlikely to be responsible for the difference in laterality 

because our results suggest that both children and adults used mental rotation to 

solve the task. Moreover, a behavioral study also revealed a shift from a right to 

a left hemisphere advantage across blocks in a mental rotation task (Voyer 

1995). Several imaging studies strengthen the idea of a shift in lateralization as 

an effect of training and practice. A PET study showed a linear increase of rCBF 
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in the left hemisphere as an effect of practice in a spatial stimulus-response 

compatibility paradigm (Iacoboni, et al. 1996). Moses et al. (2002) examined 

developmental changes in laterality for globally and locally directed analysis of 

forms. They concluded that during development children show increasing left 

hemisphere advantage for local level processing resembling the pattern observed 

in adults. Moreover, the similar trend of hemispheric activation was found within 

the children cohort. Slow-performing children showed greater right hemispheric 

activation, thus contrasting the strong left hemisphere advantage of the adults. 

In the present study, however, only when merging children and adults, slow-

performing participants show less activation in left IPS than fast-performing 

participants. Individual performance within the children and adult groups were 

not correlated with IPS activation in the left hemisphere. Therefore, individual 

levels of performance are unlikely to account for the brain activation pattern we 

found in this study. 

The findings provide evidence for a shift of laterality from right to left as a 

result of maturation. Morphometric brain imaging studies show that maturation 

of gray matter and myelinization of frontal and parietal regions continue into 

adulthood (Gogtay, et al. 2004; Sowell, et al. 2003). Maturation and experience 

are tightly linked and hardly separable. Improved performance is highly 

correlated with increasing age in the majority of developmental studies (Allen 

and Ondracek 1995; Kosslyn, et al. 1990). 

Children showed positive activation in the PCG and precuneus in 

comparison with adults. Several interpretations could account for the stronger 

activation in children. For example, several studies found a practice- and 

learning-related increase of activation in these two anatomical areas independent 

of task modality (Bussey, et al. 1996; Garavan, et al. 2000; Sakai, et al. 1998; 

Tracy, et al. 2003; Van Horn, et al. 1998). Increased activation in the PCG in 

children may reflect higher visuospatial attention and memory load, because this 

region is involved in spatial attention (Small, et al. 2003), speed of detecting 

visuospatial targets (Mesulam, et al. 2001), visuospatial discrimination (Bussey, 

et al. 1997) and the local amplification in neural activity that accompanies 

feature analysis of visual targets  (Zigmond, et al. 1999). Therefore, the task is 

conceivably more demanding for children in terms of visuospatial attention and 

this may add to the longer response times for the children. It is noteworthy that 

the PCG and precuneus are also part of the cortical circuitry subserving saccadic 
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eye movements (Berman, et al. 1999; Gaymard and Pierrot-Deseilligny 1999; 

McCoy, et al. 2003). The fact that children needed significantly more time to 

solve the task may lead to the assumption that they made more eye saccades. 

This consequently could lead to a higher activation in the corresponding cortical 

circuitry. It has to be noted, however, that there was no difference between 

children and adults in eye movement related areas in the frontal lobe (e.g., 

frontal eye fields). Further studies using eye tracking are needed to address this 

question. 

One could argue that the observed differences in brain activation between 

children and adults reflect different cognitive strategies instead of developmental 

characteristics. However, this explanation seems rather unlikely given the 

behavioral results we found in this study. On the one hand, both children and 

adults showed comparable accuracy rates and, on the other hand, both needed 

more time to assess the correct answer when rotating the two-dimensional 

stimuli by 180° compared to 90°. This difference in time suggests that 

participants not only used mental rotation to solve the task but also rotated the 

stimuli in the picture-plane (Cooper and Shepard 1973). Moreover, we could 

replicate reported brain activation patterns in adults (Cohen, et al. 1996; Jordan, 

et al. 2002; Richter, et al. 2000; Richter, et al. 1997), although most studies 

examining mental rotation use three-dimensional figures. Therefore, our fMRI 

results in combination with results from other studies suggest that the brain 

areas associated with mental rotation are largely independent of the type of 

visual stimulus. 

However, observed activation in motor, premotor and supplementary 

motor areas (SMA) in children and adults raises the possibility that also motor 

imagery could have been involved in this task. Characteristic features of the 

stimuli such as heads and bodies, as well as the fact that children could use 

manual rotation to check their answer during the practice trials may have 

induced a motor imagery strategy (Bonda, et al. 1995; Kosslyn, et al. 2001; 

Zacks, et al. 1999; Zacks, et al. 2003). 

 

Gender Differences 

Gender differences in mental rotation favoring men have been noted in 

behavioral studies (Crucian and Berenbaum 1998; Halpern 2000; Linn and 

Petersen 1985) and in functional imaging studies (Jordan, et al. 2002; Tagaris, 
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et al. 1996; Thomsen, et al. 2000; Unterrainer, et al. 2000; Weiss, et al. 2003). 

In a previous study, we reported differences in brain activation patterns between 

women and men, although there were no differences concerning task 

performance (Kucian, et al. 2005b). The present study revealed no gender 

differences in the brain activation of children. Girls and boys seemed to use the 

same neuronal network for mental rotation. These results also confirm other 

findings showing no differences between boys’ and girls’ EEG power values, 

whereas men exhibited more activation (lower EEG power values) than women in 

parietal and posterior temporal regions (Roberts and Bell 2000; Roberts and Bell 

2002).  

Our findings suggest no difference in task performance between male 

(boys and men) and female participants (girls and women). Interestingly, several 

other studies also found no difference in performance between girls and boys 

before puberty (Karadi, et al. 1999; Levine, et al. 1999; Pezaris and Casey 

1991). It has to be noted, however, that Kerns and Berenbaum (1991) reported 

gender differences in children with boys outperforming girls. The authors argue 

that the failure of other studies to report gender differences may be due to the 

use of a paradigm design inappropriate for the assessment of mental rotation 

abilities in children. Kerns and Berenbaum (1991) used real 3D objects rather 

than pictorial 2D representations of objects. In our study, however, it is unlikely 

that the paradigm was unsuitable for children because pilot testing prior to 

scanning with 3rd grade school children ensured that the task can be solved 

correctly by young children. Moreover, the behavioral data we collected during 

scanning confirmed that children are accurate in this task. Thus, we think that 

the absence of any significant gender difference in children in our study cannot 

be attributed to the use of an inappropriate paradigm. However, it is conceivable 

that possible gender differences could unfold as mental rotation tasks become 

more difficult when more complex types of stimuli are used (e.g. 3D objects). In 

this context, it is noteworthy that the behavioral results we found in 6th graders 

could eventually result in a gender difference even though it was insignificant 

with the sample size we used in this study. Gender differences in mental rotation 

ability of children younger than thirteen years of age still remain controversial. 

Yet another explanation for the differences in mental rotation task ability 

and fMRI could be the onset of puberty and the resulting hormonal changes. Not 

only do hormonal changes occur during puberty, but also the influence of 
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prenatal androgen levels have been discussed with respect to gender differences 

in spatial abilities. For example a positive correlation between prenatal 

testosterone levels and performance scores of mental rotation in girls was 

reported (Grimshaw, et al. 1995). In contrast, females with congenital adrenal 

hyperplasia (CAH, a genetic disorder that begins prenatally and causes 

overproduction of adrenal androgens) did not perform better than healthy 

females in mental rotation tasks (Hines, et al. 2003). It would be interesting to 

include androgen levels in future developmental neuroimaging studies on spatial 

abilities in children. It is also possible that hormonal changes during puberty and 

the formation of gender specific strategies in mental rotation problem solving 

contribute to the observed differences in cerebral processing between women 

and men. 

 

Conclusion 

In conclusion, the present study suggests a continued specialization of 

neural networks into adulthood. Even though children and adults activated 

similar patterns during mental rotation, within these networks changes indicating 

developmental processes could be observed. These modulations may be due to 

increased experience and automation acquired with age leading to faster 

performance and a stronger left-sided activation in IPS during mental rotation. 
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6 General discussion 

 

6.1  Development of neurocognitive networks 

 

6.1.1 Normal development 

 

Reported findings give insights into developmental changes of neuronal 

activations and the acquisition of higher cognitive functions, like number and 

visuospatial processing. Results indicated that children from the age of eight 

years use similar cognitive strategies and neural networks as adults. For 

instance, children and adults activate similar parietal and prefrontal networks in 

number processing and similar occipital-parietal networks in mental rotation. 

