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Abstract and Keywords
Computer-assisted interventions (CAI) on basic number skills have been studied over the last 70 years. The
technical development from large, room-sized, mainframe computers to handhelds is revising the school pedagogy
in a similar fashion to what school books once did. Computers provide a tool for delivering instruction, but still the
contents of CAI have followed on the ruling pedagogical trends of the time. The basic models of repetitive practice
to gain arithmetic fluency and problem solving–oriented discovery learning can be found from CAI on numerical
skills. The increasing knowledge about educational neuroscience has not changed these models, but turned the
attention to the details in the types of numerical stimuli used in training. During these 70 years, there has been a
prolific increase in the amount and quality of studies on CAI, but a declining trend in the effectiveness. The charm
of novelty is transforming to a daily tool for learning.
Keywords: computer-assisted, intervention, mathematics, effectiveness, neuroscience

Introduction
Lift from her [the teacher’s] shoulders as much as possible of this burden and make her free for those
inspirational and thought-stimulating activities which are, presumably, the real function of the teacher.
Pressey (1926, p. 374)
One can predict that in a few more years millions of schoolchildren will have access to what Philip of
Macedonia’s son Alexander enjoyed as a royal prerogative: the personal services of a tutor as wellinformed and responsive as Aristotle.
Suppes (1966, p. 207)
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NOT a new question

ASSISTIVE TECHNOLOGY
FOR SUPPORTING
LEARNING NUMERACY
Pekka Räsänen, Tanja Käser, Anna Wilson,
Michael von Aster, Oleksandr Maslov, and
Unge Maslova

Calculation depends on the majority of the abilities within the domain of general
intelligence (Blair et al., 2005). Most major theories of intelligence include numeracy or quantitative thinking as one aspect of general cognitive skills (Kaufman et al.,
2013). In Chapter 1 of this volume, O’Neill and Gillespie described an example
of the cognitively complex social practice of sharing a cup of tea. This activity
includes actions like buying tea, measuring the amount of water needed and using
a machine to boil it, telephoning a friend’s number, and inviting him or her for a
visit to a certain address at a certain time. An interesting aspect of this list of
actions is that all the activities require using measurement systems or numbers. In
fact, numbers and numerical cognition are embedded in our current society.
Learning is a cognitively demanding activity and learning or relearning numeracy
is particularly demanding. That is why numeracy is one of the key targets of basic
education; and may explain the relative scarcity of attempts to rehabilitate mathematical cognition.
Because of the high cognitive demands of quantitative thinking, it is no surprise
that humans have developed assistive tools for keeping count, doing calculations,
and visualizing numerical, geometrical, and algebraic relations. In addition to tools
that are used to assist with calculations, from pebbles (calculus) to calculators
(Bogoshi et al., 1987), researchers and educators have invented mechanical machines
to assist in learning numeracy. The first patent on an educational device of teaching
arithmetic was granted as early as 1897 (Altman, 1897), but it has only been with
the recent computer technology and e-learning boom that society has developed a
myriad of applications for training basic numerical skills using the Internet, computers, tablets, and mobile phones.
The investigation of technological supports for dyscalculia due to brain injury
or degeneration has received relatively little research attention. This is an ironic
neglect, as the availability of pocket calculators from 1970 marks the beginning of
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These two quotations describe contrasting early visions of how technology would change instruction. The first
vision was given by one of the initial developers of mechanical teaching machines, professor of educational
psychology, Sidney Pressey, who described “teaching machines” as tools for teachers who could use them as
part of their educational work. In Pressey’s vision, the machines would be suitable for rather boring, repetitive, drilland-practice training, which he believed to be an inevitable and unavoidable part of any learning process. The
same idea is often presented in the context of computer-assisted instruction (see e.g. Butterworth & Laurillard,
2010; Encyclopædia Britannica, 2011). Most of the small-scale educational computer and internet applications for
numerical skills have followed this model and have only tried to put the drill-and-practice rehearsal into a more
colorful and motivating package than textbooks. Nevertheless, the basic neuroscientific principle of repetition as a
main route to successful learning and to strong long-term memory representations is exemplified in these
applications.

•

the first educational programs
capable to provide
individualized content were
created and used in research
already in 1960s

•

there is now over 50 years of
experience on technologyenhanced learning (TEL) and
Computer-Assisted Instruction
/ Interventions (CAI)
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Modern learning games fit in your pocket
•

they have
•

more processing
power than IBM 650

•

multicolor touch screen
interface

•

stereo sound

•

easy to program
complex educational
contents

IBM Inquiry Station (1957).

The 650 was relatively cheap, carried a
hefty academic discount, was compatible
with existing card equipment, it would fit
in one room, and it was "user friendly" —
decimal arithmetic, small instruction set,
handy console. It was one of the first
computers that could be used "hands on"
by programmers.
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What actually is Computer-Assisted Instruction?
•

Net is full of ”teaching and intervention apps”

•

we are in the era of technical revolution of school (e-)books

•

very few of these actually can be called as Educational

6

HCI = Human Computer Interaction
•

H - problem : every learner is different
•

•
•

The program should be able to
•

present something to be learnt

•

give feedback

•

react to learners interactions with the game (e.g. to
errors) in a pedagogically meaningful way

7

C - problem: programs are static and progress in a linear
fashion
•

•

baseline, different ways to react and act

the code is not programed to progress individually

I - problem: the programs are not pedagogical
•

when the learner faces a problem, the program does
not change its behaviour
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Models of adaptation

HCI = Human Computer Interaction
•

•

•

H - problem : every learner is different
•

baseline, different ways to react and act

•

LEARNER MODEL

C - problem: programs are static and progress in a linear fashion
•

the code is not programed to progress individually

•

CONTENT MODEL

I - problem: the programs are not pedagogical
•

when the learner faces a problem, the program does not change its behaviour

•

TUTOR MODEL

Räsänen et al. (2015). Psychology Press.
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An example: Subtraction 0–20

Training subtraction: 3D-adaptation

NEURE is an online net-experientation system capable of precenting ndimensional adaptivity based on euclidean distance and/or IRT. Neure is a
free online product from Niilo Mäki Institute.
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Proof-of-concept experiment

