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1 | General introduction

General introduction
“You see, if there are four apples, and only three oranges – four is a bigger number than
three, so that means there are more apples on the table than there are oranges.”
~ Benedict Cumberbatch on Sesame Street, in response to the mystery of apples and oranges.

Understanding numbers and quantities, interpreting them correctly, and using them for
making informed decisions is an important task in the lives of young children. Children are
confronted with numbers and quantities at school, but also during play, and while doing
chores. For example, when distributing marbles for a game, children would want to be able to
determine the number of marbles that they have, the number of marbles their friends have,
and whether a fair distribution has been made. To do so, they would need to take the same
steps as Benedict took in the example above: they would need to count accurately and keep
track of counted items, understand what the result meant, remember the result whilst counting
the next set, compare both sets, and have sufficient knowledge of numbers to be able to
determine that one number is indeed bigger than the other. Later in life, children start using
money, comparing prices, and making calculations with time, numbers, or any other
quantities, and they continue using number facts for all kinds of decision making. It is
thought that a sound grasp on basic number skills, such as counting the number of apples and
oranges and comparing between them, constitutes the foundation of more advanced number
skills needed for personal and professional goals (e.g., Dehaene, 2001; Jordan, Kaplan, Oláh,
& Locuniak, 2006).
This dissertation focuses on these basic number skills, which are often joined under
the term number sense (Berch, 2005; Dehaene, 1992, 2001; Gersten & Chard, 1999), as well
as the ability to remember and process pieces of information (such as the quantity of a
previously counted set) for short amounts of time, also known as working memory (Alloway,
Gathercole, Willis, & Adams, 2004; Baddeley, 2007; Baddeley & Hitch, 1974). Number
sense and working memory capacity are both thought to be of vital importance for
mathematics achievement (Cowan & Powell, 2014; Geary, 2010, 2011; Jordan et al., 2013).
In this dissertation, associations between number sense, working memory, and mathematics
achievement are investigated using various approaches.
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Number sense components and their relation with mathematics
The term number sense refers to a general understanding of number, quantity, and magnitude.
The term is difficult to define, and different authors have given different definitions, each
highlighting different aspects, and each employing a different delineation of the skills
involved in number sense. Broadly speaking, some authors have highlighted the conceptual,
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Mathematics and number sense

abstract part of number processing to define number sense, such as Dehaene (1992, 2001)
who stated that number sense is the ability to mentally represent and manipulate number and
quantity, or Gersten and Chard (1999), who highlighted fluidity and flexibility with numbers,
and a general sense of meaning of numbers. Other researchers, by contrast, have employed
operational definitions, focusing on performance that is facilitated by this conceptual
understanding of number, such as counting, number identification, number knowledge,
estimation, measurement concepts, the ability to perform mental operations with numbers,
and to compare between them (e.g., Berch, 2005; Gersten & Chard, 1999; Jordan, Glutting, &
Ramineni, 2008; Lago & DiPerna, 2010; Passolunghi, Vercelloni, & Schadee, 2007). Other
terms have been used as well when referring to these operational definitions, such as number
knowledge, early numeracy, numerical competence, and other terms (Lago & DiPerna, 2010).
In this dissertation, the term number sense is used to refer to both the abstract understanding
of numbers, mentioned in the conceptual definitions of the construct, and performance on
various tasks in which this conceptual understanding is implicit, which is the focus of the
operational definitions of number sense.
One of the topical issues in published literature, and one of the themes under
investigation in this dissertation, is whether number sense should be seen as a unitary
construct, or whether it consists of different components, and if so, which components should
be included in a theoretical model. Previous reports include a number of subdivisions of the
construct, most of them based on an influential theoretical model known as the ‘triple code
model for numerical cognition’ (Dehaene, 1992; Dehaene & Cohen, 1995). This is an
information processing model based on the premise that numbers are mentally represented
using three different codes. First, there is the auditory verbal word frame, which is the
representation of a number word (for example: the number 64 consists of the elements ‘sixty’
and ‘four’, and is processed with the use of these elements). Second, there is the visual
Arabic number form, in which numbers are processed in their Arabic form, and recognised as
sets of digits. Third, there is the analogue magnitude code, which is the representation of
9
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quantities with no exact notation. This last numerical code is the most hypothetical, and
assumed to be associated with numerical estimation and subitising processes (Dehaene,
1992). The triple code model has formed the foundation for a pertinent number of studies
targeting number processing (e.g., De Smedt & Boets, 2010; Moll, Göbel, & Snowling,
2014).
By far the most common distinction between components of number sense is a
distinction between symbolic number sense and non-symbolic number sense (e.g., Cirino,
2011; Desoete, Ceulemans, De Weerdt, & Pieters, 2012; Göbel, Watson, Lervåg, & Hulme,
2014; Noël & Rousselle, 2011; Sasanguie, Göbel, Moll, Smets, & Reynvoet, 2013). Nonsymbolic number sense, in this framework, refers to the ability to evaluate quantities when
these are represented in a non-symbolic way, such as a collection of dots or series of beeps.
No formal education is needed to acquire the ability to discriminate between non-symbolic
quantities, and it can be compared to the analogue magnitude code (Dehaene, 1992). It is
often associated with the approximate number system, which is thought to be an innate
capacity to process quantity (Dehaene, 2001; Lipton & Spelke, 2003), although the idea of
innateness has been disputed as well (Verguts & Fias, 2004). Symbolic number sense, on the
other hand, refers to the ability to interpret and manipulate quantities with the use of
culturally taught symbols, such as words and digits. Symbolic number sense manifests itself
in tasks in which number words and symbols are actively used to represent quantity, such as
counting tasks, number recognition tasks, or number writing tasks. This component can be
seen as a

combination of the auditory verbal word frame and the visual Arabic code

(Dehaene, 1992). Number words and symbols are thought to acquire meaning through their
connection with their non-symbolic counterparts, also referred to as mapping (Geary, 2013;
Holloway & Ansari, 2009).
A recent debate has emerged concerning the respective roles of symbolic and nonsymbolic number sense in the development of mathematical skill. Number sense has been
argued to be foundational to the development of mathematical cognition (Dehaene, 2001;
Jordan et al., 2006; Kroesbergen, Van Luit, Van Lieshout, Van Loosbroek, & Van de Rijt,
2009; Starr, Libertus, & Brannon, 2013). Traditional theoretical assumptions included nonsymbolic number sense as a core system, responsible for successful acquisition of symbolic
skills as well as mathematical proficiency (e.g., Lipton & Spelke, 2003; Starr et al., 2013). It
was argued that symbolic quantities were only meaningful to a person through association
with a pre-existing non-symbolic quantity representation (Mundy & Gilmore, 2009; XenidouDervou, De Smedt, Van der Schoot, & Van Lieshout, 2013) and that individual differences in
10

mathematics achievement. Alternatively, it has been argued that non-symbolic number
processing becomes more precise as a result of a connection with symbolic number sense
(Kolkman, Kroesbergen, & Leseman, 2013; Noël & Rousselle, 2011; Verguts & Fias, 2004),
which would imply that symbolic processing is a catalyser for more advanced non-symbolic
number sense as well as mathematics achievement. Either of these views can account for the
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non-symbolic number sense could therefore account for individual differences in

finding that it is the symbolic system that is directly associated with mathematical
achievement (e.g., Göbel et al., 2014; Kolkman, Kroesbergen et al., 2013; Sasanguie et al.,
2013).

Measuring number sense
As a result of the variety in definitions of number sense, tasks employed to index the
construct have also been diverse. Three types of tasks are especially prevalent in the
literature: counting and number recognition tasks, comparison tasks, and number line
estimation tasks. All three types of tasks are used to measure number sense in the various
chapters of this dissertation, with an emphasis on number line estimation in some chapters.
Counting is an activity that is considered fundamental to learning about relations
between numbers, and difficulties with mathematics have been linked to delays in counting
skills (Geary, 2003; Geary, Hoard, Byrd-Craven, & DeSoto, 2004). Counting skills can be
measured using a number of tasks: 1) enumeration – a task in which a child is asked to
determine the number of a set of objects through counting, 2) counting sequence or rote
counting – a task in which a child is asked to count as far as they can, or up to a certain
number, and 3) the counting principles task – a task in which children detect violations in
counting principles as defined by Gelman and Gallistel (1978), usually with the use of a
puppet (Chu, VanMarle, & Geary, 2013; Jordan et al., 2006). Counting is considered a basic
number skill, together with number recognition, which is the ability to verbalise written
numbers (Jordan et al., 2006) and draws upon symbolic number sense (Kolkman,
Kroesbergen et al., 2013).
Comparison tasks are found in two versions: non-symbolic versions and symbolic
versions. In non-symbolic versions, participants are presented with two arrays of dots,
squares, or other shapes, and asked to decide which of the arrays contains a larger number of
shapes. Dot size and array diameter are typically controlled for, to prevent participants from
basing their answers on visual properties instead of an evaluation of quantity (see Gebuis &
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Reynvoet, 2011). Performance on these non-symbolic comparison tasks has been found to be
correlated with mathematics achievement in children (e.g., Desoete et al., 2012; Libertus,
Feigenson, & Halberda, 2011; Mazzocco, Feigenson, & Halberda, 2011), although claims
have been made that this association is moderated by domain-general cognitive skills
(Gilmore et al., 2013). In symbolic versions of the comparison task, participants are asked
which of two symbolically presented numbers is the larger of the two. Performance on this
task has also been found to predict mathematics achievement at a later age (De Smedt,
Verschaffel, & Ghesquière, 2009; Holloway & Ansari, 2009; Mundy & Gilmore, 2009;
Sasanguie et al., 2013).
Finally, number line estimation is usually measured with the Number-to-Position task
(Siegler & Opfer, 2003). In this task, children are shown an empty number line with a marked
beginning- and endpoint, and are asked to indicate the position of a certain number on this
line by drawing a hatch mark on the location or pointing to the intended location. As children
get older, their number line placements become increasingly accurate, as indexed by a linear
association between presented and estimated number (e.g., Ebersbach, Luwel, Frick,
Onghena, & Verschaffel, 2008; Holloway & Ansari, 2008; Laski & Siegler, 2008). Before
placements show a linear association with their actual values, they have been argued to be
distributed logarithmically, with the lower numbers spaced far apart and the higher numbers
compressed at the end of the line (Ashcraft & Moore, 2012; Dehaene, 2003; Opfer, Siegler,
& Young, 2011; Siegler & Booth, 2004), or according to a power function, with both the
lower and higher numbers spaced far apart and small spaces between numbers around the
midpoint of the scale (Barth & Paladino, 2011; Hollands & Dyre, 2000; Slusser, Santiago, &
Barth, 2013). No consensus with regard to pre-linear models has yet been reached. Linear and
accurate placements of numbers on a number line have been shown to be related to higher
mathematics achievement (Geary, 2011; Halberda, Mazzocco, & Feigenson, 2008;
Sasanguie, De Smedt, Defever, & Reynvoet, 2012; Sasanguie et al., 2013; Sasanguie, Van
den Bussche, & Reynvoet, 2012; Siegler & Booth, 2004) and to be impaired in children with
mathematical learning disorder (Geary, Hoard, Nugent, & Byrd-Craven, 2008; Landerl,
2013). The relationship between number line estimation and mathematics achievement,
however, has been suggested to be bidirectional (LeFevre et al., 2013).
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It is generally accepted that delays in number sense early in life can have a negative impact
on mathematics achievement at a later age. As a result, a variety of intervention programmes
has been developed and examined, both for children with low performance on number sense
tasks (e.g., Aunio, Hautamäki, & Van Luit, 2005; Toll & Van Luit, 2012; Van Luit &
Schopman, 2000) and for children with other risk-factors that are generally associated with
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Training of number sense

mathematical performance, such as working memory deficits (Toll & Van Luit, 2013b),
specific language impairment (Mononen, Aunio, & Koponen, 2014), and low socio-economic
status (e.g., Baroody, Eiland, & Thompson, 2009; Jordan, Glutting, Dyson, Hassinger-Das, &
Irwin, 2012). Moreover, effects of early training on number sense achievements of typically
performing children have been investigated (Krajewski, Nieding, & Schneider, 2008).
Although training programmes targeting number sense generally show positive effects
on achievement, the trained tasks incorporated in these programmes often target a variety of
skills, such as counting and number line estimation (Jordan et al., 2012; Toll & Van Luit,
2013b). It is therefore unclear which aspects of training programmes can be associated with
gains in various aspects of number sense. A notable exception are the number line trainings
that use linear numerical board games to advance number line placements of young children
(Ramani & Siegler, 2011; Siegler & Ramani, 2008, 2009), but these programmes have not yet
been compared to other types of interventions. Also, it is debated whether training
programmes targeting domain-general skills such as working memory could lead to the same
results (Kroesbergen, Van ‘t Noordende, & Kolkman, 2014; Toll & Van Luit, 2012). These
issues are addressed in quasi-experimental studies in this dissertation.

Relations between working memory and number-skills
Another factor that is thought to play a central role in the development of number skills
(mathematical skill as well as number sense) is the capacity and functioning of working
memory and its executive functions: inhibition, shifting, and updating (Bull & Lee, 2014;
Bull & Scerif, 2001; Geary et al., 2004; Kolkman, Hoijtink, Kroesbergen, & Leseman, 2013;
Passolunghi, Mammarella, & Altoè, 2008). Working memory functioning has been found to
predict mathematical achievement across time (Gathercole, Tiffany, Briscoe, & Thorn, 2005;
Mazzocco & Kover, 2007; Toll, Van der Ven, Kroesbergen, & Van Luit, 2011) over and
above the relation with intelligence (Alloway & Alloway, 2010).

13
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Definitions of working memory
The most frequently used model of working memory is the tripartite model of Baddeley and
Hitch (1974). This model comprises three subcomponents, each having a distinct function in
information storage and processing. Two storage systems, the visuospatial sketch pad and the
phonological loop, form temporary storage units for visual and spatial information, and
phonological and auditory information, respectively. These storage systems are also known
as slave systems. Their capacity is typically measured through simple span tasks, in which
strings of information, increasing in length, must be replicated (e.g., a dot appearing in
different consecutive locations for the visuospatial sketch pad and word lists for the
phonological loop). A third component, the central executive, is responsible for the
coordination of information stored within the slave systems. Central executive capacity is
usually measured using complex span tasks, in which information must be replicated as well
as manipulated. Thus, the slave systems are responsible for information storage, while the
central executive is responsible for both storage and processing of information (Oberauer,
Süß, Wilhelm, & Wittman, 2003).
The coordinating role of the central executive can be further differentiated into a
number of sub-processes (Baddeley, 1996). A framework based on both Baddeley (1996) and
the executive function literature in which the central executive is subdivided into inhibition,
shifting and updating (Miyake et al., 2000) is commonly used. Inhibition is the ability to
suppress a dominant response in favour of another or no response, shifting is the ability to
switch between response sets, and updating is the ability to monitor information in working
memory. Executive functions (inhibition, shifting and updating) are seen as functionally
detailed components of the central executive in this dissertation. The distinction between
these three executive functions has been confirmed in some factor analytical studies targeting
children (e.g., Hughes, 1998, Lehto, Juujärvi, Kooistra, & Pulkkinen, 2003; Rose, Feldman,
& Jankowski, 2011) but not in all (e.g., Van der Sluis, De Jong, & Van der Leij, 2007; Van
der Ven, Kroesbergen, Boom, & Leseman, 2012). Nevertheless, many studies have employed
this distinction in their research on the relations between executive functioning and
mathematical performance, and this distinction is maintained in this dissertation.

Relations between working memory and mathematics
The relations between working memory and various measures of mathematical skill have
been studied extensively, and there is a general consensus that mathematical achievement is

14

Passolunghi et al., 2008; St Clair-Thompson & Gathercole, 2006). Working memory has been
hypothesised to be involved in the execution of mathematical problems, for example, when
children need to remember partial answers to a problem, and in growth in mathematical skill,
for example, when instructions need to be remembered to practice sets of problems later on.
Yet, it is unclear which components of working memory can predict mathematical
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associated with working memory performance (Bull & Scerif, 2001; Geary et al., 2004;

performance, and which cannot, because results of various studies contradict one another. For
example, relations between mathematical skill and the executive function inhibition have
been found in some studies (Bull & Scerif, 2001; Espy et al., 2004; St Clair-Thompson &
Gathercole, 2006), but not in others (Andersson, 2008; Monette, Bigras, & Guay, 2011).
Similarly, studies regarding associations between phonological loop performance and
mathematics achievement have reported both positive relations (Panaoura & Philippou, 2007;
Passolunghi et al., 2008) and null-results (Jarvis & Gathercole, 2003; Passolunghi et al.,
2007). Such contradictions in outcomes can be found for all other components of working
memory.
This variety in outcomes, which is addressed in the current dissertation, may be due to
the complexity and variety of the tasks employed to measure working memory and the range
of aspects that comprise the working memory model (Baddeley, 2007). Furthermore,
inconsistencies may be due to characteristics of tasks and constructs specific to the working
memory component (for an overview, see Raghubar, Barnes, & Hecht, 2010). Best, Miller,
and Naglieri (2011), on the other hand, proposed that varieties in the mathematical task
caused the inconsistencies in outcomes: they postulated that mathematical problem solving is
strongly dependent on strategy formulation and implementation, and self-monitoring,
requiring high working memory involvement. Calculation, on the other hand, was suggested
to be more related to fact retrieval, which requires less executive control (Best et al., 2011).
Findings reported by Fuchs et al. (2005) suggested the same (see also: Raghubar et al., 2010).
Furthermore, it has been proposed that mathematics performance may be related to executive
functioning to a different extent in various developmental stages (Best et al., 2011). Age has
been reported to moderate the relationship in several studies (Imbo & Vandierendonck, 2007;
McKenzie, Bull, & Gray, 2003; Rasmussen & Bisanz, 2005; Van der Ven, Van der Maas,
Straatemeier, & Jansen, 2013; Van de Weijer-Bergsma, Kroesbergen, Prast, & Van Luit,
2014), yielding the primary conclusion that older children rely less on working memory in
mathematical problem solving than younger children do, suggesting that part of the
inconsistencies between studies may be explained by the age of the participants.
15
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Investigating the relations between mathematics achievement and working memory,
as is one of the aims of the current dissertation, is of both theoretical and practical relevance.
Research findings concerning this relation may contribute to our understanding of the specific
cognitive abilities involved in solving mathematical problems, and how these cognitive
abilities play a role in both proficiency and deficiency in mathematical skill. On a more
practical level, such findings may guide decisions in development of interventions, but
knowledge of working memory involvement in mathematical problem solving may also help
practitioners monitor the extent to which various mathematics practice activities impose on
relevant working memory components, and help them formulate curriculum plans in which
working memory imposition is adequately managed. Taking into account working memory
involvement in mathematical problem solving may, through these procedures, both benefit
children with a delay in mathematics achievement, and pose challenges to children with high
proficiency in the domain of mathematics problem solving.

Relations between working memory and number sense
The relations between mathematics achievement and working memory functioning have been
hotly debated and extensively investigated. More recently, research trends started to centre
around number sense, generally considered to be a precursor of mathematical skill, and
therefore hypothesised to be associated with working memory as well. Children are expected
to employ working memory capacity when practising number sense tasks, for example when
evaluating which items in a set have already been counted in order to reach a total number of
items. There is a limited body of literature available targeting the associations between
working memory and its executive functions and number sense (e.g., Bull, Espy, & Wiebe,
2008; Bull & Scerif, 2001; Clark, Pritchard, & Woodward, 2010; Kroesbergen et al., 2009).
Differences in numerical skill can be explained using children’s executive functions (Bull &
Scerif, 2001; Kroesbergen et al., 2009; Navarro et al., 2011). However, there is no consensus
regarding the role that each specific executive function plays in number sense. Several
authors have reported that inhibition plays a role in numerical cognition (Kolkman, Hoijtink
et al., 2013; Kroesbergen et al., 2009), but this predictive role could not be confirmed in other
studies (e.g., Lee et al., 2012; Navarro et al., 2011). Updating is usually seen as the most
important predictor of number sense (Kroesbergen et al., 2009; Lee et al., 2012), but despite
these claims, research targeting the relations between number sense and executive functions
is limited. More information with regard to the associations between working memory and its
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need is addressed in the current dissertation. Findings regarding the association between
number sense and working memory functioning may provide insight into the cognitive
abilities needed to support domain-specific knowledge acquisition, which in turn may help
formulate curriculum plans and intervention plans. Children with working memory deficits
have been found to be able to improve in number sense after a number sense directed
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executive functions on the one hand, and number sense on the other hand, is needed. This

intervention, but not to reach the same level of performance as their peers with typical
working memory functioning after intervention (Toll & Van Luit, 2013a). Insight into
working memory involvement in various number sense activities may guide intervention
strategies that bring children with working memory deficiencies to the same level as their
typicall developing peers.

Training of working memory
It has been suggested that working memory capacity can be trained in a similar way to the
training of domain-specific skills: through ability-guided practice and repetition (Klingberg et
al., 2005; Klingberg, Forrsberg, & Westerberg, 2002; Thorell, Lindqvist, Bergman Nutley,
Bohlin, & Klingberg, 2009). Improvements in working memory capacity after working
memory training have been found in children as young as four or five years old (Diamond,
Barnett, Thomas, & Munro, 2007; Röthlisberger, Neuenschwander, Cimeli, Michel, &
Roebers, 2012). Especially working memory trainings that are adaptive to the level of the
child can facilitate working memory, and mathematical achievement, associated with
working memory performance, has been found to improve after working memory training as
well (Holmes & Gathercole, 2013; Holmes, Gathercole, & Dunning, 2009), suggesting that
gains in working memory can not only lead to better information processing, but also that
there is a causal relationship between mathematics performance and working memory
functioning. It must be noted though that the general effectiveness of working memory
training is disputed, and that transfer to other skills such as numerical skills is, on the
average, weak (Melby-Lervåg & Hulme, 2012; Rapport, Orban, Kofler, & Friedman, 2013).
No study to date has yet compared the gains after a number sense training directly
with the gains after a working memory without a numerical component, in number sense
skills or in working memory performance. A training study in which number sense and
working memory trainings were compared to one another contained a strong number
component in the working memory training (Kroesbergen et al., 2014). This issue, therefore,
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is addressed in this dissertation. Also, although effects of working memory training in
kindergartners have been investigated, and transfer towards academic domains has been
studied previously (Diamond et al., 2007; Holmes & Gathercole, 2013; Holmes et al., 2009;
Röthlisberger et al., 2012), only a limited number of studies has yet investigated transfer of
working memory training in children as young as kindergartners. Addressing training
possibilities for working memory is not only of practical relevance, providing evidence for
the intervention strategies applicable in scholastic settings, but can also contribute to our
theoretical understanding of the relation between working memory and number sense: if a
training targeting working memory indeed shows the capacity to improve working memory
functioning, and if these gains in working memory transfer to number sense, this can serve as
experimental support for the causal relationship between working memory and number sense.
However. This can only be interpreted as such if variance in the gains in working memory
can be related to variance in gains in number sense, and if gains in number sense do not
exceed the gains in working memory performance. Mean gains in a trained group in number
sense that do not relate directly to gains in working memory, or exceed them, would be
indicative of the involvement of other processes that are both facilitated by working memory
training and related to number sense.

Outline of this dissertation
In summary, current research trends centre around critical investigation of number sense, its
components, and relation to working memory. Also, number sense and working memory are
considered important predictors of mathematics achievement, both concurrently and
longitudinally, but which specific assets of these predictors make up key-determinants of
success or failure in mathematics remains unclear. Predictive associations hypothesised in
current literature between mathematics achievement, number sense, and working memory are
summarised in Figure 1.1: working memory is considered a predictor of both mathematical
skill and number sense, and number sense is considered a predictor of mathematics
achievement. These are the relations under investigation in the current dissertation. This
dissertation contributes to the growing body of knowledge regarding the relations between
these constructs by summarising, replicating, reformulating, and expanding upon the model
presented in Figure 1.1.
Relations between number sense, working memory, and mathematics achievement are
investigated using various approaches: 1) meta-analytical studies targeting working memory
18

memory and number sense, measured concurrently, 3) predictive value of working memory
for number sense, and of number sense for mathematics achievement, and 4) facilitation of
number sense and working memory through training studies. These approaches are embedded
in the longitudinal MathChild study; a three-year longitudinal research project consisting of
three part-projects, and with the general aim to investigate the predictive relationships
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as a predictor of mathematics achievement and number sense, 2) relations between working

between non-symbolic and symbolic number sense, and mathematics achievement in children
from kindergarten to the early primary school years. This dissertation is a product of one of
these part-projects, originally aiming only to investigate facilitation of number sense and
working memory through training, but which has expanded over the course of the study to
address the relations between these constructs in a more complete fashion.

1

Figure 10.1. Hypothesised relations between working memory performance, number sense,
and mathematics achievement.

Section 1: Meta-analyses
Chapters 2 and 3 focus on working memory as a predictor of mathematics achievement
(chapter 2) and number sense (chapter 3). In these chapters, reported associations are
aggregated using meta-analysis, and variance around the mean effect size is explained using
predictor variables that described differences between measures, samples, designs, and
studies.
Section 2: Studies of parallel performance

19
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In chapters 4 and 5, relations between number sense and working memory are further
investigated using original data. In chapter 4, the predictive role of executive functions for a
number-to-position task is examined in children from kindergarten to first year of primary
school. In chapter 5, the factor structure of number sense is being investigated with a diverse
battery of number sense tasks, and resulting factors are predicted using working memory
variables measured concurrently.
Section 3: Longitudinal studies
In chapters 6 and 7, longitudinal studies of number sense are reported, with a focus on
performance on the number line estimation task. In chapter 6, latent growth modelling is
applied, and latent class analysis is used to identify trajectories of development in
performance on this task. Growth variables and class membership are predicted using both
the factors reported on in chapter 5, and working memory variables. Mathematics
performance is used as an outcome variable. In chapter 7, performance on the Number-toPosition task is investigated using various models of number line placement, each referring to
the use of certain reference points in making these placements. Moreover, longitudinal
associations with mathematics achievement are investigated using cross-lagged panel
analyses.
Section 4: Training studies
In chapters 8 and 9, the possibilities to ameliorate number sense are investigated using
various training programmes aimed to improve kindergartners’ number sense. In chapter 8, a
training in which number sense skills are targeted directly is compared to a training study in
which number sense skills are targeted indirectly, through the training of working memory. In
chapter 9, two trainings are compared that both focus on number sense: a counting training
and a number line training.
Finally, in chapter 10, which consists of a general discussion, the findings of the eight
studies included in this dissertation are summarised and discussed, and conclusions regarding
the role of number sense and working memory skills in the development of mathematics
achievement are drawn.
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Abstract
Working memory, including central executive functions (inhibition, shifting and updating)
are factors thought to play a central role in mathematical skill development. However,
results reported with regard to the associations between mathematics and working memory
components are inconsistent. The aim of this meta-analysis is twofold: to investigate the
strength of this relation, and to establish whether the variation in the association is caused
by tests, sample characteristics and study and other methodological characteristics. Results
indicate that all working memory components are associated with mathematical
performance, with the highest correlation between mathematics and verbal updating.
Variation in the strength of the associations can consistently be explained by the type of
mathematics measure used: general tests yield stronger correlations than more specific
tests. Furthermore, characteristics of working memory measures, age and sample explain
variance in correlations in some analyses. Interpretations of the contribution of moderator
variables to various models are discussed.

Introduction
Solving mathematical problems is an important activity in the lives of children. From an early
age onwards, learning to count, acquiring number skills, and performing mathematical
operations become part of children’s daily activities. These activities remain important
throughout a person’s life. Research concerning the underpinnings of success and
deficiencies in mathematical skills has expanded during the past two decades. A number of
cognitive mechanisms underlying these mathematical skills have been proposed and their
contribution to the development of mathematical skill has been investigated. A factor that is
thought to play a central role in mathematic skill development is the capacity and the
efficiency of working memory and the executive functions: inhibition, shifting and updating
(e.g., Bull & Scerif, 2001, Geary et al., 2004; Passolunghi et al., 2008; St Clair-Thompson &
Gathercole, 2006). Working memory capacity is frequently used as a predictor of skills in
mathematics at a later point in time (see LeFevre, DeStefano, Coleman, & Shanahan, 2005).
The number of studies in which the predictive value of working memory and executive
functions for mathematical performance is investigated has increased sharply, but the pattern
of results is inconsistent: mathematics performance is not consistently predicted by one or all
working memory components. Therefore, the present study serves as a meta-analysis of
studies in which this relationship was investigated, to investigate whether each working
memory component is related to mathematics performance. Moreover, to find an explanation
for conflicting results, we investigated the influence of various moderator variables: the type
32

ages, the population (typical or atypical), the inclusion of control variables and the country
and year of origin of the study.

Working memory
The most widely used model of working memory is the multi-component model originally
proposed by Baddeley and Hitch (1974). This model comprises different subcomponents,
each with its own function and capacity. Two slave systems, the visuospatial sketch pad and
the phonological loop, are responsible for temporary storage of visual and spatial
information, and phonological and auditory information, respectively. Capacity of the slave
systems is usually measured through simple span tasks, in which increasingly longer strings
of information must be replicated (e.g., a dot appearing in different consecutive locations for
the visuospatial sketch pad and word lists for the phonological loop). A third component, the
central executive, coordinates information stored within the slave systems. Capacity of the
central executive is traditionally measured with complex span tasks. In these tasks, a series of
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of mathematics measurement used, characteristics of the working memory tasks, children’s

items must also be replicated, but this information must first be manipulated: e.g., the items
must be recalled backwards, or must be counted first. In other words, the slave systems
require only storage of information, while the central executive also requires coordination of
information (Oberauer, Süß, Wilhelm, & Wittman, 2003).
Since the formulation of the working memory model, it has been used extensively to
inform research, but also educational practise, and it has been applied widely to a wide range
of aspects of human thought (see Baddeley, 2007).The three-factor model including the
central executive, the visuospatial sketch pad, and the phonological loop (Baddeley & Hitch,
1974) provided good fit to working memory data of children of various ages (Gathercole,
Pickering, Ambridge, & Wearing, 2004).
Years after the introduction of the working memory model, the notion arose that the
coordinating role of the central executive may be differentiated further into different
subprocesses (Baddeley, 1996). A framework based on both Baddeley (1996) and the
executive function literature is now often used: the central executive remains an important
part of the working memory model, but is subdivided into inhibition, shifting and updating
(Miyake et al., 2000). In this framework, inhibition refers to the ability to suppress a
dominant response in favour of another response or no response at all, shifting to the ability
to switch between response sets, and updating to the ability to monitor and revise the
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information that is active in working memory. The terms working memory and updating are
not used consistently in the literature: some studies use the term working memory to refer
only to the central executive, or even more specifically to the executive function of updating,
whereas others refer to the entire model of working memory. In the current study, the term
working memory refers to the entire processing and storage unit as described by Baddeley
and Hitch (1974), including the expansion of the central executive with the three executive
functions. In the current study, all executive functions (inhibition, shifting and updating) and
the two slave systems (visuospatial sketch pad and phonological loop) are referred to as
working memory components. Measures of executive functioning (inhibition, shifting and
updating) are seen as functionally detailed components of the central executive.
Using factor analysis, Miyake et al. (2000) confirmed the independence as well as
showed the interrelatedness of the three executive functions in adults. The distinction
between these three executive functions has also been confirmed in some factor analytical
studies with children (e.g., Hughes, 1998, Lehto et al., 2003; Rose et al., 2011) but not in all
(e.g., Van der Sluis et al., 2007; Van der Ven, Kroesbergen et al., 2012). Nevertheless, many
studies have employed this distinction in their research on the relations between working
memory, executive functioning and mathematical performance. Therefore, in this metaanalysis, the relation between mathematic skills and each specific component of the working
memory system is analysed.

Relations between working memory and mathematical performance
The relations between working memory and various measures of mathematical skill have
been studied extensively. Studies have shown that working memory is a strong predictor of
mathematical skills across time (Gathercole et al., 2005, Mazzocco & Kover, 2007; Toll et
al., 2011), even when controlling for IQ (Alloway & Alloway, 2010), and that children with
difficulties in mathematics score lower on measures of working memory (Swanson &
Jerman, 2006). Yet, findings are inconsistent with regard to which components of working
memory can predict mathematical performance, and which cannot. This is possibly a result of
the complexity and variety of the tasks employed to use working memory and the range of
aspects that comprise the working memory model (Baddeley, 2007).
Associations between inhibition and mathematical performance have been found in
several studies that include either typically achieving children or children with
(mathematical) difficulties and disorders. Rotzer et al. (2009) suggested that children with
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suppression of inappropriate strategies, such as addition when multiplication is required, or
suppression of irrelevant information such as information from a context problem that is
irrelevant to the problem itself. Inhibitory skills have also been found to reliably predict
mathematics scores in typically developing young children (Bull & Scerif, 2001; Espy et al.,
2004; St Clair-Thompson & Gathercole, 2006), and performance on inhibition tasks has been
related to growth in mathematics scores across a time span of several months (Panaoura &
Philippou, 2007). Moreover, inhibition has been found to already predict number sense, as an
early form of mathematical proficiency (Kolkman et al., 2013; Kroesbergen et al., 2009).
However, differences between mathematics-disordered children and normal controls with
regard to inhibition have not been found consistently (Censabella & Noël, 2008) and the
involvement of inhibition in mathematical performance cannot be confirmed in every study
(Andersson, 2008; Monette et al., 2011). Subsequently, it has been hypothesised that
inhibition is domain-specific and only number or quantity-related inhibition is relevant for
mathematical performance (Bull & Scerif, 2001).
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mathematical disorders have specific inhibitory deficits. Inhibition may be involved in the

Significant unique associations between shifting, a second component of working
memory, and mathematical performance have been found in some studies (e.g., Andersson,
2007; Bull & Scerif, 2001). This relation may be explained by the task demands of many
arithmetical achievement tests: children need to switch between operations, strategies and
quantity ranges in order to successfully obtain an answer (Andersson, 2008; Bull & Scerif,
2001). Also, shifts between different steps of a multi-step problem need to be made to
achieve a correct answer in these types of mathematical problems.
Other studies, however, have not found a relation between shifting and mathematical
skills when controlling for other executive functions (e.g., Monette et al., 2011; Van der Ven,
Boom et al., 2012). Blair and Razza (2007) suggested that the lack of explained variance in
mathematical performance attributed to shifting in some studies was due to variance already
being accounted for by inhibitory control. Differences between arithmetic-disabled children
and typically developing children in shifting tasks have been attributed to the need to use
shifting, updating and inhibition simultaneously in these tasks (Van der Sluis, De Jong, &
Van der Leij, 2004), suggesting that there is no unique association between shifting and
mathematical performance. Yet, a recent meta-analysis showed that there was a significant
association between shifting and mathematical performance (Yeniad et al., 2013). The current
study adds to this report by exploring the association between shifting and mathematical
skills in the much broader framework of the entire working memory model, and by using a
35
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more extensive set of moderator variables to explain variation in effect sizes, because no
significant moderator variables were found in the cited study.
Of all executive functions, updating is most strongly related to mathematical
performance (De Smedt et al., 2009; Passolunghi et al., 2008). It has been proposed that
updating is involved in the storage and retrieval of partial results in mathematical problems,
and remembering important information of the presented problem during the process of
problem-solving (Dehaene, 1997). A child with insufficient updating skills may forget
intermediate results, make procedural errors, or forget one part of the mathematical problem
while working on a different part of the problem. Indeed, updating has been found to be
correlated strongly with concurrent mathematical performance (Bull & Scerif, 2001; Van der
Ven et al., 2012a) and to longitudinal growth in mathematical performance (Van der Ven,
Kroesbergen et al., 2012). Similar associations have been found on studies on a microgenetic
level, a design in which many measurements within a short time span attempt to cover an
important developmental stage (Van der Ven, Kroesbergen et al., 2012).
Updating can be divided into verbal and visuospatial updating. Evidence of a
distinction between these two factors has been found using factor analysis (Oberauer et al.,
2003), which is why this distinction is employed in this study. Visuospatial updating has
consistently been found to be associated with mathematical performance (St Clair-Thompson
and Gathercole, 2006), whereas verbal updating has been found to have a unique association
with mathematical skills in some studies (Jarvis & Gathercole, 2003; Navarro et al., 2011),
but not in others (St Clair-Thompson & Gathercole, 2006).
Findings regarding the relations between functioning of the slave systems, which are
the visuospatial sketch pad and phonological loop, and mathematic skills are also diverse.
Whereas functioning of the visuospatial sketch pad has been found to be significantly
associated with mathematics and number sense tasks in some studies (e.g., Andersson &
Lyxell, 2007; Krajewski and Schneider, 2009a), others have reported only weak or no
relations at all (e.g., Andersson, 2007, 2008; Rasmussen & Bisanz, 2005). Visual and spatial
encoding may make different contributions to mathematical performance (see Baddeley,
2003). The relation between visuospatial sketch pad and mathematics has also been found to
be partially confounded by age: after controlling for age, correlations drop considerably
(Kyttälä, Aunio, & Hautamäki, 2010), which suggests that if studies use a more narrow age
range, correlations may not be found. Similarly, functioning of the phonological loop has
been found to add unique explained variance to models predicting mathematical achievement
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(Jarvis & Gathercole, 2003; Passolunghi et al., 2007).
In sum: all components of working memory, including all three executive functions,
have been found to be related to mathematical performance, but there is no consistency with
regard to the findings. Inconsistencies are often explained using characteristics of tasks and
constructs specific to the working memory component (for an overview, see Raghubar,
Barnes, & Hecht, 2010). Two general hypotheses regarding the inconsistent relations between
executive functioning and mathematics performance were brought forward by Best, Miller,
and Naglieri (2011). In a large cross-sectional study, they found that different types of
mathematical problems were related differently to executive functioning. They proposed that
problem solving is strongly dependent on strategy formulation and implementation, and selfmonitoring. Calculation, on the other hand, was suggested to be more related to fact retrieval,
which requires less executive control (Best et al., 2011). Findings reported by Fuchs et al.
(2005) suggested the same (see also: Raghubar et al., 2010). A second hypothesis proposed
by Best et al. (2011) was that performance may be related to executive functioning to a
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(Panaoura & Philippou, 2007; Passolunghi et al., 2008). Again, findings are inconsistent

different extent in various developmental stages. Age has been reported to moderate the
relationship in other studies (Imbo & Vandierendonck, 2007, McKenzie et al., 2003;
Rasmussen and Bisanz, 2005), yielding the primary conclusion that older children rely less
on working memory in mathematical problem solving than younger children do, suggesting
that part of the inconsistencies between studies may be explained by the age of the
participants.