Even though in children and adults alike networks were activated, developmental 

plastic changes within these networks have been observed. These modulations 

may be due to increasing experience and automation with development. 

Behaviorally, these effects lead to improved performance with increasing age, 

reflected by faster reaction times and higher accuracy rates. 

In general, reported findings provide further evidence for more diffuse 

distribution of activation patterns and greater interindividual variability in 

children. With increasing age, activation patterns turn from dispersed to more 

focal recruitment of cortical regions. This shift presumably reflects a fine-tuning 

of neural systems that support numerical and visuospatial processes with 

experience and development. In addition, cortical specialization was paralleled by 

increasing brain activation in task-specific regions, whereas decreasing brain 

activation could be observed in task-supporting regions reflecting working 

memory and attentional load. Figure 6.1 schematically summarizes these general 

developmental modulations of neurocognitive functions from childhood to 

adulthood.  
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Figure 6.1: Children from the age of eight years activate similar neural networks for higher 

cognitive functions, like number and visuospatial processing. However, within these 

networks, plastic modulations can be observed. These are characterized by increasing and 

more focal activation in task specific regions and decreasing brain activation in task 

supporting regions with increasing expertise and performance through age. For instance, 

these changes lead from a stronger right lateralized to a bilateral pattern during mental 

rotation from childhood to adulthood. 

 

Regarding the development of cerebral pathways for number processing, 

the study described in chapter 2 indicated increasing age-related brain activation 

in task specific regions according to the proposed dissociated processing pattern 

of numbers. In number related tasks stronger activation in the IPS was exhibited 

with increasing age. Calculation tasks, mediated by the verbal system, 

additionally showed augmented activation in the left prefrontal cortex with age. 

These results give evidence for the existence of a dissociated processing pattern 

of numbers present already at the age of eight years. With increasing expertise 

and age these networks are strengthened, which is reflected by a growing 

activation of corresponding brain areas throughout development. In contrast, a 

decrease in activation in the anterior cingulate gyrus (ACG) was observed with 

increasing age. This region generally reflects working memory and attentional 

load and is not task specific. In conclusion, increasing expertise with age may 

lead to more sophisticated cognitive strategies (e.g. retrieval) and automated 

processing of mental arithmetic, which are, on the one hand, reflected by 

improved performance and, on the other hand, by increasing brain activation in 
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regions specialized for number processing and in a decreasing activation in 

supporting areas. 

Reported developmental strengthening and fine-tuning of cerebral 

networks do not always seem to take place in every task-relevant area. For 

instance, the study on developmental changes within neural networks for mental 

rotation (chapter 4) revealed significantly stronger activation only in the left 

parietal lobe when comparing adults to children. In contrast, no age-related 

difference could be found on the right hemisphere. These asymmetric changes 

during mental rotation revealed a bilateral parietal activation pattern in adults 

compared to a right lateralized parietal activation pattern in children. Again, a 

decreasing activation with age was observed in task supporting regions maybe 

reflecting higher visual attention and working memory load in children. 

As well as increasing expertise, preferences for different cognitive 

strategies also influence cerebral activation and lead to plastic modulations. 

Thus, the choice of individual strategy could mildly change brain activation 

patterns. Behavioral and neuroimaging data imply gender differences in 

preferred task-specific strategies (Jordan, et al. 2002; Pezaris and Casey 1991). 

In general, women tend to prefer verbal-analytical strategies, whereas men favor 

visuospatial strategies. Reported findings in chapter 5 suggest that tasks 

demanding the use of more complex problem solving strategies, as in mental 

rotation or arithmetic tasks, evoke gender differences in activated networks. This 

might be due to differences in preferred problem solving strategies. In contrast, 

tasks that do not require higher problem solving strategies, such as basic 

comparison of numerical magnitudes, do not lead to gender differences in brain 

activation patterns. In sum, different problem-solving strategies are acquired 

during development in different environmental settings to successfully 

accomplish higher cognitive tasks. For instance, gender specific playing interest 

of children (boys: competitive interests: who is faster? stronger? better? bigger?; 

girls: social- and fantasy-related interests) are discussed to result in a different 

development of numerical functions and problem solving strategies between 

females and males (Weinhold Zulauf, et al. 2003). Consequently, gender 

differences in brain activation patterns might be observed in tasks that demand 

the usage of specialized strategies.  

Although there is a large body of evidence, including our own findings for 

an age and performance-related increase of brain activation in task-relevant 
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areas, other studies have reported opposing views (Haier, et al. 2004; Haier, et 

al. 1992a; Haier, et al. 1988; Haier, et al. 1992b; Parks, et al. 1988). These 

results are quite consistent with the neural efficiency hypotheses, postulating 

that better performing individuals display a more efficient brain function than 

less good performing individuals, reflected in a more focused use of task-relevant 

areas and a lower global brain activation. Although a clear discrepancy between 

developmental and differential research findings is apparent, a possible solution 

to this contradiction might lie in the investigation of neural effects of training or 

practice. If training does improve cognitive performance, the accompanying 

changes in activation pattern could be highly informative for the relationship 

between brain function and cognition. However, existing findings of training 

studies do not provide a consistent picture, reporting both, practice-related 

increase and decrease in brain activation (Andreasen, et al. 1995a; Andreasen, 

et al. 1995b; Oelsen, et al. 2004; Qin, et al. 2004; Temple, et al. 2003). 

Nevertheless, the current balance of evidence favors the idea that effective 

training yields an increasing activation in task-relevant regions. 

The human brain is a plastic organ. Changes in cortical activation patterns 

reflecting experience-driven maturational processes and fine-tuning of neural 

systems could be observed from childhood to adulthood. These plastic 

modulations could either result in increasing or decreasing activation in brain 

regions of different task-related relevance. 

 

6.1.2 Abnormal development 

 

Despite the relatively high occurrence of learning disabilities, such as 

dyslexia and dyscalculia, rather little is known about the neural foundation of 

these impairments. To generally understand impairments of cognition, it is 

necessary to investigate alterations of very basic representations that underlie 

these high level processes. Such an approach may help to delineate predictors 

of, for instance, numerical problems and hence diagnose, study and remedy 

these malfunctions much earlier. 

In the field of reading disorders, a range of neurobiological studies in 

dyslexics described a disturbance of reading pathways (Brunswick, et al. 1999; 

Galaburda, et al. 1985; Helenius, et al. 1999; Horwitz, et al. 1998; Klingberg, et 
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al. 2000; Paulesu, et al. 2001; Rumsey, et al. 1992; Salmelin, et al. 1996; 

Shaywitz, et al. 1998). This evidence of neurobiological dysfunction in the left 

hemisphere reading circuits is already present in reading-disabled children and 

cannot be ascribed simply to a lifetime of poor reading (Shaywitz, et al. 2002; 

Temple, et al. 2000). 

In contrast to dyslexia, so far only few neurobiological investigations 

studied dyscalculia (Isaacs, et al. 2001; Levin, et al. 1996; Levy, et al. 1999; 

Molko, et al. 2003; Molko, et al. 2004; Rivera, et al. 2002). The study described 

in chapter 3 is the first attempt to study and understand the abnormal trajectory 

of developmental dyscalculia in otherwise normal children (see Figure 6.2). 

Results indicated that similar neural networks were activated in dyscalculic and 

normally achieving children. However, variance of activation patterns was higher 

in children with DD. Furthermore, children with DD exhibited weaker activation in 

the analog magnitude system.  

 

 

Figure 6.2: In children with developmental dyscalculia the same cerebral networks for number 

processing compared to age-matched normal achieving children were activated, yet with 

greater interindividual variance. However, they showed reduced brain activation in almost 

the entire network during approximate calculation. 

 

In contrast, no differences in brain activation could be detected in simple 

arithmetic fact retrieval (exact calculation) that was mediated by language-based 

representations. Furthermore, it is possible that dyscalculic children with 

specifically impaired analog number representations are able to partly 
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compensate this deficit by the intact verbal system. However, it has to be noted 

that one would also expect deficits in the verbal system of number processing in 

dyscalculic children who are characterized by special impairments relying on this 

verbal system. In addition, one has to be aware that the analog and verbal 

representations in the brain do not seem to be completely independent or 

separated. They rely partly on shared neural networks.  

To conclude, both, the analog and verbal systems are fundamental 

representational precursors to mathematical development. Subtle impairments in 

these foundational numerical representations and the integration of differentially 

impaired systems of number representation might have cascading downstream 

effects over developmental time on higher-level numerical competencies 

(Karmiloff-Smith 1998). 