Learning is rarely linear
•

10 children, teacher selected 2nd graders who had not learnt subtraction

•

12–15 practice sessions (a’ max. 15 min) = 4–5 math lessons
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This article presents the design and a first pilot evaluation of the computer-based training
program Calcularis for children with developmental dyscalculia (DD) or difficulties in
learning mathematics. The program has been designed according to insights on the typical
and atypical development of mathematical abilities. The learning process is supported
through multimodal cues, which encode different properties of numbers. To offer optimal
learning conditions, a user model completes the program and allows flexible adaptation
to a child’s individual learning and knowledge profile. Thirty-two children with difficulties in
learning mathematics completed the 6–12-weeks computer training. The children played
the game for 20 min per day for 5 days a week. The training effects were evaluated
using neuropsychological tests. Generally, children benefited significantly from the training
regarding number representation and arithmetic operations. Furthermore, children liked to
play with the program and reported that the training improved their mathematical abilities.
Keywords: learning, intervention, optimization, calculation, spatial representation, interactive learning
environment

INTRODUCTION
Arithmetical skills are essential in modern society. However, many
children experience difficulties in learning mathematics, ranging
from mild to severe numeracy problems. It is therefore important
to investigate the typical and atypical development of mathematical abilities as well as intervention approaches to prevent or
remediate difficulties. In this study, we present the development of
a computer-based training program for children with difficulties
in learning mathematics along with case studies and quantitative
results of a first evaluation.
In the following, we first introduce different neuro-cognitive
models of number processing and numerical development focusing on the models relevant for the design of the training program.
We then discuss the potential of computer-based training environments and give an overview of existing interventions before
introducing the present study.
NEURO-COGNITIVE MODELS OF NUMBER PROCESSING AND
NUMERICAL DEVELOPMENT

Current neuropsychological models postulate distinct representational modules, located in different brain areas, which are relevant
for adult cognitive number processing and calculation. One of
the first models, the “triple-code model” (Dehaene and Cohen,
1995) comprises a verbal module supporting counting and number fact retrieval, a visual-Arabic module required for solving
written arithmetic and an analogue magnitude module (mental number line) for semantic number processing. Lately, an
fMRI meta-analysis enabled further insights into supporting and
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domain-general functions involved in solving arithmetic tasks
and suggested a modification and extension of the triple-code
model (Arsalidou and Taylor, 2011). Results from functional
brain imaging in adults and children indicate that the representation of the mental number line emerges during the first years
of school in the parietal lobe due to practice and experiences
(Rivera et al., 2005; Ansari and Dhital, 2006; Kucian et al., 2008).
The initial assumption of the analogue magnitude representation being notation-independent was challenged in 2007 (Cohen
Kadosh et al., 2007). Nieder (2012) recently showed that there
are indeed notation-dependent as well as notation-independent
neurons responding to numerosity.
While the triple-code model denotes the end state of numerical development, the four-step developmental model (von Aster
and Shalev, 2007) describes the path to this end state. It divides
the semantic representation (analogue magnitude representation)
into an implicit core representation of magnitude and an explicit
mental number line, the latter considered as being a “representational redescription” of the former (Karmiloff-Smith, 1992).
The (inherited) core-system representation of cardinal magnitude provides the basic meaning of numbers (step 1). Based on
this representation, children learn to associate a perceived number
with spoken and later written and Arabic symbols. The process of linguistic (step 2) and Arabic (step 3) symbolization is
in turn a precondition for the development of a mental number
line (step 4). The different representations develop depending on
the growing capacity of domain-general functions like working
memory.
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introducing the present study.
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Current neuropsychological models postulate distinct representational modules, located in different brain areas, which are relevant
for adult cognitive number processing and calculation. One of
the first models, the “triple-code model” (Dehaene and Cohen,
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domain-general functions involved in solving arithmetic tasks
and suggested a modification and extension of the triple-code
model (Arsalidou and Taylor, 2011). Results from functional
brain imaging in adults and children indicate that the representation of the mental number line emerges during the first years
of school in the parietal lobe due to practice and experiences
(Rivera et al., 2005; Ansari and Dhital, 2006; Kucian et al., 2008).
The initial assumption of the analogue magnitude representation being notation-independent was challenged in 2007 (Cohen
Kadosh et al., 2007). Nieder (2012) recently showed that there
are indeed notation-dependent as well as notation-independent
neurons responding to numerosity.
While the triple-code model denotes the end state of numerical development, the four-step developmental model (von Aster
and Shalev, 2007) describes the path to this end state. It divides
the semantic representation (analogue magnitude representation)
into an implicit core representation of magnitude and an explicit
mental number line, the latter considered as being a “representational redescription” of the former (Karmiloff-Smith, 1992).
The (inherited) core-system representation of cardinal magnitude provides the basic meaning of numbers (step 1). Based on
this representation, children learn to associate a perceived number
with spoken and later written and Arabic symbols. The process of linguistic (step 2) and Arabic (step 3) symbolization is
in turn a precondition for the development of a mental number
line (step 4). The different representations develop depending on
the growing capacity of domain-general functions like working
memory.
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Core numerical skills for learning mathematics in children aged 5 to 8

Understanding mathematical relations
early mathematical-logical
principles

operational symbols
in mathematics

basic arithmetic
principles

Counting skills

place-value and
base-10 system

Basic skills in arithmetic

knowledge
of number symbols

number word
sequence

arithmetic facts

enumeration

addition
and subtraction

Symbolic and non-symbolic number sense
Black bear, Ursus americanus

Aunio, P. & Räsänen, P. (in press). Core numerical skills for learning arithmetic in children aged five to eight years.
European Early Childhood Education Research Journal.

Oso negro, Ursus americanus
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Vonk, J., & Beran, M. J. (2012). Bears count too:
quantity estimation and comparison in black bears,
Ursus americanus. Animal behaviour, 84(1), 231-238.

Vonk, J., & Beran, M. J. (2012). Bears count too:
quantity estimation and comparison in black bears,
Ursus americanus. Animal behaviour, 84(1), 231-238.

”Brutus and Bella required 22 and 36 20-trial sessions,
respectively, to complete training.
Dusty persisted with a left-side bias and was moved to training
with a discrimination of one dot versus eight dots, with 24 20trial sessions consisting solely of this discrimination until he
finally seemed to acquire this discrimination spontaneously.
After this point, he rapidly reached criterion on one dot versus
three dots and on two dots versus six dots after only two
sessions, and proceeded to testing.”