The current study
Research questions
Given the proposal that working memory is especially important for acquiring mathematical
operations and insights (Holmes, Gathercole, & Dunning, 2009), the current study explores
the relations between working memory and (preparatory) mathematical performance at
kindergarten and primary school age. The aim of the current study is twofold. The first aim is
to further investigate the strength of the associations in children at primary school age,
between 4 and 12 years, by means of a meta-analysis. We investigate the relation between
mathematical skills and all working memory components: inhibition, shifting, visuospatial
updating and verbal updating, visuospatial sketch pad and phonological loop. The
accompanying research question is whether there is a significant association between each
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working memory component and mathematical performance. The second aim is to investigate
whether variance in effect sizes of the different studies can be explained by characteristics of
the tests, samples, methodological decisions, or studies. Moderator variables are outlined
below.
Moderator variables
Throughout the literature, a variety of moderator variables has been proposed to explain the
presence or absence of significant and relevant associations between working memory
components and mathematical skills. Based on these hypotheses, a set of moderator variables
was selected to explain variance in reported correlations. First, it has been proposed that
problem solving in mathematics is more dependent on executive functioning than calculation
(Best et al., 2011, Fuchs et al., 2005; Raghubar et al., 2010). Therefore, the current study
makes a distinction between general mathematics measures, arithmetic, and a number of
other categories of mathematics measures that cannot be directly classified as problem
solving or calculation. The relations between working memory and these miscellaneous
categories of mathematics are also explored (see Characteristics of tasks).
Furthermore, several studies have proposed that associations between working memory
and mathematical performance depend on the type of working memory measure used. For
example, it has been proposed that only number-specific working memory tasks are relevant
to mathematic skills (Bull & Scerif, 2001). Moreover, it has been suggested that visual and
spatial processing are distinct skills of the visuospatial sketch pad and make different
contributions to mathematical performance (Baddeley, 2003). Complex span tasks, in which
information is processed before recalling information, and classical updating tasks, in which
the processing factor contains selective replacement of information, are often seen as
inherently different tasks, although both have been found to rely on the same processes
(Schmiedek, Hildebrandt, Lövdén, Wilhelm, & Lindenberger, 2009; St Clair-Thompson &
Gathercole, 2006). Therefore, to cover differences between tasks that measure working
memory components, various typologies of working memory measures were included in the
current study.
Sample characteristics have also been proposed to explain variance in associations
between working memory and mathematical achievement. It has been suggested that age
partly determines the correlation between the two (Best et al., 2011, Imbo &
Vandierendonck, 2007, McKenzie et al., 2003; Rasmussen & Bisanz, 2005). Hence, age of
the sample was included as a moderator variable. Moreover, it has been suggested that
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difficulties, the latter showing stronger dependencies on passive storage in contrast to active
manipulation of working memory content (Kyttälä et al., 2010). Working memory has also
been suggested to underlie mathematical difficulties in children with physical disabilities
(Raches & Mazzocco, 2012), suggesting that they should be treated as a separate group in
explaining variations in correlations. Therefore, sample type was divided into several
categories of special needs groups, which were used as moderator variables (see Sample
characteristics).
Moreover, correlations reported in various studies may be influenced by decisions
made with regard to study design. For instance, correlations may be controlled for other
constructs, such as age, which could reduce the reported association between working
memory and mathematical skills (Kyttälä et al., 2010), or correlations may concern
longitudinal associations rather than concurrent associations, which also causes a reduction in
the associations (Bull, Espy, & Wiebe, 2008). Inclusion of control variables and an indicator
of time lag between working memory and mathematics measurements (being 0 in the case of
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associations differ between typically achieving children and children with mathematical

studies that did not report on longitudinal data) are hence included as moderators.
Finally, it will be explored whether the strength of the association is influenced by the
country of origin of the study. Children from different countries have been found to use
different strategies in mathematical problem solving (Imbo & LeFevre, 2009), which may
lead to children from various origins to show different degrees of working memory
involvement in problem solving. Moreover, children from different countries use different
number encoding strategies, with children from some cultures forming verbal representations
and children from other cultures forming visuospatial representations (Tang et al., 2006),
which may affect working memory involvement as well. Country of origin was therefore
added to the models as an exploratory moderator variable. Publication year was also
investigated as an exploratory moderator variable, because variations in the strength of
association between mathematical performance and working memory may be the result of
changes in the quality or format of measures due to increased digitalisation, or changes in the
method of teaching, leading to similar strategy differences as found between countries (Imbo
& LeFevre, 2009).
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Method
The review process was divided into four stages: (1) listing of inclusion and exclusion criteria
to identify relevant research; (2) searching for studies using preset search terms, and
screening against inclusion and exclusion criteria; (3) extracting data and critically evaluating
them; and (4) synthesising of the results reported in the included studies.

Inclusion criteria for the meta-study
Studies were considered eligible if they contained behavioural empirical data and outcomes.
They had to report on a variable of mathematics or number sense performance, and one or
more working memory components: inhibition, shifting, visuospatial and verbal updating, the
visuospatial sketch pad and the phonological loop. Associations had to have been statistically
tested, and children included in the studies had to be between 4 and 12 years of age. All mean
ages had to be between 4;0 and 12;11 years and no children could be included younger than
4;0 years or older than 13:11 years (this somewhat broader range has been set to be able to
include studies containing children in primary school who repeated a year).

Identification and screening process of the studies
Searches were carried out between February and June 2012. A number of databases was
searched: Scopus, PsycInfo, the Education Resources Information Center (ERIC) and the
Social Sciences Citation Index (SSCI). Search terms included math∗ or arithmetic; and
working memory or executive funct∗; and child∗. Search terms produced a total of 1,326 hits,
containing 630 unique results. Titles and abstracts of these studies were screened. Upon first
scan, 236 studies were eligible for inclusion. Final decisions regarding inclusion were made
using the full text reports of these articles. Articles in which no correlation measures between
mathematical performance and working memory measures were reported were excluded,
leading to the removal of 114 articles. Eleven more studies were excluded because
correlations were only reported for composite measures of working memory that could not be
classified as a single component, such as a composite measure of all Automated Working
Memory Assessment subtests (Alloway, Gathercole, Kirkwood, & Elliott, 2009). Thus, the
final dataset contained 111 studies, reporting on a total of 16,921 participants. The appendix
presents an overview of these 111 studies, with relevant characteristics of each study.
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After eligible studies had been selected, relevant information from the studies was coded.
This includes the following variables of descriptive data: (1) number of participants, (2) mean
age of the participants; range: 4.0–12.0 years, (3) time lag between first and last time point (0
in the case of studies that did not report on longitudinal data), (4) sample type: typical or
atypical, (5) the type of measure used for each construct: name of the measure and the use of
accuracy or reaction time data, (6) nationality of the participants, being one out of 20
nationalities listed under Study characteristics, and (7) year of publication; range: 1993–
2012.
In the published studies, some measures were coded such that a negative correlation
indicated a positive relation between executive functioning and mathematical performance.
This was mainly the case when reaction time data were used to measure executive
functioning. In these cases, the measures of effect size were recoded, such that a positive
correlation always indicated a positive relationship.
When multiple instruments were used to measure one construct, all eligible effect sizes
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Data extraction

were included in the dataset. Multilevel modelling (see Statistical analyses on the selected
studies) was used to account for dependencies between effect sizes from a single study.

2

Data appraisal
After data were extracted from all eligible articles, several variables were created to quantify
task, sample or study characteristics.
Characteristics of tasks
To investigate the effect of different tasks on the size of the correlation coefficient between
working memory components and mathematics performance, various categories and
characteristics were coded. For mathematics measures and visuospatial and verbal updating
measures, categorical variables were created to distinguish between task categories. For
inhibition, shifting, visuospatial updating and verbal updating measures, a number of task
characteristics could be defined, such as the inclusion of numerical stimuli and whether a
verbal of behavioural response was registered. Characteristics and categories can be found in
Table 2.1. Note that whereas categories are mutually exclusive, e.g., a phonological loop
measure can be classified as either word span or nonword span, characteristics are not
necessarily mutually exclusive, e.g., a task can be classified as both an N-back task and as
including spatial information.
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1 Composite or other

1 Composite or other

task (reference

category)

1 National curriculum

tests, composite

measures or teacher

blocks

(one step, terms

5 Patterns recall,

shape recall

5 Counting and basic

understanding of

4 Nonword recall

information

numerical

2 Task including

recall

information as input

information in the task

3 Including numerical

2 Random generation vs.

of all items

recall of all items

2 Visual vs. spatial

1 N-back task vs. recall

VE updating

1 N-back task vs.

VS updating

Note. VSSP = visuospatial sketch pad; PL = phonological loop; VS = visuospatial; VE = verbal. a For the inhibition and shifting analyses, mathematics category 6 (geometry)
was merged with category 1 because of a low number of effect sizes concerning measures in category 6. For the visuospatial updating measure, both mathematics categories

and algorithms

6 Geometry, shapes

numerical concepts

4 Mazes recall

4 Word problems

response tasks

step arithmetic)

between random

3 Distinction

information

numerical

2 Task including

generation or limited

variant

arithmetic (written

3 Digit recall

2 Word recall

responses of the child

responses of the
child

vs. behavioural

1 Measuring verbal

Shifting

Characteristics across tasks

vs. behavioural

1 Measuring verbal

Inhibition

arithmetic, multiple

3 Corsi blocks or

3 Advanced

below 10)

2 Dot matrix, knox

2 Simple arithmetic

ratings

category)

task (reference

2.2 PL

Mathematics

VSSP

a

Table 2.1
Characteristics of Tasks: Characteristics and Categories of Working Memory and Mathematics Tasks
Categorical variables of tasks
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indicating whether accuracy or reaction time (RT) data were used for the effect size. To
preserve power within analyses, questionnaires targeting working memory and mathematics,
and measures recording frequency of retrieval strategy use (the number of times retrieval was
used to solve a mathematical problem) were also coded as measurements of accuracy (please
note that accuracy, frequency of retrieval, and parent or teacher ratings in questionnaires all
refer to frequency data: frequency of a correct answer, frequency of retrieval strategy, and in
rating scales, usually frequency of occurrence of behaviour, but also other types of
questions). Excluding questionnaire data did not lead to different outcomes. When a
combination of accuracy and RT was used, the variable was coded as RT. For updating and
slave system measures, an insufficient number of RT measures was available to create such a
variable.
Sample characteristics
Age of the children was coded in months. Various sample types were investigated in the body
of studies. From these types, four categories of samples were created:
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For mathematics, inhibition and shifting measures, an additional variable was created,

1. Typically developing children
2. Children with physical disabilities
3. Children with disorders or cognitive delays not specifically related to mathematics, but
specified in any version of the Diagnostic and Statistical Manual of Mental Disorders
(e.g., American Psychiatric Association, 2000), such as ADHD.
4. Children with delays or disorders in mathematics (e.g., Mathematics Disorder; APA,
2000). (Due to various criteria for mathematics disorder and inconsistency in reported
norms, delays and disorders cannot be separated within the current sample of studies.)
If a study contained a sample of children that was a mixture of the types mentioned above, or
if a sample had comorbid disorders, the study was categorised within the last category on the
list that could apply. For the inhibition and visuospatial updating analyses, categories 3 and 4
were merged, creating one category of “other disorders” because of the small number of
effect sizes concerning samples in category 3. For shifting, category 3 was deleted because no
effect sizes in the dataset concerned these samples.
Design characteristics: Inclusion of control variables
A dichotomous variable was created indicating whether control variables were included in the
correlation analyses or not. Control variables that were encountered were: age, IQ, sex,
prematurity of birth, year of schooling, measures of the phonological loop (controlling for the
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correlation between verbal updating and mathematical performance), and reading skills, or
various combinations of variables. Further distinctions between control variables included in
the studies could not be included because of the low frequency of occurrence of each (set of)
control variable(s). Another variable was computed indicating the number of months between
the first measurement moment and the last being reported on.
Study characteristics
Countries of origin of the studies were divided into the following categories, based on
geographical location:
1. North America (reference category)
2. United Kingdom
3. Europe (Austria, Belgium, Estonia, Finland, France, Germany, Greece, Italy, the
Netherlands, Spain, Sweden)
4. Other (Australia, Brazil, China, New Zealand, Singapore, Taiwan)
This subdivision was composed based on a sufficient number of studies to be placed in the
same category, so as to preserve power. For inhibition, categories 2 and 3 were merged
because of the small number of effect sizes within category 2. For shifting, categories 1 and
4, and categories 2 and 3 were merged because of the small number of effect sizes within
categories 1 and 2. For visuospatial updating, category 1 was merged with category 4 for the
same reason.

Statistical analyses on the selected studies
To answer the research questions, Hierarchical Linear Modelling (HLM) was applied using
the software package HLM version 6.06. Effect sizes (correlation coefficients) were nested
within studies to account for dependencies between multiple effect sizes within a study. Two
HLM models were tested to answer the research questions regarding the associations between
mathematical performance and each working memory component. First, an unconditional
model was tested in which an overall effect size was estimated and the variance around the
overall average was computed. Second, all moderator variables were entered simultaneously
into a conditional model, and moderators that made no significant contribution to the model
were removed one by one, until the most parsimonious model was found. Moderator
variables were: (1) mathematics measure categories, (2) working memory measure
characteristics, (3) sample characteristics (mean age and categories of typical and atypical
samples), (4) other methodological decisions: time between first and last measurement (coded
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control variables had been included, and (5) study characteristics (publication year, country
of origin).
Funnel plot analyses showed reasonable symmetry in the reported correlations,
suggesting that there was little influence of publication bias (see Egger, Smith, Schneider, &
Minder, 1997), and trim and fill procedures did not lead to relevant changes in the weighted
mean correlation coefficients (see Duval & Tweedie, 2004). Therefore, the original dataset
was used in all reported analyses.

Results
Inhibition
The unconditional model, based on 131 correlations drawn from 29 studies, indicated a
medium-sized significant correlation between inhibition and mathematics measures, r
(28) = .27, p < .001. Homogeneity analyses revealed a significant variance around the mean
effect size, χ2 (28, N = 29) = 73,821.63, p < .001.
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as 0 when mathematics and working memory had been measured concurrently) and whether

The final regression model including all significant predictors of the correlation
between mathematical performance and inhibition measures is presented in Table 2.2. The
model indicates that type of mathematics measures was important: correlations were higher
when national curriculum tests or composite measures were included than when more
specific types of tests, such as arithmetic tests, were included. Differences between categories
other than reference category, general mathematics, were not significant, all ps > .05. There
was a positive effect of random generation tasks as inhibition measure, indicating that they
yielded higher effect sizes than other measures, while the inclusion of control variables was
associated with lower effect sizes.

Shifting
The unconditional model, based on 94 correlations drawn from 18 studies, indicated a
medium-sized significant positive correlation between shifting and mathematics measures, r
(17) = .28, p < .001. Homogeneity analyses revealed a significant variance around the mean
effect size, χ2 (17, N = 18) = 70,109.23, p < .001.
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Table 2.2
Variables Significantly Predicting the Size of the Correlation between Mathematics and Inhibition
Type

Variable
Intercept

β

B

SE

t

df

p

0.29

-

0.03

10.57

28 < .001

maths

Simple arithmetic

-0.13

-0.27

0.06

-2.05

123 < .001

maths

Advanced arithmetic

-0.16

-0.25

0.06

-2.73

123 < .01

maths

Word problems

-0.16

-0.26

0.07

-2.46

123

.02

maths

Counting and concepts

-0.12

-0.27

0.06

-2.16

123

.03

WM

Random generation

0.18

0.34

0.04

4.17

123 < .001

design

Control variables

-0.27

-0.50

0.01

-33.42

123 < .001

Note. Type refers to the moderator type, as listed in Data appraisal and Table 2.1; WM = working memory. For
mathematics measures, the reference category was formed by national curriculum tests, composite measures,
and teacher ratings. The degrees of freedom at the intercept are determined by the number of cases at the second
level.

The final regression model, including all significant predictors of the correlation
between mathematical performance and shifting measures, is presented in Table 2.3. The
model indicates an effect of mathematics measure: correlations were lower when arithmetic
measures rather than other measures were included in the effect size. There was no difference
between simple and advanced arithmetic, p = .37. Effect sizes were higher for younger
children, and in samples of children with mathematical difficulties. More time between
measurements was predictive of lower effect sizes, and European studies (including the UK)
yielded higher correlations than studies from elsewhere.

Visuospatial updating
The unconditional model, based on 63 correlations drawn from 21 studies, indicated a
medium-size significant correlation between visuospatial updating and mathematics
measures, r (20) = .34, p < .001. Homogeneity analyses revealed a significant variance
around the mean effect size, χ2 (20, N = 21) = 7,044.75, p < .001.
The final regression model is presented in Table 2.4. Both arithmetic and counting and
conceptual skills showed lower correlations with visuospatial updating than all other
measures. Regression weights between these categories of mathematical skills differed
significantly in all cases (all ps < .001). Visuospatial updating measures that were based on
processing (rather than replacing) information and measures that addressed visual rather than
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positive effect of age, indicating that effect sizes were higher for older children, and effect
sizes in samples with children with mathematical difficulties were higher. Finally, less time
between measures was predictive of higher correlation coefficients.

Table 2.3
Variables Predicting the Size of the Correlation between Mathematics and Shifting
Type

Variable

β

B

Intercept

SE

t

df

p
< .001

0.32

-

0.05

6.11

16

maths

Simple arithmetic

-0.06

-0.13

0.02

-2.29

87

.02

maths

Advanced arithmetic

-0.06

-0.11

0.02

-2.64

87

.01

sample

Age

-0.01

-0.78

< 0.01

-2.15

87

.03

sample

Maths difficulties

0.17

0.24

0.02

7.73

87

design

Time lag

-0.01

-0.82

0.01

-2.12

87

.04

study

Origin

0.27

0.72

0.10

2.75

16

.02

< .001

Note. Type refers to the moderator type, as listed in Data appraisal and Table 2.1. For mathematics measures,
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spatial skills also yielded higher correlations with mathematics measures. There was a

the reference category was formed by national curriculum tests, composite measures, and teacher ratings. The
degrees of freedom at the intercept are determined by the number of cases at the second level. The variable
Origin was added as a second level predictor (study-level), leading to a lower number of degrees of freedom.

Table 2.4
Variables Predicting the Size of the Correlation between Mathematics and Visuospatial Updating
Type

Variable
Intercept

B

β

SE

t

df

p

0.39

-

0.07

5.89

20

<.001

maths

Arithmetic

-0.19

-0.39

0.02

-7.59

55

< .001

maths

Counting & concepts

-0.32

-0.81

0.04

-7.55

55

< .001

WM

Replace vs. recall all

-0.26

-0.46

< 0.01

-151.01

55

< .001

WM

Spatial vs. visual

-0.15

-0.41

< 0.01

-84.03

55

< .001

sample

Age

0.01

1.47

< 0.001

54.21

55

< .001

sample

Maths difficulties

0.04

0.09

< 0.01

36.47

55

< .001

design

Time lag

-0.01

0.04

< 0.01

-4.93

55

< .001

Note. Type refers to the moderator type, as listed in Data appraisal; WM = working memory. For mathematics
measures, the reference category was formed by national curriculum tests, composite measures, and teacher
ratings. The degrees of freedom at the intercept are determined by the number of cases at the second level.
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Verbal updating
The unconditional model, based on 411 correlations drawn from 85 studies, indicated a
medium-sized significant correlation between verbal updating and mathematics measures, r
(84) = .38, p < .001. Homogeneity analyses revealed a significant variance around the mean
effect size, χ 2 (84, N = 85) = 86,502.69, p < .001.
The final regression model is presented in Table 2.5. There were effects of both
mathematics task type and updating task type. Specific mathematics measures, including
arithmetic or counting and concepts, yielded significantly lower effect sizes than general
measures. Regression weights of these categories did not differ amongst each other (all ps >
.05). Also, verbal updating measures that required the replacement of information in working
memory yielded higher effect sizes, and measures that did not require random generation
yielded higher effect sizes than random generation tasks. Studies containing children with
DSM disorders or physical disabilities also showed higher correlations between verbal
updating and mathematical performance than other studies. The inclusion of control variables
was associated with lower correlations.

Table 2.5
Variables Predicting the Size of the Correlation between Mathematics and Verbal Updating
Type

Variable
Intercept

B

β

SE

t

df

0.39

-

0.02

25.29 84

p
< .001

maths

Simple arithmetic

-0.05

-0.11

0.02

-2.17 402

.03

maths

Advanced arithmetic

-0.06

-0.10

0.03

-2.07 402

.04

maths

Counting & concepts

-0.06

-0.10

0.01

-5.70 402

< .001

WM

Replace vs. recall all

0.08

0.13

0.01

11.66 402

< .001

WM

Random generation

-0.04

-0.05

0.001

-54.49 402

< .001

sample

DSM diagnosis

0.12

0.15

0.02

5.99 402

< .001

sample

Physical disabilities

0.15

0.17

0.02

7.96 402

< .001

design

Control variable

-0.08

-0.14

< 0.001

-458.92 402

< .001

Note. Type refers to the moderator type, as listed in Data appraisal and Table 2.1; WM = working memory. For
mathematics measures, the reference category was formed by national curriculum tests, composite measures,
and teacher ratings. The degrees of freedom at the intercept are determined by the number of cases at the second
level.
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The unconditional model, based on 239 correlations drawn from 55 studies, indicated a
medium-sized significant correlation between measures of the visuospatial sketch pad and
mathematics measures, r (54) = .34, p < .001. Homogeneity analyses revealed a significant
variance around the mean effect size, χ 2 (54, N = 55) = 23,747.67, p < .001.
The final regression model is presented in Table 2.6. The model shows higher effect
sizes for general mathematical skills than for advanced arithmetic, word problems and
counting and concepts. Furthermore, arithmetic measures yielded higher correlation
coefficients than word problems, p < .001, but did not differ from counting and concepts, p =
.20, nor did counting and concepts differ from word problems, p = .41. Use of Corsi blocks
rather than other measures of visuospatial sketch pad was associated with higher effect sizes.
Correlations between mathematical performance and visuospatial sketch pad were slightly
lower for children with mathematical difficulties, and slightly higher for children with
physical disabilities. Finally, age of the sample was negatively related to effect size.
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Visuospatial sketch pad

Table 2.6
Variables Predicting the Size of the Correlation between Mathematics and Visuospatial Sketch Pad
Type

Variable
Intercept

B

β

SE

t

df

2

p

0.36

-

0.03

11.72

54

< .001

maths

Advanced arithmetic

-0.13

-0.18

0.04

3.58

231

.001

maths

Word problems

-0.07

-0.11

0.03

-2.36

231

.021

maths

Counting & concepts

-0.07

-0.19

0.02

-3.24

231

< .011

WM

Corsi blocks

0.11

0.43

0.03

3.25

231

< .011

sample

Maths difficulties

-0.05

-0.10

0.02

-2.56

231

.011

sample

Physical disabilities

0.12

0.22

0.02

8.24

231

< .001

sample

Age

-0.01

-1.19

< 0.01

-3.20

231

< .011

Note. Type refers to the moderator type, as listed in Data appraisal and Table 2.1; WM = working memory. For
mathematics measures, the reference category was formed by national curriculum tests, composite measures,
and teacher ratings. The degrees of freedom at the intercept are determined by the number of cases at the second
level.

Phonological loop
The unconditional model, based on 295 correlations drawn from 65 studies, indicated a
medium-sized significant correlation between verbal updating and mathematics measures, r
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(64) = .31, p < .001. Homogeneity analyses revealed a significant variance around the mean
effect size, χ 2 (64, N = 65) = 58,171.86, p < .001.
The final regression model is presented in Table 2.7. The model shows higher effect
sizes for general mathematical skills than for specific mathematics measures. Differences
between categories of specific mathematics measures, however, are not significant, ps > .05,
except for the difference between advanced arithmetic and word problems, p < .001.
Moreover, samples including children with mathematical difficulties, other DSM disorders or
physical disabilities showed higher effect sizes than typical samples. The inclusion of control
variables was associated with lower effect sizes.

Table 2.7
Variables Predicting the Size of the Correlation between Mathematics and Phonological Loop
Type

Variable
Intercept

B

β

SE

t

df

p

0.32

-

0.02

13.62

64

< .001

maths

Simple arithmetic

-0.08

-0.18

0.03

-2.43

285

.02

maths

Advanced arithmetic

-0.14

-0.18

0.03

-4.58

285

< .001

maths

Word problems

-0.07

-0.11

0.03

-2.40

285

.02

maths

Counting & concepts

-0.07

-0.15

0.03

-2.73

285

< .01

maths

Geometry

-0.10

-0.09

0.03

-2.94

285

< .01

sample

Maths difficulties

0.12

0.22

0.04

3.26

285

< .01

sample

DSM-disorders

0.10

0.16

0.04

2.66

285

< .01

sample

Physical disabilities

0.21

0.29

0.02

10.93

285

< .001

design

Control variables

-0.17

-0.25

< 0.01

-519.26

285

< .001

Note. Type refers to the moderator type, as listed in Data appraisal and Table 2.1. For mathematics measures,
the reference category was formed by national curriculum tests, composite measures, and teacher ratings. The
degrees of freedom at the intercept are determined by the number of cases at the second level.

Comparison between models
To investigate which working memory component shows the highest correlation with
mathematical performance, weighted mean correlation coefficients were compared.
Comparisons showed the following pattern:

rVerbalUpdating > rVisuospatialSketchpad = rVisuospatialUpdating > rPhonologicalLoop > rInhibition = rShifting
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This relationship was significantly stronger than the relationship with other components, all
ps < .001. The second strongest relation was between mathematical performance and both the
visuospatial sketch pad and visuospatial updating: these two relations did not significantly
differ from each other, z = 0.03, p = .98, but were significantly stronger than the relations
with all remaining components, all ps < .001. Phonological loop measures correlated more
strongly with mathematic skills than inhibition and shifting. The strength of the correlations
between inhibition and shifting and mathematical performance did not differ, z = 0.53, p =
.59; both showed lower correlations with mathematical performance than all other
components, all ps < .001.
Table 2.8 summarises the sets of significant predictors for the association between
mathematic skills and each working memory component. The type of mathematics measure
was a significant moderator in all models, and therefore the most consistent of moderator
variables. Moreover, sample type contributed to all models except the model concerning the
relation between inhibition and mathematical performance. All other classes of moderator

2 | Working memory and mathematics in primary school children

The strongest correlation was between mathematical performance and verbal updating.

variables contributed to half of the models or less. Distinctions between accuracy and
reaction time measures did not contribute to any of the models, nor did publication year.
After inclusion of these moderator variables into the models, unexplained heterogeneity
of effect sizes between studies dropped significantly, all ps < .001, but in each model,
significant heterogeneity remained unexplained, all ps < .001.

Discussion
A large body of research has reported on the relations between working memory components
and mathematical performance, yielding inconsistent effects. The current meta-analysis had
two aims: to investigate the significance and relevance of these relations by means of a
research synthesis, and to explain variation in effect sizes using various predictor variables in
a multilevel meta-analysis. Another recent meta-analysis (Yeniad et al., 2013) has reported
on similar associations between shifting and mathematics. The current study adds to this
work by including the other components of working memory and using a more extensive set
of moderator variables.
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Table 2.8
Summary of Variables Significantly Predicting the Relation between Mathematics Performance and
Each Working Memory Component



Visuospatial updating





Verbal updating





Visuospatial sketch pad



Phonological loop
















Origin of study

Shifting

Time lag



Control variable included



Sample type

Working memory measure

Inhibition

Age

Component

Mathematics measure

Moderator











Unconditional models
The analyses confirmed a positive and significant relation between mathematical
performance and each working memory component under investigation. This indicates that
better working memory performance on each component is associated with better
mathematical performance, as suggested in several studies (e.g., Geary et al., 2004,
Kroesbergen et al., 2009; Passolunghi et al., 2008). The working memory component that
showed the strongest relation with mathematical skills was verbal updating, whereas
inhibition and shifting showed the weakest relations, confirming findings reported in
previously published studies (Kolkman et al., 2013). This may imply that verbal updating has
the highest relevance for mathematics performance, and inhibition and shifting are less
relevant. Alternatively, this may be due to measurement characteristics, such as the
increasing complexity of updating tasks (e.g., Alloway & Alloway, 2010), in comparison to
mostly static difficulty levels of inhibition and shifting tasks (A. R. A. Conway, personal
communication, March 18, 2013).
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mathematics performance showed significant variance around the mean effect size, and was
therefore entered into a model with a set of predictor variables. Several moderator variables
were identified with these models, the most consistent of which the type of mathematics tests,
which moderated relations between all working memory components and mathematical
performance. A number of other moderator variables contributed to some models, but not all.

Moderators of correlations
Effect of mathematics measures
The size of the relation between working memory and mathematical performance was found
to be dependent on the type of mathematics test that was used in a study (Best et al., 2011;
Fuchs et al., 2005; see Raghubar et al., 2010). National curriculum tests and composite
measures consistently showed higher correlations with working memory components than
any of the other categories of mathematics tests. This may indicate that these tests, or
composites, appealed to working memory capacity to a greater extent than measures that
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Furthermore, each of the relations between working memory components and

specifically measured one type of mathematic skill. In national curriculum tests or other
broad measures of mathematics, this may be due to the necessity to switch between various
operations and mental models and the need to update sets of information. Moreover, in both
general mathematics tests and composite measures, higher correlations may be found because
effects of specific knowledge or practising attenuated when other domains of mathematics
were included in the same correlation. These findings confirm that calculation depends less
on executive functioning than general mathematical problem solving (Best et al., 2011; Fuchs
et al., 2005; see Raghubar et al., 2010). All working memory components except verbal
updating correlated more strongly with general mathematics tests than with purely
arithmetical measures.
An additional explanation for the higher correlations between working memory
components and general mathematics tests than other mathematics measures is that general
measures of mathematics are more often validated measures with high reliability (e.g.,
Schrank, McGrew, & Woodcock, 2001). In other words, the elevated correlation in the case
of general mathematics measures may be a measurement issue, and the estimate of the
correlation between general mathematics measures and working memory components may be
more accurate.
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Effect of working memory measures
Characteristics and categories of the working memory measure also moderated the
correlations between mathematical performance and executive functioning. For both
visuospatial and verbal updating, correlations differed depending on whether the updating
task required the replacement of information (traditional updating) or the recall of all
presented stimuli (complex span). This suggests that these two types of updating play
different roles in mathematic skills, contrary to previously reported unity of the constructs
(Schmiedek et al., 2009; St Clair-Thompson & Gathercole, 2006).
It is notable, however, that both effects were in different directions: for visuospatial
updating, replacement was associated with lower correlations than recall of all stimuli, while
for verbal updating, replacement was associated with higher correlations with mathematical
performance. This may be due to a difference in strategy selection between visuospatial and
verbal tasks. For example, visuospatial information may be remembered using a constant
mental map, whereas verbal information may be remembered through cyclic rehearsal
(Baddeley, 2007). The updating of verbal information may also have greater relevance for
mathematical performance because of its frequent involvement in task demands, for example,
when a child solves an arithmetic problem and needs to maintain and replace intermediate
answers and problem-solving steps in working memory (Dehaene, 1997), while a parallel
form of visuospatial updating may be less relevant for mathematics. Replacement of
visuospatial information, however, may carry less relevance to mathematical performance
than maintaining all visuospatial information, because visuospatial updating is not associated
with approximate non-symbolic mathematical skills (Xenidou-Dervou, Van Lieshout, & Van
der Schoot, 2014), but it is with the shape of the mental number line (Friso-van den Bos,
Kolkman, Kroesbergen, & Leseman, 2014). The latter may serve as a reference point in
judging the likelihood of an obtained answer to a problem, and must include all information
of a problem to remain accurate. Finally, it has been argued that the primary distinction
between traditional updating and complex span tasks resides in the involvement of inhibition
when no longer relevant information needs to be disregarded (Schmiedek et al., 2009).
Inhibition of visuospatial information may require less effort than inhibition of verbal
information due to differences in encoding and rehearsal strategies, accounting for the
dissociation.
Moreover, the inclusion of spatial information was associated with lower correlations
between mathematical performance and visuospatial updating than the inclusion of visual
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mental number line, is causally related to mathematical performance (Booth & Siegler,
2008), which suggests that spatial rather than visual updating is involved in mathematical
performance. However, these data may suggest that it is the mapping between symbolic and
non-symbolic representations, which depends more on visual updating, that predicts success
in mathematics (Mundy & Gilmore, 2009).
Random generation tasks have been presented as both tests of inhibitory skills (e.g.,
Baddeley, 2007; Swanson, 2006b) because of the need to inhibit overlearned sequences, such
as counting strings, as well as tests of verbal updating (e.g., Andersson, 2007) because of the
need to update the set of generated items. Random generation tasks have been classified
according to the classification of the authors of each article including these tasks, but
analyses suggest that the strength of the relation is somewhere in between. They yield higher
correlations in the case of inhibition analyses, but lower correlations in the case of verbal
updating analyses.
Distinctions between word, digit and nonword recall did not moderate the associations
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information. It has been postulated that spatial representation of number, in the form of a

between phonological loop and mathematical performance. This may indicate that type of
information included is not of any relevance to the size of the correlation with mathematical
skills in the case of phonological loop measures, which only require the recall of information
as presented (Gathercole, Pickering, Knight, & Stegmann, 2004).
Finally, the inclusion of numerical information did not contribute to any of the models,
suggesting that the relation between working memory capacity or efficiency and
mathematical performance does not differ depending on the inclusion of numerical
information in tasks. This might indicate that working memory processing is not modular, as
proposed in special needs research (Noël & Rousselle, 2011), but domain-general.
Age of the samples included
A frequently posed hypothesis (Best et al., 2011, Imbo & Vandierendonck, 2007, McKenzie
et al., 2003; Rasmussen & Bisanz, 2005) is that the association between working memory and
mathematical performance depends on age, with younger children relying more on
visuospatial processing. This could be confirmed for visuospatial sketch pad and visuospatial
updating. In older children the correlation between mathematic skills and visuospatial
updating is higher. In contrast, the correlation with visuospatial sketch pad measures is lower
than in younger children. This suggests that mathematical performance becomes more and
more dependent on visuospatial updating capacities rather than storage capacities, probably
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because children learn to solve increasingly advanced problems. Alternatively, the
associations between mathematical performance and visuospatial sketch pad may drop
because of increased reliance on the phonological loop (McKenzie et al., 2003; Raghubar et
al., 2010). These claims could not be confirmed in the current analyses, because correlation
analyses, used in this study, do not allow for partitioning of variance. Moreover, relations
between shifting and mathematical performance were found to be lower for older children,
which may be a result of children relying more on cognitive strategies when they get older
(cognitive strategies are strategies in which no manipulatives are used, such as mental
addition and retrieval), and less on the use of manipulatives, which could lead to lower
demands on shifting ability. Alternatively, older children may find shifting tasks in general
less cognitively demanding than younger children, which could also explain the decrease in
association.
For analyses concerning other working memory components, age did not make a
significant contribution to the models. This suggests that the involvement of inhibition, verbal
updating and phonological loop in mathematical performance does not undergo quantitative
changes.
Sample types and study origins
It is worth noting that associations between mathematic skills and working memory differed
between various sample types in all analyses, except those concerning the relation with
shifting. Children with mathematical difficulties, psychological disorders or physical
disabilities all show higher associations between mathematical performance and working
memory functioning than typically developing children. This might imply that typically
developing children use different strategies in mathematical problem solving than children
with difficulties or disorders. Strategies employed by typically developing children may be
more working memory efficient, which results in the performance of typically developing
children being less dependent on working memory capacity. For example, children with
disorders may make less effective use of long-term memory retrieval and therefore depend on
working memory functioning more than typically developing children. Second, the
differences in associations may be a result of their use of manipulatives: children with lower
confidence in their mathematic skills (predominantly girls) have a greater tendency to
persevere in their use of manipulatives (Carr, Steiner, Kyser, & Biddlecomb, 2008), which
requires them to actively compare various modes of representation when solving a
mathematical problem. Finally, inflated correlations between working memory components
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consequence of greater variance in both working memory and mathematical skills within
groups with disabilities, leading to stronger statistical associations. This could also be seen as
a restriction in range problem in typically developing children (Aron & Aron, 2002). In other
words: the relative uniformity of the group may cause correlation coefficients to drop.
Country of origin only contributed to the prediction of the correlation between
mathematical performance and shifting, but not any other working memory component.
Studies from Europe yielded higher correlation coefficients than studies from other countries.
This might be caused by differences in teaching methodology or design of mathematics tests,
or by different strategies used by children from different countries. However, further research
is needed to investigate the cause of these differences in study outcomes.