In sum, reported findings of the neural underpinnings of different learning 

disabilities like dyscalculia and dyslexia, suggest existing deficits in the cerebral 

representation of normal processing pathways. For future studies, such evidence 

of a disruption in the normal pathways provides an important neurobiological 

target for interventions. 

 

6.2 Outlook 

 

Although a growing body of research started to address the neural 

representations of number processing and their development in the last years, a 

lot of questions still remain unclear. The next few paragraphs will give a 

recommendation based on recently acquired knowledge as to what kind of 

different tracks should be followed to further enhance the understanding of the 

development of numerical skills.   

 

6.2.1 Ontogeny of number processing 

 

Distance effects: Distance effects characterize the magnitude system. 

The greater the numerical difference between two numbers or sets of objects the 

faster individuals identify the greater number. Recent fMRI work could show that 

the bilateral IPS responded selectively to a number change when participants 
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were presented with sets of items with a variable quantity (Piazza, et al. 2004). 

It would be interesting to see whether children also exhibit such selective IPS 

activation by contrasting small versus large distances in our magnitude 

comparison task. If so, it would provide further evidence for an evolutionary 

basis for human elementary number system represented in the IPS. 

Number representation in infants and preschool children: The 

finding that the IPS responded selectively to number change in a passive viewing 

task provides new abilities to investigate preschool children or even infants. So 

far, one study demonstrated the possibility of performing simple passive fMRI 

experiments with awake infants (Dehaene-Lambertz, et al. 2002). Results of 

cerebral representation of numeracy would be of tremendous significance in 

respect to the debate about an inborn number sense versus an experience-

related acquisition of number discrimination in humans.  

Moreover, an examination of younger children would provide the possibility 

to trace and separate the development of both, the verbal and analog routes for 

number processing. Does the development of verbal number processing rely on a 

pre-established analog route? Does the mental number line rely on verbal and 

Arabic number representation? 

 

6.2.2 Developmental dyscalculia 

 

Abnormal modulation of cerebral representations in children with 

DD: Existing fMRI work on dyscalculia proposes an abnormal modulation of the 

IPS activation as a function of number size or task difficulty (Levin, et al. 1996; 

Molko, et al. 2003; Rivera, et al. 2002). Other than in dyscalculic subjects, IPS 

activation in normal subjects increases with number size or task difficulty. One 

would expect dyscalculic children to also exhibit a failure of adaptive brain 

activation to increasing number size or task difficulty. This is going to be tested 

in the exact and approximate calculation tasks as well as the magnitude 

comparison task of our study. 

Subtypes of developmental dyscalculia: Von Aster (2000) proposed 

three different subtypes of DD:  

The ‘verbal subtype’ represents a disorder of lexical/syntactical verbal 

representations of numbers, of the use of language based arithmetical 
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procedures (e.g. counting) and of arithmetic fact retrieval (simple 

multiplications). 

The ‘Arabic subtype’ represents a disorder in the acquisition of the Arabic 

notation system, including problems in reading, writing and comparing Arabic 

numerals. 

The ‘pervasive subtype’ represents the severest form of DD, namely a lack 

of primary semantic concepts of number and numerosity, which implicates an 

inability to develop appropriate analog number representations such as the 

internal number line. Further, it represents an impaired development of verbal 

and Arabic representations and related computational skills. 

The heterogeneous outcome of DD implicates different representational 

deficits in each subtype. The pervasive subtype might be caused by a genetic 

component, an early brain damage or learning deficits. The verbal and Arabic 

subtype are more likely to be a result of linguistic developmental disorders (von 

Aster 2000). Further research is needed to determine whether the different 

subtypes are caused by functional deficits of different brain regions. It might be 

assumed that the pervasive subtype is based on brain damage of the entire 

network for number processing, whereas the verbal and Arabic subtype are more 

likely caused by deficits in distinct regions of the network, including left occipital 

and left prefrontal areas or by certain adverse circumstances that affect 

appropriate learning (i.e. ADHD, bilingualism, educational deficits). However, a 

recent study suggested the visuospatial ability to play a greater role than the 

language ability in the actual development of cardinality understanding in 

typically developing children (Ansari, et al. 2003). Therefore, it is also possible 

that deficits in the visuospatial representation in the IPS are the common core of 

all subtypes of DD and different abnormal developmental trajectories result in 

different outcomes of this disorder.  

Anatomical abnormalities in children with DD: Using voxel-based 

morphometry, a decrease in the grey matter density has been found in the left 

IPS in premature children with DD (Isaacs, et al. 2001) and in a symmetrical 

location of the right IPS in Turner’s syndrome patients (Molko, et al. 2004). In 

addition, morphometric analysis revealed atypical anatomy of the right IPS in 

Turner’s syndrome (Molko, et al. 2004). Voxel-based morphometry analysis of 

anatomical structures of children with DD might support the existence of not only 

functional but also anatomical abnormalities in the left or right IPS. 
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Diffusion tensor imaging (DTI) could provide further insights into structural 

white matter abnormalities of children with DD. DTI enables to track fiber 

bundles between brain regions. For instance, reading-impaired adults showed 

abnormalities in microstructures of white matter tracts, which might contribute 

to reading ability by determining the strength of communication between cortical 

areas involved in visual, auditory, and language processing (Klingberg, et al. 

2000). A recent DTI study could also show that regional brain connectivity 

correlated with reading ability in children as young as 8-12 years old (Beaulieu, 

et al. 2005). It could be assumed that connections between parietal and 

prefrontal regions in children with DD might be altered. Further research is 

needed to clarify this hypothesis.  

Intervention training in children with DD: As known, DD is a frequent 

disorder with unfavorable outcome and high rates of secondary psychiatric 

comorbidity. Therefore, the development and evaluation of specific intervention 

strategies in terms of behavioral outcome and plastic neural changes is of high 

interest. Training studies in children with dyslexia demonstrated that post-

therapy activation patterns in dyslexics were comparable to those of normal 

readers (Aylward, et al. 2003; Shaywitz, et al. 2004; Temple, et al. 2003). If 

children with dyslexia can improve their reading performance and show plastic 

modulations of activation through specific training intervention this should also 

be possible for children with DD. Do dyscalculic children show significant 

improvement in calculation performance after intervention training? Can 

intervention training be associated with observable changes in brain activation 

during calculation tasks? Do patterns of neural processing in dyscalculics after 

training resemble the patterns of normal calculators? Answers to these and other 

questions of concern will certainly help to implement and evaluate future 

therapeutic strategies for DD. 

 

6.2.3 Domain specifity 

 

Several converging lines of evidence support the hypothesis that animals 

and humans have a biologically determined, domain-specific system for 

representing number located in the IPS (Dehaene, et al. 1998). How specific is 

this region? And how does this functional organization arise? Is experience 
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sufficient to create functional specificity? These and other questions still remain 

open. 

On the one hand, neuroimaging and lesion studies found regions of the 

parietal lobe to be involved in processing and representing numbers, supporting 

the hypothesis that a single system underlies the ability to represent numerical 

magnitude (see 1.1.1). Further, the IPS responded stronger for Arabic numbers 

than for letters or colors, even when task difficulty was controlled (Eger, et al. 

2003). 

On the other hand, a recent study failed to support this hypothesis 

(Shuman and Kanwisher 2004). The IPS responded less in number tasks than in 

closely matched color tasks, showed no adaptation for repetitions of numbers, 

responded stronger to difficult than easy tasks, but was activated to no greater 

degree during manipulations of difficulty in the number than color task. 

In addition, the IPS is involved in many other processes that do not 

involve number or even continuous magnitude. Indeed, the parietal lobe in 

general and the IPS in particular are known for their activation in difficult or 

attention-requiring tasks (Culham and Kanwisher 2001; Wojciulik and Kanwisher 

1999). Moreover, the IPS plays a major role in visuospatial processing of stimuli 

(see 1.1.2). The present study supplies the possibility to further investigate the 

domain-specificity of the IPS by direct comparison of brain activation of number 

processing and mental rotation in the same subject. 

Reported findings suggest that the IPS is not only involved in number 

representation and processing but also in many other processes. It is possible 

that distinct neural populations of the IPS are engaged specifically in numerical 

processing but that they are physically interleaved. This would make it difficult to 

find evidence for domain specificity using fMRI due to its limited spatial 

resolution. Suggestive evidence for this number-neuron subpopulation 

hypothesis comes from the recent discovery of numerosity-selective neurons 

concentrated in the IPS in monkeys (Nieder and Miller 2004; Sawamura, et al. 