Brutus y Bella necesitaron 22 y 36 sesiones de
prueba respectivamente para completar su
entrenamiento.
El oso Dusty siempre elegía en su entrenamiento
la opción del lado derecho, por lo cual fue
cambiado a otro entrenamiento mas fácil donde
le daban dos opciones, 8 puntos y 1 punto.
Después de la sesión 24 logro entender la idea
de lo que le estaban pidiendo: Elegir la cantidad
mas grande de puntos.
Después de este entrenamiento, Dusty
rápidamente entendió y pudo resolver 1 vs 3 y 2
vs 6 puntos.

Ratio of difference
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Magazine
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Ariel Starr, Melissa E. Libertus, and Elizabeth M. Brannon: Number sense in infancy predicts mathematical abilities in childhood
PNAS 2013 ; published ahead of print October 21, 2013, doi:10.1073/pnas.1302751110
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Very early developing
sensitivity to
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el desarrollo temprano de la sensibilidad a
las diferencias de magnitudes predice el
desarrollo posterior
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Explained (explicado)
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networks for
approximate calculation
in dyscalculic
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MRI study. Behav.
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R., Henik, A., and
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dyscalculia
induced by parietal-lobe
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automatic magnitude
processing. Curr.
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Figure 1. Interaction of
Group X Distance in the
right intraparietal sulcus.
Statistical map showing
interaction of group
x distance (p < 0.05,
cluster level) overlaid
corrected at the
on an average image
of all participants’ high-resolu
MRI scans level. The
bar chart
tion structural
groups. Error bars represent shows the parameter estimates for this
region for both
the standard error of
the mean. (NSC, Nonsymbo
lic Close

results are therefore the
first to
reveal atypical activation
in the
right intraparietal sulcus,
during a
non-symbolic, numerica
l magnitue
processing task, in children
with
pure DD. The observed
group by
distance interaction in
the right
IPS falls within areas
previously
associated with processin
g of
numerical magnitude
in typically
developing children [8]
and
adults [7], as well as
within close
proximity to a region
referred to
as the horizontal segment
of
intraparietal sulcus (hIPS). the
The
hIPS has been identified
in a
meta-analysis [4] of neuroima
ging
studies of numerical
processing
as being involved in the
representation and processin
g
of numerical quantity
(mean
Talairach coordinates
for hIPS:41,
–47, 48; standard deviation
s for
these mean coordinat
es: 7, 7, 5).
The present results,
therefore,
suggest either a weakene
d
parietal representation
of
numerical magnitude
in DD
and/or a reduced ability
to access and manipula
te

numerical quantities.
This basic
numerical capacity,
for which a
brain-level impairme
nt in DD is
revealed here, appears
to be a
necessary foundatio
n on which
the development of
higher level
arithmetical skills is
scaffolde
A recent study [12] showed d.
that transcranial magnetic
stimulation of the right
parietal
lobe produces behaviou
ral
patterns similar to those
found
in adult dyscalculics,
providing a
simulation of DD, and
providing
further evidence for
the key role
played by the right intraparie
tal
sulcus in basic numerica
l
magnitude processin
g. Our
results, however, provide
direct
evidence of parietal
dysfunction
in pure developmental
dyscalculia and thereby
strengthen the hypothes
is
that dyscalculia is caused
by
ontogenetic disruptio
n of the
neural circuitry that
supports
fundamental represen
tation of
numerical magnitude.
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/Procesamiento magnitud parietal deteriorada en la discalculia del desarrollo

Impaired parietal magnitude processing in Developmental Dyscalculia
Price, Holloway, Räsänen,Vesterinen, & Ansari (2008) Current Biology

Impaired parietal magnitude
processing in Developmental
Dyscalculia

NSF, Nonsymbolic Far

NSC, Nonsymbolic Close

vs.

Price, Holloway, Räsänen,Vesterinen, & Ansari (2008) Current Biology

Which side has more items? /¿De qué lado tiene más elementos?

vs.
Large difference

Small difference
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Up: group difference in fMRI
Below: the theoretical model

Los resultados de nuestro estudio

•

grupo con discalculia son más pobres comparado con grupo control en la
magnitud de comparación

•

menor aumento en la activación cerebral cuando la tarea de la comparación se
hace más difícil
diferencia en la activación se encuentra sólo en el lóbulo parietal

•
•

Este fue el primer estudio que muestra las diferencias en el funcionamiento del
cerebro en niños con discalculia del desarrollo. Ahora se ha replicado por otros.

24
NORSMA8 2015.key - 24. marraskuuta 2015

Author's personal copy
Cognitive Development 24 (2009) 450–472

Räsänen, P., Salminen, J., Wilson, A., Aunio, P., & Dehaene, S. (2009). Computer-assisted
intervention for children with low numeracy skills. Cognitive Development, 24, 450–472.

Contents lists available at ScienceDirect

Cognitive Development

Computer-assisted intervention for children with low
numeracy skills
Pekka Räsänen a,∗, Jonna Salminen a, Anna J. Wilson b,
Pirjo Aunio a, Stanislas Dehaene c
a
b
c

Niilo Mäki Institute, Jyväskylä, Finland
Department of Psychology, The University of Auckland, New Zealand
INSERM, Cognitive Neuroimaging Unit, Paris, France

a r t i c l e

i n f o

poor
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15

30
15

a b s t r a c t
We present results of a computer-assisted intervention (CAI) study
on number skills in kindergarten children. Children with low
numeracy skill (n = 30) were randomly allocated to two treatment groups. The first group played a computer game (The
Number Race) which emphasized numerical comparison and was
designed to train number sense, while the other group played a
game (Graphogame-Math) which emphasized small sets of exact
numerosities by training matching of verbal labels to visual patterns
and number symbols. Both groups participated in a daily intervention session for three weeks. Children’s performance in verbal
counting, number comparison, object counting, arithmetic, and a
control task (rapid serial naming) were measured before and after
the intervention. Both interventions improved children’s skills in
number comparison, compared to a group of typically performing children (n = 30), but not in other areas of number skills. These
findings, together with a review of earlier computer-assisted intervention studies, provide guidance for future work on CAI aiming to
boost numeracy development of low performing children.
© 2009 Elsevier Inc. All rights reserved.