Limitations and future research
Publication bias is a potential threat to the validity of the results in any meta-analysis. With a
bias towards publishing studies that report significant effects between constructs, this might
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and mathematical performance in children with various types of disorders may be a

be a problem for the current study as well. Yet, correlation analysis, as the dependent
measure in this study, is hardly ever a primary result of any article, as most publications focus
on more advanced analyses to answer their research questions. We assume that this reduces
the threat of publication bias to this study. Funnel plot analyses and trim and fill procedures
confirmed that publication bias was probably not a large problem in this study.
Furthermore, the current study was limited to studies in which correlation coefficients
were reported, which limits the number of studies included, amongst which the studies that
do not report on correlations between constructs. Moreover, studies with various alternative
designs may be informative about the relations between working memory and mathematical
performance. One of these types is the experimental design, in which one of the constructs is
trained and training gains in both constructs are investigated (e.g., Holmes et al., 2009). A
second design that was not included in the current study was the dual-task study, in which
performance on a primary task is limited by resources consumed by a secondary task (e.g.,
Hecht, 2002). Finally, studies reporting exclusively on differences between children clustered
in various samples of special needs and typical samples (such as comparisons of working
memory span between children performing below-average or average in mathematics) were
excluded (e.g., Geary, Hoard, & Bailey, 2012).
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Investigating working memory, including executive functioning, is complicated
because the impurity problem poses a challenge that cannot be resolved. The impurity
problem refers to the fact that executive functions by definition operate on other processes,
such as language skills, and therefore cannot be measured purely (Miyake et al., 2000). This
problem can be partially addressed by the inclusion of measures that rely on different
processes in the conditional models, such as in the current study. Inclusion of moderator
variables that distinguish between tasks addressing different processes may be indicative of
variation in relevance between the processing of different types of information, but could also
be influenced by variation in impurity between categories of tasks, and greater relevance of
certain processes for mathematical performance than others. For example, the distinction
between visual and spatial information significantly contributes to the model explaining
variation in the correlation between mathematical skills and visuospatial updating. This may
indicate that visual information processing is indeed more relevant to mathematical
performance than spatial information processing, contradicting previous findings concerning
the involvement of spatial encoding in mathematics performance (Knops, Thirion, Hubbard,
Michel, & Dehaene, 2009), but may also indicate that visual tasks are contaminated more by
processes relevant to mathematic skills (or less by processes not relevant to mathematical
performance). Disentangling variations in executive processes and influences of related
processes poses a challenge to research in executive functions that has not been resolved so
far, but may benefit from latent variable analysis of behavioural data or neuroimaging studies
(Baddeley, 2007).
Furthermore, not only can measures of executive functions be contaminated by the
processes they directly operate on, but also by other executive functions. It has been argued
that different executive functions partially rely on the same processes. For example,
inhibition and shifting both rely on a process of conflict resolution. In inhibition tasks, a
predominant response must be inhibited in favour of another, and in shifting, there is
competition between two response sets of which one must be chosen (see Garon, Bryson, &
Smith, 2008). The notion of cross-contamination between executive functions has been
confirmed by the fact that factor analyses concerning the structure of executive functions do
not consistently find the structure as proposed by Miyake et al., 2000; (e.g., Van der Sluis et
al., 2007; Van der Ven, Kroesbergen et al., 2012). Moreover, inhibition and shifting tasks
also require continuous refreshing of the rules of the task at hand in working memory while
the task is being performed. If cross-contamination of different executive functions is indeed
of influence on the measures of the constructs, it is possible that an association between one
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performance being dependent on another executive function. Relations between inhibition
and shifting and mathematical performance have previously been found to be the result of
shared explained variance with updating measures (Van der Ven, Kroesbergen et al., 2012).
Future studies should attempt to fractionate different aspects of executive functioning, and
map the overlap in skill required to successfully perform various working memory tasks in
order to disentangle their differential relationship to mathematical performance.

Conclusion
The current review contributes to the extant body of literature by drawing together the
findings from various studies and investigating the relationship between working memory
components and mathematics performance. Past research has extensively investigated the
relations between working memory functioning and mathematical performance, but has
yielded inconsistent results. The current meta-study confirmed the relationship between
mathematical performance and all components of working memory. The working memory
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component of working memory and mathematical performance is in fact a result of

component that correlated most strongly with mathematical performance is verbal updating.
It also clearly showed that correlations are influenced consistently by characteristics of the
mathematics measure and sample type, and less consistently by characteristics of the working
memory measure and age. Unresolved issues, primarily in the measurement of executive
functions, pose challenges to this type of research that require methodological attention in
future studies.
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Table 2A1
Characteristics of Studies Examining the Associations between Mathematics or Number Sense Performance, and Executive Functioning
Authors & year
N
Mean
Maths
Inhibition
Shifting
Verbal
Visuospatial
Age
measures
measures
measures
updating
updating
(months)
measures
measures
Agostino, Johnson, & 155
121
One-step
Antisaccade
Contingency
Letter memory
Visual n-back
Pascual-Leone (2010)
multiplication,
task, colour
naming task,
task
multiple-step
stroop, number
trail making test
multiplication
stroop
Alloway (2007)
55
104
WOND
Composite
listening digit
counting recall
Alloway & Alloway
98
60
WOND
Composite
(2010)
verbal digit
listening recall
Alloway & Archibald 34
105
WOND
Odd one out,
(2008)
Mr X, Spatial
span
Alloway et al. (2005)
192
61
Tees Baseline
Composite
Scheme
backwards digit
counting recall
listening recall
Alloway & Temple
40
116
WOND
Composite digit Odd one out,
(2007)
listening
Mr X, Spatial
counting recall
span
Andersson (2007)
69
119
Written
Trail making
Verbal fluency
arithmetical
test
task
multi-digit
calculation,
word problems
Andersson (2008a)
182
125
written
Colour stroop
Trail making
Verbal fluency
arithmetical
test
task
multi-digit
calculation task
Andersson (2008b)
124
141
written
Trail making
arithmetical
test
multi-digit
calculation task

Appendix

Mazes, block
recall, dotmatrix

Mazes, block
recall, dotmatrix

Word recall,
digit recall,
nonword recall

Word recall,
digit recall,
nonword recall
Digit recall

Digit recall

Mazes, block
recall, dotmatrix

Word recall,
digit recall,
nonword recall
Word recall,
digit recall

Visual matrix
span

Corsi blocks

Dotmatrix

VSSP
measures

PL measures
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2
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122

65

54

90

170

99

173

287

Blair & Razza (2007)

Bowey (1995)

Brock, RimmKaufman, Nathanson
& Grimm (2009)
Bull, Espy, & Wiebe
(2008)

68

96

56

Bull & Johnston
(1997)

109

48

89

65

61

113

91

Barrouillet & Lépine
(2005)
Barrouillet, Mignon,
& Thevenot (2008)
Baylisse, Jarrold,
Baddeley & Gunn
(2005)
Berg (2008)

121

165

Andersson & Lyxell
(2007)

Group
mathematics
test, single digit
addition

Maths battery
adopted from
Early
Childhood
Longitudinal
Study
Arithmetic
subtest of
WISC-R
WoodcockJohnson III test
of achievement
PIPS

NFER Nelson
Mathematics
task
WRAT3

Subtraction task

mathematics
screening task,
arithmetic facts
retrieval
Arithmetic task

Shape school
inhibition,
tower of
London

Toy Sort task,
gift wrap task

Peg tapping

Colour stroop

Shape school
switching
aspect

Item Selection

Trail making
test

Composite
word recall,
digit recall and
counting span

Backward digit
recall

Nonword
repetition Test

Composite
Semantic
Categorisation
and Auditory
Digit
Sequencing

Reading and
letter span
Reading and
letter span
Verbal search
task

Verbal fluency
task

Corsi blocks
backwards

Visuospatial
search task

Counting span

Counting span

Digit recall

Corsi blocks

Dotmatrix, corsi
blocks
Word recall
digit recall

Digit recall

Corsi blocks

Corsi blocks

Digit recall

Digit recall
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71

168

286

104

103

98

167

Camos (2008)

Chan & Ho (2010)

Cirino (2011)

Clark, Pritchard &
Woodward (2010)

Cormier & Dea
(1997)

Costa et al. (2011)

Cowan (2005)

89

122

94

48

73

110

95

WRAT-R
arithmetic
subtest
Brazilian
arithmetic test,
symbolic and
non-symbolic
comparison,
word problems,
basic arithmetic
Addition
retrieval, basic
arithmetic,
counting, word
problems,
transcoding,
comparison

Non-symbolic
and symbolic
comparison,
symbolic
labeling,
counting
Two subtests of
the WoodcockJohnson tests of
achievement,
Teachers report

Transcoding
task
Hong Kong
attainment test
for mathematics

Shape school
inhibition,
tower of Hanoi,
BRIEF
inhibition scale

Shape school
switching
aspect, flexible
item selection
task, BRIEF
shifting scale

Corsi blocks
backwards

Backward digit
recall

Backward digit
recall

Corsi blocks
backwards

Visual memory
subtest of
Gardner Test of
Visual
Perceptual
Skills

Backward digit
recall

Backward digit
recall

Counting span

Digit recall

Digit recall

Digit recall

Corsi blocks

Corsi blocks

Corsi blocks

Spatial working
memory test
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68

37

162

32

280

Durand, Hulme,
Larkin, & Snowling
(2005)

Fazio (1999)

Fuchs et al. (2010a)

79

112

107

120

76

106

De Smedt, Taylor,
Archibald, & Ansari
(2010)

73

166

De Jong & Van der
Leij (1999)
De Smedt et al. (2009)

95

259

Cowan et al. (2011)
WIAT II, basic
calculation,
calculation
principles,
number
knowledge
Speeded
calculation test
Standardized
achievement
tests for
mathematics
from the
Flemish Student
Monitoring
System
WoodcockJohnson III
calculation,
arithmetic
verification
WOND
arithmetic, digit
comparison,
speeded
addition and
subtraction
KABC
arithmetic,
arithmetic, fact
retrieval
Maths facts
fluency; word
problems
Composite
listening recall
counting recall
backward digit
recall

Backward digit
recall

Backward digit
and listening
recall composite

Counting span

Word recall,
digit recall,
nonword recall

Digit recall

Word recall,
nonword recall

Nonword recall

Word recall,
nonword recall
Digit recall,
nonword recall

Word recall,
digit recall

Block recall,
visual pattern
test

Block recall,
mazes
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201

Hecht, Torgesen,
Wagner, & Rashotte
(2001)

39

105

60

40

Gathercole, Pickering,
Knight & Stegmann
(2004)
Gathercole, Tiffany,
Briscoe, Thorn, & the
ALSPAC team (2005)

Hecht, Close &
Santisi (2003)

94

111

Gathercole &
Pickering (2000)

92

126

94

108

46

Gathercole, Alloway,
Willis & Adams
(2006)

75

205

Fuchs et al. (2010b)

Arithmetic
addition and
multiplication
test, fraction
computation
and estimation
General
computation

Part of key
stage
assessments
WOND

Group
Arithmetic Test,
basic Number
Skills Test

Number sets,
number line
estimation,
double digit
addition and
subtraction,
word problems
WOND

Counting span

Composite digit
span, memory
for sentence,
sentence span

Word recall,
digit recall

Composite
backwards digit
counting recall
listening recall
Composite
listening recall
counting recall
backward digit
recall
Backward digit
recall, listening
recall
Composite
backwards digit
and listening
recall

Digit recall,
nonword recall

Digit recall

Nonword recall,
serial recall
recognition

Digit recall,
nonword recall

Composite
listening recall
counting recall
backward digit
recall

Block recall,
mazes
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69

70

107

58

38

63

Hutton & Towse
(2001)

Iglesias-Sarmiento &
Deaño (2011)

Imbo &
Vandierendonck
(2006)

123

129

110

103

106
107

105
148

Holmes, Adams &
Hamilton (2008)

91

67

Henry & Winfield
(2010)
Hillman et al. (2005)
Holmes & Adams
(2006)

114

181

Hecht & Vagi (2010)

Neuropsycholog
ical Battery of
Assessment of
Mathematical
Skills
Arithmetic
Tempo Test

Arithmetic
addition and
multiplication
test, fraction
computation
and estimation
Number skills
from BASII
WRAT
Key stage
assessment
number &
algebra, shape,
space &
measures,
handling data,
mental
arithmetic
Key stage
assessment
number &
algebra, shape,
space &
measures,
handling data,
mental
arithmetic
Number skills
from BASII
Go-no go task

Backward digit
recall

Listening recall

Listening recall

Maths recall,
maths recall
backwards

Odd one out

Counting span

Digit recall

Digit recall

Digit recall

Nonword recall

Word recall,
digit recall

Number recall,
number recall
backwards

Pattern span,
block recall

Mazes

Spatial span,
pattern span
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75

67

72

147

91

115

Krajewski &
Schneider (2009a)
Krajewski &
Schneider (2009b)
Kroesbergen, Van
Luit, Van Lieshout,
Van Loosbroek, &
Van de Rijt (2009)

107

123

29

240

73

160

Koumoula et al.
(2004)

73

172

Kleemans, Segers, &
Verhoeven (2011)
Kleemans, Segers, &
Verhoeven (2012)
Koponen, Mononen,
Räsänen, & Ahonen
(2006)

127

111

123

275

Keeler & Swanson
(2001)

84

73

Jenks, De Moor, Van
Lieshout, Maathuis,
Keus & Gorter (2007)
Kail & Hall (1999)

84

73

Jenks, De Moor &
Van Lieshout (2009)

ENT

DEMAT

DEMAT

Addition and
subtraction tests
Addition,
subtraction,
counting,
number lines,
comparison,
mapping
NUCALC

WRAT-R
arithmetic
subtest
ENT

Word problems

Simple,
complex and
arithmetic
addition, simple
and arithmetic
subtraction
ENT

Expressive
attention task,
tower of
London

Inhibition
naming

Shifting naming

Word recall,
digit recall
Digit recall,
sentence recall

Word recall,
sentence recall
Word recall,
sentence recall
Digit recall

Listening recall,
reading span

Backward digit
recall

Backward digit
recall

Digit recall

Digit recall

Word recall,
digit recall

Backward digit
recall

Composite
forward and
backward digit
recall
Backward digit
recall

Word recall,
digit recall

Backward digit
recall

Dotmatrix, corsi
blocks

Memory span

Memory span

Mapping and
directions task

Block recall

Block recall
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71

72

126

106

182

106

60

LeFevre et al. (2010)

Lemaitre & Lecacheur
(2011)
Lundberg & Sterner
(2006)

69

83

163

Lee, Ng, Pe, Ang,
Hasshim, & Bull
(2010)

128

134

255

151

121

89

71

151

71

232

Lee, Ng, Ng, & Lim
(2004)

Lee, Ng, Bull, Pe, &
Ho (2011)
Lee, Ng, & Ng (2009)

Kyttälä, Aunio, &
Hautamäki (2010)
Leather & Henry
(1994)

WIAT-II,
number
problems,
geometry
problems, shape
problems
Subitising,
number naming,
arithmetic,
Keymath R,
number lines,
comparison
Computational
estimation task
Mental
calculation and
algorithm test
from the
Swedish
National
Assessment
Program

Arithmetic
computation,
arithmetic word
problems,
relational task
Word problems

WISC-R
Arithmetic
ability Task
WIAT-I-III

ENT

Stroop task

Flanker task,
simon task

Number stroop,
stop signal task

Trail making
test

Simon task,
flanker task,
picture-symbol
switching task

Plus-minus task,
number-letter
switching

Excluded letter
fluency task
Backward digit
recall

Composite
listening recall
counting recall
backward digit
recall
Listening recall

Counting recall,
letter memory,
keep track

Listening recall

Backward word
recall
Listening recall

Pictorial
updating, Mr X

Word recall,
digit recall,
nonword recall

Word recall

Counting span

Pictorial
updating, Mr X

Nonword recall

Odd one out

Block recall

Block recall,
mazes

Dotmatrix, corsi
blocks
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105

723

65

178

36

Mannamaa, Kikas,
Peets, & Palu (2012)

Mazzocco, Bhatia, &
Lesniak-Karpiak
(2006)

Mazzocco & Kover
(2007)
McLean & Hitch
(1999)

80

Noël (2009)

59

85

70

85

219

88

105

107

122

94

Navarro et al. (2011)

Moeller, Pixner,
Zuber, Kaufmann, &
Nuerk (2011)
Monette, Bigras, &
Guay (2011)

102

76

Mahone et al. (2002)

122

92

Mabbott & Bisanz
(2008)

132

120

Mabbott & Bisanz
(2003)

Counting,
numerical
decisions,
addition

ENT

Arithmetic
subtest of
WIAT-II

Graded
Arithmetic–
Mathematics
Test
Addition test

WIAT maths
composite
Number facts,
arithmetic, word
problems,
problem solving
TEMA-2,
WoodcockJohnson-R,
counting
TEMA-2

Arithmetic
subtest of
WRAT-III
Computational
computer task

Day-night test,
fruit stroop test,
knock and tap
test
Stroop task

Two attribute
CNT
Crossing out
task

BRIEF
inhibition scale

Card sort test,
trials-P

Trail making
written, verbal,
& colour

Backward digit
recall
Composite
backward word
recall and
category span
task

Backward word
recall

Word
recognition test,
phonological
analysis test

Operation span,
backward digit
recall
Operation span,
backward digit
recall

Corsi blocks
backwards

Figure
recognition test

Word recall

Corsi blocks

Corsi blocks

Word recall

Digit recall

Visual matrix
span, corsi
blocks
Digit recall,
nonword recall

Shape recall,
location recall
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73

74

41

Rasmussen & Bisanz
(2011)

170

63

49

Passolunghi & Siegel
(2004)
Passolunghi,
Vercelloni, & Schadee
(2007)

Rasmussen & Bisanz
(2005)

72

Passolunghi,
Mammarella, & Altoe
(2008)

65

76

70

Passolunghi &
Lanfranchi (2012)

Ransdell & Hecht
(2003)

125

40

Nyroos & WiklundHornqvist (2012)

65

72

95

78

62

102

72

59

Nunes et al. (2007)

102

2413

Nunes, Bryant,
Barros, & Sylva
(2012)

Florida
Comprehension
Assessment task
Verbal and
nonverbal
addition
WoodcockJohnson III test
of achievement

Number
comparison
Standardised
maths task

Mathematical
reasoning,
WISC
arithmetics
subtest, key
stage 2 maths
British ability
scales II
Written and
mental
arithmetic,
number
understanding,
area and
volume,
division and
fractions
Counting, ENT,
standardised
mathematics
test
Standardised
maths task

Sun-Moon
Stroop task

Backward digit
recall, word list
matching

Backward digit
recall

Backward word
recall, backward
digit recall,
listening recall

Verbal double
task, backward
digit span, word
fluency task
Backward word
recall, backward
digit recall,
listening recall
Listening recall

Listening recall

Backward digit
recall

Counting span

Counting span

Counting span

Visual double
task

Word recall,
digit recall,
nonword recall

Digit recall

Word recall,
digit recall
Word recall,
digit recall

Word recall,
digit recall

Word recall,
digit recall

Digit recall

Corsi blocks

Corsi blocks

Mazes, block
recall

Block recall

Dotmatrix
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127

320

Swanson (2006a)

Swanson (2006b)

75

88

89

141

51

81

82

90

St.Clair-Thompson &
Sykes (2010)

63

42

134

124

Simmons, Singleton,
& Horne (2008)
Simmons, Wilis, &
Adams (2012)
St.Clair-Thompson &
Gathercole (2006)

70

310

Robinson, Abbott,
Berninger, & Busse
(1996)
Rose, Feldman, &
Jankowski (2011)

55

24

Rasmussen, Ho, &
Bisanz (2003)

WRAT-III
arithmetic
calculation,
word problems

WIAT-M,
WRAT-M

Various
national
curriculum tests

British ability
scales number
British ability
scales number
National
curriculum test

Addition,
subtraction,
three-term
problems
Key math,
WoodcockJohnson
WoodcockJohnson III test
of achievement

Random
number and
letter
generation,
categorical and
letter fluency
Random
number and
letter
generation,
categorical and
letter fluency

Stop signal task,
stroop task

CANTAB rapid
visual info
processing, gono go task

Letter memory,
backward digit
recall, listening
recall
Backward digit
recall, listening
recall, counting
recall
Listening recall,
digit sentence
recall, backward
digit recall,
updating task

Plus-minus task,
local-global
task

Composite
sentence span,
semantic
association task,
digit sentence
span, backward
digit span

Listening recall,
counting recall

CANTAB
intra/extradimen
sional test, trail
making test

Counting span

Keep track, odd
one out

CANTAB
spatial working
memory

Counting span

Block recall

Dotmatrix,
mapping and
directions test

Visual matrix
span, mapping
and directions
test

Word recall,
digit recall,
nonword recall

Word recall,
digit recall,
nonword recall

Block recall,
mazes
Spatial span

Corsi blocks

Visuospatial
span test

Corsi blocks

Word recall

Word recall
nonword recall,

Digit recall
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75

76

132

49

125

93

91

158

Waber, Gerber,
Turcios, Wagner, &
Forbes (2006)
Wanless, McClelland,
Acock, Chen, & Chen
(2011)
Whang & Hancock
(1997)

87

116

138

73

Van Rooijen,
Verhoeven, Smits.
Ketelaar, Becher, &
Steenbergen (2012)

110

110

Swanson, Cooney &
Brock (1993)
Swanson & Sachs-Lee
(2001)

80

104

Swanson (2011)

CTBS
mathematics
achievement,
arithmetic
production and
verification

TEMA-2

Student
Monitoring
System for
Arithmetic
Performance
(CITO)
MCAS mathemetics

Word problems

WISC–III, word
problems,
WRAT–III,
WIAT, test of
computational
fluency
WRAT-M

Head-to-toes
task

D-KEFS, Nepsy
tower

Random
number and
letter
generation,
categorical and
letter fluency

Composite
word recall,
digit recall and
add a digit

Letter number
sequencing

Composite
sentence span
auditory digit
sequencing
story retelling
Backward digit
span

Composite
listening
sentence span,
conceptual
span, updating

Digit recall

Reading span

Word recall,
digit recall,
nonword recall

Dotmatrix,
mapping and
directions test

Visual matrix
span, mapping
and directions
test
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310

130

Zheng, Swanson, &
Marcoulides (2011)

Zuber, Pixner,
Moeller, & Nuerk
(2009)

88

104

97
WIAT, WRAT,
WISC-R
Arithmetic
ability Task,
word problems
Transcoding
task

WIAT-II

Counting span

Corsi blocks
backwards

Backward digit
recall
Listening recall,
digit span,
sentence span

Backward letter
recall

Corsi blocks

Dotmatrix,
mapping and
directions test

Word recall,
digit recall,
nonword recall

Word recall

Block recall

Digit recall

Note. VSSP = visuospatial sketchpad. PL = phonological loop. WOND: Wechsler Objective Numerical Dimensions. NFER: National Foundation for Educational Research. WRAT: Wide Range
Achievement Test. WISC-R: Wechsler Intelligence Scale for Children Revised. PIPS: Performance Indicators in Primary Schools. WIAT: Wechsler Individual Achievement Test. KABC: Kaufman
Assessment Battery for Children. BAS: British Ability Scales. NUCALC: Number Processing and Calculation in Children. DEMAT: Deutscher Mathematiktest (German Test for Mathematics). ENT:
Early Numeracy Test. TEMA: Test of Early Mathematics Ability. CITO: Centraal Instituut voor Toetsontwikkeling (Central Instritute for Test Development). MCAS: Massachusetts Comprehensive
Assessment System. CANTAB: Cambridge Neuropsychological Test Automated Battery. BRIEF: Behavior Rating Inventory of Executive Function. CNT: Contingency Naming Test. D-KEFS: Delis–
Kaplan Executive Function System. Age is reported at the earliest time point for each study, and averaged between groups, if applicable.
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The relation between executive functions and number sense
in primary school children: A meta-analysis
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Translated and adapted from: Friso-van den Bos, I. (2013). Het verband tussen executieve
functies en getalbegrip bij basisschoolkinderen: Een meta-analyse. Orthopedagogiek:
Onderzoek en Praktijk (2013), 52, 295-308.
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Abstract
Executive functions are considered strong and reliable predictors of mathematical skill in
primary school children. A small body of research has reported similar associations between
executive functions and number sense in children, as an early indicator of mathematical skill.
However, studies are scarce and results are inconsistent. In the current study, results from
available studies among primary school children (N = 15) were aggregated using metaanalytical techniques, and variation between studies was explained using variables indicative of
characteristics of measurement instruments, samples, and studies. Aggregated effect sizes
yielded significant associations between number sense and inhibition (r = .21), and number
sense and updating (r = .32), but not between number sense and shifting (r = .14).
Characteristics of measures and ages of the samples showed to contribute to the sizes of
associations between number sense and various executive functions. We can conclude that
executive functions play a relevant role in number sense skills of children, but that different
executive functions make a distinctive contribution to the execution of various number sense
tasks.

Introduction
Number sense is one of the most important predictors of later mathematical skill (Geary,
Bailey, & Hoard, 2009; Jordan, Glutting, Ramineni, & Watkins, 2010; Mazzocco, Feigenson, &
Halberda, 2011). The construct concerns a battery of knowledge and insight in number and
quantity that is being put to use in daily life on a regular basis, for example, when estimating set
number or time, or when comparing numbers and quantities. Number sense is defined as the
ability to process, understand, and estimate numbers (Dehaene, 2001). Research concerning the
ways in which number sense can be subdivided, explained, and improved has expended over the
past two decades, partly due to improved assessment instruments (e.g., Van Luit & Van de Rijt,
2009).
Capacity and efficiency of working memory are of considerable importance for the
development of numerical abilities (Geary, Hamson, & Hoard, 2000; Hecht, Torgesen, Wagner,
& Rashotte, 2001; Noël, 2009; Stock, Desoete, & Roeyers, 2009). The model most often
employed to describe differences between people in working memory capacity is the tripartite
model, originally proposed by Baddeley and Hitch (1974). In this model, two central storage
units for information are defined: the phonological loop is responsible for storage of verbal and
auditory information. This means that verbal information, such as instruction for academic
assignments, is temporarily stored in the phonological loop. The visuospatial sketch pad, by
contrast, temporarily stores visual and spatial information, such as information about where to
find certain equipment, or what a symbol in a mathematics problem looks like. These storage
80

central executive (Baddeley & Hitch, 1974). This unit does not aim to store information, but is
responsible for processing stored input, for example when a child needs to calculate the answer
to a mathematics problem. The central executive has three central functions: inhibition, shifting,
and updating (Miyake et al., 2000). Inhibition is the capacity to prevent irrelevant or interfering
information from entering or remaining in working memory, for example, when irrelevant
information in a word problem needs to be ignored. The term shifting refers to the ability to
shift between pieces of information and response sets, for example, when switching between
addition and subtraction. Updating, finally, refers to the active processing and refreshing of
information in working memory, for example, when partial answers to a mathematics problem
need to be remembered for later steps in order to find the right answer. In the current study,
associations between these three executive functions and number sense are under investigation
by means of a meta-analysis.
There is a limited body of literature available targeting the associations between executive
functions and number sense (e.g., Bull, Espy, & Wiebe, 2008; Bull & Scerif, 2001; Clark et al.,
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units are called slave systems, and they are coordinated by a higher-order control unit: the

2010; Kroesbergen Van Luit, Van Lieshout, Van Loosbroek, & Van de Rijt, 2009). Differences
in numerical skill can be explained using children’s executive functions (Bull & Scerif, 2001;
Friso-van den Bos, Kolkman, Kroesbergen, & Leseman, 2014; Kroesbergen et al., 2009;
Navarro et al., 2011). Executive functions are also an important predictor of mathematical skill,
even after variance associated with children’s intelligence has been accounted for (Kroesbergen
et al., 2009), and more important than the working memory’s slave systems (Navarro et al.,
2011). However, there is no consensus regarding the role that each specific executive function
plays in number sense. Several authors have reported that inhibition plays a role in numerical
cognition (Kolkman, Hoijtink, Kroesbergen, & Leseman, 2013; Kroesbergen et al., 2009) but
this predictive role could not be confirmed in other studies (e.g., Navarro et al., 2011; Lee et al.,
2012). Updating is usually seen as the most important predictor of number sense (Kroesbergen
et al., 2009; Lee et al., 2012), but despite these claims, research targeting the relations between
number sense and executive functions is limited.
Associations between executive functioning and formal mathematical skill have been
investigated in much more depth (Bull & Scerif, 2001; Geary, Hoard, Byrd-Craven, & DeSoto,
2004; Passolunghi, Mammarella, & Altoè, 2008; St Clair-Thompson & Gathercole, 2006). In
this line of research, updating is also seen as the important predictor of mathematical
proficiency among the executive functions (De Smedt et al., 2009; Passolunghi et al., 2008).
Associations between mathematical skill and the executive functions inhibition and shifting,
81
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however, are also frequently reported (e.g., Andersson, 2007; Bull & Scerif, 2001; Espy et al.,
2004; St Clair-Thompson & Gathercole, 2006; Yeniad, Mesman, Van IJzendoorn, & Pieper,
2013), but these relations are absent in other studies (Andersson, 2008; Monette, Bigras, &
Guay, 2011; Van der Ven, Kroesbergen, Boom, & Leseman, 2012).
To get more insight into the relations between number sense and executive functions, the
current study aggregated results from published studies by means of a meta-analysis. This
analytical method summarises results from other studies, and reported effect sizes are averaged
using a weight based on each study’s sample size. It is also possible to use this method to
investigate and explain variance between effect sizes with the use of moderator variables; these
variables employ differences between studies to explain differences in reported effect sizes
(Lipsey & Wilson, 2001). Using this analytical method, the current study addressed two
research questions:
-

Is there a significant association between measures of number sense in primary school
children and their executive functioning, split up into inhibition, shifting, and updating?

-

Is there variation in these associations, and how can this variation be explained?

Moderators under investigation to explain any existing differences between studies were
drawn from research targeting the associations between formal mathematical skill and executive
functions. The suggestion that the type of numerical or mathematical task can be used to explain
variance in relations between mathematical skill and executive functions (Raghubar, Barnes, &
Hecht, 2010) was confirmed in a meta-analytical study in which these relations were
investigated (Friso-van den Bos, Van der Ven, Kroesbergen, & Van Luit, 2013). Differences in
working memory tasks and characteristics of the sample (such as age and presence of
developmental disorders) were also able to explain variance in the effect sizes reported in the
literature (Friso-van den Bos et al., 2013). These moderators were also included in the current
study. Because of the high pace of recent developments in the conceptualisation of number
sense, publication year was included as a moderator too, as well as a difference between
participants from linguistic backgrounds in which number words are inverted (e.g., saying sixand-twenty instead of twenty-six), because these inversions have been suggested to be a source
of difficulty in number processing (Klein et al., 2013), and that errors related to inversion can be
associated with central executive performance (Zuber, Pixner, Moeller, & Nuerk, 2009). Hence,
the full list of moderator variables included is: properties of the number sense task, properties of
the executive function task, age of the sample, special educational needs, inversion in the
language of the participants, and publication year.
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Inclusion criteria
Studies were eligible for inclusion in the meta-study if they reported on behavioural,
empirical data, if at least one measure of number sense was reported on, in addition to one or
more executive functions as defined by Miyake et al. (2000). Associations had to be statistically
tested, and children participating in the studies had to be between 4 and 12 years of age on
average. Articles needed to be written in English and were only eligible if they were formally
published or accepted for publication. Finally, correlation coefficients needed to be reported in
each article to index the association between number sense and executive functions, because
these coefficients were used as outcome measures.

Identification and screening
Searches were executed in March 2013. A number of search engines was used for
searching relevant literature: Scopus, PsychInfo, and Web of Knowledge. Each search term
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Method

consisted of three elements: (1) an element referring to executive functioning: executive
functions*, working memory, inhibition*, shifting* or updating*, (2) an element referring to
number sense: number sense, numeracy, or numerical development, and (3) children. All
combinations of these elements yielded 15 different combinations of search terms, that were
each entered into each search engine. These entries yielded a total of 189 results, of which 88
unique results.
Of the 88 unique results, 15 were eligible for inclusion in the analyses. Of the 73 results
that were not eligible, 14 were editorials or summaries of the literature, 28 did not report on the
target constructs, 15 did not report correlations, seven did not come from eligible sources, five
were written in a different language, and four targeted children of a different age range. The 15
studies that were included are listed in Table 3.1, with relevant characteristics of each study.
Data extraction
After eligible studies were extracted from the search results, relevant information from
these studies was coded. This information included: (1) number of participants, (2) mean age
of the participants in months, (3) type of sample (typically or atypically developing), (4) type
of instrument used to measure each construct – the name of the instruments and use of
accuracy or reaction time, (5) using inversion of number words (such as six-and-twenty) or
not in the dominant language of the area where the study was conducted, and (6) publication
year.
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Year

2011

2010

2011

2007

2010

2012

2011

2009

Authors

Barnes et al.