2002). In the near future, it may be feasible to disentangle functional 

representations of IPS based processes by very high resolution fMRI techniques. 
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7 Appendix 

 

7.1 Rechenstörungen im Kindesalter 

Von Aster et al. (2005) Monatsschrift Kinderheilkunde 

 

7.1.1  Summary 

 

The prevalence of dyscalculia is about as high as that of dyslexia. 

Secondary psychological problems, especially anxiety and depression, are 

frequently associated symptoms. The circumstances which give rise to this 

condition and its progression are not as well researched as for dyslexia. Brain 

functions specialized in number processing are linguistically and visuospatially 

determined and located in various areas of the brain. It is assumed that the 

development and the networking of the associated neural structures are inhibited 

by genetic and environmental factors. This accounts for various subtypes of 

mathematical learning difficulties. Therapies and other interventions — 

individually adapted and closely linked to schools — should be based on early, 

content-specific and neuropsychological diagnoses.  

 

7.1.2  Zusammenfassung 

 

Die Prävalenz umschriebener Rechenstörungen ist etwa ebenso hoch wie 

die der Lese-Rechtschreib-Störungen. Komorbide psychische Störungen, v. a. 

Ängste, depressive Symptome und ADHD, sind besonders häufig. Die 

Entstehungs- und Verlaufsbedingungen sind noch weniger gut erforscht als bei 

der Legasthenie. Spezifisch Zahlen verarbeitende Hirnfunktionen sind sowohl 

sprachlich als auch visuell-räumlich determiniert und in verschiedenen 

Hirnregionen lokalisiert. Es kann davon ausgegangen werden, dass bei Kindern 

mit Rechenstörungen die Prozesse des Aufbaus und der Vernetzung 

entsprechender neuronaler Strukturen durch Einflüsse aus Anlage und Umwelt 
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behindert werden. Daraus resultieren unterschiedliche Subtypen von 

mathematischen Lernschwierigkeiten. Individuell angepasste, möglichst 

schulnahe Therapie- und Fördermaßnahmen müssen auf einer frühzeitigen, 

inhaltsspezifischen und neuropsychologischen Diagnostik basieren. 

 

7.1.3  Normale Entwicklung numerischer 

Kompetenzen 

 

Das von Dehaene (1992) formulierte 'Triple Code Model' kann heute als 

zentraler Bezugspunkt gelten, wenn beschrieben werden soll wie die geistigen 

Funktionen der Zahlenverarbeitung und des Rechnens bei erwachsenen 

Menschen beschaffen sind. Kurz zusammengefasst besagt es, dass Erwachsene 

über drei unterscheidbare, miteinander verbundene neuronale Netzwerke 

(sogenannte Module) verfügen, die entsprechend der verschiedenen 

repräsentationalen Eigenschaften und Funktionen von Zahlen (sprachlich-

alphabetisches Zahlwort, visuell-arabische Notation, analoge mentale 

Zahlenraumvorstellung) in unterschiedlichen Regionen des Gehirns lokalisiert 

sind und bei umschriebenen Hirnschädigungen zu ganz unterschiedlichen 

Teilausfällen führen (siehe Abb. 7.1). Dehaene selbst bezeichnet das analoge 

Modul (den inneren Zahlenstrahl) als Ausdruck eines angeborenen Zahlensinnes 

(Dehaene, et al. 1999). 

 

analoge
Grösse

semantisches
Modul

visuell-
arabisches
Modul

sprachlich-
alphabetisches 

Modul

 
 

Abbildung 7.1: Triple-Code Modell (Dehaene 1992). 
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Fähigkeit zur Zahlenverarbeitung in Abhängigkeit vom Alter 

Bei der Frage nach der Entwicklung dieses modularen neurokognitiven 

Systems für Zahlen ist es unabdingbar, sich auf Ergebnisse der 

Entwicklungspsychologie und der Entwicklungs-Neuropsychologie zu beziehen. 

Dabei kommt es sowohl auf die Entwicklung grundlegender, domänen-

übergreifender Funktionen wie Intelligenz bzw. Arbeitsgedächtnis an, als auch 

auf die Entwicklung der domänen-spezifischen numerischen Funktionen.  

Bereits Babys im Alter von wenigen Monaten können Mengen nach ihrer 

kardinalen Grösse erfassen und unterscheiden. Dies wird allgemein als Beleg 

dafür angesehen, dass es eine angeborene numerische Grundkompetenz, 

sogenannte ‚core-systems’ (Feigenson, et al. 2004) gibt, die eine Art Zahlensinn 

darstellen (Dehaene 1997). 

Die vorschulische Entwicklung ist vor allem dadurch gekennzeichnet, dass 

Kinder mit Beginn der Sprachentwicklung die Zahlwortsequenz, Zählprinzipien 

(z.B. Eins-zu-Eins-Zuordnung, stabile Reihenfolge), das Zu- und Wegzählen zum 

Verändern von Mengen und Begriffe wie 'mehr' und 'weniger' gebrauchen lernen, 

sowie einfache arithmetische Operationen (Additionen und Subtraktionen) durch 

Zählstrategien auszuführen beginnen. Diese Entwicklungsschritte erfolgen ohne 

systematische Unterrichtung im Kontakt mit dem sozialen und familiären Umfeld, 

und sind eng an den anschaulichen sensomotorischen Gebrauch der Finger 

gebunden. 

Mit der einsetzenden systematischen Beschulung wird eine zweite, nicht-

linguistische 'Zahlensprache', das Arabische Notationssystem, erlernt, welches 

nur visuell repräsentiert ist und eine ganz eigene, stellenwertbezogene Syntax 

besitzt, die sich mehr oder weniger stark von den verschiedenen linguistischen 

Zahlwort-Systemen unterscheidet. Die Kinder erlernen und automatisieren damit 

auch kulturspezifische Übersetzungsregeln für das Übertragen eines 

gesprochenen oder geschriebenen Zahlwortes in die entsprechende Arabische 

Symbolik und umgekehrt. In der deutschen Zahlwortsequenz ergibt sich hier 

insbesondere die Schwierigkeit der Zehner-Einer-Inversion (einundzwanzig - 21) 

(Marx 1998). 

Das Arabische Notationssystem bildet nicht nur die Grundlage für den 

Umgang mit grösseren Zahlen und den Erwerb von Grundrechenarten und 

komplexeren Rechenprozeduren, sondern – und dies findet im Schulunterricht 

weniger explizite Beachtung – auch für den Aufbau einer weiteren 
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Zahlenrepräsentation, nämlich einer inneren abstrakten Zahlenraum- oder 

Zahlenstrahl-Vorstellung. Diese ausschliesslich mentale Repräsentation ordinaler 

Zahlen ermöglicht es, die Grösse einer abstrakten Zahl im Vergleich zu einer 

anderen zu bestimmen, sich im Zahlenraum mental zu bewegen und arithmetisch 

zu manövrieren, Rechnungen zu schätzen und zu überschlagen. Untersuchungen 

an Erwachsenen (Seron, et al. 1992) haben gezeigt, dass solche Zahlenraum- 

oder Zahlenstrahl-Vorstellungen zwar individuell sehr unterschiedliche visuell-

räumliche Gestalt annehmen können, dass sie aber immer durch Arabische 

Zahlensymbole (nicht etwa durch konkrete Mengen von Objekten) strukturell 

untergliedert sind und auch immer mit zunehmender Grösse oder Entfernung 

eine räumliche Kompression erfahren, d.h. subjektiv erscheint der Abstand 

zwischen 5 und 9 grösser als der zwischen 5765 und 5769 (Weber-Fechner-

Gesetz). 

Dass der mentale Zahlenstrahl erst während der ersten Grundschuljahre 

entsteht, findet einen experimentellen Beleg in der Tatsache, dass der 

sogenannte SNARC-Effekt (Spatial Numerical Association of Response Codes) 

erst ab der zweiten Klassenstufe nachweisbar ist: Eigenen Untersuchungen 

zufolge reagieren nur gut ein Drittel der Zweitklässler schneller mit der rechten 

Hand auf grössere Zahlen und schneller mit der linken Hand auf kleinere Zahlen. 