There has been growing recognition that preschool education provides a firm foundation for later
school learning (Jordan, Kaplan, Ramineni, and Locuniak, 2009; Melhuish et al., 2008). School-entry
mathematical skills predict later academic achievement even after family background and cognitive
and socioemotional factors have been controlled (Duncan et al., 2007). A potentially powerful way to

3

2
4

30
typically
performing
Teacher selection

Baseline

Intervention (daily 15 min/3wk)

Post

∗ Corresponding author at: Niilo Mäki Institute, P.O. Box 35, 40014 University of Jyväskylä, Finland.
E-mail address: pekka.rasanen@nmi.fi (P. Räsänen).
0885-2014/$ – see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.cogdev.2009.09.003
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NumberRace

GraphoGame

• Wilson, Dehaene & al. (INSERM, Paris)
• A research project to develop a game

for rehabilitation of dyscalculia (OECD)

•

Contains two parts: comparison and
numberline

• for details see publications
•

Wilson, A. J., Revkin, S. K., Cohen, L., Cohen, D. & Dehaene, S. (2006).
An open trial assessment of The Number Race, an adaptive computer
game for remediation of dyscalculia. Behavioral and Brain Functions,
2:20.

•

Wilson, A. J., Dehaene, S. , Pinel, P., Revkin, S. K., Cohen, L., & Cohen, D.
(2006). Principles underlying the design of "The Number Race", an
adaptive computer game for remediation of dyscalculia. Behavioral and
Brain Functions, 2:19.
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3

2
4

• Mönkkönen, A., Richardson, U., Räsänen, P.,

Herrera Montes, A., Kujala, J., Brem, S., et al.
(in preparation). Graphogame-Math: Using a
computer game for training number skills in
preschool aged children.

• auditory to visual matching (sets of objects,
number symbols, calculations)
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Effect sizes (Hedges g):
improvement compared to control group

Assessments
•
• Arithmetic
• Number comparison (E-Prime)

GG-M

Counting

• 1-24, 12-1, even numbers from 2-24

• simple written arithmetic addition and subtraction tasks, 3 min

numbers appeared on the screen horizontally, the subject had to press the mouse button (with thumbs) which was in the
• two
same side as the numerically larger number
• In this analysis from 8 different stimulus pairs
1-2, 2-4, 2-6, 4-6, 6-8,4-8, 2-8, 8-9
• in four measurement points a total of 7680 reactions were collected from which 10,1% incorrect

• Dot counting/Enumeration (E-prime)
• Control task: Rapid serial naming (colours)
• pre (2), post and delayed post (3 weeks after
•

NR

0,6
0,45
0,3
0,15
0

random dot patterns, from 1 - 6, 4 repetitions with different patterns, oral response (3,4% incorrect, 0,1% computer failure)

post)

−0,15
−0,3
−0,45
Verbal Counting

Comparison

29

fluency of number comparison

Subitizing

Object counting

Arithmetic

30

Effectiveness of our math interventions compared
to meta-analyses on CAI effectiveness

Reaction time (less is better)

0,6

The tr
0,45
end o
fe

ffectiv

eness

0,3

our d =.44

in me
ta-ana
r=-.33

lytic s

r= –.3

tudies

3

0,15

0
1985 1987 1991 1992 1994 1995 1998 2003 2007 2008 2009 2010 2011
Räsänen, P., Salminen, J., Wilson, A., Aunio, P., & Dehaene, S. (2009). Computer-assisted intervention for children with low numeracy skills.
Cognitive Development, 24, 450–472.
Räsänen,. P. (2015). Computer assisted intervention on numerical cognition. In R. Cohen Kadosh & A. Dowker (eds.)
Oxford handbook of numerical cognition. London: Oxford University Press.
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Effect sizes (Hedges g):
improvement compared to control group
Home Download How it works The Number Catcher

English
English

About Us

GG-M

NR

0,6

Our Laboratory
The INSERM-CEA Cognitive Neuroimaging Unit, headed by Stanislas Dehaene, is affiliated with INSERM, the French National Institute of

Health and Medical Research. It is located in the Neurospin Center of the CEA in the south of Paris, France. Sixty researchers investigate
0,45
high-level human cognitive functions such as reading, calculation, language and consciousness - using a variety of tools from psychology
and brain imaging.

0,3We are also involved in education projects that aim to serve the community. We try to use our theoretical and experimental knowledge of
reading and arithmetic, which was acquired after many years of research, to improve education methods and tools. The Number Race is one
of the tools we are proud to present.

0,15

The people behind The Number Race
Original conception: Anna Wilson and Stanislas Dehaene

0Version 2 programming: Anna Wilson, Stanislas Dehaene, Alexander Maslov, and Andriy Vertiy
Version 3 design: Pekka Räsänen, Stanislas Dehaene, and Alexander Maslov
Vesion 3 development: Alexander Maslov, Ugne Maslova, Johanna Manninen, and Tero Lehtinen

−0,15
Graphic design: Philippe Pinel and Caroline Jakubek
Original music: Luc Foubert and Philippe Pinel
Voice: Karine Hyman, Isaac McCluskey, and Amy Smith

−0,3Translation: Krzysztof Cipora, Stanislas Dehaene, Patricia Kant, Johan Korhonen, and Océane le Tarnec
Web site graphic design: Prototype studio

We thank Toussaint Guglielmi and Dror Dotan for their help

−0,45
Funding: Foundation Fyssen, McDonnell Foundation, INSERM, the Louis D prize from the Institut de France to Stanislas Dehaene, the Brain
VerbalandCounting
Object Finland).
counting
Arithmetic
Learning Project of theComparison
OECD, Niilo Mäki Institute (projectSubitizing
funded by the Ministry of Education,

Copyright © 2004 Anna Wilson and Stanislas Dehaene.
All rights reserved.
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Meister CODY:
Computer-Supported Test and Training for
Children with Dyscalculia

Computer-Supported Test and Training for
Children with Dyscalculia

Jörg-Tobias Kuhn, Heinz Holling, Julia Raddatz, Christian Dobel

•

A group of children with dyscalculia (mean age: 103
months, 44 girls; ZAREKI-R T-value ≤ 38, WISC-IV IQ ≥
80, reading fluency SLS 1-4 T-score ≥ 38) was
randomly assigned to one of three groups.

•

N = 23 children worked the CODY training for 30 days,
the training duration was 20 minutes per day.

•

A second group of N = 17 children completed 30 days
of inductive reasoning training.

•

The third group (N = 19) served as a control group.