Chan & Ho

Costa et al.

Jenks et al.

Jordan et al.

Kleemans et al.

Kleemans et al.

Kroesbergen et al.

115

172

89

279

16

98

168

98

n

72

73

73

79

81

122

110

62

(months)

Age

backwards, digit span

symbolisch vergelijken

Digit span backwards
Digit span backwards
Digit span backwards
Digit span backwards

Number sense brief
Early numeracy test
Early numeracy test
Early numeracy test

London

task & Tower of

Digit span backwards

Early numeracy test

backwards

Corsi blocks

Digit span backwards

Nonsymbolisch/

battery

Berch number sense

arithmetic

quantitative, object based

pattern analysis

Updating measures

counting, Stanford-Binet

measures

Shifting

Standford-Binet

Expressive attention

Inhibition measures

Counting principles, oral

Number sense measures

Characteristics of Studies Included in the Meta-Analysis

Table 3.1
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2010

2003

2010

2008

2011

2009

2012

Kyttälä et al.

Kyttälä et al.

Lee et al.

Locuniak & Jordan

Navarro et al.

Noël

Steele et al.
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80

219

198

163

46

116

60

59

85

73

83

74

71

Give a number & TEMA3

and spatial conflict

Commission error

category span

decisions

Digit span backwards
Word span backwards,

Stroop test

Counting & numerical

Early numeracy test

calculation

knowledge, nonverbal

Counting, number

switch
Digit span backwards

recall

Simon switch &

Simon task

numerical functions
Picture-symbol

Mr. X & Listening

Flanker switch,

Flanker task &

Numerical proficiency &

machine

Mr. X

span backwards

Odd one out, word

Early numeracy test

Early numeracy test
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Furthermore, correlation coefficients were coded as the measure of effect size for each
study. Negative correlations that were indicative of a positive association (for example, when
a lower reaction time is indicative of better fact retrieval) were coded as positive correlations.
When multiple correlations were reported, for example in the case of multiple measures to
index the same construct, all relevant effect sizes were entered into the dataset. To control for
interdependency between these effect sizes, hierarchical linear models were used for data
analysis (see Statistical analyses).

Data categorisation
After all relevant data from eligible articles was registered, a battery of variables was
created to categorise characteristics of the data, samples, and studies. Values were based on
available characteristics and frequent differences between methodological facets of studies
Instruments for measuring number sense were characterised using the following
variables:
- a dichotomous variable to identify tasks that primarily test numerical reasoning;
- a dichotomous variable to identify tasks that primarily test counting knowledge and
counting principles, such as resultative counting;
- a dichotomous variable to identify tasks that only employ non-symbolic stimuli, and
no symbolic stimuli (such as number words and digits).

Instruments measuring inhibition were characterised using the following categories:
- Stroop tasks (e.g., Navarro et al., 2011);
- Flanker tasks (e.g., Lee, Ng, Pe, Ang, Hasshim, & Bull, 2010);
- Simon tasks (e.g., Lee e.a., 2010);
- other tasks (reference category).

Instruments measuring shifting were characterised using the following categories (Lee
et al, 2010):
- shifting phase of the Flanker task;
- shifting phase of the Simon task;
- shifting phase of the Picture-symbol task.
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- a dichotomous variable to identify tasks that require the processing of numerical
information;
- a dichotomous variable to distinguish between visuospatial and verbal tasks.

Also, a variable was created in which a distinction was made between samples of
typically developing children and children with specific disorders or delays, such as ADHD or
cerebral palsy Finally, one variable targeted the distinction between children who were
educated in a language in which inversions of number words are employed and children who
were educated in a language in which number words are not inversed.

Statistical analyses
To address the research questions, hierarchical linear models were tested using the
software package HLM 6.06. This software enables the user to account for interdependencies
between scores, typically when children come from the same classes or families, but in the
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Instruments measuring updating were characterised using the following variables:

current study, when effect sizes come from the same source. Effect sizes (correlation
coefficients) were nested within studies, because the same samples and instruments are
typically used to generate the effect sizes produced within the same study. To address the
research questions, two models have been tested for each of the executive functions,
inhibition, shifting and updating: an empty (intercept-only) model, to investigate the variance
and weighted mean effect size and address the questions whether there is a significant mean
association between each executive function and number sense, and a model in which all
moderator variables were entered simultaneously, and moderators that did not add explained
variance to the model were removed piece by piece until the most parsimonious model was
found. The resulting model is similar to a standard regression model, in which correlations
between the executive function and number sense are the dependent variable, and
characteristics of studies form the predictors. Interdependencies between effect sizes are
accounted for in these models.
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Results
Inhibition
The empty model was based on 20 correlation coefficients reported in four studies, and
yielded a weighted mean effect size of r = .21, p = .04. Analyses of homogeneity showed
significant variation around the mean effect size, χ2 (3, N = 4) = 878.07, p < .001.
The final model with all significant predictors of the correlation between inhibition and
number sense included is presented in Table 3.2. The model shows that the measure employed
to index number sense predicts the effect size: measures including reasoning about numbers
are associated with smaller effect sizes, and measures including counting are associated with
higher correlations. The measure of inhibition also contributes to the model: Stroop tasks,
Flanker tasks, and Simon tasks are each associated with higher correlations than other
measures. Finally, the effect size is positively correlated with the age of the sample.
After inclusion of the moderator variables, no significant unexplained variance around
the mean effect size remained, χ2 (3, N = 4) = 1.49, p > .50. This indicates that the variance
around the mean effect size can be fully explained by the included moderators.

Table 3.2
Variables Predicting the Correlation Between Inhibition and Number Sense
Variable

B

β

SE

t

df

p

Intercept

-1.11

-

.04

-31.14

3

< .001

NS

Reasoning

-0.01

-0.04

< .01

-2.67

13

.020

NS

Counting

0.11

0.36

< .01

17.39

13

< .001

EF

Stroop

-0.52

-2.01

.01

-35.72

13

< .001

EF

Flanker

-0.36

-1.12

.01

-26.47

13

< .001

EF

Simon

-0.44

-1.39

.01

-32.83

13

< .001

SA

Age

0.02

1.36

< .01

39.38

13

< .001

Type

Note. NS = predictor in the category number sense measure; EF = predictor in the category executive
functions measure; SA = predictor in the category sample characteristics.

Shifting
The empty model was based on 12 correlations, reported in one single study. Because
interdependency between studies could not be tested with the use of a single study,
correlations were nested within the shifting measure used to compute each correlation.
Variables indicative of differences between samples were not entered into the analyses.
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four correlations were nested within each task variable. The empty model yielded a nonsignificant weighted mean correlation of r = .14, p = .15. Homogeneity analyses showed a
significant variance around the weighted mean effect size, χ2 (2, N = 3) = 810.57, p < .001.
The final model with all significant predictors of the correlation between shifting and
number sense included is presented in Table 3.3. The model shows that tasks in which
reasoning about number dominates yield smaller correlations than other number sense tasks.
The type of shifting task is also of importance: the Simon task and Picture-Symbol task show
lower correlations than the Flanker task, which was used as a reference category. Use of
reaction time instead of accuracy to index shifting leads to higher correlations between
shifting and number sense.
After all moderators were included, remaining unexplained variance around the mean
effect size was no longer significant, χ2 (2, N = 3) < .001, p > .50. This indicates that the
variance around the mean effect size can be explained in full by the included moderators.
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Shifting measures were: the Flanker task, the Simon task, and the Picture-symbol task, and

Table 3.3
Variables Predicting the Correlation Between Shifting and Number Sense
Type

Variabele
Intercept

B

β

SE

t

df

p

0.21

-

< .01

52.74

2

< .001

NS

Reasoning

-0.01

-0.06

< .01

-2.38

7

.050

EF

Simon

-0.10

-0.60

< .01

-22.10

7

< .001

EF

Picture-symbol

-0.12

-0.72

< .01

-26.59

7

< .001

EF

Reaction time

0.03

0.16

< .01

7.01

7

< .001

Note. NS = predictor in the category number sense measure; EF = predictor in the category executive
functions measure.

Updating
The empty model was based on 34 correlation coefficients reported in 12 different
studies. This model yielded a weighted mean effect size of r = .32, p < .001. Homogeneity
analyses indicated that there was significant variance around the mean effect size, χ2 (11, N =
12) = 5,546.63, p < .001.
The final model including all significant predictors of the correlation between updating
and number sense is presented in Table 3.4. The model shows that number sense measures
consisting primarily out of reasoning about numbers, or of counting are associated with higher
89
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correlations with updating than other measures. Non-symbolic measures of number sense also
yield higher correlations with updating. When distinguishing between measures of updating,
the model shows that visuospatial tasks are associated with higher correlations than verbal
tasks, which make up the reference category. Finally, correlations are higher in samples with
older children.
After inclusion of the moderator variables, a significant proportion of unexplained
variance around the mean effect size remained, χ2 (11, N = 12) = 1,108,463.58, p < .001. This
suggests that other moderators that are not part of the model can explain remaining variance.

Table 3.4
Variables Predicting the Correlation Between Updating and Number Sense
Type

Variabele
Intercept

B

β

SE

t

df

p

-4.86

-

.33

-14.76

11

< .001

NS

Reasoning

0.10

0.09

.01

13.49

28

< .001

NS

Non-symbolic

0.24

0.32

.01

42.55

28

< .001

NS

Counting

0.12

0.19

< .01

27.04

28

< .001

EF

Visuospatial

0.07

0.13

< .01

18.17

28

< .001

SA

Age

0.06

5.36

< .01

69.64

28

< .001

Note. NS = predictor in the category number sense measure; EF = predictor in the category executive
functions measure; SA = predictor in the category sample characteristics.

Comparison between models
The weighted mean correlation between executive functioning and number sense is .21
for inhibition, .14 for shifting, and .32 for updating. Comparisons between these mean
correlation coefficients show that updating correlates higher with number sense than
inhibition, z = 2.46, p = .01, and higher than shifting, z = 2.31, p = .02, but that there is no
significant difference between the correlations of inhibition and shifting with number sense, z
= 0.81, p = .42.

Discussion
Although associations between formal mathematical skill and executive functioning
have been investigated and confirmed in a multitude of studies (e.g., Bull & Scerif, 2001;
Geary e.a., 2004; Passolunghi e.a., 2008; St Clair-Thompson & Gathercole, 2006), only a
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functioning. Results concerning these relations have been reported in a limited number of
studies, but results vary within as well as between studies. In the current meta-analysis, these
results were aggregated with two aims: to investigate the significance and relevance of
aggregated effect sizes, and to explain variance in effect sizes using a battery of predictors in
hierarchical linear models. This study follows a similar meta-analysis targeting the relations
between formal mathematical skill and components of working memory, among which
executive functions (Friso-van den Bos et al., 2013).

Models
Empty (intercept-only) models indicate that there is an association between inhibition
and number sense as well as between updating and number sense, as evident from reported
correlations. Updating turns out to have the highest correlation with number sense of all three
executive functions, while the aggregated mean correlation between shifting and number
sense is low and non-significant. It should be noted that the non-significant association
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small body of research has targeted the associations between number sense and executive

between shifting and number sense is not statistically weaker than the significant association
between inhibition and number sense.
With some caution, these results van be interpreted as support for the premise that
executive functions are involved in the development of number sense and completing the
tasks designed to measure the construct (Bull & Scerif, 2001; Kroesbergen et al., 2009).
Possibly, the executive functioning of a child is recruited during the process of learning about
number and quantity, for example, when connecting between numbers and quantities when
practicing counting procedures, and both representations need to be processed and temporarily
stored in working memory. It is also likely that when children are performing number sense
tasks, they actively address their executive functions, for example when tracking their steps in
a counting procedure, or when ignoring information that is not related to quantity. Alternative
explanations, such as involvement of a third factor that is related to number sense as well as
executive functions and causes a statistical association that suggests causality, however,
cannot be ruled out. Yet, a previous study has reported that intelligence, as the most
frequently named source of contamination of this relationship, plays a secondary role when
executive functions are also accounted for in the prediction of number sense (Kroesbergen et
al., 2009).
Moderators of the distribution in effect sizes centred around the tasks that were
employed to measure number sense and executive functions. Distributions of the correlations
91
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between number sense and all three executive functions were moderated by variables
indicative of task characteristics. Characteristics of the sample played a smaller role: age
moderated the correlation between inhibition and number sense, and the correlation between
updating and number sense. Publication year and inversion of number words did not play a
role in the prediction of effect sizes.
Reasoning about number as a type of number sense task is associated with lower
correlations between number sense and inhibition and shifting than other types of tasks, but
with higher correlations between number sense and updating. This might be due to the
increased dependency on updating capacities when reasoning about numbers than on other
executive functions, because information needs to be stores as well as processed in these types
of tasks. Counting tasks are also associated with higher correlation coefficients, both in the
model concerning inhibition and in the model concerning updating. This too may be
indicative of a higher level of executive control needed to complete tasks in which counting is
a main requirement, for example, because a child needs to meticulously keep track of the
steps of counting that have already been taken and which step is next.
Characteristics of the executive functions tasks also predicted correlations between
number sense and executive functioning. For inhibition and shifting, various categories of
tasks were predictive of variations in effect sizes, which may be indicative of differential
involvement of targeted executive functions in the variety of tasks, but it may also be
indicative of differences in difficulty level, with more difficult tasks eliciting wider ranges of
scores for the same group of children, which can lead to higher correlations with other
constructs. In the prediction of the correlation between number sense and updating, a notable
predictive effect is in the distinction between visuospatial tasks and verbal tasks, of which
visuospatial tasks are associated with higher correlations with number sense than verbal tasks.
This suggests that children draw upon visuospatial strategies rather than verbal strategies
when executing number sense tasks. Visuospatial working memory is strongly associated with
approximate mathematical skill in young children (Xenidou-Dervou, Van Lieshout, & Van
der Schoot, 2014). Approximate mathematical skill draws on estimation and number
comparison skills, and can be seen as a measure of number sense.

Limitations
Publications, or a tendency to pusblish significant results and leave non-significant
results unpublished, is a potential threat to the validity of the results of any meta-analysis. In
the current study, the possibility of a publication bias cannot be precluded. Correlation
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rarely make up the primary analyses, because more advanced analyses are typically used to
address research questions in this field of study. Therefore, the threat of publication bias may
be smaller in the current study than in studies in which more advanced analytical strategies
are a prerequisite for inclusion.
A second limitation of this study is the limited number of previous studies reporting on
the targeted correlations between number sense and executive functions, and the limited
power of the regression analyses as a direct consequence. A non-significant contribution of a
categorical predictor is, in case of low power, not necessarily indicative of non-existent
associations, but may be marked as non-significant as a result of a low number of occurrences
within a category. Repeated meta-analytical research targeting the associations between
number sense and executive functions after publication of additional studies reporting on the
same associations, therefore, is needed.
The correlation between updating and number sense was found to be noteworthy, but
the correlation between inhibition and number sense remarkably lower, while the correlation
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coefficients however, which were used as a measure of effect size to inform the current study,

between shifting and number sense was found to be non-significant. This may be indicative of
lower involvement of the executive functions inhibition and shifting in the development of
number sense and execution of tasks measuring this construct, but might also be indicative of
a problem in the measurement of inhibition and shifting, and a lack of variance that is needed
to yield sizable correlations with number sense. More specific studies indexing performance
of young children on executive functions tasks is essential.
Finally, research targeting children’s executive functions is complicated by the impurity
problem, or the fact that executive functions by definition facilitate other processes, such as
linguistic skills, and cannot be indexed in an unbiased way for that reason (Miyake et al.,
2000). Moderators that distinguish between types of executive functions tasks may be
indicative of variance in relevance of different approaches to each executive function for
number sense, but may also be indicative of variances in impurity in measurement, which may
diminish correlation coefficients (Friso-van den Bos et al., 2013). Distinguishing between
executive processes and other, related processes forms a challenge to researchers, which has
not yet been satisfactorily addressed. Possibly, latent variable analysis of behavioural or
neurological studies may help progress conceivable solutions to this issue (Baddeley, 2007).

Practical implications
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The current meta-analytical study showed that there is a significant association between
children’s performance on number sense tasks and their executive functioning, to a large
extent when it concerns updating, and to a smaller extent when it concerns inhibition. With
some caution, it can be concluded that children actively use their executive functions when
performing tasks that bear on number sense. They would, for example, want to keep irrelevant
information out of working memory, and actively keep track of the steps with which they
solve a problem, for example by keeping track of items that have already been counted and
which items still need to be counted to get the right amount of items in a counting procedure.
These facts are important to the daily practice in classrooms: children who show an
insufficient amount of executive control may be hindered in learning new procedures that are
relevant to number sense, or in showing knowledge previously gained. For example, they may
forget at which step they were in a counting procedure, or be distracted by things that have
nothing to do with the task at hand. Teachers and practitioners are challenged to take these
variations in children’s capacities into account, and interpret performance in the light of a
child’s executive functioning. Teaching strategies may also be adjusted to the needs of
children who show delays in executive control: explanations may be divided into more
structured steps, academic activities may be presented in a more guided manner, or distracting
stimuli may be removed from the direct environment of a child during testing. By preventing
delays in executive functioning to hinder children in their development, an optimal amount of
educational focus can be on number sense education.

Conclusion
This meta-analysis contributes to the current body of literature by aggregating findings
from various studies and explaining variations in study outcomes using statistical analyses. A
small body of literature has previously targeted the associations between number sense and
executive functions. The current study confirms the existence of these associations in the case
of inhibition and updating, but the association between number sense and shifting turned out
not to be significant. Moderator variables centred around the measurement of each construct
for number sense and executive functions. Unresolved issues, primarily in the measurement of
executive functioning, pose challenges to this type of research, and require methodological
attention in future studies.
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Abstract
The present study aims to examine relations between representations of number and
various sources of individual differences within early stages of development of number
representations. Number line placements have been found to develop from logarithmic in
shape to more linear in shape. Sources under investigation are counting skills and
executive functions, and are set out against number line placements from 0 to 10 and 0 to
100 in a sample of 4- to 8-year old children (N = 80). Findings indicate that counting skills,
inhibition and updating are the most important predictors of the shape of number line
placements over and above age-related developmental differences, with number lines from
0 to 10 being linear to a large extent and number lines from 0 to 100 developing from a
random pattern towards logarithmic representations. The shape of number line placements
was found to predict scores on the number comparison task only on the smaller scale
comparison task.

Introduction
Numbers are an important and frequent part of everyday life, both for children and adults. As
children grow older, they learn how to use numbers, how to manipulate them, and how
numbers can be seen in relation to one another. A cognitive tool ascribed to these functions is
sometimes referred to as the mental number line, although the level of abstraction with which
this term should be interpreted is debated. This representation of numbers assigns a spatial
position to each quantity (Dehaene, 1997). The mental number line may be visualized as a
horizontal line along which numbers are ordered from left to right, with small numbers taking
up a position at the far left of the line and large numbers being located at the right of the line.
The notion of left-to-right ordering of numbers is supported by the so-called spatial–
numerical association of response codes effect, according to which people have a preference
to respond to large numbers with their right hand and to small numbers with their left hand
(Dehaene, Bossini, & Giraux, 1993). This spatial ordering is already apparent in young
children, who nearly always start counting sets of objects from the left (Dehaene, 1997).
Although it has been shown that variation in the representation of number lines is related to
math skills (Siegler & Booth, 2004), little attention has been given to individual variables
associated with variability in performance on a number-line task. The purpose of this study is
to examine the relations between the shape of number line placements and individual
differences in counting skills and executive functions at a young age.
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Various models have been proposed with regard to children’s placements of numbers on the
number line. For example, numbers have been proposed to be placed logarithmically,
regardless of age (Banks & Hill, 1974; Dehaene, 1997, 2003), and they have been proposed
to be linearly represented with increased variability at the higher end of the scale (Gibbon &
Church, 1981), or linearly represented with distinct functions for familiar and unfamiliar
numbers (Ebersbach, Luwel, Frick, Onghena, & Verschaffel, 2008; Moeller, Pixner,
Kaufmann, & Nuerk, 2009). For one model, originally proposed by Case and Okamoto
(1996), extensive evidence has been found. It is a developmental model, holding that children
of different ages use different representations of numbers when these are represented on
different scales (e.g., on a scale of 0–10 or a scale of 0–100). When children gain experience
in interpreting and manipulating numbers, they become increasingly aware of the similarities
between these scales and learn to integrate concepts of numbers of various magnitudes.
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Theoretical background

Siegler and Booth (2004) revised this model and added that children use either logarithmic or
linear representations based on the scale of the number line used. First, they shift from a
logarithmic to a linear representation on small-scale tasks (e.g., 1–10), and when they are
older, on larger–scale tasks (e.g., 1–100). This revised model will be used as a starting point
in the current study. It should be noted that the revised model is about average age- or graderelated development, concealing individual differences in development. Therefore, in the
current study, the model will be extended to include individual differences in development, in
particular individual differences in the timing of important shifts.
Further evidence for differential representations of numbers of various magnitudes
comes from studies investigating response time (RT) for making size comparisons between
numbers. It has been found that RTs for discriminating numbers of different magnitudes
increase as number size increases, irrespective of the distance between the two numbers. This
is called the number size effect (Dehaene, 2001). This effect is even more pronounced in
children with mathematical disabilities (Van Loosbroek, Dirkx, Hulstijn, & Janssen, 2009). In
addition, when subjects are asked to compare a set of numbers, their RTs are higher when the
items are numerically close together than they are when they are far apart. This is called the
numerical distance effect. This effect decreases with age, even when controlling for increases
in speed of processing (Holloway & Ansari, 2008). Neurological evidence for the existence
of a numerical size effect, numerical distance effect, and compressed (logarithmic) number
line placements comes from animal studies investigating the neurological representations of
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number (Nieder, Freedman, & Miller, 2002; Nieder & Miller, 2003) and a neural network
modeling study (Verguts & Fias, 2004), confirming that higher quantities elicit a less precise
neuronal response, which is mildly positively skewed, accounting for a logarithmically
shaped behavioural response.
Various methods have previously been used to map the shape of number line
placements (e.g., Banks & Hill, 1974; Booth & Siegler, 2006; Gibbon & Church, 1981). The
task most often used is the number-line estimation task (Booth & Siegler, 2006, 2008;
Ebersbach et al., 2008), in which subjects are required to place numbers on an empty number
line or associate a location on a number line with a number. Results of previous studies using
this method confirm that children often make logarithmic placements at a young age and shift
toward making linear placements as they get older (Booth & Siegler, 2006; Siegler & Booth,
2004; Siegler & Opfer, 2003). In addition, children make linear placements more often when
working with a small scale than with a large scale (Siegler & Booth).
Linearity of children's placements has been found to be predictive of math achievement
scores (Siegler & Booth, 2004) and performance on number comparison tasks (Laski &
Siegler, 2007). Training targeting number line acuity has been found not only to be beneficial
for the spatial representations of numbers, but also for accuracy in arithmetic problem solving
(Kucian et al., 2011). Also, children's counting range has been found to influence the shape of
their representations, with counting range positively predicting the extent to which numberline placements were explained by a linear curve (Ebersbach et al., 2008).
Variation between children in the shape of number line placements is partly age-related
and points to developmental change and effects of training, but it may also be partly related
to individual differences in domain-general cognitive skills, such as executive functioning.
Moreover, development in these general cognitive skills may be a major factor in the
observed age-related change in the shape of number line placements. Executive functioning
and its development and structure are a topic of hot debate within recent literature (for a
review, see Hughes, 2011). Previously, executive functions have been found to be positively
related to general (emergent) mathematics skills (Bull, Espy, Wiebe, Sheffield, & Nelson,
2011; Passolunghi, Mammarella, & Altoè, 2008), although involvement of different
executive functions may change during the course of development (Alloway & Passolunghi,
2011). The most prominent relation between executive functions and mathematics is the
relation between updating and mathematics (Passolunghi et al.; Van der Ven, Kroesbergen,
Boom, & Leseman, 2012), but the relation between inhibition and mathematics performance
has also been well established (Bull & Scerif, 2001). Executive functions are coordinated by
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different working-memory components, attentional control, and selection and manipulation
of information from the long-term memory (Baddeley, 1996), although no consensus has
been reached yet as to how these processes can be subdivided into factors. Miyake and
colleagues (2000) proposed a model of executive functioning with three factors: updating,
which is the capacity to encode and monitor information in the working memory; inhibition,
or controlling the suppression of irrelevant information and responses; and shifting, which is
the capacity to switch between different activities and strategies. It should be mentioned that
alternative models of executive functions and alternative structures for young children have
been proposed (Hughes, Ensor, Wilson, & Graham, 2010; Wiebe, Espy, & Charak, 2008;
Wiebe et al., 2011; for a review, see Garon, Bryson, & Smith, 2008). However, because the
three executive functions of updating, inhibition, and shifting all have been found to be
related to early math skills, we will take these three into account. All three executive
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the central executive of working memory and are involved in processing information from

functions seem to be involved in numerical skills (e.g., Geary, Hoard, Nugent, & ByrdCraven, 2008; Kroesbergen, Van der Ven, Kolkman, Van Luit, & Leseman, 2009). However,
updating is thought to be most important for the linear shape of number line placements
(Kolkman, Hoijtink, Kroesbergen, & Leseman, 2013).

Current understanding of development of number lines
Previous studies have confirmed that children at a young age often rely on logarithmic
representations of numbers and shift toward more linear representations as they get older
(Booth & Siegler, 2006; Siegler & Booth, 2004; Siegler & Opfer, 2003). An often-used
approach for investigating these developmental shifts is classifying children as making either
logarithmic or linear placements and making comparisons between age groups (e.g., Laski &
Siegler, 2007; Siegler & Booth) and between individual children within age groups (Siegler
& Booth). Also, scores of children within a certain age category have been aggregated into a
mean or median (e.g., Booth & Siegler, 2006; Laski & Siegler), producing one score of
location estimation for each number in the set of items. Moreover, a number of studies
(Booth & Siegler, 2006; Geary et al., 2008; Laski & Siegler; Siegler & Booth) has compared
individual measures of the linear and logarithmic nature of number line acuity between
groups of children that differed in age or performance scores, confirming that placements of
numbers on a number line become more linear as children get older and that linearity scores
are higher for groups of children with greater mathematical abilities and more advanced
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executive functioning, confirming that the shape of number line placements is associated with
both age-related developmental differences and, within age groups, with individual
differences in cognitive abilities. However, these studies investigated group differences, and
no study to date has yet set out the unique associations with multiple predictor variables
within a single model.
This study adds to the current body of literature by attempting to predict the shape of
individual number line placements from a number of individual variables and by
investigating the relative contribution of these variables.

The present study
Because of the large amount of evidence pointing toward a shift from logarithmic to linear
number line placements (e.g., Booth & Siegler, 2006), the present study used the model
originally proposed by Case and Okamoto (1996) and specified by Siegler and Booth (2004)
as a starting point. In this model, a shift from logarithmic to linear representations of number
lines has been hypothesised. The study aimed to map overall developmental change in
number-line placements as associated with age among young children (kindergarten and first
year of primary school). Moreover, the study examined individual differences in number-line
placements while controlling for age-related differences. The number-line fit scores were set
out against a number of child characteristics. First, it has been found that age is positively
related to the linearity of number line placements (e.g., Siegler & Opfer, 2003), which
indicates that developmental stage influences the shape of number line placements.
Therefore, it was hypothesised that age is positively related to linear fit of number line
placements, both in small-scale tasks and in large-scale tasks. In addition, logarithmic fit was
expected to be related to age. It was expected to be positively related to age if random
patterns or placements with high degrees of error are the starting point (Geary et al., 2008),
but it was expected to be negatively related to age if a logarithmic representation has already
been achieved and a shift from logarithmic toward linear placements is taking place within
the current age group.
Also, a number of possible explanatory factors of individual differences in number-line
representations were investigated in this study. The executive functions of updating,
inhibition, and shifting have been found to be significantly and positively related to early
mathematical performance, even when controlling for other variables such as age (Espy et al.,
2004; Kroesbergen, Van Luit, Van Lieshout, Van Loosbroek, & Van de Rijt, 2009), but also,
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line development (Kroesbergen, Van der Ven, et al., 2009). Therefore, a second hypothesis
was that all executive functions are positively related to linear fit of number line placements.
The relation between fit with a logarithmic number line and executive functioning will also
be explored. Updating may be associated with the shape of the number line acuity because
children process both verbal and visuospatial information while making placements on the
number line. Inhibition may be involved in the suppression of less mature strategies in favour
of more advanced strategies (such as linear instead of logarithmic), and shifting may be
involved in the switching between different items or reference points on the number line.
Based on previous studies, it is expected that updating is the strongest predictor, because in
the Number-to-Position (NP) task, children have to “update” their estimation with both verbal
(the number) and visuospatial information (estimated points on the number line). Inhibition
seems to play a role when children have to inhibit an automatic, probably logarithmic,
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more specifically, they have been found to be significantly and positively related to number-

representation-based response in favour of concentrating on other strategies to approximate a
linear representation.
Thirdly, counting skills have previously been found to have a positive effect on the linear
shape of number line placements (Ebersbach et al., 2008). In addition, it has been proposed
that experience with numerical operations is a factor underlying the shift from logarithmic to
linear number representations (Dehaene, Izard, Spelke, & Pica, 2008). Therefore, it was
hypothesised that the number up to which children can count has a positive association with
number line fit with a linear curve. The relation between fit with a logarithmic number line
and counting skills was also explored.
Finally, it was investigated whether these number-line shapes had predictive value for
scores on a number comparison task. Accuracy on this task is usually considered to be
dependent on the shape of number line representations, because on a logarithmic number line,
it is harder to distinguish between numbers on the higher end of the scale than on a linear
number line, because of the high density of numbers on the higher end of the logarithmic
number line. Therefore, it was expected that stronger linearity of number line placements
would be associated with higher scores on the number comparison task. A positive
association between the extent to which children's number line representations are linear and
the accuracy on the number comparison task will provide strong support for the shape of
number line representations as a valid way of assessing children's numerical abilities and will
provide support for the hypothesis that children actively use number lines in processing
numbers when a number line representation is not directly tested. This task has previously
107
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been used to study numbers represented on a number line based on the presence of numerical
distance and size effects (Laski & Siegler, 2007); achievement on this task has been found to
be associated with mathematical performance (De Smedt, Verschaffel, & Ghesquière, 2009).

Method
Participants
In this study, 80 children in kindergarten year 1, kindergarten year 2, and first year of primary
school participated. The sample consisted of 37 boys and 43 girls with a mean age of 6;0
(SD = 12 months). A specification of the division of participants over the grades can be found
in Table 4.1. On average, boys (M age = 6;3) were slightly older than girls (M age = 5;10), t(78)
= −2.02, p = .046. The children in the study did not have any diagnosed learning disability,
and all children received regular education.
The children were recruited from six primary schools in The Netherlands. Children
were selected for the study if they could recognise and identify Arabic numerals (see
Measures). Before the measurements started, written informed consent was obtained from all
parents.

Table 4.1
Gender and Age: Division of Participants over Grades
Grade

N boys

M age (SD)*

N girls

M age (SD)*

Kindergarten year 1

4

51.00 (.82)

8

51.50 (1.60)

Kindergarten year 2

6

66.00 (3.74)

13

66.77 (4.73)

Primary school grade 1

27

80.74 (5.10)

22

78.64 (6.02)

* Mean age and standard deviations given in months

Measures
Arabic number recognition
To assess whether the children could recognise and identify Arabic numerals, they connected
sets of dots with the correspondent Arabic numerals ranging from 1 to 9 on sheets of paper. If
children were able to identify Arabic numerals accurately, they were selected to participate in
the study (obvious miscounts or single mistakes were not interpreted as failure to identify
Arabic numerals). A number of 73 children from kindergarten 1 (K1) and kindergarten 2 (K2;
not included in the sample description) were unfamiliar with Arabic numerals; they were
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remaining tasks, he reported that he could not recognise higher numbers. He only took part in
tasks with numbers up to 10.

Counting
Counting was assessed using a verbal counting task, in which the children were asked up to
which number they could count. Next, they were invited to demonstrate their counting skills
by counting as far as they could. The number up to which they could count accurately was
recorded. Single mistakes with accurate counting after the mistake were not taken into
account. Rote counting is considered an underlying factor in perception of number relations
(Pollmann, 2003).
Number comparison skills
Comparison skills were assessed using a number comparison task (adopted from Laski &
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excluded from the study. One child could identify Arabic numerals up to 10, but during the

Siegler, 2007). This is a computerised test in which sets of two cards appear displaying
Arabic numerals. The child is asked to decide which of the two cards displays the bigger
number. The score on the task is the number of correctly answered items. Comparison skills
were assessed twice, once for numbers ranging from 1 to 9 (15 trials, with a maximum score
of 15), and once for numbers ranging from 1 to 100 (20 trials, with a maximum score of 20).
Number line placements
The NP task was adopted from Laski and Siegler (2007). In this task, the children received a
sheet of paper with a number line on it ranging from 0 to 10 (n = 9; Items 1–9) or from 0 to
100 (n = 10; Items 8, 12, 26, 34, 42, 54, 67, 73, 89, 96). The range of the number line (e.g.,
0–10) was printed at both ends of the line. Below the number line, an Arabic numeral was
given and the child was asked to locate the number on the number line. If the child reported
not to be able to identify the numeral displayed, it was read out loud by the testing assistant.
Each child completed 9 trials on a number line ranging from 0 to 10 and 10 trials on a
number line ranging from 0 to 100. Linear and logarithmic fit scores were computed by
fitting the answers of the individual children to a linear and logarithmic curve (R2 ; see
Analytic Strategy).
Inhibition
To measure inhibition, the computer based Eriksen Flanker Task (Eriksen & Schultz, 1979,
as cited in Stins, Van Baal, Polderman, Verhulst, & Boomsma, 2004; from here on referred to
as Flanker task) was used. In this task, children had to “feed a sheep” by pressing a button on
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the side of the screen the sheep was looking towards. In the first 30 trials, the sheep would be
flanked by other sheep looking the same way (congruent trial). After these trials, the child
would be conditioned to respond to the congruent situation. In the last 30 trials, the sheep
flanking the target sheep were looking in the other direction (incongruent trial) and the child
would have to inhibit the response to the other sheep in these trials, after having been
conditioned to respond to congruent situations. Accuracy of response on the first ten
incongruent items, with a maximum of 10, was used as a measure of inhibition.
Shifting
To measure shifting, the computer based Dimensional Change Card Sorting test (Zelazo,
2006) was used. In this task, children viewed cards with blue and red boats and rabbits.
During the first phase (pre-switch phase), the children had to sort the cards by colour, during
the second phase (post-switch phase) they sorted according to shape. In the third phase
(border phase), the children had to select the sorting rule according to a black border that did
or did not appear around the figure to be sorted. Administration of the border phase was not
contingent on passing of the post-switch phase. The number of correctly answered items in
the border phase was used as a measure of shifting skills. The maximum score was 12.
Updating (verbal)
For the assessment of a verbal form of updating, which is broadly defined as simultaneous
recall and processing of verbal information, the computer-based Word Recall Backwards
from the Automated Working Memory Assessment Battery (Alloway, 2007) was used. In this
task, a recorded voice named a series of semantically unrelated high-frequency words, after
which the child was asked to repeat the words in reversed order. The string of words was
lengthened with one word after a child had recalled four strings correctly and in the correct
order. The task was discontinued after three mistakes had been made within one level of
difficulty. The score on this task was the number of correctly recalled strings of words.
Updating (visuospatial)
A visuospatial form of updating, which is broadly defined as simultaneous recall and
processing of visuospatial information, was measured by the Odd One Out task (Alloway,
2007), in which children had to point out the odd shape in a row of three geometrical shapes,
and remember the consecutive locations of these shapes in sets of increasing lengths. After
four correctly recalled items, the string of items was lengthened with one location, and after
three mistakes within one level of difficulty, the task was discontinued. The score on this task
was the number of correctly recalled string of locations. Diagnostic validity of the updating
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Elliott, 2008).