Bei ihnen existiert also schon eine räumliche, in Schreibrichtung ausgerichtete 

Vorstellung, die die grösseren Zahlen ‚näher’ an die rechte Hand und die 

kleineren Zahlen ‚näher’ an die linke Hand projiziert. Dies ist bei zwei Dritteln der 

Zweitklässler noch nicht der Fall (Schweiter, et al. 2005). Ab der 3. Klasse zeigen 

Schulkinder dann mehrheitlich, wie Erwachsene, diesen SNARC-Effekt (Berch, et 

al. 1999). 

Die in Abbildung 7.2 dargestellte Synopse der Entwicklung 

zahlenverarbeitender Hirnfunktionen ist hierarchisch gegliedert (von Aster 2003). 

Sie stellt dar, dass die primären Fähigkeiten zur Unterscheidung konkreter 

(kardinaler) Mengen die bedeutungstragende Grundlage für den Prozess der 

Symbolisierung darstellen und zwar zunächst in Form von Zahlworten und später 

in Form von schriftlichen Notationssystemen wie den Arabischen Zahlen. Der 

Erwerb des Zahlwortsystems und des Arabischen Notationssystems wiederum 

bildet seinerseits die Voraussetzung für die Entwicklung der abstrakt 

symbolischen, räumlichen (ordinalen) Zahlenraumvorstellung. 
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Abbildung 7.2: Synopse der Entwicklung zahlenverarbeitender Hirnfunktionen. 

 

Der Prozess der Entwicklung dieser verschiedenen Zahlenrepräsentationen 

und der an sie geknüpften Funktionen erfolgt einerseits in Abhängigkeit von der 

wachsenden Kapazität und Verfügbarkeit von Stützfunktionen der allgemeinen 

Intelligenz (Aufmerksamkeit, Arbeitsgedächtnis, Verarbeitungsgeschwindigkeit), 

und er erfolgt andererseits erfahrungsabhängig, stellt also einen Prozess dar, der 

sich in einer individuellen soziokulturellen Umwelt ausprägt, in der diese 

Funktionen benötigt werden. 

Die Entwicklung mathematischer Kompetenz und die Reifung 

entsprechender Hirnfunktionen vollzieht sich also auf der Grundlage biologischer 

Dispositionen im Kontakt mit der sozialen Umwelt und schulischer Instruktion.  

Moderne bildgebende Verfahren wie die funktionelle 

Magnetresonanztomographie (fMRI) haben es möglich gemacht die Lokalisation 

dieser, für numerische Inhalte spezifischen neuronalen Netzwerke zu bestimmen. 

Dabei sind parietale und präfrontale Gebiete unterschiedlich involviert (Dehaene, 

et al. 1999). Die nonverbalen numerischen Representationen sind in bilateral 

parietalen Arealen lokalisiert (konkrete Mengenrepräsentation, abstrakte 

Zahlenraumvorstellung). Im Gegensatz dazu, wird numerisches Faktenwissen 

(Zählen, Ein-mal-Eins) sprachkodiert gespeichert und dementsprechend in links 

präfrontalen Gehirnarealen verarbeitet. Arabische Zahlen werden durch 

spezialisierte Gebiete innerhalb des ventralen-okzipito-temporalen Pfades für 

visuelle Identifikation erkannt.  
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Die Entwicklung dieser neuronalen Netzwerke für Zahlenverarbeitung ist 

noch kaum untersucht. Erste bildgebende Studien mit Kindern (Kucian, et al. 

2005a; Qin, et al. 2004; Rivera, et al. 2005; Temple and Posner 1998) konnten 

zeigen, dass sie dieselben Regionen im Gehirn aktivieren wie Erwachsene. Die 

Netzwerke verändern sich jedoch plastisch mit zunehmendem Alter und 

zunehmender Expertise. So nimmt die Aktivität in den zahlenspezifischen 

parietalen Regionen zu und in unterstützenden Regionen (anteriorer Gyrus 

cinguli, verantwortlich für Aufmerksamkeit und Arbeitsgedächtnis) ab (Abbildung 

7.3). Je geübter also eine erlernte Funktion, desto weniger Arbeitsgedächtnis 

wird für ihre Ausführung benötigt. 

 

 
 

Abbildung 7.3: Hirnaktivität in Erwachsenen (27.2 ± 5.0 Jahre) und Kindern (10.6 ± 1.5 Jahre) 

während approximativem Rechnen (z.B. 2 + 4 ist eher 15 oder 7) (adaptiert aus Kucian, et 

al. 2004) 

 

7.1.4 Störungen der Zahlenverarbeitung und des 

Rechnens 

 

Definition 

Im Gegensatz zu den Lese- und Rechtschreibstörungen sind die 

Entwicklungsstörungen der Zahlenverarbeitung und des Rechnens bislang, was 

die Mechanismen ihrer Entstehung betrifft, weniger gut erforscht, und zwar 

obgleich sie, wie man heute weiß, in etwa ebenso häufig sind wie Legasthenien. 
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Rechenstörungen werden gemäß der internationalen Klassifikation für 

psychische Störungen der WHO (ICD-10) als Störungen zentralnervöser 

Reifungsvorgänge verstanden, die auf verschiedene Weise die 

Entwicklungsprozesse der kognitiven Informationsverarbeitung behindern. 

Die Kriterien, die für eine Diagnosestellung gemäß ICD-10 erfüllt sein 

müssen oder eine Diagnose ausschließen, gelten analog denen der Lese- und 

Rechtschreibstörungen. Sie verlangen in erster Linie eine signifikante Diskrepanz 

zwischen der gemessenen und der aufgrund des Alters und der allgemeinen 

Intelligenz erwarteten Schulleistung in Mathematik, wobei die Anwendung 

anerkannter standardisierter Tests gefordert wird. 

 

Häufigkeiten 

Untersuchungen in verschiedenen Ländern kommen zu Häufigkeitsangaben 

zwischen 2 und 6 % (Shalev, et al. 2000). Diesbezügliche Ergebnisse für den 

deutschsprachigen Raum schwanken zwischen 4,4 und 6,7 % (Hein, et al. 2000; 

Klauer 1992; von Aster, et al. 1997). Im Unterschied zu den Lese- und 

Rechtschreibstörungen scheinen allerdings Mädchen häufiger betroffen zu sein 

als Knaben (Klauer 1992; Shalev, et al. 2000).  

In einer kürzlich an einer repräsentativen Deutschschweizer Stichprobe 

durchgeführten Studie, bei der die Kinder zunächst im Vorschulalter und dann 

am Ende der 2. Klasse untersucht wurden, fanden wir bei insgesamt 6,4% der 

Schüler Leistungen in der Zahlenverarbeitung und im Rechnen (ZAREKI, von 

Aster 2001b), die um 1,5 Standardabweichungen (SD) unterhalb der Norm 

lagen. Etwa ein Drittel dieser Kinder (2,2%) zeigte im Lesen und Schreiben 

(KNUSPEL, Marx 1998; SLRT, Landerl, et al. 1997) durchschnittliche Leistungen 

(> -0,5 SD), bei zwei Dritteln dagegen (4,2%) lagen auch die Leistungen in 

diesem Bereich unterhalb von 1,5 SD (kombinierte Rechen- und Lese-

Rechtschreibstörung). Darüber hinaus zeigte sich, dass Umfang und Ausmass der 

Defizite bei den Kindern mit kombinierten Störungen deutlich grösser war, als bei 

den Kindern mit umschriebenen Rechenstörungen. Die rechenschwachen Kinder 

waren überwiegend bereits im Kindergartenalter hinter ihren Altersgenossen 

zurück, und die Geschlechtsunterschiede zeigten sich ebenfalls schon im 

Kindergartenalter (Weinhold Zulauf, et al. 2003). Am Ende der 2. Klasse waren 

Mädchen insbesondere bei den umschriebenen Rechenstörungen deutlich 

häufiger betroffen als Knaben. 



122 

Die Untersuchung einer Gruppe von Kindern, die einen 

Sprachheilkindergarten besuchten zeigte, dass diese ein mehrfaches Risiko für 

Rechenstörungen tragen. 

 

CH / ZH  RE RE-LRS LRS Summe 

Mädchen 3.8 % 4.5 % 1.9 % 10.2 % 

Knaben 0.6 % 3.9 % 1.9 % 6.4 % 

Gesamt 2.2 % 4.2 % 1.9 % 8.3 % 

 
Tabelle 7.1: Prävalenz umschriebener schulischer Entwicklungsstörungen in einer repräsentativen 

Schweizer Stichprobe (N=312): Umschriebene Rechenstörung (RE), umschriebene Lese-

Rechtschreibstörung (LRS) und kombinierte Rechen- und Lese-Rechtschreibstörung (RE-

LRS). 