35

Jörg-Tobias Kuhn, Heinz Holling, Julia Raddatz, Christian Dobel
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Computer-Supported Test and Training for
Children with Dyscalculia

Computer-Supported Test and Training for
Children with Dyscalculia

Jörg-Tobias Kuhn, Heinz Holling, Julia Raddatz, Christian Dobel

Jörg-Tobias Kuhn, Heinz Holling, Julia Raddatz, Christian Dobel

•

K. Kucian et al. / NeuroImage 57 (2011) 782–795

37

ﬁnishing the training period of 5 weeks, as well as after rest period.
Children had to indicate on a left-to-right oriented number line from 0
to 100 the location of Arabic digits, results of additions and
subtractions, or the estimated number of dots. The number line was
16 cm in length and only the start and end points were marked with 0
NeuroImage 57 (2011) 782–795
and 100, respectively. A card (7 cm × 4.5 cm) with an Arabic digit
(Times New Roman, font size 36) was shown and read aloud to the
The child marked with a pencil the location of the number on
Contents lists available atchild.
ScienceDirect
the number line, at which point the next card was shown and the child
indicated the location on the next number line template. In total, each
NeuroImage
child evaluated 20 Arabic digits. Afterwards, 20 cards with addition
calculations were shown. The child had ﬁrst to calculate the results of
j o u r n a l h o m e p a g e : w w w. e l s ev an
i e r.addition
c o m / l o cand
a t e / tell
ynim
g examiner (who noted it on the evaluation
the
sheet) and then indicate the location of the result on the number line.
Addition tasks were followed by 20 subtraction problems. Finally, 10
cards were shown for only 3 s, which contained randomly arranged
all of the same size
(diameter = 1 mm). The child had to
Mental number line training in children withdots,
developmental
dyscalculia
estimate the number of dots, tell it to the examiner who noted it also
a
on the evaluation
sheet,a,and mark the location on the number line.
K. Kucian a,b,⁎, U. Grond a,b, S. Rotzer a, B. Henzi a, C. Schönmann
, F. Plangger
Three different versions of this test consisting of different digits,
M. Gälli c, E. Martin a,b,d, M. von Aster a,b,e
calculation
problems,
and
dot
amounts were used. The three versions
a
MR-Center, University Children's Hospital, Zurich, Switzerland
were matched for difﬁculty and each child solved a different version at
b
Pediatric Research Center, University Children's Hospital, Zurich, Switzerland
c
every examination. Between subjects the versions were administered
Methods in Action GmbH, Wollerau, Switzerland
d
Center for Integrative Human Physiology, University of Zurich, Zurich, Switzerland
in
a
counter-balanced
manner.
e
Department of Child and Adolescent Psychiatry, German Red Cross Hospitals Westend, Berlin, Germany
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•

The CODY group showed a
substantial increase in HRT,
compared with the other two
groups, t(56) = 3.22, p = .002
(see figure on the left). Also, the
precision in the number line task
was significantly higher than in
the other two groups at the
CODY group in the posttest, t(56)
= 2.67, p = .010. In contrast, the
mental training group improved
substantially in the counting
efficiency, t(56) = 3.19, p = .002.

Spatial working memory
Spatial working memory capacity was assessed twice, before and
after the training. Spatial working memory performance was

Developmental dyscalculia (DD) is a speciﬁc learning disability that affects the acquisition of mathematical
measured with the Corsi-Block Tapping test (Schellig, 1997), a test
skills in children with normal intelligence and age-appropriate school education (prevalence 3–6%). One
spatial
workingis memory
span.
a board
with
cubes,
essential step in the development ofassessing
mathematical
understanding
the formation
andOn
automated
access
to nine
a
examiner
tapsDD
the
cubes
in a given
sequence.
Subjects
are required
spatial representation of numbers. the
Many
children with
show
a deﬁcient
development
of such
a mental
number line. The present study aimed
to develop
a computer-based
program
improve the after the
to repeat
the cube
sequences intraining
the same
ordertoimmediately
construction and access to the mental number line.
examiner has ﬁnished. While the sequences gradually increase in
Sixteen children with DD aged 8–10 years and 16 matched control children completed the 5-week computer
length,
thea number
of cubes
last
tapped
in of
two
correct
training. All children played the game
15 min
day for 5 days
a week.
The
efﬁciency
theconsecutively
training was
sequences
is deﬁned
asmagnetic
the maximum
Children
were aalso tested
evaluated by means of neuropsychological
tests and
functional
resonancespan.
imaging
(fMRI) during
number line task.
with the Block Suppression Test (Beblo et al., 2004). This test is based
In general, children with and without
DDthe
showed
a beneﬁt from
the training
indicated
by (a)the
improved
spatial
on
Corsi-Block
tapping
test and
requires
subject
to reproduce
representation of numbers and (b) the number of correctly solved arithmetical problems.
every 2nd block in a given sequence. This task requires children to
Regarding group differences in brain activation, children with DD showed less activation in bilateral parietal
suppressinirrelevant
spatial
information
actively.
regions, which reﬂects neuronal dysfunction
pivotal regions
for number
processing.
Both groups showed
reduced recruitment of relevant brain regions for number processing after the training which can be
attributed to automatization of cognitive processes necessary for mathematical reasoning. Moreover, results
Training
point to a partial remediation of deﬁcient
brain activation in dyscalculics after consolidation of acquired and
reﬁned number representation.
To conclude, the present study represents
ﬁrst attempt to evaluate
a custom-designed
training was
program
in
A the
computer-based
training
“Rescue Calcularis”
developed
and
a group of dyscalculic children and results indicate that the training leads to an improved spatial
programmed with the capability to be installed and played on any
representation of the mental number line and a modulation of neural activation, which both facilitate
home computer (see Fig. 2). The program aims to improve the spatial
processing of numerical tasks.
representation of numbers
and Elsevier
automated
to the internal
© 2011
Inc. All access
rights reserved.
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are coming to an end. A brave astronaut ﬂies with his spaceship to the
planet “Heureka” to collect the super-energy-gas “Archim”. Since
Heureka is 30 light-years away, the astronaut has to make stopovers

790

Developmental dyscalculia (DD) is a speciﬁc learning disorder of
mathematical abilities presumed to be due to impairments in brain
function (Cohen Kadosh et al., 2007; Kucian et al., 2006; Mussolin
et al., 2010; Price et al., 2007; Shalev, 2004). Children with DD show a
variety of fundamental deﬁcits in number processing, including basic
competences such as the representation of quantity and numbers
(Bachot et al., 2005; Koontz and Berch, 1996; Landerl et al., 2004,
2009; Rousselle and Noel, 2007). This representation is thought to be
similar to a number line on which we organize, arrange and classify