Procedure
Assessment was divided between two sessions. During one session, number recognition,
verbal counting skills, number comparison skills, and number line placements were assessed.
During the other session, the executive-functioning tasks were completed. Each session lasted
15 to 30 minutes per child and took place in a quiet room inside the school. Children were
tested individually. At the end of the session, the child was rewarded with a colourful sticker.
Sessions were administered within 3 weeks of each other.
For the computerised games, there was a small number of training trials in which the
children got feedback on the response they gave. After the training trials were finished, no
more feedback was given. Feedback for the paper-and-pencil tasks only consisted of general
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tasks for children with working memory deficits is good (Alloway, Gathercole, Kirkwood, &

praise.

Analytic Strategy
Before analyses were started, the data were checked for violations of the assumptions of the
regression analysis. For the prediction of linear and logarithmic fit of number lines from 0 to
10, two outliers were detected. For the prediction of number lines from 0 to 100, three
outliers were detected using a computation of Mahalanobis’ Distance (with values greater
than 25). These cases were removed for the analyses. One additional case was excluded for
the number lines from 0 to 100, since the child reported he could not recognise Arabic
numerals above 10 and no longer wanted to participate in the study. Because the linear and
logarithmic fit scores of number lines from 0 to 10, accuracy on the number comparison task
ranging from 0 to 10, and accuracy scores on the Flanker task were skewed to the left, these
variables were transformed using various Box-Cox transformations. Fit scores for number
lines from 0 to 100 and accuracy on the number comparison task ranging from 0 to 100 did
not show a ceiling effect and were not transformed. To prevent influence on extreme scores
on the counting task, all counting scores above 100 were recoded into 100, which is
congruent with the higher end of one of the number line tasks. Descriptive statistics of the
measures can be found in Table 4.2.
As a first step, the data obtained were compared to previous findings from the literature
by fitting median scores on each item, for each schooling year, to both a logarithmic and a
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linear curve (for a tutorial on the procedure, see Opfer, n.d.). This step allowed us to compare
the data with previous findings on similar tasks (e.g. Booth & Siegler, 2006; Siegler & Booth,
2004; Siegler & Opfer, 2003).
To obtain individual scores of logarithmic and linear fit, the positions of the children’s
answers to each item on the number line task were recorded. These estimates were compared
to the actual magnitudes. A curve estimation procedure in SPSS (see Opfer, n.d.) rendered a
linear and a logarithmic fit score (R2) for each individual set of answers.

Table 4.2
Descriptive Statistics for Dependent and Independent Variables
M

SD

Range

Linear fit 0-10

-00.78

00.21

0.02-1.00

Logarithmic fit 0-10

00-.75

00.19

0.00-.96

Linear fit 0-100

-00.38

00.28

0.00-.97

Logarithmic fit 0-100

-00.46

00.29

0.00-.90

Age

-72.63

11.47

0.48-98

Count

-57.68

34.85

.009-100

WRB

-10.91

07.47

.000-36

OOO

-23.21

12.93

0.02-62

Flanker (%)

-90.08

15.70

0.30-100

DCCS (%)

-55.17

21.00

.000-100

Comparison 0-10 (%)

-94.00

10.11

0.60-100

Comparison 0-100 (%)

-42.17

10.14

12.5-100

Note. Count = score on verbal counting task; WRB = score on Word recall backwards; OOO = score on Odd
one out; Flanker = percentage correct on Flanker task; DCCS = percentage correct on Dimensional change card
sorting test; Comparison = percentage correct on number comparison task.

Next, the relations between the linear and logarithmic fit scores and the various
predictor variables (age, counting skills, and executive functions as indicators of individual
differences) were explored with correlation analyses. To answer the research questions, we
carried out hierarchical linear regression analyses, in which age, as an indicator of
developmental differences, was entered in a first step to control for the variation that is
associated both with age and executive functioning, as level of executive functioning
increases with age (e.g: Bull, Espy, & Senn, 2004; Carlson, 2005). Next, variables indicating
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step, all measures of executive functioning were added, to test what the effect of executive
functioning was above that of counting skills. A model with counting added after executive
functioning was also explored, but this yielded similar results as the former model. In a final
model, all significant variables from the exploratory analyses were entered into the model
simultaneously. The predictor variables were to predict: a) linear fit score on a scale from 0 to
10, b) logarithmic fit score on a scale from 0 to 10, c) linear fit score on a scale from 0 to 100,
and d) logarithmic fit score on a scale from 0 to 100. The role of gender has been investigated
but was found not to add significant explained variance to the model and was therefore left
out of the analyses.
Finally, a regression analysis predicting a) score on a comparison task with numbers
ranging from 0 to 10 and b) score on a comparison task with numbers ranging from 0 to 100
was performed, with age in a first step, as a control variable, and fit scores of number lines in
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individual differences were added. In a second step, counting skills were added, and in a third

a second step.

Results
Correlations between all included variables can be found in Table 4.3. Because of the broad
age range, age in months was used as a control variable for the computation of the
correlations. In this dataset, scores on the Odd one out and Flanker task correlated
significantly with the linear as well as the logarithmic fit scores. The measures correlated
negatively with the logarithmic fit on number lines from 0 to 10, and positively with the
logarithmic fit on number lines from 0 to 100. The counting scores correlated with the fit
scores on the larger scale task, but not the smaller scale task. Finally, comparison scores
correlated with the fit scores on the smaller scale task, but not the larger scale task.

Median Magnitude Estimates
Medians of children’s number line estimates were computed and were fitted to a linear and a
logarithmic curve to allow for comparison of the data from the current sample with results
reported in the literature (e.g. Booth & Siegler, 2006; Laski & Siegler, 2007).
Results of the analyses of median number lines from 0-10 can be found in Figure 4.1.
Linear fit scores for number line estimates from 0 to 10 in K1, K2, and first year (.92, .95,
and .96, resp.) were higher than logarithmic fit scores (.86, .91, and .92, resp), but none of
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Table 4.3
Partial Correlations between Linear and Logarithmic Fit, and Predictor Variables,
Controlled for Age in Months.
1.

2.

3.

4.

5.

6.

7.

8.

1. Linear fit

1.00

.89**

.34**

.19

.45**

.21

-.02

<.01

2. Logarithmic fit

-.68**

1.00

.27*

.11

.44**

.28*

-.02

-.18

3. Count

.06

.04

1.00

.46**

.40**

.07

.24*

.02

4. WRB

.15

-.16

.49**

1.00

.29*

.09

.08

.06

5. OOO

.25*

-.24*

.41**

.34**

1.00

.30*

.18

-.02

6. Flanker

.38**

-.29**

.07

.33

.29*

1.00

.07

-.23*

7. DCCS

.15

-.11

.26*

.21

.23*

.02

1.00

-.16

8. Comparison

.36**

-.38**

.16

.08

.33**

.25*

.23*

1.00

Note. Correlations below the diagonal display correlations of number lines with a range from 0 to 10 (N = 78);
correlations above the diagonal display correlations of number lines with a range from 0 to 100 (N = 76).
Count = verbal counting task; WRB – Word recall backwards; OOO = Odd one out; Flanker = Flanker task;
DCCS = Dimensional Change Card Sorting test; Comparison= score on the number comparison task.
*

p < .05; ** p < .01

these differences reached significance when comparing absolute errors of the medium
magnitude estimates (all ps > .05).
Linear fit scores for the number line placements from 0 to 100 in K1, K2, and first year
(.32, .58, and .71, resp.) were lower than logarithmic fit scores (.44, .83, and .87, resp.). Only
the difference between absolute errors of the linear and logarithmic fit estimates in K2
reached significance, t (9) = 3.07, p = .01 (see Figure 4.2).
When comparing the linear and logarithmic fit scores between years, none of the
between-group comparisons in fit scores yielded significant differences, despite the large
differences in fit scores (all ps > .05).
Exploratory Analyses
An exploratory hierarchical multiple regression analysis was performed to make a first step
towards uncovering the predictive values of the variables postulated in the hypotheses. Age
was entered as a first step, the counting skills were entered as a second step, and executive
functions were entered as a third step. Parameters of this model can be found in Table 4.4.
Number lines from 0 to 10. Age, which was entered in a first step to control for agerelated effects, was a significant predictor of both linear and logarithmic fit in the first steps
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contribution of age showed no significant contribution to the prediction of linear fit to the
number line. After all variables were added, age was not a significant predictor of either
linear or logarithmic fit scores. Counting did not significantly predict linear fit scores, but it
did predict logarithmic fit scores on this scale. Of the executive functions, only the scores on
the Flanker task (inhibition) showed a significant relation with both linear and logarithmic fit
scores. Relations with any other executive functions were not significant.
Number lines from 0 to 100. Comparable to the 0-10 number lines, age predicted both
linear and logarithmic fit significantly in the first steps of the exploratory models, but not
when counting skills were entered in the second step. Counting predicted both linear and
logarithmic fit scores when entered in the second step, but contributed only marginally to the
prediction of linear fit scores and made no significant contribution to the prediction of
logarithmic fit scores when other variables were included in the model (see Table 4.4).
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of the model. However, when counting skills were entered in the consecutive step, the

Of the executive functions, only the scores on the Odd one out showed a significant
relation with both linear and logarithmic fit scores. Contributions of other executive functions
were not significant

Final Models
As the exploratory analyses indicated, significant predictor variables were counting skills and
inhibition on the 0 – 10 scale and counting and visuospatial updating on the 0 – 100 scale.
These variables were entered as predictors in the final models. All non-significant variables
were removed. There were four models, predicting linear and logarithmic fit scores of
number lines from 0 to 10, and linear and logarithmic fit scores of number lines from 0 to
100.
Results of the final models can be found in Table 4.5. For the prediction of fit scores of
number lines from 0 to 10, scores on the Flanker task (inhibition) significantly predicted the
linear fit scores positively, and the logarithmic fit scores negatively. Counting did not predict
either of the fit scores in this model. For the prediction of fit scores of number lines from 0 to
100, scores on the Odd one out predicted both linear and logarithmic curves. Scores on the
counting measure predicted the linear fit scores marginally and did not contribute to the
prediction of logarithmic fit scores.
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Median Magnitude Estimates of Number Lines from 0 to 100.

Figure 4.2

Median Magnitude Estimates of Number Lines from 0 to 10.

Figure 4.1
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of Number Lines Ranging from 0-10 (N = 78) and from 0-100 (N = 76).
Linear fit number lines 0-10
Variable

B

SE B



Logarithmic fit number lines 0-10
ΔR2s
0.073*

Step 1
Age

<0.006

.002 0.271*

Step 2

Variable

SE B



ΔR2s
0.077*

Step 1
Age

0.003

B

-0.006 0.002 -0.277*

Step 2

0.003

Age

<0.005

.003 0.222

Age

-0.007 0.003 -0.320*

Count

<0.001

.001 0.075

Count

<0.001 0.001 -0.066

0.167**

Step 3

0.154*

Step 3

Age

<0.002

.003 0.094

Age

-0.004 0.003 -0.192

Count

<0.001

.001 0.122

Count

-0.002 0.001 -0.330*

WRB

<0.004

.005 0.102

WRB

-0.006 0.005 -0.184

OOO

<0.003

.003 0.148

OOO

-0.005 0.003 -0.231

Flanker

<0.185

.095 0.338**

Flanker

-0.192 0.094 -0.236*

DCCS

<0.023

.023 0.113

DCCS

-0.018 0.023 -0.087

Linear fit number lines 0-100
Variable

B

SE B



Age

Logarithmic fit number lines 0-100
ΔR2s
0.109**

Step 1
-0.008

.003 0.331**

Variable

B

SE B



0.117*
-0.009

.003 -0.342**

*

0.181*

-0.002

.003 -0.076

Age

-0.004

.003 -0.142

Count

-0.003

.001 0.410**

Count

-0.003

.001 -0.322*

0.126*

4

Step 2

Age

Step 3

ΔR2s

Step 1
Age

0.103**

Step 2
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Table 4.4
Results of Hierarchical Regression Analysis, Predicting a) Linear Fit and b) Logarithmic Fit

Step 3

Age

<0.001

.003 -0.002

Age

-0.001

.003 -0.055

0.156*

Count

-0.002

.001 -0.282†

Count

-0.002

.001 -0.215

*

WRB

-0.001

.005 -0.026

WRB

-0.003

.005 -0.082

OOO

-0.008

.003 0.382**

OOO

-0.009

.003 -0.337**

Flanker

-0.086

.101 -0.091

Flanker

-0.174

.105 -0.177

DCCS

-0.033

.025 -0.137

DCCS

-0.032

.026 -0.129

Note. * p < .05; ** p < .01
Count = counting skills; WRB = score on Word recall backwards; OOO = score on Odd one out; Flanker =
score on Flanker task; DCCS = score on Dimensional change card sorting test.
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Table 4.5
Results of the Final Model of Number Lines Ranging from 0-10 (N = 78) and from 0-100 (N
= 76), with Significant Predictor Variables from the Exploratory Model Entered
Simultaneously.
Linear fit number lines 0-10
Variable
Count
Flanker

B

SE B

0.001

.001

0.333

.089

Logarithmic fit number lines 0-10
β

Variable

0.114
**

0.401

Linear fit number lines 0-100
Variable

B

SE B

Count

<0.001

.001

-0.051

Flanker

-0.280

.091

-0.443***

Logarithmic fit number lines 0-100
β

SE B

β

B

Variable
†

B

SE B

β

Count

0.002

.001

0.233

Count

0.001

.001

0.170

OOO

0.009

.003

0.396**

OOO

0.010

.003

0.424**

Note. Linear fit number lines 0-10: R2 = .197**. Logarithmic fit number lines 0-10: R2 = .129**. Linear fit
number lines 0-100: R2 = .316**. Logarithmic fit number lines 0-100: R2 = .291**. Count = score on the verbal
counting task; Flanker = score on the flanker task; OOO = score on the Odd one out.

†

p < .10; * p < .05; ** p

< .01

Explained variance proportions for the final models predicting linear fit (R2 = .20) and
logarithmic fit (R2 = .13) of number line estimates on a scale from 0 to 10 were lower than
those for the models predicting linear fit (R2 = .32) and logarithmic fit (R2 = .29) of number
line estimates on a scale from 0 to 100.

Predicting number comparison skills
As a final step, and to explore the role of the shape of number line representations in number
tasks, scores on the number comparison tasks from 0 to 10 and from 0 to 100 were predicted
using a hierarchical linear regression analysis. Age was entered as a control variable in a first
step, and scores of fit of number lines were entered in a second step. Because the previous
analyses indicated that children in this age group progress towards a linear curve on the
smaller scale task and towards a logarithmic curve on the larger scale task, comparison skills
with a range from 0 to 10 were predicted using the linear fit scores of the number line from 0
to 10, and comparison skills from 0 to 100 were predicted using the logarithmic fit scores of
the number lines from 0 to 100. These scores were not included together to preclude
collinearity problems. Results of these models can be found in Table 4.6.
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in the first and second step. When linearity scores were added in the second step, this was a
significant predictor of comparison accuracy as well.
When predicting comparison scores from 0 to 100, age was a significant predictor
variable in a first step. When logarithmic scores were added, age predicted comparison scores
only with marginal significance (p = .07). Logarithmic fit of number lines could not
significantly predict scores on the comparison task on this scale. Replacing logarithmic fit
scores with linear fit scores in this model did not produce a significant effect of number line
scores on accuracy in the number comparison task either.

Table 4.6
Results of Model Predicting Comparison Scores 0-10 (N = 78) and 0-100 (N = 76), with Age
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When predicting comparison scores from 0 to 10, age was a significant predictor both

Entered in a First Step and Number Line Fit Scores in a Second Step.
Comparison scores 0-10
Variable

B

Comparison scores 0-100
β

SE B

Variable

Step 1
Age

B

SE B

β

Step 1
0.014

.003

***

0.470

Step 2

Age

-0.060 .024

-0.278**

Step 2

Age

0.011

.003

0.380***

Age

-0.047 .026

-0.215†

Linear fit

0.439

.131

0.330***

Logarithmic fit

-1.535 .988

-0.183

4

Note. Comparison scores 0-10: R2 = .0221*** for Step 1; R2s = .101** for Step 2.
Comparison scores 0-100: R = .077 for Step 1; R s < .030 for Step 2.
2

†

*

2

p < .10, * p < .05; ** p < .01, *** p < .001

Discussion
It has often been suggested and confirmed that number line placements change from a
logarithmic to more linear as children get older (e.g. Booth & Siegler, 2006; Ebersbach et al.,
2008; Laski & Siegler, 2007). This study confirmed this suggestion. The current study further
aimed to examine to which extent counting skills and executive functions play a role in the
change from logarithmic to linear number line placements.
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Median magnitude estimates
First, median estimates of number line placements were computed for comparison of the data
with previously obtained data. This study shows that number lines on a small scale show a
linear pattern. This is consistent with the findings of Moeller et al. (2009).
When analysing median estimates of number lines ranging from 0 to 100, it is apparent
that children from K1 cannot accurately distinguish between many of the numbers yet. This is
reflected in their low fit scores of both linear and logarithmic number line placements and
seemingly random distributional patterns of numbers across the number line. In previous
research (e.g. Laski & Siegler, 2007; Siegler & Booth, 2004; Siegler & Opfer, 2003), fit
scores as low as these were not often obtained. However, the children in the current sample
were younger than those in previous samples. Also, the current sample was a Dutch one, as
opposed to most other samples. This is one of the first studies to date to use this analysis
strategy when exploring the number line shapes of Dutch children. The age-differences of the
samples and a possible difference in focus of school curricula may explain the slight
deviation in findings, which are in line with those of Kolkman et al. (2013), where lower fit
scores of number lines were also reported. In addition, accuracy on a number line task has
been found to be language-dependent: children in countries with languages that inverse multidigit numbers (e.g.: 56 is six-and-fifty) are less accurate in their estimations on the number
line (Helmreich, Zuber, Pixner, Kaufmann, Nuerk, & Moeller, 2011).
Number line placements of children on a large-scale task were logarithmic rather than
linear, which is consistent with most previous findings. Only Booth and Siegler (2006) found
that number line placements of first graders on this scale were linear in form. In this study,
not only a transition from logarithmic to linear placements was found, but also a transition
from random towards logarithmic placements was suggested, the latter transition taking place
at a younger age than previously examined. A developmental model with two transitions
rather than one has not been proposed yet. Differences in fit of linear and logarithmic curves
are not significant between years, but this may be attributed to power, and cannot be
interpreted as absence of change in representations.

Prediction of Linear and Logarithmic Fit Scores
The main aim of this study was to examine whether counting skills and executive functions
can explain individual differences in number line placements controlling for age-related
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updating skills contributed to the prediction of the shape of number line placements.
Counting skills were not related to the shape of number line placements on the 0-10
scale, but it did marginally contribute to the representation of numbers on the 0-100 scale.
This suggests that the mappings of numerical magnitudes become less noisy as children gain
experience in counting and number related tasks (Whalen, Gallistel, & Gelman, 1999), which
is more pronounced in the mappings of high numbers. In other words: the number up to
which children can count is important when mentally representing numbers on a scale that is
less familiar to children than on a scale that children have experience with. This has been
proposed before by Geary and colleagues (2008), who found large differences in accuracy of
number line placements and attributed this to differences in the precision of the underlying
system of magnitude representations. Whether the quality of representations on a number line
are dependent on counting skills, or whether counting skills could be dependent on mappings
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development differences. It was found that counting skills, inhibitory skills and visuospatial

on a number line is yet unclear.
Inhibitory skills (as measured by the Flanker task) could predict performance on the
number line task on the 0-10 scale, but not on the 0-100 scale. The association between
inhibitory skills and the shape of number line placements may be explained by the shift that is
made during this age period: if children shift from making logarithmic placements towards
making linear placements, they may use their inhibitory skills to inhibit the less mature
strategy and use the more accurate strategy instead. In addition, it has been proposed that
large numbers elicit an automatic shift in attention towards the right side, while small
numbers elicit a shift in attention towards the left side (Fisher, Castel, Dodd, & Pratt, 2003).
If this mechanism is already active in children in this age-group, then this effect may explain
the association between inhibition and shape of number line placements as well. That no
relation with the 0-100 line was found supports the finding that children in this age group had
not yet acquired fully logarithmic number line representations and were developing
representations in which numbers were correctly ordered instead of being randomly
distributed across the number line. They thus did not need to inhibit a less accurate strategy,
because a random distribution is not based on any strategy.
A reverse pattern was found for visuospatial updating, which was more related to the 0100 scale than to the 0-10 scale. Higher visuospatial updating skills were associated with both
linear and logarithmic fit of number lines in the range of 0-100. This finding was consistent
with the findings of positive associations of updating with accuracy of positioning numbers
on a number line (Kroesbergen, Van der Ven et al., 2009). However, in this study, only a
121
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verbal form of updating was measured, instead of both a verbal and a visuospatial form.
Therefore, correlations between positioning accuracy and updating were directed towards
verbal updating. Geary and colleagues (2008) reported similar results: accuracy of number
line placement was associated with better visuospatial working memory skills in their study.
Associations between visuospatial updating skills and performance on the number line task
can be explained by the observation that the number line task depends heavily on visuospatial
updating skills. Not only did the children need to choose a spatial position on the line, they
also needed to keep in mind the range of the scale. In addition, it is possible that they used
visuospatial cues that were not printed on the paper in order to determine the positions of the
numbers: they may have imagined the positions of reference points on the number line, like
the number in the middle or the tens closest to the number to locate. Processing these pieces
of information is likely to require visuospatial updating skills.
Although the present study does not allow direct conclusions about the development of
number line representation, it yields findings that could be addressed in future longitudinal
research. Age, as a predictor of the shape of number line placements, was no longer a
significant predictor after adding counting skills and executive functioning to the model,
suggesting that age-related developmental change in number line representations can be
explained by developmental changes in other cognitive abilities, either domain-specific (such
as counting) or domain-general (such as executive functioning).

Predicting Scores on the Comparison Task
As a final step, scores on a comparison task were predicted using the shape of number line
placements of the children. For the prediction of comparison skills below 10, the shape of
number line placements made a positive contribution, which suggests that when processing
quantities, children actively use number line skills. Approximately 10% of variance was
explained by number line placements, indicating that other variables may make a contribution
to the prediction of performance on this task as well. For comparison skills above 10, fit of
number line placements did not make a significant contribution to the prediction, suggesting
that the shape of the number line does not have any effect on performance on this task. There
are two possible explanations for this lack of effect. The first is that children do not use
number line skills in this task. Children in this age group are relatively unfamiliar with
numbers of this size, and information about them could be retrieved from memory without
relating them to their understanding of the number line. A second possible explanation is that
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representations of number lines would yield approximately the same number of correctly
answered items.

Implications and Suggestions for Future Studies
The present findings provide us with more precise knowledge of how the shape of number
line placements is associated with predictor variables. First, the linearity of number line
placements from 0 to 10 increases with age while the logarithmic fit decreases, but this
variation is largely distributed between inhibitory and counting skills when added to the
model, suggesting that growing capacities in inhibition and counting are responsible for agerelated changes. Moreover, individual differences in these capacities can explain substantial
variance in number line estimation accuracy in this age group.
Furthermore, visuospatial updating skills explain how older children order the numbers
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numbers to be compared in this task were too far apart from each other, so that different

from 0 to 100 towards a more logarithmic number line representation. This adds to the
current body of research, in which it has often been proposed that differences between age
groups in number line estimation skills were due to executive functioning and number skills
(Geary, Hoard, Nugent, & Byrd-Craven, 2008; Kroesbergen, Van der Ven, et al., 2009), but
in-depth investigations were scarce. However, there are some limitations to this study that
should be addressed in future research.
First, because children had to understand one- and two-digit numbers to perform the
task, many children of the original sample were excluded based on this criterion. As a
consequence, the relatively higher performing kindergartners were included and the relatively
lower performing children were excluded. This can have influenced the results. However, in
first year of primary school, almost all children participated, including the weakest
performing children. We didn’t find different patterns in the results between the three groups,
indicating that the selective sample in the younger group, did not have a large influence on
the results. Furthermore, the role of number familiarity needs to be investigated more
thoroughly. Although counting range has been investigated, more in-depth instruments could
be used to investigate children’s understanding of numerosity and number words. A poor
understanding of the meaning of number words, even when children could count up to or
beyond a given number, could explain the low estimates of linear and logarithmic fit, and
lead to a rather random representation of numbers. Yet, counting has been hypothesised to be
an underlying factor of basic understanding of number sequences (Pollmann, 2003). A
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possible alternative is the counting-on task (Lipton & Spelke, 2005, as cited in Ebersbach et
al., 2008).
Secondly, longitudinal studies are needed to confirm the hypothesised developmental
paths of number line placements based on these cross-sectional data. Relating the
developmental number lines to that of other domain-general and domain-specific skills will
also help us gain insight into the exact nature of the development of number line acuity. In
addition, the nature of the role of executive functions will need to be investigated more
thoroughly. Kroesbergen, Van der Ven et al. (2009) found that updating was the most
important predictor of the linear shape of number line placements, which is largely in line
with current findings. It is possible that children with better updating skills are better able to
keep in mind the numbers surrounding the ones they position on the number line, including
the scale, and are therefore more accurate in their placement of numbers. More data on the
information that is used or ignored by children when doing the number line task, which may
be obtained using eye tracking measures or dual task studies, will help us resolve this issue,
as well as data focusing on the subject of the children’s attention while doing the task (Garon
et al., 2008; Hughes, 2011).
Different models of number representation need to be investigated in the light of
individual variation. Although various studies (e.g. Booth & Siegler, 2006; Laski & Siegler,
2007; Siegler & Booth, 2004; Siegler & Opfer, 2003) have provided strong support for
logarithmic number line placements rather than linear ones, recent studies (Ebersbach et al.,
2008; Moeller et al., 2009) have indicated that the shape of children’s number line estimates
may also be described by a segmented linear model in which numbers below 10 can be
described by a linear function that is less steep than the function describing numbers above
10. These results are in contrast with neurological data (Nieder et al., 2002; Nieder & Miller,
2003; Verguts & Fias, 2004). Yet, different parameters may be investigated with this model
as a starting point, such as the number at which one function is replaced by another.
Furthermore, the diagnostic validity of the number line for mathematical learning
disabilities needs to be investigated. Geary et al. (2008) have previously confirmed that
children with mathematical learning disabilities more often have logarithmic number line
representations, associated with a deficit in executive functioning. The number line could
serve as a tool for investigating the sources of these difficulties and for diagnostic purposes.
Despite limitations of this study and issues that need addressing in future studies, this
study makes an important contribution to the investigation of the shape of number line
placements. Not only is this the first study to date to investigate the contribution of sources of
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to formal education, but this study also allows hypothesising about the underlying causes of
age differences and individual variation. In addition, reports on samples of various
nationalities can contribute to the understanding of the development of number line acuity in
relation to different schooling systems and cultural educational beliefs.
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Abstract
In the current study, the factor structure of number sense, or the ability to understand, use,
and manipulate numbers, was investigated. Previous analyses yielded little consensus
concerning number sense factors, other than a distinction between non-symbolic and
symbolic processing. Furthermore, associations between number sense factors and
working memory components were investigated to gain insight into working memory
involvement in number sense. A total of 441 Dutch kindergartners took part in the study.
Factor structure of number sense and associations with working memory were tested
using structural equation modelling (SEM). Results indicated that there was a clear
distinction between non-symbolic and symbolic number processing. Non-symbolic
processing was predicted by central executive performance, and symbolic processing was
predicted by both central executive and visuospatial sketch pad performance. This implies
that symbolic and non-symbolic processing are distinguishable at this age, and that
working memory involvement in symbolic processing is different from that in nonsymbolic processing.

Introduction
How does a child learn to understand that the same number word can refer to any set of the
same quantity, without that set having to consist of the same elements, or the elements even
needing to be directly observable? The term usually employed to describe this understanding
of number and quantity is number sense (NS), or the ability to mentally represent and
manipulate number and quantity (Dehaene, 1992; 2001), resulting in the ability to compare
and manipulate numbers (Jordan, Glutting, Ramineni, & Watkins, 2010). Despite this rather
narrow definition, a large variety of declarative number-related skills is seen as indicative of
NS, with little agreement with regard to which components should be incorporated into the
definition of number sense (e.g., Jordan, Glutting, Ramineni, & Watkins, 2010; Malofeeva,
Day, Saco, Young, & Ciancio, 2004). A dominant view is that while developing NS skills,
children gradually learn to count, to use number words to describe quantities, to compare
between numbers and quantities, and eventually, to manipulate numbers through calculation.
All the while, both their intuitive and declarative knowledge of numbers grows.
NS at an early age has been denoted as the most important predictor of later
mathematics performance: more important than general intelligence, and still present when
controlling for other measures such as working memory (e.g., Geary, Hoard, Nugent, &
Bailey, 2013; Mazzocco, Feigenson, & Halberda, 2011). Similarly, problems in early NS may
precede long-lasting problems in mathematics performance throughout the academic career
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research concerning the components of NS, its predictive role for later performance, and the
possibilities to remediate delays in NS has been expanded (e.g., Dyson, Jordan, & Glutting,
2013; Toll & Van Luit, 2013a). The present study builds on current understandings of NS and
aims to investigate the factor structure of NS and the predictive role of working memory
(WM).

Components of number sense
Although research concerning NS has recently increased, there is limited consensus with
regard to its definition. Dehaene (1992; 2001) stressed the intuitive capacity to mentally
represent quantities, but other definitions focus on declarative knowledge of numbers, and the
ability to compare between and manipulate them, as evidenced by diverse batteries of
quantity-related tests (Jordan, Glutting, Ramineni, & Watkins, 2010; Malofeeva et al., 2004).
Also, a limited number of studies have targeted the factors underlying the construct. A total
of three factor-analyses of NS have been conducted over the past few years: one produced a
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of a child (Ansari & Karmiloff-Smith, 2002; Butterworth, 2005). In the past decades,

two factor model distinguishing between number-related skills and rapid naming (Lago &
DiPerna, 2010). A second factor analytical study made a distinction between three factors:
symbolic NS, non-symbolic NS, and the mapping between non-symbolic and symbolic
representations (Kolkman, Kroesbergen, & Leseman, 2013). A third study reported no less
than five factors of NS, being non-symbolic comparison, symbolic comparison, symbolic
labelling, rote counting, and counting knowledge (Cirino, 2011). All three studies concerned
NS measured in kindergarten, but the only overlap between the produced factors is the
distinction between symbolic and non-symbolic processing found both in the study by
Kolkman, Kroesbergen et al. (2013) and Cirino (2011).
Despite the small number of factor analyses and the lack of overlap between the
available models, many assertions have been made about components of NS. A distinction
between symbolic and non-symbolic skills has been made in various studies (Defever,
Sasanguie, Gebuis, & Reynvoet, 2011; Holloway & Ansari, 2009; Jordan, Glutting, &
Ramineni, 2010; Sasanguie, Defever, Maertens, & Reynvoer, 2014; Vanbinst, Ghesquière, &
De Smedt, 2012). Non-symbolic skills are generally thought to underlie symbolic skills,
meaning that symbolic quantities are thought to be mapped onto non-symbolic quantity
representations (Barth, La Mont, Lipton, & Spelke, 2005; Dehaene, 1992; Mundy & Gilmore,
2009). However, it has recently been argued that the formation of non-symbolic skills is
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dependent on symbolic skill development, instead of the other way around (De Smedt, Noël,
Gilmore, & Ansari, 2013; Piazza, Pica, Izard, Spelke, & Dehaene, 2013). Others have argued
that symbolic and non-symbolic skills are not mutually dependent in any direction (Lyons,
Ansari, & Beilock, 2012; Sasanguie et al., 2014). Moreover, arguments against non-symbolic
NS as a unitary construct have been made (Sasanguie & Reynvoet, 2013).
The lack of consensus regarding the factor structure of NS is contrasted by a small
consensus that NS, like mathematical skill, can be predicted by WM capacity. This claim has
been investigated in typically developing children (Friso-van den Bos, Kolkman,
Kroesbergen, & Leseman, 2014; Kyttälä, Aunio, Lepola, & Hautamäki, in press) and children
with special educational needs (Kleemans, Segers, & Verhoeven, 2011; Kroesbergen, Van de
Rijt, & Van Luit, 2007; Kyttälä, Aunio, & Hautamäki, 2010; Toll & Van Luit, 2013b).

Components of working memory
The term working memory refers to a storage and processing unit consisting of several
components. The most influential model of WM is the multi-component model that identifies
three main storage and processing units (Baddeley, 2007; Baddeley & Hitch, 1974). The
phonological loop is responsible for the temporary storage of verbal and auditory
information, and dependent on a memory trace that is hypothesised to fade without rehearsal
of information. The phonological loop is involved in language comprehension and
acquisition, and would, for example, allow a child to understand verbal instructions about
number. A second component, the visuospatial sketch pad, is also responsible for temporary
storage, but in this case for visual and spatial information. This component stores information
about shape and location, but is also responsible for visual imagery, for example, when
performing mental counting operations. A third component, the central executive, concerns
an attentional control system capable, for example, of evaluating pieces of information for
appropriate decision making (Baddeley & Hitch, 1974), such as counting up or counting
down after a number of objects has been manipulated.

Working memory predicting number sense
WM is regarded as the most important domain-general predictor of mathematics at primary
school age, both concurrently (Bull & Scerif, 2001; Van der Ven, Kroesbergen, Boom, &
Leseman, 2012), and longitudinally (Passolunghi, Mammarella, & Altoé, 2008; Toll, Van der
Ven, Kroesbergen, & Van Luit, 2011; Van der Ven et al., 2012). Evidence is also available
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associations between NS performance and WM functioning within groups of typically
achieving children (Kroesbergen, Van Luit, Van Lieshout, Van Loosbroek, & Van de Rijt,
2009; Lee et al., 2010; Noël, 2009), and differences in WM between children with delays in
NS and typically developing children (Jenks, De Moor, & Van Lieshout., 2007; Kleemans et
al., 2011). A meta-analysis of the associations between NS performance and central executive
functioning reported significant associations, but it was noted that more research regarding
the associations between domain-general skills and NS was necessary because of a small
number of studies investigating these relations, and because of unexplained variation between
effect sizes (Friso-van den Bos, 2013). Unexplained variation between effect sizes may
indicate contradictory results in terms of size or direction of relations.
Indeed, associations between measures of NS and WM components seem
contradictory, both within and between studies. For example, measures of the phonological
loop have been found to be correlated with NS performance in some studies (e.g., Jordan,
Glutting, & Ramineni, 2010) but not others (e.g., Costa et al., 2011; Kyttälä et al., 2010). The

5 | Number sense factor structure and working memory predictors

that part of the variation in NS performance is explained by WM functioning. There are both

finding that phonological loop correlates with counting proficiency, but not conceptual NS
(Jenks et al., 2007), indicates that part of the variation may be due to WM having differential
predictive power for some measures of NS than for others. In a similar way, functioning of
the visuospatial sketch pad has been found to statistically predict specific NS measures but
not others (Barnes et al., 2011; Costa et al., 2011; Kleemans et al., 2011). This trend can also
be found in associations between NS and central executive performance (Costa et al., 2011;
Kyttälä et al., 2010; Lee et al., 2010). These associations are investigated in the current study.