 

7.1.5 Langfristiger Verlauf 

 

Hierzu liegen bislang nur wenig gesicherte Erkenntnisse vor. Ergebnisse 

einer prospektiv angelegten epidemiologischen Follow-up-Studie aus Israel 

ergaben, dass bei etwa der Hälfte der Kinder die Kriterien für eine Rechenstörung 

auch nach drei Jahren noch erfüllt waren (Shalev, et al. 1998).  

 

Psychiatrische Komorbidität 

Es kann davon ausgegangen werden, dass Entwicklungsdyskalkulien im 

Unterschied zu Legasthenien häufiger mit Ängsten und depressiven Symptomen 

einhergehen, weniger mit externalisierenden Störungen des Sozialverhaltens 

(von Aster 1996). Häufig entwickeln sich ausgeprägte, spezifische 

Mathematikängste, die sich wiederum negativ auf die Leistungsentwicklung 

auswirken (Ashcraft and Faust 1994). Etwa ein Drittel der rechenschwachen 

Kinder zeigen Aufmerksamkeits- und Hyperaktivitätsstörungen und bei 

mindestens einem weiteren Drittel bestehen Auffälligkeiten in der 

Sprachentwicklung, was den relativ hohen Anteil von Kindern erklärt, die sowohl 

Schwierigkeiten im Schriftspracherwerb als auch beim Rechnenlernen haben 

(Shalev, et al. 2000). In unserer jüngsten Schweizer Studie (s.oben) fanden sich 

insbesondere in der Gruppe der Kinder mit kombinierten Störungen hohe 

Merkmalsausprägungen für Unaufmerksamkeit und motorische Unruhe. 
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7.1.6 Klinik 

 

Syndromale Konzepte 

Die Tatsache, dass die kognitive Sympomatik im Bereich des Rechnens 

oftmals mit Symptomen in anderen Funktionsbereichen assoziiert ist hat zur 

Formulierung verschiedener syndromaler Konzepte geführt. Die bekanntesten 

stammen von Gerstmann (1930) und von Rourke (1989; 1993). 

Schädigungen parietaler Hirnareale, genauer im Bereich des Gyrus 

angularis, wurden für die vier Symptome des Gerstmann-Syndroms 

verantwortlich gemacht: Dyskalkulie, Dysgraphie, Rechts-Links-

Orientierungsstörung und Fingeragnosie. Dieses unter Neurologen lange Zeit 

umstrittene Syndrom (es wurde argumentiert, dass sich diese vier Symptome auf 

gleichzeitig bestehende Sprachverarbeitungsstörungen zurückführen lassen; 

Poeck and Orgass 1975) erfährt im Licht neuerer Ergebnisse mit funktionell 

bildgebenden Verfahren eine Renaissance, denn diese Ergebnisse belegen, dass 

semantische (parietale) Zahlenverarbeitung in unmittelbarer hirnanatomischer 

Nachbarschaft zu Fingermotorik und visuell-räumlichen Prozessen erfolgt 

(Butterworth 1999). Kinsbourne (1968) beschrieb die Gerstmann'sche 

Symptomtetrade erstmals als entwicklungsbezogene Störung bei Kindern 

('Developmental Gerstmann Syndrome', DGS). 

Die von Rourke und Mitarbeitern in Kanada durchgeführten 

Untersuchungen über Zusammenhänge zwischen schulischen Lernschwierigkeiten 

und Störungen neuropsychologischer Basisfunktionen führten zur Definition von 

zwei unterschiedlichen Syndromen mit Rechenstörungen. Bei dem ersten Typ 

bestanden ausschliesslich Lernschwierigkeiten in Mathematik, bei dem zweiten 

sowohl in Mathematik als auch beim Lesen und Schreiben. Den zuerst genannten 

Typ bezeichnete Rourke als 'Nonverbal Learning Disability Syndrome' (NLD), den 

zweiten als 'Subtype RS' (RS für reading und spelling). Das NLD war 

insbesondere mit Problemen bei der Durchführung visuell-räumlicher, taktil-

kinästhetischer und psychomotorischer Aufgaben assoziiert, zeigte also ein dem 

DGS ähnliches Muster. Darüber hinaus berichtet Rourke, dass NLD-Kinder auch 

häufig internalisierende psychische Störungen entwickeln wie Ängste, 

Depressionen und Kontaktprobleme. Man fand, dass Kinder mit NLD in den 

nonverbalen Intelligenzfunktionen Schwächen hatten und Stärken im Bereich der 
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sprachlichen und schriftsprachlichen Funktionen. Ein genau umgekehrtes Muster 

von Stärken und Schwächen traf für den Subtyp RS zu. Diese Kinder zeigten 

primär Schwierigkeiten im Bereich der auditiv-sprachlichen Verarbeitung und 

Stärken im Bereich der nonverbalen, visuell-räumlichen und psychomotorischen 

Funktionen. Rourke nahm für das NLD ein rechts-hemisphärisches und für den 

Subtyp RS ein links-hemisphärisches Reifungsdefizit an. 

Es hat sich allerdings gezeigt, dass längst nicht alle Kinder, die visuell-

räumliche Verarbeitungsdefizite, graphomotorische oder Sprachentwicklungs-

störungen haben, gleichzeitig auch Schwierigkeiten beim Rechnenlernen 

entwickeln, oder umgekehrt, dass längst nicht alle Kinder mit Rechenproblemen 

die Gerstmann-Symptome, visuell-räumliche oder Sprachverarbeitungsstörungen 

zeigen (von Aster 1994). Es scheint also, dass die Annahme von 

Reifungsdefiziten im Bereich neuropsychologischer Basisfunktionen zur Erklärung 

von Teilleistungsstörungen im Rechnen allein nicht ausreicht (mangelnde 

Spezifität). Gute visuell-räumliche Fähigkeiten stellen allein ebensowenig eine 

hinreichende Bedingung für erfolgreiches Rechenlernen dar, wie gute sprachliche 

oder motorische Funktionen. Dennoch kann angenommen werden, dass diese 

drei Bereiche von Grundfunktionen einen wesentlichen Anteil an der Entwicklung 

und Ausdifferenzierung der spezifischen zahlenverarbeitenden neuronalen 

Netzwerkstrukturen haben. 

 

Unterformen 

Für die insbesondere für die Behandlung von Rechenstörungen relevante 

Frage nach verschiedenen Unterformen (Subtypen) ist die direkte Untersuchung 

der zahlreichen verschiedenen Aspekte der kognitiven Zahlenverarbeitung und 

des Rechnens erforderlich. 

Mit einem neuropsychologisch begründeten Testverfahren, das 

verschiedene semantische und kodierungsspezifische Elemente der 

Zahlenverarbeitung in 12 Subtests erfasst (ZAREKI, von Aster 2001b), konnten 

3 Subtypen anhand von Daten rechenschwacher Kinder der 2.–4. Klassenstufe 

clusteranalytisch unterschieden werden (von Aster 2000):  

• tiefgreifender Subtyp 

• sprachlicher Subtyp 

• arabischer Subtyp 
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Tief greifender Subtyp: Bei den betroffenen Kindern lagen 

Mittelwertabweichungen von mehr als 1,5 Standardabweichungen in beinahe 

allen überprüften numerischen Fertigkeitsbereichen vor. Insbesondere scheint 

ihnen ein grundlegendes Verständnis für numerische Größenrelationen und 

basale Konzepte von “mehr — weniger“ und „Teil — Ganzes“ zu fehlen.  

Nur bei einer Minderheit dieser Kinder bestanden ausschließlich 

Rechenstörungen. Bei der Mehrzahl fanden sich zahlreiche zusätzliche 

Entwicklungsauffälligkeiten, insbesondere Lese-Rechtschreib-Probleme, ADHD 

und sozial-emotionale Symptome. 

Sprachlicher Subtyp: Diese Kindern zeigen signifikante Schwierigkeiten nur 

beim Kopfrechnen sowie beim Abzählen von Mengen und beim Rückwärtszählen. 

Die häufigen Fehler beim Abzählen machen bei ihnen auch das zu- und 

wegzählende Addieren und Subtrahieren fehleranfällig. Dies wiederum erschwert 

den Aufbau von Abrufstrategien und das Anlegen von Faktenwissen. Die Kinder 

verharren in unreifen, langsamen Zählstrategien und fallen dadurch schulisch 

zurück. In dieser Gruppe zeigte etwa die Hälfte der Kinder zusätzliche Symptome 

eines Aufmerksamkeitsdefizits sowie Rückstände in der Sprach- und 

Schriftsprachentwicklung. 