⁎ Corresponding author at: University Children's Hospital, MR-Center, Steinwiesstrasse 75, CH- 8032 Zurich, Switzerland. Fax: +41 44 266 71 53.
E-mail address: karin.kucian@kispi.uzh.ch (K. Kucian).
1053-8119/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2011.01.070

ality of
numbers,
estimation,
and arithmetical
skills.number
numbers
(Dehaene,
2003).
The formation
of such a mental
Childrena were
instructed
to train atofhome
15 min askills
day, 5 days a
line constitutes
vital step
in the development
mathematical
(von
Asterfor
and
Shalev, A
2007).
is thought
children
start
to which is
week
5 weeks.
timerItcontrols
thethat
daily
training
time,
develop
their
internal
representations
numbers
long before
always
visible
during
the game.ofAfter
completing
the formal
15 min training
schooling.
With
the
entrance
into
school
and
the
acquisition
of next
the day. The
session, the program is automatically blocked until the
symbolic number system and arithmetical skills these representations
training is embedded into a story game, in which the player aims to
become more precise and are expanded to an increasing numerical
rescue his home planet, called “Calcularis”, where the energy reserves
range (Barth et al., 2005; Berch et al., 1999; Schweiter et al., 2005). In
agreement, a recent study showed that formal education and
numerical enculturation sharpens magnitude representation speciﬁFig. 2. Training program. The training software “Rescue Calcularis” is played daily
cally (Soltesz et al., 2010). Moreover, the authors claim that the
15 min, 5 days a week for 5 weeks. The player is asked to steer the spaceship to the
development
of symbolic number knowledge, acquired during the
exact location on the number line corresponding to the Arabic digit, the estimated
ﬁrstnumber
years of
of subtraction
non-symbolic
of school,
dots, or develop
the resultindependently
of the addition or
task number
displayed on it. After
comparison
skills.
Theposition
gain inand
precision
of the
numberasline
is
landing, the
correct
an interval
of ±mental
10 is indicated
feedback
(see 2nd
characterized
by aTen
shift
fromplanets
a logarithmic
to a linearOnruler
screen from top).
different
have to be approached.
which planet the
representation
(Berteletti
et top
al.,left.
2010;
and isBooth,
player is can be
seen on the
Daily Siegler
playing time
counted2004;
from 0 to 15 min
displayed on the top right. The energy tank of the spaceship is ﬁlled with each correct
landing indicated by the green bar next to the timer. When the energy tank is full, the
spaceship can ﬂy to the next planet.
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Table 4
Brain activation of control and dyscalculic children.
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mental number line, including an improved association between
representations of numbers and space, the understanding of ordin-

Introduction

The MEG results showed that
the neural activity in the right
hemisphere parietal cortex in
the CODY-group compared
with the training of inductive
reasoning group (at
210-240ms) significantly
decreased, F(2, 26) = 3.39
Wilks' Λ = .79 , p = .049 (see
figure below on the right). This
result may point to a more
efficient neural processing of
numerical content.

a b s t r a c t
Developmental dyscalculia (DD) is a speciﬁc learning disability that affects the acquisition of mathematical
skills in children with normal intelligence and age-appropriate school education (prevalence 3–6%). One
essential step in the development of mathematical understanding is the formation and automated access to a
spatial representation of numbers. Many children with DD show a deﬁcient development of such a mental
number line. The present study aimed to develop a computer-based training program to improve the
construction and access to the mental number line.
K. Kucian et al. / NeuroImage 57 (2011) 782–795
791
Sixteen children with DD aged 8–10 years and 16 matched control children completed the 5-week computer
training. All children played the game 15 min a day for 5 days a week. The efﬁciency of the training was
Table 5
evaluated by means of neuropsychological
tests and functional magnetic resonance imaging (fMRI) during a
Training effects on brain activation.
number line task.
In general, children with and without DD showed a beneﬁt from the training indicated by (a) improved spatial
Location
MNI coordinates Cluster size t value p value
representation of numbers and (b) the number of correctly solved arithmetical problems.
Regarding group differences in brain activation,
with
DDtraining
showed (preless activation
in bilateralp parietal
Reduced children
activation
after
vs. post-training)
b 0.05, FDR-corrected
regions, which reﬂects neuronal dysfunction
pivotal frontal
regionsgyrus
for number processing.
showed 4.94
Rightinmiddle
39
21 Both
45 groups 75
0.001
reduced recruitment of relevant brain Left
regions
for number
processing after
training
can be 4.44
superior
frontal gyrus
−9 the 30
42 which32
0.001
attributed to automatization of cognitive processes necessary for mathematical reasoning. Moreover, results
Right superior frontal gyrus
9
36 54
241
4.42
0.001
point to a partial remediation of deﬁcient brain activation in dyscalculics after consolidation of acquired and
Left middle frontal gyrus
−33
27 27
32
4.38
0.001
reﬁned number representation.
Left postcentral gyrus
−39 −15 45
86
3.28
0.001
To conclude, the present study represents the ﬁrst attempt to evaluate a custom-designed training program in
Left intraparietal sulcus
−36 −48 48
98
4.32
0.001
a group of dyscalculic children and results indicate that the training leads to an improved spatial
Left
superior
frontal
gyrus
−24
3
66
71
3.78
0.001
representation of the mental number line and a modulation of neural activation, which both facilitate
Fig. 5. Main effects of groups. (A) Brain activation recorded at the ﬁrst session of control
Left insula
−42
15 0
40
3.75
0.001
processing of numerical tasks.
children (red) and dyscalculic children (blue) depicted on an averaged brain template
Negative interaction (Group©
× Training)
p b 0.01,
cluster-extend
corrected
2011 Elsevier
Inc. All
rights reserved.