5

The current study
The current study had two aims, both adding onto recent understandings of the development
of NS and its predictors. The first aim was to investigate the factor structure of NS in a large
and representative group of kindergarten children. Available factor analyses have yielded no
consensus with regard to the factors of which NS consists, although a distinction between
symbolic and non-symbolic tasks has been made in two factor analytical studies (Cirino,
2011; Kolkman, Kroesbergen et al., 2013) and similar claims have been made in a multitude
of theoretical papers (Defever et al., 2011; Holloway & Ansari, 2009; Jordan, Glutting, &
Ramineni, 2010; Vanbinst et al., 2012). In the current study, the factor structure of NS was
investigated using a large sample size and advanced analytical methods, using the distinction
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between symbolic and non-symbolic processing as a starting point. Measures of number
sense included measures of declarative knowledge, with a broader spectrum than proposed in
Dehaene’s original definition (1992), but consistent with research traditions (Jordan,
Glutting, Ramineni, & Watkins, 2010; Malofeeva et al., 2004).
The second aim of this study was to investigate the associations between WM
components (Baddeley & Hitch, 1974) and NS factors. Previous studies have reported
associations between WM components and NS performance (Costa et al., 2011; Jenks et al.,
2007; Kyttälä et al., 2010; Xenidou-Dervou, Van Lieshout, & Van der Schoot, 2014), but
there is little consensus with regard to which WM component can predict performance.
Moreover, different components of WM may have diverging relevance for distinguishable
factors of NS, because WM demands of tasks with different properties may vary (for
example, non-symbolic tasks may rely heavily on visuospatial skills; Kolkman, Kroesbergen,
& Leseman, 2014). Nevertheless, we expected WM to significantly explain variance in all
factors of NS because of the need for using the WM system to process information such as
verbal instruction in acquiring and measuring NS skills.

Method
Participants
Data were collected in 441 typically performing kindergarten children. Children were from
24 schools in various municipalities in the Netherlands. Mean age of the participants at the
start of the study was 5 years and 7 months (SD = 4.3 months), and 199 (44.8%) were girls.

Measures
Number sense measures
Comparison. The comparison task had a symbolic and a non-symbolic version. In the
symbolic version, children judged which of two Arabic numbers between 1 and 9 was
highest. All possible combinations of digits with a numerical distance up to 4 were presented.
Responses were recorded using response boxes, and participants were instructed to press the
button on the same side as the highest number. Each trial was preceded by an alerting beep,
and 1500 ms after the beep, the stimulus appeared. Maximum response time was 5 seconds.
The test consisted of 4 practice trials and 26 test trials and the number of correct responses
was used as the score of the child.
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symbolic version, but sets of dots appeared on the screen instead of numbers. To prevent
participants from basing their responses on differences in filled surface area and presentation
area, we used the procedure of Dehaene, Izard, and Piazza (2005). In half of the trials, dot
diameter was kept constant, and in the other half of the trials, the size of the presentation area
was kept constant. Stimuli disappeared from the screen after 840 ms to prevent counting
strategies. Test-retest reliabilities of similar tasks have been found to be good, αs = .85 - .86,
r = .40 (Clarke & Shinn, 2004; Sasanguie, Defever, Van den Bussche, & Reynvoet, 2011).
Number lines. The number line task (Laski & Siegler, 2007) had a symbolic and a
non-symbolic version, both computerised. In the symbolic version, numbers between 1 and
100 were presented beneath a horizontal line. On both sides of the line, the minimum (1) and
maximum (100) were given, and participants pointed to the position on the line they selected
for the target number with their fingers. There were 22 test trials, preceded by two practice
trials in which they located the numbers 1 and 100 on the line and got feedback from the
experimenter. Test trials were 2, 4, 9, 11, 14, 17, 23, 26, 31, 38, 44, 45, 52, 59, 61, 66, 73, 78,
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The non-symbolic version of the comparison task was mostly the same as the

84, 86, 92, and 99, in random order. No feedback was given during the testing phase, but
numbers were read out loud to the children by the experimenter. Numbers below 20 were
slightly oversampled in the test trials.
The non-symbolic version of the task (Kolkman, Hoijtink, Kroesbergen, &
Leseman, 2013) had the same characteristics as the symbolic version, with the only
difference being that the children located arrays of dots on the number line. Minimum and
maximum were displayed in non-symbolic form as well and no mention of symbolic
quantities was made. The same numbers were used as in the symbolic version. In both
number line tasks, correlations between actual and estimated position were used as an
outcome measure, as a variant to the explained variance of a linear slope (e.g., Laski &
Siegler, 2007). Percentage of absolute error was explored as an outcome measure of number
line placements (e.g., Siegler & Booth,. 2004), but did not adequately represent the skills of
the participating children.
Early Numeracy Test-Revised. Part of the ENT-R (Van Luit & Van de Rijt, 2009) was
used. The subscales that measure counting were used, namely: (1) Use of number words; (2)
Structured counting; (3) Resultative counting; and (4) General understanding of number
words. Each subscale consists of five items. For each correctly answered item, one point is
given. The test, originally a paper-and-pencil test, was computerised with incentives between
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each two subtests. Internal consistency of this test in kindergarten year 2 is good, all αs > .80
(Van Luit & Van de Rijt, 2009).
Digit knowledge. For the digit knowledge test, the digits 1 through 9 were presented
one by one to the child in semi-randomised order. The child was asked to name the digit as
quickly as possible and the number of correct responses was used as the child’s score.
Working memory measures.
Dotmatrix. Dotmatrix was from Automated Working Memory Assessment (AWMA;
Alloway, 2007), and was used to measure functioning of the visuospatial sketch pad. During
the test, the child sees a 4x4 matrix with a dot appearing in one of the squares. The child is
asked to remember the location and point it out. For each correct answer, a point is awarded.
After four correct trials, the child proceeds to the next level, in which series length is
increased by one. If successful, the child proceeds through the levels until a series of five dots
is reached. If the child makes three errors within one level, the test is terminated. The total
number of correctly answered trials was used as a measure.
Odd one out. Odd one out was from AWMA (Alloway, 2007) and used to measure
functioning of the central executive. During the test, the child sees three shapes and is asked
to point out the shape that differs from the other two. The shapes then disappear from the
screen, and the child has to point out the location of the selected shape. Scoring and rules for
progress through levels were identical to dotmatrix.
Word recall backwards. Word recall backwards was from the AWMA (Alloway,
2007) and used to measure functioning of the central executive. During the tests, children
hear lists of two words or more, and have to repeat them in backwards order. A point is
awarded for each correct answer. Scoring and rules for progress through levels were identical
to dotmatrix.
Word recall forwards. Word recall forwards was used as a measure of phonological
loop. During the tests, children hear lists of one word or more, and have to repeat them back
in the same order. Scoring and rules for progress through levels were identical to dotmatrix.

Procedure
The current measures were part of a larger battery of tests, administered in three sessions,
each lasting between 20 and 30 minutes. There were no more than two weeks between the
first and third session for each child. Children were tested in a quiet room inside the school
by a trained undergraduate student. Testing was standardised by means of elaborate written
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presentation orders for each child. After each session, children received a colourful sticker.

Analytical Strategy
To analyse the data, structural equation modelling (SEM) was applied, using the programme
Mplus (Muthén & Muthén, 1998-2011). First, a confirmatory factor analysis (CFA) was
executed to investigate the factor structure of NS. Prior to analyses, all variables were
rescaled to a scale running from 0 to 1 to make CFA possible. A distinction between
symbolic and non-symbolic tasks was used as a starting point, and data-driven adjustments to
the model were made until satisfactory model-fit was reached. In this section, fit-indices of
the resulting model are presented: chi-square (χ2), CFI, TLI, and RMSEA.
The predictive role of each WM component for each factor of NS was investigated
using SEM. Because of the limited number of WM tests, a latent factor analysis of WM was
not possible. Therefore, scores of single tasks were used as indicators of slave system
functioning (dotmatrix for visuospatial sketch pad, word recall forwards for phonological
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instructions for the experimenters. Order effects were controlled for by means of alternating

loop), and the central executive was indexed by a composite measure of two variables: scores
on odd one out and word recall backwards were standardised, and then added together to
represent functioning of the central executive. Predictive values of each WM component for
each factor of NS are reported in this section. Collinearity statistics were inspected for
working memory variables and for NS variables, and no indication of collinearity problems
was found.

Results

5

Descriptive statistics
Descriptive statistics of the measures are in Table 5.1. All measures were approximately
normally distributed, except digit knowledge, which showed a negative skew and high
kurtosis, reflecting that children made few mistakes: 12.4% of the children made more than 2
mistakes, and these children performed above chance level on the symbolic comparison task,
which relied on digit knowledge; t = 7.43, p < .001. Table 5.2 presents the correlations
between measures. All correlations are significant, except the correlation between Odd one
out and Non-symbolic comparison. Correlations are small to moderate, and in the same range
as reported in similar studies (e.g., Cirino, 2011; Kolkman, Kroesbergen et al., 2013).
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444
444
443
442
441
442
442
443
443

Odd one out

Word recall fwd

Word recall bwd

Symbolic comparison

Non-symbolic comparison

Symbolic number line

Non-symbolic number line

ENT

Digit knowledge
8.46

10.77

.72

.50

20.69

21.55

4.40

12.89

8.39

9.87

Mean

1.20

4.49

.23

.26

3.83

4.07

1.90

2.63

2.88

2.80

SD

1

0

-.50

-.34

2.00

8.00

0

3

1

0

Minimum

Note. ENT = Early Numeracy Test-Revised. Fwd = forward. Bwd = backward.

443

Dotmatrix

N

Descriptive Statistics of Working Memory and Number Sense Measures

Table 5.1

9

20

.96

.98

26.00

26.00

10

20

15

16

-3.15

-0.20

-1.67

-0.26

-1.09

-1.21

-0.17

-0.05

0.08

-0.31

Maximum Skewness

11.42

-0.76

2.50

-0.59

1.16

0.74

0.99

1.92

-0.85

0.14

Kurtosis
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1
.13**
.25**
.20**
.09
.23**
.16**
.32**
.12*

.24**
.20**
.28**
.22**
.14**
.23**
.23**
.39**
.27**

1

2

.26**

.38**

.15**

.21**

.13**

.22**

.39**

1

3

.27**

.46**

.27**

.29**

.14**

.26**

1

4

.43**

.43**

.29**

.48**

.47**

1

5

.23**

.29**

.25**

.36**

1

6

.39**

.49**

.40**

1

7

.20**

.35**

1

8

Note. ENT = Early Numeracy Test-Revised. Fwd = forward. Bwd = backward. * p < .05; **p < .01.

10. Digit knowledge

9. ENT

8. Non-symbolic number line

7. Symbolic number line

6. Non-symbolic comparison

5. Symbolic comparison

4. Word recall bwd

3. Word recall fwd

2. Odd one out

1. Dotmatrix

1

Correlations between Working Memory and Number Sense Measures

Table 5.2

.47**

1

9

1

10
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CFA of number sense
A distinction between two factors was made: one factor was estimated using symbolic tasks
(ENT-R, digit knowledge, symbolic number lines, and symbolic comparison), and the other
factor was estimated using non-symbolic tasks (non-symbolic number lines and non-symbolic
comparison). This model yielded insufficient model fit, χ2(8) = 44.17; p < .001; CFI = .94;
TLI = .89; RMSEA = .10. Modification indices were used to direct consecutive steps. To
improve model fit, paths between the non-symbolic factor and symbolic comparison and
number lines were added, leading to improved model fit, Δχ2 =16.42, Δdf = 2, p < .001. In a
next step, covariances were added between non-symbolic and symbolic comparison, and nonsymbolic and symbolic number lines, which also improved model fit, Δχ2 = 7.06, Δdf = 2, p =
.03. These model adaptations were based on modification indices, but only modifications
with theoretical support were accepted. The resulting model is represented in Figure 5.1, with
the first factor named symbolic processing, and the second factor named non-symbolic
processing, showing covariance between them. Fit-statistics of this model are acceptable to
good: χ2(4) = 10.69; p = .03; CFI = .99; TLI = .96; RMSEA = .06.
A starting model using three factors (symbolic processing, non-symbolic processing,
mapping; Kolkman, Kroesbergen et al., 2013) was also explored, but was inadmissible due to
a covariance higher than 1.00 between the mapping and non-symbolic factors. This model
was discarded.

Figure 5.1. Best fitting factor model of number sense with standardised factor loadings.
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In a next step, WM components were regressed on the factors obtained in the factor analysis
in (see CFA of number sense). Regression statistics of this model can be found in Table 5.3,
and the model with standardised regression weights can be found in Figure 5.2. In the figure,
the ellipses represent the factors obtained in the factor analysis (see CFA of number sense),
and the rectangular shapes represent the WM indicators. Symbolic processing was
significantly predicted by the visuospatial sketch pad and the central executive with the
highest standardised regression weight between the factor and central executive, while nonsymbolic processing was only predicted by the central executive. Explained variance of
symbolic processing was 35% and explained variance of non-symbolic processing was 20%
after inclusion of WM variables.

Discussion
NS and WM are two of the most important predictors of later mathematical proficiency, and
hence vitally important to school success (Geary et al., 2013; Mazzocco et al., 2011;
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Predictive role of working memory

Passolunghi et al., 2008; Toll et al., 2011). This indicates the need to investigate how NS
should be characterised and how it can be predicted. The current study investigated the factor
structure of NS by means of factor analysis, and factors were then statistically predicted using
concurrent measures of WM.

Factor structure of number sense
The factor analysis yielded a factor structure of two distinct components. The first component
can be characterised as symbolic processing and is primarily based on culture-based taught
skills: number recognition, counting, and using number words in a meaningful context. This
factor could predict performance on digit knowledge and counting, but also on the symbolic
versions of the number comparison and number line test, as formal knowledge of number
symbols and words was needed for successful completion of these tasks. The second factor
could be characterised as non-symbolic processing, and primarily indicated the intuitive
processing of number and magnitude, quite similar to the influential definition of NS given
by Dehaene (2001), who postulated that NS is quick and intuitive. This factor could predict
performance on both the symbolic and the non-symbolic comparison and number line tests. It
should be noted that both NS tasks predicted by both factors bear large non-symbolic
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Table 5.3
Regression Statistics of Working Memory Components Predicting Number Sense Factors
B

β

SE (B)

p

Model predicting factor symbolic processing
Phonological loop

.01

.09

< .01

.08

Visuospatial sketch pad

.01

.16

< .01

< .01

Central executive

.06

.48

.01

< .001

Model predicting factor non-symbolic processing
Phonological loop

< .01

.03

< .01

.53

Visuospatial sketch pad

< .01

.08

< .01

.20

.02

.40

.01

<.01

Central executive

Figure 5.2. Regression model of working memory components predicting number sense
factors. Regression weights are standardised, dashed lines indicate non-significant paths.

components: in the symbolic number line task, children transcode between the symbolic
number word and the non-symbolic continuous quantity range of the number line. This
number line was also hypothesised to be involved in the number comparison task (CohenKadosh et al., 2005; Dehaene, 2003; Lavidor, Brinksman, & Göbel, 2004).
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found in previous factor analyses (Cirino, 2011; Lago & DiPerna, 2010; Kolkman,
Kroesbergen et al., 2013). However, we did find a distinction between symbolic and nonsymbolic number processing, which was the only commonality that was found between
previous factor analytical studies. The model presented in the current study only
distinguished between two factors, but showed many commonalities with a previously
presented model (Kolkman, Kroesbergen et al., 2013): there was a distinction between
symbolic and non-symbolic number processing, and tasks previously predicted by a mapping
factor were predicted by both non-symbolic and symbolic processing.
There are two possible reasons for the diversity in findings between the cited model
and the model presented in the current study, with no distinction between mapping and nonsymbolic or symbolic processing. A first possible reason for the disparity in outcomes is the
route that children take towards mathematical proficiency: it has been suggested that numbers
in various forms are processed in different ways throughout childhood, but that NS becomes
an integrated skill after sufficient experience with numbers and quantities has been gained
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The factor structure we found in the current dataset is not the same as the structure

(Dehaene, 2001; Kolkman, Kroesbergen et al., 2013). Possibly, this integration has already
started in the current study, and the lack of distinction between symbolic and mapping skills
or non-symbolic and mapping skills signals adequate development of NS. A second possible
reason for differences in study outcomes is the sample size, which is much larger in the
current study. A larger sample size makes models more stable, and therefore more reliable
and generalizable (Kline, 2011).
Proof for the claim that non-symbolic number comparison and number line estimation
relied on different skills (Sasanguie & Reynvoet, 2013) could not be found. Moreover,
independence of symbolic and non-symbolic processing (Lyons et al., 2012; Sasanguie et al.,
2013) did not hold with the strong covariance between the factors, although longitudinal
accounts are needed.

Predictive role of working memory
A second aim was to investigate the predictive role of the components of WM (Baddeley,
2007; Baddeley & Hitch, 1974) for factors of NS. Involvement of WM functioning in both
NS and mathematics performance has been demonstrated previously (Lee et al., 2010; Noël,
2009; Passolunghi et al., 2008; Toll et al., 2011). We found that both symbolic and nonsymbolic processing could be predicted by WM components. However, whereas both the
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central executive and visuospatial sketch pad could significantly predict symbolic number
processing, variance in non-symbolic processing was only predicted by the central executive,
while measures of the slave systems added no additional explained variance. Yet, each
individual measure of WM did correlate with measures loading onto non-symbolic NS,
highlighting the importance of analysing these associations in integrated models in order to
control for shared variance between tasks.
The significant associations between symbolic processing and both the central
executive and visuospatial sketch pad suggested that to successfully count and use number
words and symbols, both visuospatial storage and processing is needed. The involvement of
storage and processing in these tasks may be explained by task-specific WM demands:
children needed to encode information such as instruction, process numerical information,
and keep track of their thinking processes while comparing their progress to the question.
Involvement of slave systems in tasks indicative of non-symbolic processing was likely lower
because the assignments were invariably the same for every item, which kept the tax to the
slave systems relatively low. But the significant associations between symbolic processing
and WM components can also be explained by the fact that WM components are likely
highly involved in the development of these skills (Welsh, Nix, Blair, Bierman, & Nelson,
2010): to properly encode number facts in long-term memory, the repeated activation of slave
systems and the central executive is needed, which accounts for further association between
components. This is more relevant for symbolic processing, which relies primarily on
culturally taught skills, than for non-symbolic processing, which is more intuitive.
A considerable amount of variance in non-symbolic processing was explained by
WM: approximately a fifth of all variance in this factor was explained by WM, and over a
third of all variance in symbolic processing. These are substantial amounts, as effects of
schooling, home environment or other sources of individual differences have not yet been
taken into account. Schooling does not only affect symbolic number knowledge (Boonen,
Kolkman, & Kroesbergen, 2011), but has also been found to enhance acuity in concrete
object estimation, which is a non-symbolic form of processing (Piazza et al., 2013).

Limitations and future directions
When interpreting findings of the current study, it is important to bear a number of elements
of the design in mind. First, WM was measured using a limited number of tests, which did
not make it possible to investigate the factor structure of WM. Conclusions concerning the
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components during the execution of WM tasks.
Moreover, longitudinal accounts of the development of NS are needed: if the factor
structure presented is found to withstand longitudinal investigation, and that development of
these factors can also be predicted using WM, more inferences can be made regarding
children’s development of number skills.
Non-symbolic quantity skills, in this study, were treated as a component of NS.
Recent work, however, has shed doubt on the classification of non-symbolic quantity skills as
measured by non-symbolic comparison tasks as being indicative of NS (Gilmore et al., 2013;
Kolkman et al., 2014). It has been argued that these skills depend to a greater extent on WM
(either inhibition or visuospatial WM) than on NS. The current study does not support this
claim, as non-symbolic skills were found to be predicted by the same factor as their symbolic
counterparts. Moreover, if non-symbolic NS tasks are indeed indicative of visuospatial WM,
one would expect a much greater predictive role for the visuospatial sketch pad – this
component of WM did not significantly predict the factor in which non-symbolic skills were
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predictive relations between WM and NS, therefore, are based on assumed activation of WM

embedded, while the central executive was able to adequately predict variance in this factor.
More research concerning the skills needed for non-symbolic NS tasks is needed.
Contamination of subitising skills in some of the items of the non-symbolic comparison task
could not be ruled out, which is an additional limitation of this study (Reeve, Reynolds,
Humberstone, & Butterworth, 2012; Schleifer & Landerl, 2011).

Implications and conclusions
In the current study, a distinction has been found between symbolic and non-symbolic
number processing. This distinction has often been assumed (Defever et al., 2011; Holloway
& Ansari, 2009; Jordan , Glutting, & Ramineni, 2010), and has been reported in two previous
factor analytical studies, although the complete factor models in both studies differed from
the current one (Cirino, 2011; Kolkman, Kroesbergen et al., 2013). The current study,
therefore, adds to the body of literature by explicitly testing the assumed distinction between
symbolic and non-symbolic number processing in a bigger sample of kindergartners than in
previous studies. Moreover, we have been able to confirm the involvement of WM in both
factors of NS. Longitudinal accounts of the associations between NS and WM are needed.
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Abstract
Dyscalculia, or mathematics learning disability, has received growing attention over the
past years. Working memory and number sense are hypothesised to form important
determinants of dyscalculia, but longitudinal assessments of number sense in children with
or at-risk for dyscalculia are scarce. The current study investigated number sense
development in first and second year of primary school, in addition to kindergarten
predictors and mathematical proficiency as an outcome. Children (n = 396) could be
divided into three latent growth classes: at-risk, catch-up, and typical, based on number line
development. Growth trajectories could be predicted by kindergarten number sense and
verbal working memory. Children in these classes of development differed in mathematical
skill at the end of year 2. The current study made an important contribution to the
understanding of risk for dyscalculia, showing that children at-risk can be distinguished
based on number line development, and that kindergarten variables are predictive of
developmental trajectory.

Introduction
People need to make decisions based on number facts on a daily basis: when paying for
things, negotiating salary, doing their taxes, and so on. Yet, a considerable proportion of
school-aged children already has such severe problems with number operations that they are
diagnosed with mathematical learning disability, or dyscalculia (e.g., Desoete, Roeyers, &
DeClercq, 2004). To gain insight into their cognitive profiles and possibilities for
remediation, various typologies have been proposed to subdivide children with dyscalculia
(Bartelet, Ansari, Vaessen, & Blomert, 2014; Geary, 2004; Von Aster, 2000; for a review, see
Ise & Schulte-Körne, 2013), with very little disagreement with regard to the specification of
these classifications. However, it is especially important to gain insight into early signals of
dyscalculia, both for prevention and to inform intervention, because problems associated with
dyscalculia are persistent over time (Shalev, Manor, & Gross-Tsur, 2005). In the current
study, children at-risk for dyscalculia (but too young to be eligible for a formal diagnosis) are
identified based on developmental trajectories of number sense, and early predictors of these
trajectories as well as distal outcomes are identified.
Dyscalculia refers to a learning disability that is associated with difficulties in number
sense, number facts, or calculation. The difficulties typically begin during school-age and
persist despite intervention (American Psychiatric Association, 2013). A root cause may lie in
a parietal dysfunction that is directly associated with distorted numerical processing (Price,
Holloway, Räsänen, Vesterinen, & Ansari, 2007). More specifically, the interpretation of
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symbolic quantities, and their association with non-symbolic magnitudes, may be distorted,
leading to further difficulties with arithmetic (Furman & Rubinsten, 2012; Price et al., 2007).
If associations between symbolic and non-symbolic quantities are distorted, this should
become visible in tasks drawing upon these associations, such as symbolic comparison tasks,
or number line tasks.
Two lines of research target the early predictors of mathematical skill and delay. The
first line of research focuses on so-called domain general predictors such as working
memory. Working memory has been conceptualised in a number of different ways, but the
most frequent conceptualisation is that of Baddeley and Hitch (1974), who proposed that
information is stored and processed through three distinct components: the phonological loop,
responsible for storage of phonological information such as spoken words, the visuospatial
sketch pad, responsible for storage of visual and spatial information such as symbols and
locations, and the central executive, responsible for coordination of the former two
components. Working memory is considered to be a consistent predictor of mathematical
proficiency: components of working memory have been found to be related to mathematical
skill (e.g., Cowan & Powell, 2014; Friso-van den Bos, Van der Ven, Kroesbergen, & Van
Luit, 2013; Szucs, Devine, Soltesz, Nobes, & Gabriel, 2013), and there are differences
between children with and without mathematical difficulties in predominantly visuospatial
working memory performance: children who experience difficulties in mathematics have
been shown to perform below the level of their typically performing peers on visuospatial
working memory measures (Szucs et al., 2013; Van der Sluis, Van der Leij, & De Jong,
2005). It has been argued that distortions in the parietal cortex that are typical for children
with dyscalculia are not the direct cause of numerical processing deficits, as argued by
several authors (e.g., Price et al., 2007), but that visuospatial working memory and inhibition
impairment, as a result of these neurological distortions, lead to differences in number
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processing between children with and without dyscalculia (Szucs et al., 2013).
A second line of research focuses on domain-specific predictors of mathematical skill,
usually grouped under the term number sense (e.g., Cowan & Powell, 2014). Number sense is
thought to be of vital importance to mathematical achievement, with deficits in number sense
being a primary cause for the emergence of dyscalculia (e.g., Butterworth, 2010; Van
Viersen, Slot, Kroesbergen, Van ‘t Noordende, & Leseman, 2013). Various components of
number sense have been proposed to be a key factor in the development of mathematical skill
or lack thereof, such as non-symbolic number sense (Mussolin, Mejias, & Noël, 2010;
Sasanguie, Van den Bussche, & Reynvoet, 2012), symbolic number sense (De Smedt &
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Gilmore, 2011; Mussolin et al., 2010) or the mapping between these two (Kolkman,
Kroesbergen, & Leseman, 2013a; Rousselle & Noël, 2007). In spite of disagreements as to
which of these components underlies mathematical proficiency, there is a wealth of evidence
and high agreement that one or more of these components are impaired in children with
dyscalculia, and that deficits in number sense have a causal relationship with the emergence
of dyscalculia in children (Butterworth, 2010). Von Aster and Shalev (2007) proposed a fourstep developmental pathway through which number sense develops: the concept of number is
given meaning through the use of 1) non-symbolic quantity representation, 2) verbalsymbolic quantity representation, 3) Arabic-symbolic quantity representation, and 4)
integration on a mental number line. Adequate development of each of these representations
is dependent on previous steps. Failure to master any of these steps could be cause for
dyscalculia (e.g., Step 1: Mazzocco, Feigenson, & Halberda, 2011; Step 2: Nys, Content, &
Leybaert, 2013; Step 3: Landerl, Bevan, & Butterworth, 2004; Step 4: Van Viersen et al.,
2013), and deficits in each developmental step become visible through task that recruit the
mental number line for successful completion (Von Aster & Shalev, 2007), such as number
comparison tasks or number line placement tasks.
Conclusions drawn from these two lines of research are not mutually exclusive, and it
has been proposed that dyscalculia is characterised by deficits in both domain-general and
domain-specific skills (e.g., Cowan & Powell, 2014), and alternatively, that specific deficits
are associated with different profiles of mathematical skill and deficiency (Bartelet et al.,
2014; Geary, 2004; Von Aster, 2000). Importantly, children draw upon working memory in
the use of number sense skills (e.g., Friso-van den Bos, Kroesbergen, & Van Luit, 2014;
Kolkman, Kroesbergen, & Leseman, 2013b; Kroesbergen, Van Luit, Van Lieshout, Van
Loosbroek, & Van de Rijt, 2009; Kyttälä, Aunio, & Hautamäki, 2010), making both domaingeneral and domain-specific skills of vital importance to successful acquisition of basic
numerical skills. A combination of deficits in both skill domains may therefore form a strong
risk factor for problems in mathematical proficiency development (Toll, Van der Ven,
Kroesbergen, & Van Luit, 2011), although these problems do not necessarily meet the criteria
for dyscalculia.
The number of studies targeting children with mathematical difficulties have increased
over the past few years: a vast number of studies reports on differences between children with
dyscalculia and typically developing children with regard to measures of number sense,
working memory, and mathematical skill (e.g., Piazza et al., 2010; Szucs et al., 2013; Van
Viersen et al., 2013) and developmental trajectories of mathematical skill (Toll et al., 2011).
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risk for dyscalculia, or diagnosed with it, are very limited, while typical and atypical
trajectories of performance are of vital importance to our understanding of the nature of
dyscalculia (Butterworth, 2010). Two studies in which number sense in children with
mathematical difficulties was assessed (Geary, Hoard, & Bailey, 2012; Landerl, 2013)
contributed greatly to our understanding of number sense development in children with
dyscalculia, showing continuing delays in children with mathematical difficulties, but did not
take performance at the onset of mathematics education in consideration, and started in year 2
– a year after the start of formal mathematics education. It is therefore unclear how number
sense develops at this key phase of development. The current study aimed to fill this gap.
In the current study, number sense development after kindergarten was tracked using
number line acuity measured in years 1 and 2. Number line acuity was selected as an index
for number sense skills, because it has been found to be highly predictive of mathematical
skill in various domains (Cowan & Powell, 2014) and to be able to distinguish between
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However, longitudinal assessments of number sense to track the development of children at

children with and without dyscalculia (Van Viersen et al., 2013). Number line performance
has been proposed to be affected by delays in various stages of number sense development
(Von Aster & Shalev, 2007). The following research questions were answered using various
steps:
1. How does number line acuity develop during the first two years of formal
education?
2. Can we distinguish between latent classes in number line growth trajectory?
3. Can at-risk performers in number line acuity be distinguished from typical
performers using kindergarten number sense (symbolic and non-symbolic) and
working memory performance?
4. Is class membership in number line developmental class predictive of mathematical
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skill at the end of second year?
Children were identified as at-risk for dyscalculia in the current study, and not as
dyscalculic, because diagnosis typically includes performance markedly below age-level,
amongst other criteria (American Psychiatric Association, 2013), which cannot yet be
concluded at the start of formal education. Nevertheless, early identification of children
performing below the level of their peers is important, and investigating typical and atypical
trajectories of learning may tell us more about the nature of mathematical difficulties
(Butterworth, 2010).
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Method
Participants
Data were from the longitudinal MathChild study in which children were followed from
kindergarten until second year of primary school, during three consecutive academic years.
At the beginning of the study, 442 children were included with a mean age of 5 years and 7
months (SD = 4.3 months), and 198 (44.8%) were girls. The children were from 24 schools
from various municipalities in The Netherlands. All the children who produced sufficient
data to be included in the various models were included in this study, resulting in 396
children being included in the latent class growth models. During the last round of data
collection in year 2, 352 children still participated, with a mean age of 8 years (SD = 3.9
months). Note that the analytical strategy employed allowed for inclusion of cases with some
missing data, which is why a larger number of children could be included than the number
still participating at the end of the study.

Measures
Symbolic number sense
Symbolic number sense was indexed by a factor score estimated using: 1) accuracy on 20
counting items from the Early Numeracy Test-Revised (Van Luit & Van de Rijt, 2009)
indexing the child’s ability to count and use number words, 2) accuracy on a digit knowledge
task in which the child named digits from 1 to 9, 3) acuity of linear placements on a numberto-position task with the range 1-100 indexed by the correlation between estimated and actual
position, and 4) accuracy on a number comparison task with the range 1-9 with a maximum
numerical distance of 4. Details of the measures, factor analysis, and computation of scores
can be found in Friso-van den Bos, Kroesbergen et al., 2014.
Non-symbolic number sense
Non-symbolic number sense was indexed by a factor score estimated using: 1) acuity on a
quantity-to-position (non-symbolic number line) task with the range 1-100 indexed by the
correlation between estimated and actual position, 2), accuracy on a dot comparison task with
the range 1-9 with a maximum numerical distance of 4, 3) acuity of linear placements on a
number-to-position task with the range 1-100 indexed by the correlation between estimated
and actual position, and 4) accuracy on a number comparison task with the range 1-9 with a
maximum numerical distance of 4. Details of the measures, factor analysis, and computation
of scores can be found in Friso-van den Bos, Kroesbergen et al., 2014.
158

Dotmatrix was from Automated Working Memory Assessment (AWMA; Alloway, 2007)
was used to measure functioning of the visuospatial sketch pad. For each item, the child sees
a 4x4 matrix with a dot appearing for two seconds in one square. The child is assigned point
to the location of the dot after it has disappeared. One point is awarded for each correct
answer. After four correct trials, the child moves to a higher level, in which series length is
increased by one. If successful, the child moves up through these levels until the child makes
three errors within one level, which terminates the test. The total number of correctly
answered trials was used as a measure.
Phonological loop
Word recall forwards was used as a measure of functioning of the phonological loop. During
the tests, children listen to pre-recorded lists of one or more words, and are assigned to repeat
them back in the same order. Scoring and rules for progress through levels were identical to
those of dotmatrix.
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Visuospatial sketch pad

Central Executive
To index central executive performance, two tasks were used: the odd one out, and the word
recall backward, both from AWMA (Alloway, 2007). In the odd one out, the child is
presented with three shapes of which two are identical, and is asked to point to the shape that
differs from the other two. The shapes then disappear from the screen, and the child has to
point out the location of shape that was different. In case of success, the child moves to a
level in which two shapes are selected consecutively, and remembered after both have
disappeared, and so on. Scoring and rules for progress through levels were identical to
dotmatrix.
In word recall backwards, children hear lists of two words or more, and have to repeat
them in backwards order. In case of success, children move towards levels with longer lists.
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A point is awarded for each correct answer. Scoring and rules for progress through levels
were identical to dotmatrix.
Number lines
In the number-to position task (Siegler & Opfer, 2003), numbers between 1 and 100 were
presented beneath a horizontal line. This concerned a computerised task, and responses were
recorded electronically. On either side of a line presented on screen, the minimum (1) and
maximum (100) were given, and participants pointed to the position on the line they selected
for the target number, which was presented above the line. There were two practice trials in
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which children located the numbers 1 and 100 on the line and got feedback from the
experimenter. The 22 test trials were 2, 4, 9, 11, 14, 17, 23, 26, 31, 38, 44, 45, 52, 59, 61, 66,
73, 78, 84, 86, 92, and 99, in random order. There was no feedback during the testing phase,
but numbers were read out loud to the children by the experimenter. Acuity on the mental
number line task was indexed by the explained variance of a linear slope, similar to Siegler
and Opfer (2003).
Mathematics
The criterion-based Cito Mathematics Test was used to index mathematical proficiency of the
children. This Dutch national test is completed by primary school children twice during each
academic year, and consists of primarily context problems that cover a wide range of
mathematics domains, such as measurement, time, and proportions. Test scores are converted
into ability scores that typically increase throughout primary school, making a comparison of
results throughout the academic career possible (Janssen, Scheltens, & Kraemer, 2005).
Percentile scores are divided into scale levels with 25% of the children falling into scales AC, 15% falling into scale D, and 10% falling into scale E, the latter being the lowest
performing children. The Cito Mathematics Tests show high reliability, with reliability
coefficients ranging from .91 to .97 (Janssen, Verhelst, Engelen, & Scheltens, 2010).

Procedure
Informed consent was obtained from parents or caretakers of participating children prior to
the study. Children participated during six rounds of data collection, each consisting of two or
three half-hour sessions. During each academic year, one round of data collection was
conducted in November/December, and one in May/June.
Testing was done during school hours in a quiet room at school by trained research
assistants at times convenient to the teacher and child. All tests except the Cito Mathematics
test, which was collected by the schools, were computerised. In the current study, data from
the first round of measurement was used, in addition to data from the Number-to-position
task in the four measurement rounds taking place during first and second year, and Cito
Mathematics Test data from the end of second year. Positive feedback was given to the
children during testing whenever possible. After completion of a session, children were
rewarded with a sticker.
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Analytical strategy
Data were analysed using MPlus 7.0 software (Muthén & Muthén, 1998-2011). To address
the research questions, the four steps outlined by Jung and Wickrama (2008) were employed.
First, general development of number line acuity was addressed using latent growth curve
modelling with a single class. Second, latent classes of growth curves were explored without
covariates or distal outcomes. Third, covariates (predictors of latent growth variables and
class membership: non-symbolic and symbolic number sense and working memory in
kindergarten) were added, and non-significant paths were trimmed one by one until the most
parsimonious model was found. Finally, mathematics performance at the end of year 2 was
added as a distal outcome, to investigate whether class membership in number line growth
curves could predict mathematics performance.
Symbolic and non-symbolic number sense were drawn from a previously presented
factor analysis of number sense (Friso-van den Bos, Kroesbergen et al., 2014). For each
child, factor scores were extracted from these analyses, and the resulting scores were treated
as observed variables to limit computational load. Central executive performance was
indexed by a composite measure of odd one out and word recall backwards, which were
standardised to control for variation in range, and then added together to represent
functioning of the central executive. All other measures were used without transformation.