Arabischer Subtyp: Der dritte Subtyp erhielt seinen Namen, weil die 

betroffenen Kinder in erster Linie Probleme beim Übertragen von Zahlworten in 

die arabische Kodierung hatten und umgekehrt (arabische Zahlen lesen und nach 

Diktat schreiben). Diesen Kindern fällt das Erlernen des stellenwertbezogenen 

arabischen Notationssystems und der entsprechenden Transkodierungsregeln 

besonders schwer. Überzufällig häufig fanden sich in dieser Gruppe Kinder, die 

fremd- oder mehrsprachig aufgewachsen sind, und für die die 

zahlenlinguistischen Besonderheiten der deutschen Zahlwortreihe eine besondere 

Belastung darstellen (von Aster, et al. 1997). 

 

7.1.7 Ätiopathogenese 

 

Mit Bezug auf die oben dargestellte Synopse zur Entwicklung Zahlen 

verarbeitender Hirnfunktionen (Abb. 7.1) lassen sich Hypothesen über die 

Entstehung der Rechenstörungen formulieren (von Aster in press). Dabei liegt es 

nahe, „frühe“ Störungen mit weit reichenden Folgen für das Rechnenlernen (im 
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Sinne des tief greifenden Subtyps) von solchen zu unterscheiden, die im 

Vorschul- und Schulalter entstehen und in ihrer Ausprägung weniger schwer 

wiegend erscheinen (im Sinne des sprachlichen und arabischen Subtyps). Sowohl 

bei jenen Störungen mit frühem als auch bei jenen mit späterem Ursprung 

können der Aufbau und die Automatisierung angemessener 

Zahlraumvorstellungen erschwert sein, da dieser Prozess auf den verschiedenen 

inhaltsspezifischen Vorläuferfunktionen (“core-systems“, Zählfertigkeiten, 

arabisches Stellenwertsystem) basiert und auf ausreichende Aufmerksamkeits- 

und Arbeitsgedächtnisleistungen angewiesen ist. 

 

Früh bedingte Störungen 

Es kann entweder eine genetisch disponierte mangelhafte Ausprägung von 

Funktionen der Mengenunterscheidung („core-systems“) vorliegen und/oder es 

bestehen frühe Störungen in der allgemeinen Entwicklung von Aufmerksamkeit 

und Arbeitsgedächtnis, z. B. in Folge frühkindlicher Hirnschädigungen oder auch 

gravierender Stresserfahrungen. Letzteres stellt nicht nur ein spezifisches (auf 

die Zahlenverarbeitung bezogenes), sondern auch ein die kognitive und sozial-

emotionale Entwicklung allgemein betreffendes Risiko dar. 

 

Später bedingte Störungen 

Die konkrete (kardinale) Mengenrepräsentation und die durch sie 

gewährleisteten Funktionen sind gut ausgebildet. Probleme ergeben sich aus 

Störungen im Erwerb der linguistischen und der arabischen 

Zahlenrepräsentationen, die verschiedene Ursachen haben können. 

Die Automatisierung von sprachlich kodiertem Zahlenwissen 

(Zahlwortsequenz, arithmetisches Faktenwissen) kann durch Einschränkungen in 

der Sprachentwicklung und/oder Aufmerksamkeitsprobleme behindert werden. 

Ein zentraler Mechanismus für die erforderlichen Automatisierungsprozesse 

sind konstante Wiederholungen beim Zählen, Abzählen und beim zählenden 

Rechnen. Der Übergang von einer Abzähl- zu einer Abrufstrategie setzt voraus, 

dass das Kind viele Male bei ein und derselben Aufgabe zum selben Ergebnis 

kommt. Verzählt sich das Kind immer wieder und kommt zu unterschiedlichen 

Ergebnissen, kann die Assoziationsstärke zwischen Aufgabe und Ergebnis nicht 

wachsen, und das Kind verharrt in der unreifen Zählstrategie. Solches Verzählen 

kann z. B. dadurch zustande kommen, dass die Bildung der Zahlworte und die 
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korrekte Sequenzbildung besonders schwer fallen oder dass Kinder sehr flüchtig 

und ungenau und unter Verletzung der Eins-zu-Eins-Korrespondenzregel zählen. 

Bei Kindern die zwei- oder mehrsprachig aufwachsen, entsteht beim 

Erlernen des arabischen Notationssystems ein besonderes Risiko. Diese Kinder 

müssen für mehr als ein Zahlwortsystem Übersetzungsregeln ins arabische 

Notationssystem berücksichtigen. Wenn sie die Übersetzungsregeln der einen 

Zählsprache auch in der anderen anwenden, kommen ständig Fehlermeldungen, 

die im schulischen Alltag oft nicht schnell genug erkannt und auf das zugrunde 

liegende Problem bezogen werden können. 

Aber auch andere Besonderheiten in der vorschulischen Lernbiographie 

können zu sonderbaren und auf den ersten Blick unerklärlichen Abweichungen 

führen. 

Insbesondere wenn Kinder Zahlen in anderen als numerischen Bezügen 

gebrauchen, kommt es zu konkurrierenden Sinnbezügen für Zahlen. 

Ein eindrucksvolles Beispiel liefert die kleine Irma, die in der 2. Klasse von 

sich behauptet, dass sie nie mehr wird Rechnen lernen können. Die Lehrer sind 

ratlos und diagnostizieren eine schwere Dyskalkulie: 

 

Irma, ein überdurchschnittlich begabtes und sehr fantasievolles Kind 

wuchs als Einzelkind zweier Akademikereltern auf. Bereits mit 4 1/2 Jahren 

begann sie, sich eine Spielgeschichte zu erschaffen, in der die handelnden 

Personen die Namen von Zahlen erhielten. So erlebte „Drei“, ein blonder und 

frecher Knabe, mit “Neun“, seinem Freund, allerlei Abenteuer, und es bestanden 

vielerlei Beziehungen zu “Fünf“, „Sechzehn“, „Acht“ und vielen Anderen aus der 

Bullerbü-artigen Nachbarschaft, von deren Biographie und Eigenschaften Irma 

zahlreiche Einzelheiten zu berichten wusste. 

Man kann sich gut vorstellen, in welche Verwirrung Irma geriet, wenn sie 3 

von 6 abziehen sollte. 

 

Auch bei Kindern mit autistischen Störungen beobachtet man bisweilen 

obsessive Fixierungen auf Zahlen, wobei diese jedoch andere als kardinale, 

ordinale oder arithmetische Sinnbezüge tragen. Hier werden kalendarische 

Fakten, Primzahlen, Buslinien, Fahrplanzeiten usw. gesammelt und geordnet. 

Zahlen haben hier eine eher klassifikatorische, begriffsgebende Funktion, der 

lexikalische Gebrauch der Zahlen ist daher auch meist völlig ungestört. Der 
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Gebrauch der Zahlen in einem mathematisch-funktionalen Sinnbezug ist jedoch 

erschwert (vgl. von Aster 1997). 

Mit Bezug auf die schulische Lernumgebung muss schließlich auf ein 

weiteres Phänomen eingegangen werden. 

Lernen ist nicht nur erfahrungsabhängig (Vorerfahrung und aktueller 

Lerninhalt), sondern auch abhängig vom momentanen Zustand, in dem sich der 

Lernende befindet. 

Die äußere Lernumgebung und die innere Befindlichkeit beeinflussen 

diesen Zustand sehr wesentlich. 2 Aspekte verdienen in Hinblick auf das Gelingen 

schulischer Lernprozesse besondere Erwähnung: 

1. Schulische Didaktik: Hier geht es um die Frage, ob curriculare 

Unterrichtsinhalte und -methoden adaptiv sind im Hinblick auf die 

Lernziele. 

2. Lernen ist abhängig vom inneren Zustand des lernenden 

Individuums: Hier geht es um die Frage, unter welchen emotionalen 

und motivationalen Bedingungen Lernprozesse stattfinden und 

dementsprechend gefördert oder behindert werden. 

Hier können Umstände der persönlichen Lebenssituation und daraus 

resultierende psychische Belastungen ebenso eine Rolle spielen, wie allgemeine 

Faktoren der schulischen Lernumgebung. 