Introduction
Developmental dyscalculia (DD) is a speciﬁc learning disorder of
mathematical abilities presumed to be due to impairments in brain
function (Cohen Kadosh et al., 2007; Kucian et al., 2006; Mussolin
et al., 2010; Price et al., 2007; Shalev, 2004). Children with DD show a
variety of fundamental deﬁcits in number processing, including basic
competences such as the representation of quantity and numbers
(Bachot et al., 2005; Koontz and Berch, 1996; Landerl et al., 2004,
2009; Rousselle and Noel, 2007). This representation is thought to be
similar to a number line on which we organize, arrange and classify
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haveof already
completed
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analysis corroborated the signiﬁcant increase in parietal areas in these
representation (Berteletti et al., 2010; Siegler and Booth, 2004;

children. ROIs in the right superior parietal lobe showed a signiﬁcant
increase (rSPL_2 p b 0.05) or a trend for enhanced activation (rSPL_1
p = 0.85) after rest. All the other ROIs showed no signiﬁcant change in
mean beta values after rest.
The other group of children without previous training, showed no
increase in brain activation in any region.
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of SPM is shown for the contrast order vs. control task at p b 0.01, cluster-extent
corrected. (B) Illustrates where children with dyscalculia showed less activation
relative to control children at p b 0.01, cluster-extent corrected. (C) Summary of results
of A and B on brain sections of the pediatric template (CCHMC pediatric brain template,
http://www.irc.cchmc.org/ped_brain_templates.htm). Brain activation at ﬁrst session
of controls are shown in red, of dyscalculics in blue and calculated group differences in
green. rIPS = right intraparietal sulcus, lIPS = left intraparietal sulcus, rSFG = right
superior frontal gyrus, SFG = superior frontal gyrus, rINS = right insula.

MNI coordinates

revealed a signiﬁcant increase in activation mainly in
lobule bilaterally after rest (see Fig. 7 and Table 6). N
activation was evident. However, due to the cross-se
design, half of the children had ﬁnished the training be
period. Therefore, the effects of the rest period on bra
were also analyzed separately for both dyscalculic grou

extent corrected). Regions showing an interaction between group and
training mainly include brain areas which showed a decreased
activation after training, such as superior and middle frontal areas,
left precentral gyrus, left middle temporal gyrus, superior temporal
gyri bilaterally, and left parietal areas including the angular gyrus and
inferior parietal gyrus. The positive interaction between group and
training was not signiﬁcant reﬂecting no differences between groups
in activation increase after training. No increase in activation after
training was found when correcting for multiple comparisons by FDR,
nor by administering an uncorrected statistical threshold (p b 0.01)
and correction for multiple comparisons on the cluster-level. Fig. 6
and Table 5 summarize training effects on brain activation.
Main effects of rest period
All dyscalculic children underwent additional fMRI studies before
and after a rest period of 5 weeks. Paired-sample t-tests corrected for
multiple comparisons with FDR showed no activation changes before
and after the rest period. However, using an uncorrected p value of
p b 0.01 and cluster-extent correction by the Monte Carlo method

Fig. 6. Main effects of training. All illustrated results derive from the c
for the contrast order vs. control task. (A) Reduced brain activation for
the training is shown at p b 0.05, FDR-corrected with a cluster size of 2
(B) Brain areas that showed a negative interaction between group
shown at p b 0.01, cluster-extent corrected.
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Despite the relatively high prevalence of developmental dyscalculia, few studies to date have attempted to develop or evaluate targeted
interventions based on neuro-cognitive knowledge of this impairment. In the present study, we developed a custom computer-based
training program and performed the ﬁrst assessment of the efﬁcacy
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Fig. 7. Main effects of rest period. Effects of rest were calculated by paired-sample
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Box 4–Types
Stimulation

and

Mechanisms

of

Transcranial

Electrical

pu

application of a constant electrical current. Studies on
animals and humans have found that the induced changes
in tissue excitability vary with current polarity. Anodal
•
stimulation pushes neural resting membrane potentials
closer to the activation threshold and therefore increases
tissue excitability, while the reverse polarity, cathodal
stimulation, inhibits cell firing and decreases excitability
•
[26,68]. Most of the studies so far found that anodal
stimulation improved human performance, while cathodal
stimulation impaired human performance [14,44].
The long-lasting effects of TDCS are protein synthesisdependent and are accompanied by several mechanisms
including the modifications of intracellular cyclic adenosine
•
monophosphate (cAMP) and calcium levels [33], brainderived neurotrophic factor [26], and activation of adenosine
A1 receptors [63] and therefore share some features with
long-term potentiation and long-term depression [12,66].
FMRI experiments in humans have found that TDCS can alter
local and remote brain activation [36,52]. MRS studies found
•
change the local concentration of GABA and glutamate [81],
which are critically involved in learning and memory [80].
Transcranial random noise stimulation (TRNS) typically
involves the generation of random ‘samples’ of alternating
electrical current at a rate of several hundred times
per second. These samples are randomly assigned current
amplitudes, which are normally distributed around a directcurrent component of 0. The random fluctuation of these
Math Performance post = β0 + β1NLT
+ β2currents
WMT +between
β3BOLD
+ β4and
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x WMT
+
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amplitudes
electrical
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that
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β6WMT the
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β7cortical
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Math
are exposed to. The technique is preferred over TDCS for its
Performance+ β8Baseline WM Performance+
β9 Cohort + β9 Population + ε
higher cutaneous perception threshold [1], making it easier to
maintain experimental blinds, and for its oscillatory rather
than direct current, which ensures that application is
independent of polarity (i.e. anodal and cathodal) [13].
Although the mechanisms underlying TRNS are less wellstudied than TDCS, and have been attributed both to
stochastic resonance or the induction of sodium ion influxes
[85], this technique has been shown to enhance cortical
excitability. The effect of TRNS has been suggested to be
facilitatory
at both electrodes. Moreover, compared to anodal
Fig. 3. Panel (a) gives an overview of stimulus-locked
ERPs
at
recording
site
P8
for
K. Kucian et al. / NeuroImage 57 (2011) 782–795
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Three different versions of this test consisting of different digits,
calculation problems, and dot amounts were used. The three versions
were matched for difﬁculty and each child solved a different version at
every examination. Between subjects the versions were administered
in a counter-balanced manner.

monitoring, updating or ﬁnger representation [50,57]. Such an
Spatial working
memory
increased
need
for additional supportive functions might be
Spatial working memory capacity was assessed twice, before and
after theby
training.
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with the Block Suppression Test (Beblo et al., 2004). This test is based
on the Corsi-Block
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improve
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or to predict further outcome [8,9,76].
However,
the human brain is a highly plastic organ and adeTraining
quate stimulation
is able to induce structural as well as funcA computer-based training “Rescue Calcularis” was developed and
with the
to be installed
and played on any
tional programmed
changes.
A capability
5-weeks
computer-based
intervention “Rescue