Results
Single-class latent growth model
A latent growth model was estimated with an intercept (all paths fixed at 1), a slope, (paths
fixed at 0, 1, 2, and 3), and a quadratic slope (paths fixed at 0, 1, 4, and 9). The results of the
latent growth model (Table 6.1) confirmed that the explained variance of a linear slope
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increased during years 1 and 2. There was a significant negative quadratic slope, indicative of
a small decline in growth over time.
Variances of growth parameters indicated that there was heterogeneity in the
intercept, and a trend of heterogeneity in the slope of number line acuity. There was no
indication for heterogeneity in the quadratic growth term. Because these variances were
indicative of individual differences, we introduced latent classes of growth and predictor
variables of variability in growth indicators in consecutive steps.
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Table 6.1
Unconditional Latent Growth Model
Mean (SE)

p

Variance (SE)

p

Intercept

0.57

(.01)

< .001

0.05 (< .01)

< .001

Slope

0.22

(.01)

< .001

0.01 (< .01)

.10

Quadratic slope

-0.03

(< .01)

< .001

< 0.01 (<.001)

.46

Unconditional latent class growth model
In a next step, the number of latent classes was investigated following the guidelines of Jung
and Wickrama (2008). Models were constructed in several steps, with one additional latent
class added to the total in each consecutive step. The Bayesian information criterion (BIC)
and bootstrap likelihood ratio test (BLRT) were used to evaluate the added value of each next
class because the BIC showed to select the best number of classes, while the BLRT showed
consistency in choosing the best class model (Nylund, Asparouhov, & Muthén, 2007).
Interpretability and size of classes were taken into consideration as well: if growth variables
of a class could not be interpreted relative to other classes, or a class contained less than 20
children, it was disregarded.
A first model with two classes performed better than a model with one class, just as
each model performed better than the previous model with up to four latent classes (Table
6.2). A fifth latent class produced no significant BLRT value. However, because a fourth
class contained only 13 children, we decided to continue with the analyses using three latent
classes instead of four, with the 13 children of the fourth class placed into one of the three
remaining classes. Please note that full estimates of this model are not reported because these
may change as a result of the inclusion of covariates, as done in the next step (Jung &
Wickrama, 2008).

Table 6.2
Fit indices for models with various numbers of classes
Number of classes

BIC

BLRT

1

-1776.785

n/a

2

-1912.746

894.78 (< .001)

3

-1938.303

1003.24 (< .001)

4

-2086.726

1085.18 (< .001)
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growth trajectories, showed that there was a group of typical (high) performers who started
with high scores on number line acuity and quickly reached a ceiling, a catch-up group that
started lower but quickly increased in score, and an at-risk group that started lower than both
the catch-up and the typical group, and did not show the typical quadratic growth curve of
both other latent classes. This at-risk group did increase in score, but at a much slower pace
than both other groups, see Figure 6.1. Note that specification of the latent classes change
with the inclusion of predictor variables, which is why growth statistics and class sizes are
included in the next step.

Conditional latent class growth model
Two consecutive steps were taken to specify a conditional latent class growth model:
covariates were added to the model to investigate the effect of symbolic number sense, nonsymbolic number sense, and working memory on growth factors. Then, mathematics
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Trajectories of the latent classes, that can be seen as groups of children with distinct

performance at the end of year 2 was added as a distal factor, to investigate whether children
in various classes of number line development differed in mathematical proficiency.
Symbolic number sense, non-symbolic number sense, visuospatial sketch pad, phonological
loop, and central executive were added to the model all together, and regressed on all three
growth factors and latent classes. Non-significant paths were then trimmed one by one, until
the most parsimonious model was found. In a final model, non-symbolic number sense was a
significant predictor of all three overall growth factors, phonological loop performance was a
significant predictor of the overall intercepts and slopes, and symbolic number sense
significantly predicted class membership. This model can be found in Table 6.3. To
investigate whether these variables also predicted growth factors within classes, estimates
were computed varying per class, the results of which are presented in Table 6.4. At the end

6

of year 2, children in the at-risk group (M = .87, SD = .12) differed significantly from
children in the catch-up group (M = .91, SD = .06) and the typical group (M = .95, SD = .04).
and children in the catch-up group differed significantly from children in the typical group
with regard to number line performance, all ps < .001.
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Figure 6.1. Estimated latent class growth trajectories of typical performers, catch-up group, and at-risk group. Values displayed on the x-axis are
time-points, values displayed on the y-axis are explained variance of a linear slope of number line placements.
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Table 6.3
Growth Mixture Model Overall Results
S-NS

NS-NS

SE

Intercept

.30

.05***

.01

Linear

-.24

.04***

< .01

< .01**

Quadratic

.05

.01***

-

-

Class (typical vs.

SE

2.54

0.92**

5.36

0.93***

2.18

1.24*

PL

SE
< .01***

catch-up)
Class (typical vs.
at-risk)
Class (catch-up
vs. at-risk)
S-NS = symbolic number sense estimate. NS-NS = non-symbolic number sense estimate. PL = phonological
loop estimate. SE = standard error of the estimate. All estimates are unstandardised. * p < .05. ** p < .01. *** p
< .001.

In a final step, mathematical skill was added as a distal factor, and was found to
significantly differ between classes of number line development, F(2,351) = 34.56, p < .001,
with the at-risk group (M = 55.33, SD = 13.33) scoring lower than both the catch-up group
(M = 60.85, SD = 12.50), p = .03, and the typical group (M = 71.11, SD = 14.15), p <.001.
The catch-up group also scored significantly lower than the typical group, p < .001. The final
model can be found in Figure 6.2. Division of children in each class over Cito scale levels
can be found in Table 6.5.

Discussion

6

This study targeted the relations between the developmental trajectories of number sense in
first and second year of primary school, as indexed by number line acuity, and involvement
of early predictors: number sense and working memory in kindergarten. Results indicated
that three latent growth trajectories could be distinguished in a group of primary school
children: one group of typical or high performers, who started with high scores and showed a
slight increase over time, one catch-up group, who started with lower scores on number line
acuity but quickly caught up to a level much closer to the typical performers, and an at-risk
group who also started with
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Table 6.4
Growth Mixture Model with Three Latent Classes
Typical group (n = 228)
Mean

SE

S-NS

SE

NS-NS

SE

PL

SE

Intercept

.77

.02

.24

.10*

.01

< .01***

Linear

.13

.02

-.18

.08*

-.01

< .01***

Quadratic -.02

< .01

.04

.02*

-

-

NS-NS

SE

PL

SE

Class
Class

3.44

1.20**

4.68

0.90***

(reference group: catch-up)
Class
(reference group: at-risk)
Catch-up group (n = 113)
Mean

SE

S-NS

SE

Intercept

.45

.04

.16

.16

.01

.01

Linear

.35

.03

-.14

.16

< .01

< .01

Quadratic -.06

.01

.04

.04

-

-

NS-NS

SE

PL

SE

Class

-1.24

0.90

3.44

1.20**

(reference group: typical)
Class
(reference group: at-risk)
At-risk group (n = 55)
Mean

SE

S-NS

SE

Intercept

.33

.03

.23

.14

.01

.01

Linear

.09

.05

-.16

.21

< -.01

< .01

Quadratic

.03

.02

.03

.06

-

-

Class

-4.68

0.90***

-3.44

1.20**

(reference group: typical)
Class
(reference group: catch-up)
* p < .05. ** p < .01. *** p < .001.
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Figure 6.2. Final latent class growth model of number line acuity, with three latent classes
(reference group is typical performers), predictors of growth and classes, and distal factor. NS
= number sense.

Table 6.5
Division of Children in Latent Classes over Cito Scale Levels
Cito scale level
Class

A+

A

B

C

D

E

Total

At-risk

0

5

6

15

6

6

38

Catch-up

2

30

28

32

12

1

105

Typical

34

102

39

27

6

1

209

Total

36

137

73

74

24

8

352

6
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lower scores, but who did not show the quick increase in scores after the onset of formal
education, although they did grow in number line acuity. This distinction between growth
trajectories has been identified in previous studies about number sense development as well
(Jordan, Kaplan, Locuniak, & Ramineni, 2007; Jordan, Kaplan, Oláh, & Locuniak, 2006).
Despite the fact that there is an unmistakable growth in number line acuity in the at-risk
group, it should be noted that variance at the end of year 2 is very low in the typically
performing group, and that children in the at-risk group on average score more than two
standard deviations lower than children in the typical group. Although the graph plotting
progress suggests that the delay in the at-risk group is limited, a comparison of means in
relation to the variance in the typical group shows that the gap between these groups in scores
at the end of second year is actually very large, which suggests that children in the at-risk
group show severe delays in number sense even after nearly two years of formal mathematics
education, compared to children in the typically performing group that show a ceiling effect
appropriate for their expected level of numerical development.
Children’s developmental trajectories of number line acuity could be predicted from a
number of kindergarten skills: non-symbolic and symbolic number sense, and phonological
loop performance. More specifically, non-symbolic number sense was predictive of a high
onset of number line acuity in first year, but a less steep growth in scores, as indicated by the
associations between non-symbolic number sense and latent growth parameters. Higher
symbolic number sense, by contrast, was predictive of membership in higher-performing
classes, indicating that the higher children performed in symbolic number sense measures in
kindergarten, the higher the chance that they would be in the higher-performing classes of
number line growth. Of the working memory variables, only performance of the phonological
loop was predictive of growth trajectories in number line acuity: higher phonological loop
performance was associated with both a higher intercept, and steeper growth in number line
performance. Central executive and visuospatial sketch pad performance did not add
explained variance to the models, which suggests that performance in tasks associated with
these working memory components could not predicts intercept or growth of number line
acuity in the current analyses, possibly due to an increased involvement of verbal working
memory.
It should be noted that number line performance at kindergarten level was included in
the computation of both number sense factors used to predict number line acuity in first and
second year: symbolic and non-symbolic number sense (see Friso-van den Bos, Kroesbergen,
& Van Luit, 2014), meaning that the same task at kindergarten level was used in the
168
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computation of factors used to predict later performers. A different approach to identifying
kindergarten predictors could have been to use number line acuity as a separate variable, next
to computations of non-symbolic and symbolic number sense without this variable included.
However, the aims of the current analyses were to assess which skills are predictive of
performance, rather than which tasks are predictive of performance. Skills are more
adequately modelled by factor scores than by tasks, because they are constructed with the use
of variance distributions of a set of tasks thought to be dependent on the same skill. It should
be noted that both symbolic skills and non-symbolic skills are needed to make number line
placements, and the current analyses show that both symbolic and non-symbolic skills are of
ongoing importance to the development of primary school number sense.
At the end of second year of primary school, children in various classes of number
sense growth differed in mathematical proficiency, and 75% of the children with the lowest
scale levels were classified in the at-risk group, and of the at-risk group, 71% performed in
the three lowest scales of mathematics achievement, with 32% performing in the two lowest
scales, indicative of problematic performance, from which it can be concluded with some
caution that poor performance in number sense is a risk factor for mathematics difficulties
(Butterworth, 2010), and that number line acuity can adequately distinguish between children
who are and are not at-risk for dyscalculia (Von Aster & Shalev, 2007). It has been proposed
that dyscalculia can be subdivided into various typologies (Bartelet et al., 2014; Geary, 2004;
Von Aster, 2000). Although it has been proposed that deficiencies in all domains of number
should lead to impairments in number line acuity (Von Aster & Shalev, 2007), identification
of children with various profiles of dyscalculia in the light of their number sense development
would be a useful addition to the mapping of their trajectories of number line placements.
It should also be noted that the group of children at-risk for dyscalculia contained a
larger proportion of children than typically diagnosed with dyscalculia: 14% of the children
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were categorised into the at-risk group, while estimations of prevalence of dyscalculia centre
around 6% (e.g., Geary et al., 2009). However, with the use of more lenient criteria,
sometimes typified as indicative of Mathematics Learning Disorder instead of dyscalculia,
similar proportions of children are sometimes identified as having dyscalculia (Barbaresi,
Katusic, Colligan, Weaver, & Jacobsen, 2005; Gross-Tsur, Manor, & Shalev, 1996). This
suggests only part of the children in the at-risk group will eventually be diagnosed with
dyscalculia. Possibly, some of the children in the at-risk group showed delays in number
sense during the first two years of primary school, but their delays disappear after more
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education, or can be remediated with appropriate interventions, making the classification of
dyscalculia unsuitable (American Psychiatric Association, 2013).
The hypothesis that primarily visuospatial working memory is predictive of
developmental risk factors of dyscalculia (Szucs et al., 2013; Van der Sluis et al., 2005), in
this study modelled with number line performance, could not be confirmed in the current
study. Of the working memory components investigated, only phonological loop was
predictive of children’s trajectories, while no role for the visuospatial sketch pad or central
executive could be found. But while other studies report significant associations between
visuospatial working memory and number sense proficiency or deficiency (Friso-van den
Bos, Kolkman, Kroesbergen, & Leseman, 2014; Passolunghi & Mammarella, 2012; Szucs et
al., 2013; Van der Sluis et al., 2005), these associations exclusively concern concurrent
measures, while the current study provided a longitudinal account. We hypothesise that these
high concurrent associations are indicative of high on-the-spot involvement of visuospatial
working memory during testing, but that the verbal associations reported in this study are
indicative of an ability to process verbally transferred information in order to build
appropriate number representations over time. Phonological loop performance was positively
associated with both the intercept and slope of number line performance in this sample.
Specifically in the typically performing group, higher phonological loop performance was
associated with lower slopes, but we suggest that this is due to the high scores on the
intercept of this group, leaving little room for growth. The positive associations between both
intercept and slope of number line acuity in first and second year, and phonological loop
performance in kindergarten of the group as a whole suggests that primarily verbal routes are
taken in the development of number line skills. This may be due to an association between a
verbal number word and its associated magnitude that is being strengthened over time, or
because of the verbal nature of class instruction.
There are some limitations to the current study. A first limitation is the timing of the
measurement of mathematical proficiency: this was now measured at the end of second year,
concurrently with the final measure of number line acuity. Ideally, a distal outcome should be
measured at a later point in time, to more firmly associate growth trajectories with outcomes
from a longitudinal perspective. This issue should be addressed in future studies.
Both a strength and a weakness to the current study is that number sense in
kindergarten was indexed using factors. These factors have been empirically studied using
factor analysis (Friso-van den Bos, Kroesbergen et al., 2014), and a strong claim for the
involvement of underlying skills can be made because of the analytical background to the
170

measures, use of these factors takes away some individual variation associated with specific
tasks to measure number sense, and how differences in variance of specific tasks are
differentially associated with longitudinal development of number processing. One of the
issues that should be addressed in future research is whether variance associated with
kindergarten performance on number line tasks can be distinguished from variance associated
with other non-symbolic and symbolic number sense tasks. This differential association needs
to be addressed in future work.
In conclusion, the current study contributes to the body of research investigating the
domain-specific and domain-general predictors of dyscalculia in primary school children. We
have shown that various growth trajectories can be distinguished based on number line acuity
in primary school children, and that these growth trajectories can distinguish between
children who are and who are not at-risk for dyscalculia. Moreover, membership in various
classes of growth trajectories, as well as individual differences in developmental trajectories,
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construction of these factors. However, because these factors are composed of multiple

can be predicted using both a domain-general indicator, being the phonological loop, and
domain-specific predictors, being non-symbolic and symbolic number sense in kindergarten.
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Abstract
Children’s ability to relate number to a continuous quantity abstraction visualised as a
number line is widely accepted to be predictive of mathematics achievement. However, a
debate has emerged with regard to how placements on this number line should be modelled.
In the current study, a model of logarithmic placements was compared to a varied set of
proportional reasoning models in which placements are made relative to anchor points on the
number line. Also, developmental relations between number line placements and
mathematical achievement were investigated using cross-lagged panel modelling. A group of
442 children participated in a three-year longitudinal study, in which they completed a
number-to-position task every six months. Individual number line placements were fitted to
various models, of which a one-anchor power model provided the best fit for many of the
placements at a younger age, and a two-anchor power model provided better fit for many of
the children at an older age. The number of children who made linear placements also grew
with age. Cross-lagged panel analyses indicated that the best fit was provided with a model in
which bidirectional effects were included, rather than unidirectional effects in either
direction. This indicates that mathematics achievement is as much an outcome as it is a
predictor of number sense.

Introduction
At what time will I need to leave to arrive at school in time? If my brother gets three pieces of
candy and I get two, is that fair? If I get two euros per week for pocket money, how long will
I need to save up to buy that new toy? To answer these questions, one needs an understanding
of number, usually referred to as number sense, which is children’s ability to intuitively
understand and relate numbers (Dehaene, 2001). Number sense is considered a precursor to
formal understanding of mathematics (Dehaene, 2001; De Hevia & Spelke, 2009) and
therefore of vital importance for later school success.
Recent insights into the development of number sense suggest that children develop
an understanding of number, quantity, and relations between numbers at a young age, and a
cognitive tool often associated with this is the mental number line (Dehaene, 1992; Dehaene,
Bossini, & Giraux, 1993; Feigenson, Dehaene, & Spelke, 2004; Verguts & Fias, 2004). On
this assumed mental number line, numbers are ordered in accordance to their magnitude, and
comparisons between numbers can be made by mentally estimating the location of numbers
on the number line, although alternative views have been proposed. Number line
representations are typically investigated using the Number-to-Position task (Siegler &
Opfer, 2003). In this task, children are shown an empty number line with the beginning- and
endpoint marked with a number (for example, with 0 and 100), and are asked to indicate the
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position of a certain number on this line by drawing a hatch mark on the location or pointing
to the intended location. In the current study, longitudinal development of number line
placements and its relation to mathematics performance was investigated.
The Number-to-Position task has also been used to measure development of number
sense. As children get older, their estimations of numbers on the number line become
increasingly more accurate (e.g., Ebersbach, Luwel, Frick, Onghena, & Verschaffel, 2008;
Friso-van den Bos, Kolkman, Kroesbergen, & Leseman, 2014; Holloway & Ansari, 2008;
Laski & Siegler, 2008). Accuracy of number line placements increases both because children
learn to consistently place larger numbers on the right side of the number line, and because
children’s ability to determine the spatial distance between placements improves, meaning
that they learn to understand that the distance between 10 and 20 on the number line is equal
to the distance between 80 and 90. These two forms of improvement result in more linear
associations between the placements on the number line and the actual numerical value.
Linear and accurate placements of numbers on a number line have been shown to be related
to higher mathematics achievement (Geary, 2011; Halberda, Mazzocco, & Feigenson, 2008;
Sasanguie, De Smedt, Defever, & Reynvoet, 2012; Sasanguie, Göbel, Moll, Smets, &
Reynvoet, 2013; Sasanguie, Van den Bussche, & Reynvoet, 2012; Siegler & Booth, 2004)
and to be impaired in children with mathematical learning disorder (Geary, Hoard, Nugent, &
Byrd-Craven, 2008; Landerl, 2013) Therefore, the literature highlights the importance of
linear and accurate placements for the development of mathematical achievement.

Models of number line placement
There is little consensus concerning the shape of the mental number line in young schoolaged children who do not yet show linear associations between numbers and their placements
on the number line, although the observation that their placements do not perfectly adhere to
the assumption of linear associations between presented and generated number remains
undisputed. In one of the first accounts of the mental number line, Gallistel and Gelman
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(1992) reported that numbers were in fact distributed linearly across the mental number line
throughout development, but that variability at the higher end of the scale was larger, making
the fit of a linear slope weaker for children displaying this variablity. In other words: the
authors argued that because placements of larger numbers are less precise, correlations
between estimated and actual positions remain imperfect. More recent accounts, however,
have disputed the idea of young schoolchildren having linearly shaped representations of
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numbers, with the most dominant view that prior to becoming linear, numbers are distributed
logarithmically across the mental number line and shift towards linear distributions when
children get older (Ashcraft & Moore, 2012; Dehaene, 2003; Opfer & DeVries, 2008; Opfer,
Siegler, & Young, 2011; Rips, 2013; Siegler & Booth, 2004; Siegler & Opfer, 2003).
Children that make logarithmic placements of numbers on a number line place the numbers
on the lower end of the line far apart, and compress the numbers at the end of the scale, as in
Figure 7.1.

Figure 7.1. Logarithmic and linear models, with numbers presented to the children on the xaxis, and placements made by the children on the y-axis.

Others have argued that the association between actual and estimated numbers on a number
line can better be explained by a cyclic power model which is the result of the use of
proportional reasoning to place numbers on a number line, also based on a power function
(Barth & Paladino, 2011; Hollands & Dyre, 2000; Slusser, Santiago, & Barth, 2013). In the
cyclic power model, number line placements are made based on a judgment of the magnitude
of the target number in comparison to both the minimum and the maximum value on the
number line, meaning that children actively compare between a target number of 90 and a
maximum of 100 in a 0-100 number line, resulting in an overestimation of small numerals
and an underestimations of large numerals (Figure 7.2B). When the midpoint of a scale is
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added to the reference points used to make a placement, this cycle of over- and
underestimation repeats itself past the midpoint, resulting in a two-cycle model (Figure 7.2C).
There is an on-going discussion between proponents of the logarithmic model and proponents
of the power models. Various comparisons between these models have not yielded consistent
results in favour of either model (Ashcraft & Moore, 2012; Bouwmeester & Verkoeijen,
2011; Opfer et al., 2011; Slusser et al., 2013). Rouder and Geary (2014) added a non-cyclic,
power model to the battery of cyclic power functions, which is computationally comparable
to the power functions as presented in other studies (e.g., Opfer et al., 2011), but similar in
shape to the logarithmic model (Figure 7.2A; Rouder & Geary, 2014; Stevens, 1957). More
specifically: the same transformations are made in both functions, but in the non-cyclic power
model, transformations are also made to the child-generated numbers, and not just to the
presented numbers. Importantly, in most accounts of the power model, only the cyclic models
are considered, and the non-cyclic power model is not taken into account (Barth & Paladino,
2011; Opfer et al., 2011). In the current study, this model is taken into account next to the
logarithmic model, because the differences in computation may produce differences in fit. A
third account of number line placements is the segmented linear model, in which the
assumption is made that lower numbers are mapped onto the number line in a different way
than higher numbers (e.g., Ebersbach et al., 2011; Moeller, Pixner, Kaufmann, & Nuerck,

7
Figure 7.2. A. Non-cyclic power model. B. One cycle model. C. Two cycle model. Adapted
from “Children’s cognitive representations of the mathematical number line,” by J. N.
Rouder and D. C. Geary, 2014, Developmental Science 17, p. 526. Copyright 2014 by John
Wiley & Sons Ltd. Adapted with permission.
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2009). This model, however, is based on very different theoretical assumptions, and was not
taken into account in the current study.
It has been proposed that the shape of the number line shifts from logarithmic or noncyclic power functions to cyclic representations with the development of better number sense
due to practice or the development of other higher-order skills (Rouder & Geary, 2014). The
authors proposed that the non-cyclic power model (Figure 7.2A), which is similar to the
logarithmic model in terms of shape, is a model in which a single reference point at 0 is used.
On the other hand, the proportional reasoning models rely on two reference points at the
begin- and endpoint of the number line (one-cycle power model, Figure 7.2B) or three
reference points with a reference added in the middle of the line (two-cycle power model,
Figure 7.2C; Rouder & Geary, 2014; Slusser et al., 2013), and is therefore developmentally
more advanced than the non-cyclic power model, with more elements of the number line
being used by the child. This means that older children should be more likely to generate
cyclic power models than younger children, but studies in which such shifts are studies are
scarce. Support for a shift in the shape of the number line as an indicator of development of
numerical reasoning comes from studies showing that older children are more likely to make
placements that fit with cyclic power models than younger children (Barth & Paladino, 2011;
Rouder & Geary, 2014). However, support for older children producing a one-cycle model
including two reference points, in comparison to younger children generating a two-cycle
model including three reference points is also available (Slusser et al., 2013). This finding is
contradictory to the notion of the two-cycle model being developmentally more advanced.
Mapping the developmental pathways of number line placements is important, because
number line acuity has previously been associated with mathematical performance (Geary,
2011; Halberda et al., 2008; Sasanguie et al., 2013) and may serve as an early marker of
difficulties in mathematical performance. However, the associations between number line
placements and mathematics achievement are in need of clarification as well.

Number line acuity and mathematics achievement
There are mixed findings with regard to the role of the mental number line in development of
mathematical performance. Although various accounts have demonstrated that children’s
number line acuity is predictive of later mathematical achievement (Halberda et al., 2008;
Sasanguie, De Smedt et al., 2012; Sasanguie et al., 2013; Sasanguie, Van den Bussche et al.,
2012; Siegler & Booth, 2004), others have not been able to demonstrate this relationship
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(Praet, Titeca, Ceulemans, & Desoete, 2013). Associations between number line acuity and
mathematical achievement have also been found to be bidirectional (LeFevre et al., 2013),
which suggests that acuity on number line tasks should perhaps not only be seen as a
precursor to mathematics performance, but also as an outcome of proficiency in performing
mathematical operations. However, LeFevre et al. (2013) used a relatively small and varied
sample, and there was a year interval between measurements, and is in severe need of
replication. To address the assumption of bidirectional relationships between number line
acuity and mathematics performance, a homogeneous and large sample is needed, with
smaller time intervals. Moreover, although mathematical performance has been associated
with number line acuity, little is known about differences in performance between children
whose number lines adhere to different models of placement, as described above. Studies in
which comparisons are made between children falling into different categories of number line
placements often use a very limited number of models (Barth & Paladino, 2011; Opfer et al.,
2011), making it difficult to observe developmental trends.
To conclude, although research concerning children’s number lines has expanded
during the past few years, two controversies remain. In the current study, both the debate
regarding the shape of the number line in young school-aged children and the discussion
regarding the role of the number line as a predictor of mathematical achievement were
addressed.

The current study
Three research questions were addressed in this study. The first research question was: which
model(s) can best explain number line placements in individual children from kindergarten to
second year of primary school? This research question adds to current literature in which
these models are compared (e.g., Ashcraft & Moore, 2012; Barth & Palladino, 2011; Opfer et
al., 2011; Rouder & Geary, 2014) by adopting the models already used, comparing models
that have not yet been compared directly, and using a longitudinal design. The direct
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comparison between models that have not been contrasted before hereby provides a
considerable contribution to current literature, as all studies reported previously may be
eligible for re-interpretation in light of such direct comparisons. Importantly, in the current
study, no direct instruction was given to the participants with regard to the midpoint of the
number line, as this may serve as a determinant of strategy selection (Ashcraft & Moore,
2012).
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To address our research questions, we used data from the longitudinal MathChild
study, in which a large sample of children was followed from kindergarten to second year of
primary school. The models as presented by Rouder and Geary (2014) were used. These
were: a) a non-cyclic power model, b) a one-cycle model in which two anchor points are used
at the begin- and endpoint, and c) a two-cycle model in which three anchor points are used:
the begin-, middle- and endpoint (see Figure 7.2). An additional set of three models were
added: a random model, to identify children whose placements did not sufficiently relate to
the presented numbers, a logarithmic model (Siegler & Booth, 2004; Siegler & Opfer, 2003),
to distinguish between the power model and the logarithmic model in terms of fit with childgenerated data, and a linear model, to identify children who made linear placements. Children
were categorised as using one of the resulting six models using the fit index R2 (Opfer et al.,
2011). Note that no statistical tests of differences in model fit per child were performed, as
this would generate thousands of statistical tests. Rather, children were placed into the
category that produced the highest fit, regardless of the difference with fit of the next-best
fitting category. Although the analyses were in general exploratory, we expected to find
models indicative of one reference point to be more prevalent in younger children, and
models with multiple reference points to be more prevalent in older children, similar to the
findings of Rouder and Geary (2014).
The second research question was: do children whose number line placement fit best
with each model differ with regard to mathematical achievement? This question is aimed at
the hypothesised developmental account of number line placements. If children whose
placements adhere to cyclic models indeed score higher than children whose placements
suggest a single reference point, and if children with linear placements score higher than both
former groups on a mathematics test, this can be interpreted as support for the developmental
account of number line placements (Rouder & Geary, 2014; Slusser et al., 2013).
The third research question was: is number line acuity a predictor of mathematics
achievement, is mathematics achievement a predictor of number line acuity, or is the
relationship bidirectional? We hereby aimed to address the discussion in the literature
regarding the role of the mental number line as a predictor of mathematics achievement (e.g.,
Lefevre et al., 2013; Praet et al., 2013; Sasanguie et al., 2013). Instead of all models of
number line placement, only fit with the linear model was used to address this research
question, because this model is developmentally most advanced and can provide a clear
picture of how accurately a child can place numbers. Measures of mathematics proficiency
were primarily word problems.
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Participants
Data were from the longitudinal MathChild study in which children were followed from
kindergarten to second year of primary school, across a timespan of three academic years. At
the start of the study, 442 children were included with a mean age of 5 years and 7 months
(SD = 4.3 months), and 198 (44.8%) were girls. The children were recruited from a total of
25 schools in various municipalities in The Netherlands. Children completed a diverse battery
of tasks twice per academic year, once in November/December, and once in May/June,
resulting in six time points with six month intervals (from here on referred to as T1-T6).
During the sixth and final round of data collection in year two, 354 participants completed the
tasks presented in the current study with a mean age of 8 years (SD = 3.9 months). Reasons
for dropout varied, but the most common reasons were repeating a year, which is very
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Method

common in Dutch education, and moving to a different school or municipality. On average,
children who dropped out showed less linearity in their placements (R2 = .19) than children
who did not drop out (R2 = .33) during the first round of data collection, t(440) = 4.19, p <
.001, and scored lower on Raven’s coloured matrices (M = 17.76) than children who did not
drop out (M = 21.60), t(434) = 5.47, p < .001, which may be explained by the fact that the
dropout group includes the children repeating a year.

Measures
Number-to-position task. The number-to position task was a computerised version of
the task initially designed by Siegler and Opfer (2003; Kolkman, Kroesbergen, & Leseman,
2013). In the task, children were presented with a horizontal line on the computer screen and
were told that they would to see numbers (Arabic numbers) that had to be placed in a line by
the children, and that each number needed to get its own spot on the line. The numbers 1 and
100 were presented below the left and right ends of the line, respectively, and the target
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number was presented above the line (see Figure 7.3). In a first practice trial, they were asked
where the number 1 would go on the line, and in a second practice trial, they were asked
where the number 100 would be located. Children pointed to this position with a finger on the
computer screen. The correct placements were pointed out at both practice trials, after which
the test trials started. During the testing phase, no feedback was given to the children, except
for positive reinforcement. The numbers used in the test trials were 2, 4, 9, 11, 14, 17, 23, 26,
31, 38, 44, 45, 52, 59, 61, 66, 73, 78, 84, 86, 92, and 99. These numbers were presented in a
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random order. Positions indicated by the child were entered into the computer by the
experimenter, by dragging a digital hatch mark to the place the child had indicated. Children
were instructed not to remove their finger from the target position until the experimenter had
entered the response, for minimal error in data entry. Positions were saved digitally, ranging
from 0,0 at the far left of the line to 100,0 at the far right of the line.

Figure 7.3. Number-to-position task as presented to the child, and a position as it might be
indicated by a child.

CITO Mathematics Tests. The national Cito Mathematics Tests monitor the progress
of primary school children. Each academic year starting in year 1, two tests are administered
in the middle (January) and at the end (June) of the academic year. Each of these tests
consists of primarily word problems that cover a wide range of mathematics domains, such as
measurement, time, and proportions. Test scores are converted into ability scores that
typically increase throughout primary school, making a comparison of results throughout the
academic career possible (Janssen, Scheltens, & Kraemer, 2005). The Cito Mathematics
Tests have been shown to be highly reliable; the reliability coefficients of different versions
range from .91 to .97 (Janssen, Verhelst, Engelen, & Scheltens, 2010).
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Procedure
Prior to the study, informed consent was obtained from all the parents or caretakers of
children participating in the study. Children in the MathChild study participated during six
rounds of data collection, each consisting of two or three sessions that lasted up to half an
hour. In each academic year, a round of data collection was planned in November/December,
and one in May/June.
Children were tested in a quiet room inside the school by trained research assistants at
times convenient to both the teacher and child. All tests except the CITO Mathematics test
were computerised and presented on HP 6550b notebooks. In the current study, only data
from the Number-to-position task and the CITO Mathematics test were used. During testing,
positive feedback was given to the child about effort, but not performance. After completing
all the tasks planned for a session, children were rewarded with a colourful sticker.

Analytical strategy
For each child at each time point, number line placements of each item were recorded. Using
various formulas, for each individual child fit of the data with each model of number line
placements was computed using the fit index R2 (for the logarithmic model, see Siegler &
Opfer, 2003; for the non-cyclic power, one-cycle, and two-cycle model, see Rouder & Geary,
2014; linear fit was indexed by the squared correlation of untransformed values). If the
correlation between presented items and placements by the child did not exceed r = .30,
placements were coded as random. In all other cases, the model producing the highest fit with
the data was selected as the model best fitting the child at that time point. Transitions
between these models were recorded for each child longitudinally.
To address the second research question, targeting the differences between children
placed in different categories of number line placement, children were subdivided into groups
based on the best fitting model of number line placement. Analyses of variance were used to
explore concurrent differences in mathematical achievement between these groups. Fisher's
least significant difference (LSD) was used to investigate contrasts between specific groups
of children.
To address the third research question, targeting the interrelationships between
number line performance and mathematics performance, a series of cross-lagged panel
models (Kenny, 2005) was built using Mplus software (Muthén & Muthén, 1998-2011).
Although cross-lagged panel analysis cannot prove causality between variables, a strong
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claim for causal relations can be made because of the prediction of scores across time,
controlling for autoregressive effects, and because causality in both directions can be
investigated. Only data from first and second year of primary school were used for this,
because mathematics scores were available only from the start of first year, since these tests
cannot be completed by kindergartners. First, linear correlations between the estimated
position indicated by the child and the actual position of the number values were computed
for each child in each time point. This is similar to the linear model of number line
placements. A starting model included these linear correlations as an indicator of number
line acuity, and scores on the mathematics test at each time point. To answer the research
question about mutual interdependencies between mathematical achievement and number
line acuity, five different models were tested:
a. an empty model, containing only autoregressive effects and covariances between
number line and mathematics achievement at the first and last time point,
b. a model in which paths from number line performance at each time point to
mathematics achievement at the next time point were added,
c. a model in which paths from mathematics achievement at each time point to number
line achievement at the next time point were added, but no paths from number line to
mathematics were included,
d. a model in which both paths from number line to mathematics and from mathematics
to number line performance were included,
e. a model in which the best-fitting model of the former was adjusted to achieve the best
possible fit.
Model fit of each model was evaluated using various cut-off criteria commonly
accepted for statistics of model fit (Hu & Bentler, 2009; Schermelleh-Engel & Moosbrugger,
2003). Reported fit statistics are the Root Mean Square Error of Approximation (RMSEA),
the Comparative Fit Index (CFI), the Tucker-Lewis Index (TLI), and the Standardised Root
Mean Residual (SRMR). Moreover, the ratio χ2 to degrees of freedom was evaluated, as an
alternative for the χ2 test, which has drawbacks when large samples are being examined
(Schermelleh-Engel & Moosbrugger, 2003).
Comparisons between fit indices addressed the research question: of models a-d, the
model with the best fit best described the relationship between number line acuity and
mathematical achievement, allowing us to conclude whether associations are unidirectional
and in which direction, or bidirectional. Comparisons between the Satorra-Bentler scaled χ2
(Satorra & Bentler, 2010) provided information about the significance of differences in fit.
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maintained only if they made a significant contribution to model fit as indexed by the
Satorra-Bentler scaled χ2 (Satorra & Bentler, 2010).