Besonders im Schulalter, aber durchaus auch schon vorher, üben 

institutionalisierte öffentliche Bewertungssysteme wie die Notengebung einen 

Selektionsdruck auf die Entwicklung von Fertigkeiten aus. Erfolgreiche 

Tätigkeiten werden verstärkt und gesucht, erfolglose dagegen gemieden. Bei 

leistungsschwachen Kindern erzeugt die fortgesetzte Konfrontation mit Misserfolg 

Stress. Daraus entstehende Ängste führen zu Blockaden indem sie 

Aufmerksamkeit und Arbeitsgedächtnis reduzieren und damit weiteren Misserfolg 

wahrscheinlicher machen. Erwiesenermaßen steigen mit zunehmender Angst 

auch Bearbeitungszeit und Fehlerraten beim Lösen von Aufgaben. In einem 

solchen Kreislauf festigt sich auch spezifisches Wissen über die eigene Person 

(“das kann ich nicht“, „das lerne ich nie“). Es entwickeln sich ungünstige 

Attributionsstile und Kontrollüberzeugungen. 

Das chronische Ausbleiben positiver Handlungs-Ergebnis-Beziehungen 

führt sukzessive zum Verlust von Motivation und Anstrengungsbereitschaft, 

Erfolge werden nicht mehr erwartet und Minderwertigkeitsgefühle wachsen. 
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Die aus der Vermeidung resultierenden Übungsdefizite schwächen 

schließlich jene neuroplastischen Hirnreifungsprozesse, die für eine erfolgreiche 

weitere Lernentwicklung notwendig sind. 

 

7.1.8 Diagnostik, Förderung und Behandlung 

 

Sie sollten grundsätzlich so früh und so integrativ wie möglich erfolgen, 

d. h. unter Einbeziehung von Lehrern und Eltern. 

 

Diagnostik 

Die störungsspezifische Diagnostik schließt analog den Leitlinien der 

Deutschen Gesellschaft für Kinder- und Jugendpsychiatrie (Psychotherapie 2000) 

eine sorgfältige Erfassung der Symptomatik (Schulnoten, Leistungsdiskrepanzen, 

Fehlermerkmale), der Entwicklungsgeschichte einschließlich relevanter familiärer 

und schulischer Rahmenbedingungen, der psychischen Befindlichkeit im 

Allgemeinen und im Hinblick auf die spezifischen Lernschwierigkeiten ebenso ein, 

wie die Durchführung psychometrischer Testverfahren (Intelligenz, 

neuropsychologische Basisfunktionen, Zahlenverarbeitung und Rechnen) und 

eine entwicklungsneurologische Abklärung. 

Die Neuropsychologische Testbatterie für Zahlenverarbeitung und Rechnen 

bei Kindern (ZAREKI, von Aster 2001b) ermöglicht eine inhaltsbezogene 

Diagnosestellung auf der Grundlage der Überprüfung verschiedener relevanter 

Aspekte der Zahlenverarbeitung und des Rechnens. Sie gibt damit auch Hinweise 

auf die Art der Schwierigkeiten und die daraus abzuleitenden Ziele von Förder- 

und Therapiemassnahmen. Mit der Kindergartenversion (ZAREKI-K) wird 

demnächst ein Instrument zur Früherkennung von Risiken für eine spätere 

Dyskalkulie verfügbar sein, das die verschiedenen relevanten Vorläuferfunktionen 

überprüft (Weinhold Zulauf, et al. 2003). Eine Übersicht über weitere verfügbare 

diagnostische Instrumente findet sich bei Hasselhorn et al. (2005). 

 

Förderung und Therapie 

Sie setzen ein differenziertes befundbasiertes Verständnis der spezifischen 

Schwierigkeiten des Kindes voraus. Zunächst sollten die 

Untersuchungsergebnisse den Eltern und Lehrern in jedem Fall sorgfältig 
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vermittelt und erklärt sowie mit Hinweisen für die konkrete Unterrichts- und 

Hausaufgabengestaltung verbunden werden. Förder- und Therapiemaßnahmen 

müssen den konkreten Problemen eines jeden Kindes individuell angepasst 

werden. 

Trainings, die sich allein und pauschal auf die Verbesserung der 

Psychomotorik, der Wahrnehmung oder der Sprache beziehen, können keine 

ausreichenden Verbesserungen numerischer Kompetenzen bewirken. 

Kindern mit schwergradigen oder tief greifenden Rechenstörungen gelingt 

in der Regel der Aufbau abstrakter Zahlenraum- oder Zahlenstrahlvorstellungen 

nicht, wodurch das Verständnis arithmetischer Operationen behindert wird. Ihnen 

muss unter Zuhilfenahme geeigneter Veranschaulichungsmittel geholfen werden, 

die notwendigen räumlich-numerischen inneren Repräsentationen selbst zu 

erzeugen. Sofern Schwierigkeiten in der visuell-räumlichen Orientierung, in der 

Unterscheidung von rechts und links oder in der Graphomotorik bestehen, 

können ergänzende Übungsbehandlungen für diese Funktionsbereiche indiziert 

sein, insbesondere wenn sie inhaltsspezifisch erfolgen. 

Auch wenn Kinder z. B. infolge von Sprachentwicklungsbesonderheiten 

oder Aufmerksamkeitsdefiziten Schwierigkeiten haben beim Zählen, Abzählen, 

Einhalten von Reihenfolgen, Behalten von Zwischenschritten oder Erlernen des 

arabischen Notationssystems und seiner Regelstruktur, sind inhaltsspezifische 

Fördermaßnahmen ggf. mit inhaltsübergreifenden Unterstützungsangeboten zu 

kombinieren. Ein empfehlenswertes, wissenschaftlich fundiertes Grundlagenwerk, 

das auch Hinweise auf eine Vielzahl von bewährten Fördermaterialien enthält, ist 

das von Lorenz u. Radatz (1993) publizierte“Handbuch des Förderns im 

Mathematikunterricht“. 

Standardisierte und in Hinblick auf ihre Wirksamkeit evaluierte 

Therapieprogramme existieren bislang nicht. Hier besteht erheblicher 

Nachholbedarf, wenngleich angemerkt werden muss, dass es im Unterschied zu 

Lese-Rechtschreib-Programmen in der Dyskalkulietherapie häufig zwar auch, 

aber oft nicht primär darauf ankommt, gewisse Prozesse zu automatisieren, 

sondern zunächst geeignete innere Repräsentationen und ein Verständnis 

arithmetischer Algorithmen zu erzeugen. Dies macht ein flexibles und 

individualisiertes Vorgehen nötig. 

In der Dyskalkulietherapie ist ein flexibles und individualisiertes Vorgehen 

nötig. Förderung sollte, so weit möglich, im Regelunterricht stattfinden können. 
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Dort wo dies nicht praktikabel ist oder nicht ausreicht, sind einzeltherapeutische 

Fördermaßnahmen bei speziell ausgebildeten Sonder- und Heilpädagogen oder 

Psychologen sinnvoll. Eine enge Kooperation mit Klassenlehrern ist dabei 

unbedingt anzustreben. 

Begleitende psychotherapeutische, verhaltenstherapeutische und 

medikamentöse Behandlungsmaßnahmen sind dann einzuleiten, wenn der 

Schweregrad von Angstsymptomen (Schulangst, Leistungs- und Prüfungsangst), 

depressiven Symptomen oder hyperkinetischen und Aufmerksamkeitsstörungen 

dies nahelegt. 

 

7.1.9 Fazit für die Praxis 

 

• Die Fähigkeiten mit Zahlen umzugehen und zu rechnen entwickeln sich im 

Vorschul- und Schulalter und gehen mit der neuroplastischen 

Ausdifferenzierung spezifischer Hirnfunktionen einher. 

• Rechenstörungen bei Kindern sind ebenso häufig wie Lese-

Rechtschreibstörungen und stellen ein Risiko für die 

Persönlichkeitsentwicklung dar. 

• Häufige begleitende Störungen sind Ängste, Depressionen und ADHD. 

• Eine differenzierte neuropsychologische Diagnostik bildet die Grundlage für 

individuelle Therapie und Fördermassnahmen durch ausgebildete Fachkräfte. 

• Für Kinder mit Dyskalkulie braucht es dringend gesetzliche Regelungen, wie 

sie heute analog schon für Kinder mit Legasthenie existieren. Ein 

Nachteilsausgleich sollte erfolgen und die Finanzierung von Förder- und 

Therapiemassnahmen gewährleistet werden. 
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