Fig. 2. Training program. The training software “Rescue Calcularis” is played daily
15 min, 5 days a week for 5 weeks. The player is asked to steer the spaceship to the
exact location on the number line corresponding to the Arabic digit, the estimated
number of dots, or the result of the addition or subtraction task displayed on it. After
landing, the correct position and an interval of ± 10 is indicated as feedback (see 2nd
screen from top). Ten different planets have to be approached. On which planet the
player is can be seen on the top left. Daily playing time is counted from 0 to 15 min
displayed on the top right. The energy tank of the spaceship is ﬁlled with each correct
landing indicated by the green bar next to the timer. When the energy tank is full, the

NeuroImage
journal homepage: www.elsevier.com/locate/ynimg

8 weeks daily training (30 min)

varying the combination of the games
(visuo-spatial WM, Math, Reading)

home computer (see Fig. 2). The program aims to improve the spatial
representation of numbers and automated access to the internal
mental number line, including an improved association between
representations of numbers and space, the understanding of ordinality of numbers, estimation, and arithmetical skills.
Children were instructed to train at home 15 min a day, 5 days a
week for 5 weeks. A timer controls the daily training time, which is
always visible during the game. After completing the 15 min training
session, the program is automatically blocked until the next day. The
training is embedded into a story game, in which the player aims to
rescue his home planet, called “Calcularis”, where the energy reserves
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Transcranial direct current stimulation (TDCS) involves the
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Mathematical and numerical competence is a critical foundation for individual success in modern society yet the
neurobiological sources of individual differences in math competence are poorly understood. Neuroimaging research over the last decade suggests that neural mechanisms in the parietal lobe, particularly the intraparietal
sulcus (IPS) are structurally aberrant in individuals with mathematical learning disabilities. However, whether
those same brain regions underlie individual differences in math performance across the full range of math abilities is unknown. Furthermore, previous studies have been exclusively cross-sectional, making it unclear whether
variations in the structure of the IPS are caused by or consequences of the development of math skills. The present
study investigates the relation between grey matter volume across the whole brain and math competence longitudinally in a representative sample of 50 elementary school children. Results show that grey matter volume in
the left IPS at the end of 1st grade relates to math competence a year later at the end of 2nd grade. Grey matter
volume in this region did not change over that year, and was still correlated with math competence at the end of
2nd grade. These ﬁndings support the hypothesis that the IPS and its associated functions represent a critical
foundation for the acquisition of mathematical competence.
© 2015 Elsevier Inc. All rights reserved.
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Direction of the number line

…, 9, 8, 7, 6, 5, 4, 3, 2, 1

Fig. 4. Combination of wireless TES and cognitive training using a video-game. In
this example, a participant receives stimulation to the dorsolateral prefrontal
cortex while being trained on fractions. In this training the fractions need to be
mapped on a horizontal line (cf. [54]) by moving her body to the respective location
between two anchors (zero and one). Body movements are detected using a
motion-detector sensor [64].
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Table 3
VBM results for 1st and 2nd grades.

1, 2, ,3, 4, 5, 6, 7, 8, 9,…

Grade (at scan)

Hemisphere

Peak MNI (x y z)

Cluster size

T

Z

p corrected

BA

Anatomical description

1st
2nd

Left
Left

(−33 −60 50)
(−33 −61 50)

1041
675

4.80
4.33

4.29
3.94

b0.05
b0.05

7
7

IPS
IPS

IPS (intraparietal sulcus).
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Fig. 1 Experimental settings of experiment 1.
Chicks were trained to circumnavigate a panel, located in the center of the apparatus, depicting 5 identical elements (i.e., the target number). (A) In all experiments, we used
20 different training stimuli, differing in the spatial disposition of the elements. The training finished whenever the chick circumnavigated the screen and reached the food
reward 20 consecutive times. After training, each chick underwent two tests in random order: a small number test (2 versus 2) (B) and a large number test (8 versus 8) (C). In
all experiments, each test consisted of five nonreinforced trials (a novel pair of stimuli was employed on each trial). On each test trial, we scored the panel first inspected by
the chick and computed the mean percentage of choices for the left panel.
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Fig. 2 Experimental settings of experiment 2.
We trained a new group of chicks on the target number 20 (A). Birds then underwent both a small number test (8 versus 8) (B) and a large number test (32 versus 32) (C).
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Fig. 3 Results of all the experiments.
For each experiment, we calculated the percentage of the times each chick chose the left panel [range: 0 (left panel never chosen) – 100 (left panel always chosen)].
Experiment 1: A Mann-Whitney U test on the percentage of choices for the left panel did not reveal any difference between chicks that underwent the small number test first
(n = 8) or second (n = 7) (U = 24.50, P = 0.66), nor between chicks that underwent the large number test first (n = 7) or second (n = 8) (U = 24.50, P = 0.68). Data were
merged and compared with chance level (50%) with a t test. In the small number test, chicks preferred the left panel (n = 15 chicks, mean = 70.67%, SE = 5.81, t(14) = 3.56,
P < 0.01). In the large number test, chicks preferred the right panel (n = 15, mean = 29%, SE = 7.37, t(14) = –2.85, P = 0.01). Experiment 2: A Mann-Whitney U test did not
reveal any difference between chicks that underwent the small number test first (n = 6) or second (n = 6) (U = 18, P = 1), nor between chicks that underwent the large
number test first (n = 6) or second (n = 6) (U = 16, P = 0.72). In the small number test, chicks preferred the left panel (n = 12, mean = 70%, SE = 5.77, t(11) = 3.46, P <
0.01). In the large number test, chicks preferred the right panel (n = 12, mean = 22.5%, SE = 6.53, t(R11) = –4.21, P < 0.01). In experiment 3, we ran a two-way mixed
analysis of variance [between-subjects factor: condition (1, 2, 3); within-subjects factor: number (8 versus 8, 32 versus 32)] to control for the effect of non-numerical cues.
Only the main effect of number was significant [F(1, 34) = 98.71, P < 0.01, partial eta squared = 0.74]. In the small number test, chicks preferred the left panel (n = 37,
mean = 69.46%, SE = 2.94, t(36) = 6.61, P < 0.01). In the large number test, chicks preferred the right panel (n = 37, mean = 25.27%, SE = 3.36, t(36) = –7.35, P < 0.01).
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