Results
Placement into models of number line
First, each child was placed into a category of number line placements based on the best fit
across various models. The number of children showing the best fit for each of the models of
number line placements can be found in Table 7.1. The most dominant category of number
line placements is the non-cyclic power model for kindergarten and year 1 (T1-T4), and a
one-cycle power model for year 2 (T5 and T6). Across time, an increasing number of
children were placed into the category of linear placements. A graphical representation of
transitions between categories of number line placements can be found in Figure 7.4. This
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The final model (e) was used to explore an optimal model. In this model, paths were

graph shows both stability within categories and transitions in all directions, but very frequent
patterns include continuation in categories in which one reference point is used (logarithmic
or non-cyclic power models) in kindergarten and first year (e.g., 232 children continued in
one reference point models from T1 to T2), and transitions to cyclic models (one- or twocycle model) and the linear model in second year (e.g., 57 children went from a two reference
point model to a linear model from T5 to T6).
In a next step, placement into the non-cyclic power model were removed, and children
fitting best into the non-cyclic power model were placed in the next best fitting category of
number line placements (the model with the highest fit of all models, but explicitly not the
non-cyclic power model). This was done to gain insight into placements into models when
the non-cyclic power model is disregarded, similarly to comparable studies (Barth &
Paladino, 2011; Opfer et al., 2011). The number of children placed in each category after
removal of the non-cyclic power model can be found in Table 7.2, and by subtracting the
original number of children in each category as presented in Table 7.1 from the number of
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children placed in the same category in Table 7.2, one can compute the number of children
moving to that category when the non-cyclic power model is disregarded. In kindergarten,
most children whose number line placements fit a non-cyclic power model show a
logarithmic model as next best fitting category, while a one-cycle power model fits their data
better after the start of formal education (T3 and later time points). The number of children
whose next best fitting category is a linear model also rises across time.
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Table 7.1
Number of Children Fitting into Categories of Number Line Placements for All Time Points
T1

T2

T3

T4

T5

T6

(N = 442)

(N = 430)

(N = 398)

(N = 394)

(N = 363)

(N = 354)

Random

95 (21%)

58 (13%)

9 (2%)

2 (1%)

0 (0%)

0 (0%)

Logarithmic

50 (11%)

48 (11%)

55 (14%)

23 (6%)

5 (1%)

1 (0%)

257 (60%)

243(61%)

189 (48%)

130 (36%)

82 (23%)

Non-cyclic power 252 (57%)
One-cycle model

34 (8%)

55 (13%)

74 (19%)

129 (33%)

138 (38%)

140 (40%)

Two-cycle model

8 (2%)

5 (1%)

3 (1%)

2 (1%)

2 (1%)

1 (0%)

Linear

3 (1%)

7 (2%)

14 (4%)

49 (12%)

88 (24%)

130 (37%)

Table 7.2
Number of Children Fitting into Categories of Number Line Placements for All Time Points,
Excluding the Non-cyclic Power Model
T1

T2

T3

T4

T5

T6

(N = 442)

(N = 430)

(N = 398)

(N = 394)

(N = 363)

(N = 354)

Random

95 (21%)

58 (13%)

9 (2%)

2 (1%)

0 (0%)

0 (0%)

Logarithmic

226 (51%)

215 (50%)

177 (44%)

73 (19%)

14 (4%)

2 (1%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

Non-cyclic power 0 (0%)
One-cycle model

103 (23%)

136 (32%)

186 (47%)

248 (63%)

233 (64%)

189 (53%)

Two-cycle model

11 (2%)

8 (2%)

7 (2%)

5 (1%)

5 (1%)

2 (1%)

Linear

7 (2%)

13 (3%)

19 (5%)

66 (17%)

111 (31%)

161 (45%)
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cycle and 2-cycle model grouped under 2 reference model. Arrow sizes represent the number of children making a transition.

Figure 7.4. Transitions between models fitting each child’s data, with logarithmic and non-cyclic power model grouped under 1 reference model, and 1-
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Mathematical achievement differences between children in number line categories
As a next step, differences were computed in mathematics proficiency between children fitted
into various categories of number line placement. This was done in a series of ANOVAs,
with one model to investigate differences between children in each category per time point.
Scores of mathematics proficiency were available starting at T3, resulting in four different
analyses. Mean mathematics scores per group, as well as number of children with available
scores, can be found in Table 7.3. Fisher's least significant difference (LSD) was used to
investigate contrasts between individual groups of children.

Table 7.3
Mean Scores on Mathematics and Number of Children Fitting Best Into Each of the
Categories of Number Line Placement.
T3

T4

T5

T6

M

N

M

N

M

N

M

N

Random

27.00

8

15.00

1

-

0

-

0

Logarithmic

30.85

53

38.95

20

50.00

5

35.00

1

Non-cyclic power

35.25

224

42.44

176

49.17

123

63.85

81

One-cycle

42.17

69

50.18

122

57.04

136

64.95

138

Two-cycle

34.00

3

80.00

2

40.50

2

67.00

1

Linear

50.23

13

57.58

45

59.58

86

69.18
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At T3, there was a significant difference between groups of number line placement
with regard to mathematical achievement, F(5,364) = 6.87, p < .001. Post-hoc analyses
indicated that children in the linear group scores significantly higher than children in the
random, logarithmic, and non-cyclic power group (ps < .001), and that children in the onecycle group scored significantly higher than children in the random, logarithmic, and noncyclic power group (ps < .01). No other contrasts produces significant differences.
At T4, there was also a significant difference between groups of number line
placement with regard to mathematical achievement, F(5,360) = 11.70, p < .001. Post-hoc
analyses indicated that all groups scored significantly different from one another with regard
to mathematics (ps < .05), except the logarithmic and non-cyclic power group (p = .35). No
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available for whom both number line and mathematics data were available.
At T5, there was also a significant difference between groups of number line
placement with regard to mathematical achievement, F(4,347) = 7.46, p < .001. No children
were placed in the random group at this time point. Post-hoc analyses indicated that both the
linear and the one-cycle group scored higher on mathematics than children in the non-cyclic
power group (ps < .001). No other contrasts were indicative of significant differences (ps >
.05).
Finally, at T6, there was a significant difference between groups of number line
placement with regard to scores of mathematics, F(4, 344) = 3.21, p = .01. Post hoc analyses
indicated that children in the linear group scored significantly higher than children in the noncyclic power and one-cycle group (ps < .05). The difference between the non-cyclic power
and one-cycle group was not significant (p = .59), and contrasts with the logarithmic group or
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post hoc contrasts were computed for the random group, because only one child was

two-cycle group were not computed because only one child in these groups had a
mathematics score available.

Longitudinal associations between number line acuity and mathematics
To address the third research question, regarding the longitudinal associations between
mathematics achievement and number line performance, a series of path analyses was
conducted. An empty model, found in Figure 7.5A, contained no cross-lagged paths, but only
paths between measures at each time point and the same measure at previous time points, or
autoregressive associations. Covariances between number line performance and mathematics
achievement at T3, and number line performance and mathematics achievement at T6 were
also added. Moreover, direct paths were added between number line acuity at T3 and number
line acuity at T5, and between mathematics achievement at T3 and mathematics achievement
at T5 and T6, because these paths improved the fit of the models greatly without affecting the
associations between number line acuity and mathematics achievement. The latter
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associations were used for hypothesis testing.
Next, three hypothesis-testing models were explored, which are all extensions of the
empty model, meaning that all paths in the empty model were present in all consecutive
models: a model containing only paths from number line acuity to mathematics achievement
at the next time point (Figure 7.5B), a model containing only paths from mathematics
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192
11

48.25

Full cross-lagged model

Improved cross-lagged model 35.43

D

E

< .05

0 ≤ χ /df ≤ 2
≥ .95

≥ .90

.98

.96

.92

.90

.86

CFI

≥ .95

≥ .90

.94

.91

.85

.80

.77

TLI

.05

.00 ≤ SRMR ≤

≤ .10

.07

.08

.13

.15

.19

SRMR

Comparative Fit Index; TLI = Tucker-Lewis Index; SRMR = Standardised Root Mean Square Residual.

Note. χ2 = chi square statistic; df = degrees of freedom; χ2/df = chi square and degrees of freedom ratio; RMSEA = Root Mean Square error Approximation; CFI =

2

Good fit

.07

.09

.12

< .08

3.22

4.39

6.74

.14

.15

RMSEA

≤ 5.0

14

8.63

9.79

χ2/df

Acceptable fit

Fit criteria

11

94.35

Maths to number line model

C

14

120.88

Number line to maths model

B

17

166.38

df

Empty model

χ2

A

Model

Fit Indices of Path Models A-E.

Table 7.4
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lagged panel model with bidirectional associations (Figure 7.5D). Fit indices of these models
can be found in Table 7.4. Of these models, only the fit indices of the full cross-lagged model
were acceptable.
The full cross-lagged model ( Figure 7.5D) showed better fit than both the Number
line to maths Model (Figure 7.5B), Δχ2 = 72.45, Δdf = 3, p < .001, and the Maths to number
line model (Figure 7.5C), Δχ2 = 40.97, Δdf = 3, p < .001. This confirms that the Full crosslagged model described the data better than either other model.
In a final step, the Full cross-lagged model was adjusted to determine whether a more
optimal fit could be found. First, the non-significant path from number line performance at
T5 to mathematics achievement at T6 was removed, leading to a non-significant decrease in
fit, Δχ2 = 1.21, Δdf = 1, p = .21. Then, additions to the model were explored in which
mathematical achievement and number line were predicted from two time points earlier, and
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achievement to number line acuity at the next time point (Figure 7.5C), and a full cross-

the only additional path that made a significant contribution to the model was the path from
number line acuity at T3 to mathematics achievement at T5, Δχ2 = 11.87, Δdf = 1, p < .001.
The final best-fitting model is presented in Figure 7.5E, and fit statistics of this model can be
found in Table 7.4. All fit statistics were indicative of acceptable to good fit.

Discussion
In the current study, various models of number line placements were compared across a
series of longitudinal measurements in a large group of children. We found the power model
to be a better fitting model in most individual pre-linear children at all time points than a
logarithmic model. However, the non-cyclic power model in which one reference point is
used produced the best fit for many children at a younger age. This model is similar in shape
to the logarithmic model, but is ignored in many studies in favour of the one- and two-cycle
models in which multiple reference points are used (Barth & Paladino, 2011; Opfer et al.,
2011). Although we can conclude that a power model (either cyclic or non-cyclic) indeed
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produces better fit for most children’s number line placements, the interpretation of these data
is closer to that of the studies in which a logarithmic model is proposed (Ashcraft & Moore,
2012; Dehaene, 2003; Opfer & DeVries, 2008; Opfer et al., 2011; Rips, 2013; Siegler &
Booth, 2004; Siegler & Opfer, 2003): one dominant reference point is used to obtain data
fitting both the power model and the logarithmic model.
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Figure 7.5. A. Empty model with no cross-lagged paths. B. Number line to mathematics
model. C. Mathematics to number line model. All estimates are standardised coefficients. * p
< .05. ** p < .01. *** p < .001.
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Figure 7.5 (continued). D. Full cross-lagged model. E. Improved cross lagged model. All
estimates are standardised coefficients. * p < .05. ** p < .01. *** p < .001.

It should be noted that the logarithmic model and the non-cyclic power model are very
similar in shape and mathematical properties. The main difference between the two models is
that in the logarithmic model, only the true given numbers are transformed logarithmically,
while in the non-cyclic power model, both the numbers to be estimated and the estimates on
the number line are transformed using a similar formula (n.b., although the formulas
presented in various articles are different, the difference occurs only in the base of the
logarithm, making variance of each transformation outcome no different from the other).

7

Both models imply no difference in strategy taken by the child, nor do they differ with regard
to assumptions regarding reference points used – the difference is purely computational,
although very relevant, as evidenced by the differences in best-fitting model, as outlined in
the Results section. The logarithmic model, therefore, is very suitable to compare between
logarithmic fit and linear fit, as is done in various studies (e.g., Ashcraft & Moore, 2012;
Opfer & DeVries, 2008; Siegler & Booth, 2004). The power models presented in Rouder and
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Geary (2014) are theoretically less suitable to make this comparison, due to the
transformation placed on both the scales: in the unlikely case of perfect placements, this
model is not statistically distinguishable from a linear model.
When the non-cyclic power model is disregarded, children in kindergarten years are
more likely to make placements best fitting the logarithmic model, and this is gradually
replaced by the one-cycle power model as the next best-fitting model. Two inferences can be
made from these data: first, the logarithmic model, despite it being inferior in fit to the noncyclic power model as evidenced by the smaller number of children fitting the model best,
quite adequately described number line placements of children before the start of formal
education. Second, the fact that children best fitting the non-cyclic power do not all have the
same next best-fitting model suggest that the shift from a model with one reference point
towards a model with multiple reference points is not sudden and paradigmatic, with children
shifting from one model to another without responses in-between both models, as suggested
in previous work (Opfer et al., 2011). More gradual shifts between models may better
describe the development of number line placements. Previous discussions of a gradual
versus an abrupt shift in representation have so far been inconclusive, and microgenetic
studies are needed to address this issue in more detail (Barth & Paladino, 2011; Opfer et al.,
2011).
Shifts in use of reference points, however, were prevalent in the data, confirming the
hypothesis that children started using more reference points with increasing age and
experience with number (Rouder & Geary, 2014; Slusser et al., 2013). The frequent
occurrence of logarithmic and non-cyclic power models in kindergarten suggests that
kindergartners, although scaling their responses to fit on the line, did not use the endpoint of
the number line as a reference point very often, but rather scaled all their responses based on
the beginning of the number line. A shift towards increasing use of the endpoint as a
reference point in making number line placements is suggested by the increasing number of
children who were placed in the one-cycle power model throughout the study. Linear
placements, as a result of a sound understanding of the number system, increased in
frequency as well.
The non-cyclic power model was the most prevalent model to most accurately
describe number line placements until the end of first year (T4). In second year, an increasing
number of children made number line placements that best fit with a one-cycle power model,
indicative of the use of two reference points (Rouder & Geary, 2014). The number of
children whose number line placements were best fit by a linear model was also growing
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steadily until the end of second year, and by the final measurement occasion (T6), the linear
model was nearly just as prevalent as a best-fitting model as the one-cycle power model.
These findings suggest that the number of children whose estimate best fit a linear model at
this number line will scale still increases beyond the second year.
The observation that only very few children made number line placements that fit best
with the two-cycle model is striking, because this model best fit the number line placements
of children of a similar age in a number of previous studies (Barth & Paladino, 2011; Rouder
& Geary, 2014; Slusser et al., 2013). This difference in outcomes may be attributable to the
the fact that in these other studies during the practice phase children were explicitly instructed
to place 50 in the middle of the number line, and not to place any other numbers exactly on
that spot (Barth & Paladino, 2011; Rouder & Geary, 2014; Slusser et al., 2013). This may
have motivated children to place values that should be placed close to the midpoint a bit
further from the midpoint in these studies, while the lack of constraints with regard to
placement on the midpoint may have elicited much closer placements to this specific point on
the number line. Note that the two-cycle model also yields estimation problems in the case of
values placed on the wrong side of the midpoint, resulting in missing observations when
using this model, as also reported by Rouder & Geary (2014), due to an imposed logarithm of
a negative number. However, it should also be noted that children who use the midpoint as a
reference point are not likely to place numbers on the wrong side of the reference point.
Therefore, in the case of many missing observations, the two-cycle model is unlikely to
accurately explain children’s number line placements. Perhaps this model is not of use when
no instruction is given with regard to a reference point in the middle.
An alternative explanation for the deviation in findings between previous studies (e.g.,
Barth & Paladino, 2011) and the current study is that in all previous studies, children were
taught in English, in which the number system is more uniform than the Dutch number
system. Dutch number words include the ones before the tens, instead of tens before ones
(e.g., instead of saying thirty-five, one would say five-and-thirty), which is inconsistent with
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the order of written numerals. This may make it more difficult for young children to gain
insight into the number system, and might explain the large number of children being placed
in the random group during kindergarten, leading children to prevail in using less mature
placement strategies and skipping the strategy with three reference points to inform number
line placements in favour of the most advanced strategy, which is making linear placements.
This hypothesis, however, rests under the assumption that children make placements through
interpretation of verbal number words, either by transcoding the written number or by
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listening closely to the experimenter reading the numbers out loud. A study by Helmreich et
al. (2011) indeed suggested that inversion errors may be of influence on number line
placements in primary school children, although an important difference with the current
study was that no numbers were read out loud by the experimenter, making the chance of
inversion errors larger. More experimental studies are needed to investigate similar
differences in findings and manipulate strategy use through variations in instruction in
various groups.
Across time points, children generally moved from models with fewer reference
points towards models with more reference points or linear models, as evidenced by the
model transitions. This is consistent with the notion that models with more reference points
are more advanced than models with fewer reference points (Barth & Paladino, 2011; Rouder
& Geary, 2014). Children did not only maintain the same model or move towards more
advanced models across time points, but small numbers of children regressed towards less
advanced models from one time point to the next. According to Siegler’s overlapping waves
model, children do not abandon a strategy entirely in favour or more advanced strategies, but
have multiple strategies available for solving any kind of problem, gradually with more
advanced approaches gradually becoming more prevalent in children’s behaviour (Siegler,
1996). Regression towards less advanced models, in this framework, may be considered
adaptive, or at the very least, can be expected.
More support for the notion that models with more reference points are indicative of
more advanced development of number sense comes from the contrasts in mathematics
scores between children in different groups of number line placements: although not all
contrasts were significant (some, presumably, due to a lack of power), a clear trend can be
seen of children in more advanced models scoring higher on mathematical performance.
Importantly, children in the one-cycle group and linear group scored higher than children in
groups that were associated with use of fewer reference points, confirming that children
making placements in accordance with these models indeed were more advanced with regard
to number line placements, indicative of number sense, which is associated with
mathematical achievement (Dehaene, 2001; De Hevia & Spelke, 2009). This finding both
confirms to the previously reported association between linearity of placements and
mathematical skill by replicating the finding that children whose placements conform to
linear models score higher on mathematical tests (Geary, 2011; Halberda et al., 2008;
Sasanguie et al., 2013; Siegler & Booth, 2004), and adds to the understanding of this
association by including multitude of number line models and showing that a more specific
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number of reference points can be associated with mathematics performance, and not only the
contrast between linear and pre-linear models.
The cross-lagged panel analyses addressing the interrelations between number line
acuity and mathematics performance yielded similar conclusions to the study by LeFevre et
al. (2013): the authors concluded that arithmetic performance predicted consecutive number
line performance as much as number line performance predicted arithmetic performance. The
current analyses were more extensive than the model presented by LeFevre and colleagues
(2013), comparing a number of different models with twice as many occurrences and a more
adequate sample size for this type of analysis. Word problems (as measured by the Cito
Mathematics Test) and number line acuity showed bidirectional relationships, and a
bidirectional model showed better fit than both the model with number lines predicting
mathematics and the model with mathematics predicting number lines. Compared to the
study by LeFevre et al. (2013), the current study included a more uniform group of children
(all from the same year), smaller intervals between time points (six months rather than a
year), and a larger sample, making the data better suitable for path analysis, and included a
direct comparison of various models with different theoretical implications, and therefore
made a stronger case for the interplay between number line development and mathematical
reasoning. Moreover, the current study compared mathematics scores between children
placed in various categories of number line placement, which was not done by Lefevre et al.
(2013). The rationalisation in the mutual interdependencies reported in the cross-lagged
model lies not only in the notion that knowledge of the number system is needed for both
tasks. The current model implies that for a large part, mathematics performance enhances
young school-aged children’s number sense. In other words: by performing calculations and
reasoning about additions, subtractions, and other calculations, children gain insight into the
ordinality of the exact number system and the relations between numbers, rather than the
other way around.
The bidirectional relationship between mathematics and number line acuity may also
be directly responsible for the sudden drop in random placements after the start of year 1
(T3): although the number of children showing random placements already decreased during
kindergarten, the amount became all but negligible at the start of first year. This may be a
direct result of the structured mathematics education that is given from the start of first year.
Also, mathematics at the start of year 1 is directly predictive of mathematics
performance at the start and end of year 2. This may indicate that efficacious development of
mathematical achievement at an early age is not only predictive of skills that are taught
199
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successively, but also have a direct impact on the more advanced skills that are taught later in
education, for example through the use of retrieval strategies that are less cognitively
demanding. This would open up mental workspace, now no longer needed for basic
calculations, to address a larger part of a more complex problem, and directly foster
mathematical performance at a later age (Siegler, 1996; Van der Ven, Boom, Kroesbergen, &
Leseman, 2012).

Conclusion and future directions
Summing up, the current study provides a deeper insight into the development of number line
placements of children at the start of formal education. This study showed that children’s
number line placements fit various power models, with the non-cyclic power model being
dominant in the lower years and the one-cycle power model becoming more dominant over
time, and that the group of children making linear placements becomes larger when children
grow older. Also, mathematics performance is for a much larger part a predictor of number
line acuity than vice versa. This may indicate that children do not only use their number sense
in learning to understand mathematics problems, but that they also, and maybe more
importantly, develop more exact representations of number due to the practise with
mathematical problems. This finding is not only of theoretical importance to knowledge
development concerning number sense, but can also be a motive for a more thorough
investigation of how types of mathematical problems best foster number sense.
Future studies are needed to gain insight into various aspects of number line
placements. First, studies are needed to investigate the influence of instruction type on
number line placements, and in particular, to what extent instruction with regard to number
line placements around the midpoint influences the shape of the number lines produced by
the children (Ashcraft & Moore, 2012). Second, although various studies have investigated
transitions in number line shape in number line tasks of various scales (Ashcraft & Moore,
2012; Berteletti, Lucangeli, Piazza, Dehaene, & Zorzi, 2010; Laski & Yu, 2014; Slusser et
al., 2013), a broader range of models to describe the shape of number lines of various scales
should be used, in order to gain insight into the development of number line placements at
other scales than in the present study. Third, although a developmental account has been
made in the current study, no strong causal inferences can be drawn from the longitudinal
analyses. Experimental studies are needed to investigate the causal associations between
number line placements and mathematics performance, and to investigate development of
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number line shape in the face of quasi-experimental practice and feedback conditions, at the
same time targeting shifts in number line placements (Barth & Paladino, 2011; Opfer et al.,
2011). Finally, number line placement strategies should be investigated using eye tracking
studies (Van Viersen, Slot, Kroesbergen, Van ‘t Noordende, & Leseman, 2013), to confirm
the use of reference points assumed to be associated with the various models of placement.
Nevertheless, the current study contributes to the body of knowledge concerning
number line development by comparing different models of number line placements in a
large-scale longitudinal study including children that were making important steps in their
mathematical development throughout the course of the study. The results confirmed
previously posed hypotheses as well as yielding new questions with regard to the role of
number line acuity in mathematical achievement, and made important steps in uncovering the
intriguing interplay between related, yet distinct skills.
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Abstract
Both number sense and working memory can be fostered by training. In the current study,
possibilities to train number sense and working memory are investigated, as well as the
transfer of working memory gains to number sense skills. The first research question is: is it
possible to foster number sense using an extensive number sense training? The second
research question is: can number sense be fostered through working memory training?
Kindergartners (N = 117), all performing below-average on number sense measures,
received one of the two training programmes or the standard curriculum. Training gains
were analysed using hierarchical linear modelling. Children in the number sense training
showed gains in symbolic, but not non-symbolic, number sense and mathematics measures.
Children in the working memory training showed gains in visuospatial, but not verbal,
working memory. This suggests that number sense training is more beneficial to early
numerical performance than working memory training.

Introduction
Mathematics proficiency is a skill that is put to use in everyday life by virtually every
member of society: at home, while shopping, at work, et cetera. Children start learning
mathematics well before they enter primary school, and it remains a focus area until
education is completed. A sound basic understanding of mathematical concepts, formed in
the early years of education, has been suggested to be highly important, because proficiency
in mathematics is stable across time, with high initial performance predicting high
performance at a later age, and low initial performance predicting lower skills at a later age
(Aubrey, Dahl, & Godfrey, 2006; Aunola, Leskinen, Lerkkanen, & Nurmi, 2004). It has been
proposed that this stability in performance is a result of proficiency in number sense, which is
one of the most important precursors of mathematics (Geary, Bailey, & Hoard, 2009; Jordan,
Glutting, Ramineni, & Watkins, 2010; Mazzocco, Feigenson, & Halberda, 2011). The aim of
the current quasi-experimental study is to investigate the possibility of fostering the number
sense of below-average performers, and to compare the effects of direct number sense
training to those of the indirect facilitation of number sense through working memory
training using a pretest, posttest, and follow-up measure.
Number sense is considered one of the most important predictors of later mathematics
proficiency (e.g., Geary, 2000; Holloway & Ansari, 2009; Jordan, Glutting, Ramineni, &
Watkins, 2010; Jordan, Kaplan, Locuniak, & Ramineni, 2007), but there is a lack of
agreement on the definition of the construct. Dehaene (1997) defined number sense as the
ability to intuitively understand and estimate numerical quantities, but more extensive
208

Jordan, Glutting, & Ramineni, 2010), or a multitude of separable skills (e.g., Kalchman,
Moss, & Case, 2001; LeFevre et al., 2010; Yang, Li, & Lin, 2007). Number sense, in the
current study, was divided into symbolic and non-symbolic measures (Jordan, Glutting, &
Ramineni, 2010; Kolkman, Kroesbergen, & Leseman, 2013; for a review, see De Smedt,
Noël, Gilmore, & Ansari, 2013). These two components have been shown to be separable in
factor-analytical studies in kindergarten (Cirino, 2011; Friso-van den Bos, Kroesbergen, &
Van Luit, 2014; Kolkman, Kroesbergen et al., 2013). Non-symbolic number sense, which is
the ability to estimate and compare visible quantities such as number of dots, has often been
proposed to be a building block for symbolic number sense, which relies on number symbols
such as words and digits (Feigenson, Dehaene, & Spelke, 2004; Gilmore, McCarthy, &
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definitions include two separable skills (symbolic and non-symbolic mathematics skills;

Spelke, 2007). Non-symbolic number sense is present in both humans and animals, and has
been proposed to lie at the root of computation abilities that form the foundation for
mathematics abilities (Cantlon, 2012; Desoete, Ceulemans, De Weerdt, & Pieters, 2012).
Non-symbolic representations, in this interpretation, are thought to help a child in
calculations by representing a problem in an approximate way.
Recent work, however, has disputed the notion of non-symbolic processing to underlie
more advanced capacities (see Noël & Rouselle, 2011): non-symbolic number sense has been
found to explain none of the variability in later mathematics performance, while symbolic
number sense explained significant amounts of variance (Bartelet, Vaessen, Blomert, &
Ansari, 2014). Others have argued that associations between non-symbolic number
processing and mathematics proficiency are the result of individual differences in attentional
control, not number processing skills (Gilmore et al., 2013). Despite disagreement regarding
the construct, it has been identified as a component of number sense (Cirino, 2011; Friso-van
den Bos et al., 2014; Kolkman, Kroesbergen et al., 2013), and it is included in this study.
In the past decades, numerous training programmes have been developed to nurture
mathematics skills and number sense in primary education (see Kroeger, Brown, & O’Brien,
2012). A distinction has been made between the training of procedural skills, such as
counting and solving simple mathematical problems (Räsänen, Salminen, Wilson, Aunio, &
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Dehaene, 2009; Wilson, Revkin, Cohen, Cohen, & Dehaene, 2006), and training of
conceptual skills, in which the focus is on stimulating children to develop an understanding
of the operations they perform on number sets (Ciancio, Rojas, McMahon, & Pasnak, 2001).
In the majority of training programmes, conceptual and procedural activities are combined
(e.g.: Baroody, Eiland, & Thompson, 2009; Krajewski, Nieding, & Schneider, 2008; Toll &
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Van Luit, 2012; Van Luit & Schopman, 1998). A third type of training programme focuses
on underlying number line representations. Playing numerical board games was found to
improve children’s linearity of number line representations (Siegler & Ramani, 2008), which
is associated with higher mathematics achievement scores and has been suggested as a crucial
tool in the development of number representations (Booth & Siegler, 2006). Because each
form of training has showed to be effective on at least some components of number sense, the
number sense training in the current study focused on all three skills: procedural and
conceptual skills, and number line representation, and was among the first studies to make
this combination to investigate gains in such a broad battery of number sense tests.
A second robust predictor of mathematical skill, next to number sense, is working
memory functioning of children, which can predict mathematics performance both
concurrently (Bull & Scerif, 2001; Friso-van den Bos, Van der Ven, Kroesbergen, & Van
Luit, 2013; Van der Ven, Kroesbergen, Boom, & Leseman, 2012), and longitudinally (Frisovan den Bos et al., 2013; Passolunghi, Mammarella, & Altoé, 2008; Toll, Van der Ven,
Kroesbergen, & Van Luit, 2011; Van der Ven et al., 2012). Working memory is the ability to
temporarily store and process information, and is hypothesised to be a causal factor in
mathematical skill: children with limited working memory resources make more mistakes in
basic calculation and choose more time-consuming strategies, making memorisation of
mathematical facts more difficult (Dehaene, 1997).
Poor working memory and number sense, as an early form of mathematical skill, have
also been hypothesised to co-occur because of insufficient working memory resources, for
example: in order to compare numbers of different sizes, the numbers need to be encoded,
quantity information needs to be retrieved from long-term memory, numbers need to be
mapped onto the mental number line, and an appropriate response needs to be selected before
the task is completed, which together makes high demands on working memory
(Kroesbergen, Van ‘t Noordende, & Kolkman, 2014). Indeed, working memory has been
found to be a strong predictor of kindergarten number sense (Kroesbergen, Van Luit, Van
Lieshout, Van Loosbroek, & Van de Rijt, 2009). A variety of foundational numerical skills in
kindergarten and first year, such as number comparison and categorisation, and number line
estimation, can be predicted using working memory measures (Friso-van den Bos, Kolkman,
Kroesbergen, & Leseman, 2014; Geary, Hoard, Nugent, & Byrd-Craven, 2008; Kolkman,
Hoijtink, Kroesbergen, & Leseman, 2013; Kolkman, Kroesbergenet al., 2013).
One of the most influential models of working memory is the multicomponent model
originally proposed by Baddeley and Hitch (1974). This model comprises two storage
210

processing unit, the central executive, to manage the information maintained in working
memory. This factor structure was confirmed in children (e.g., Alloway, Gathercole, &
Pickering, 2006) using various measures that together constitute the Automated Working
Memory Assessment (AWMA) battery (Alloway, 2007). Each task in the AWMA measures
(verbal or visuospatial) processing capacity, verbal storage capacity, or visuospatial storage
capacity. An alternative in which verbal and visuospatial processing skills were separated
also provided satisfactory fit, although these factors shared a large amount of variance
(Alloway et al., 2006).
All components of working memory have been found to be correlated with and
predictive of both mathematics skills and number sense performance. For example, the
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components, also known as slave systems, to store verbal and visuospatial information, and a

visuospatial working memory seems to be predictive of mathematics achievement (Bull,
Espy, & Wiebe, 2008; Reuhkala, 2001) and associated with number sense performance in
kindergartners (Cirino, 2011). Visuospatial working memory was related to counting, but not
to relational tasks in which kindergartners judged relational qualities within and between sets,
such as which of two sets is larger in quantity (Kyttälä, Aunio, Letho, Van Luit, &
Hautämaki, 2003).
The verbal working memory system has also repeatedly been connected with
mathematics performance, both within measurement occasions and longitudinally
(Passolunghi et al., 2008). Geary, Hoard, Byrd-Craven, and DeSoto (2004) reported that
differences in strategy use and strategy shifts were dependent on the working memory span of
children in primary school. It was suggested that children start relying more on verbal
strategies such as retrieving information from the long-term memory as they get older
(Holmes & Adams, 2006).
Working memory, like number sense, has also been shown to be sensitive to training
effects (Klingberg et al., 2005; Klingberg, Forrsberg, & Westerberg, 2002; Thorell,
Lindqvist, Bergman Nutley, Bohlin, & Klingberg, 2009). Improvements in working memory
functioning and other cognitive skills have been found in children as young as four or five
years old (Diamond, Barnett, Thomas, & Munro, 2007; Röthlisberger, Neuenschwander,
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Cimeli, Michel, & Roebers, 2012). It has been illustrated that a working memory training that
is adaptive to the level of the child can foster working memory and have self-propagating
effects on mathematics performance (Holmes & Gathercole, 2013; Holmes, Gathercole, &
Dunning, 2009), which suggests that increases in working memory can lead to better
information processing and is indicative of a causal relationship between mathematics
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performance and working memory functioning. However, no study to date has compared the
benefits of training number sense skills directly with the benefits of training number sense
indirectly through working memory without a numerical component. A training study in
which number sense and working memory trainings were compared to one another contained
a strong number component in the working memory training (Kroesbergen et al., 2014). This
innovative comparison will be made in the current study. Also, although effects of working
memory training in kindergartners has been investigated, and transfer towards academic
domains has been studied previously (Diamond et al., 2007; Holmes & Gathercole, 2013;
Holmes et al., 2009; Röthlisberger et al., 2012), only a limited number of studies has yet
investigated transfer of working memory training in children as young as kindergartners. The
current study accommodates to a need to investigate transfer effects in kindergarten more
thoroughly.
Number sense is a powerful predictor of later mathematics performance (Jordan,
Glutting, Ramineni, & Watkins, 2010; Östergren & Träff, 2013). Delays in number sense
performance, therefore, have been argued to be a risk-factor for later mathematics difficulties
and disorders (Jordan et al., 2007). Based on this notion, the children participating in the
current study, who all scored below-average on a measure of number sense, could be at risk
for later failure in mathematics. Jordan et al. (2007) propose that mid-kindergarten is the best
time to intervene at an early stage.
In the current quasi-experimental study, four research questions were addressed:
- Do kindergarteners performing below-average on number sense increase more in
(symbolic and non-symbolic) number sense when enrolled in a number sense training
than when only regular education is offered?
- Do kindergarteners performing below-average on number sense increase more in
working memory when enrolled in working memory training than when only regular
education is offered, and can transfer effects to (symbolic and non-symbolic) number
sense be found?
- Do kindergartners enrolled in the number sense or working memory training make
greater gains in trained and untrained skills?
- Are child characteristics predictive of gains made after training?
We hypothesised that number sense training fosters number sense measures and
emergent mathematics performance more effectively than working memory training, but that
working memory training fosters working memory more effectively. Effects of the working
memory training on number sense and mathematics performance were expected to be small,
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training towards other domains is on average not significant (Melby-Lervåg & Hulme, 2012).
However, in the cited study, these other domains were clustered together, and no distinction
between them was made. Given the theoretical associations between working memory and
number sense (e.g., Kyttälä et al., 2003), we expected a small effect of working memory
training on number sense performance. Mathematics performance could also effectively be
fostered using working memory training (Holmes & Gathercole, 2013; Holmes et al., 2009),
which further strengthened the expectation that number sense can be fostered in a similar
manner. To briefly explore which children made the greatest gains, gains were correlated
with measures at pretest. These analyses were of exploratory nature, and therefore, no
specific hypotheses were formulated.
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because in a recent meta-analysis it was suggested that the generalisation of working memory

Method
Participants
Participants were 117 kindergarten (K2) children from 19 schools in The Netherlands. Dutch
kindergartners typically go to school four to five days a week after their fourth birthday, up to
25 hours per week, and attendance is mandatory after their fifth birthday. Participants were
enrolled in a larger project of 444 kindergarten children who were tested on mathematics and
number sense performance, and working memory capacity (e.g., Xenidou-Dervou, De Smedt,
Van der Schoot, & Van Lieshout, 2013).
Informed consent from all parents was obtained prior to pretesting. Participants who
scored below the 40th percentile on the Early Numeracy Test-Revised (ENT-R; Van Luit &
Van de Rijt, 2009), which measures counting skills, were eligible for training. From this
group, two training groups were drawn (n = 38 for both groups), and these two groups and a
control group (n = 39) were matched as closely as possible on addition skills and working
memory, as important outcome variables (see Measures). Schools in which only one or two
children were eligible for training were excluded from the training conditions. This method of
non-random assignment was used to prevent group-differences in pretest scores on addition
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and working memory, and to regulate training group size, as some schools included only one
or two children who performed below the cut-off.
The choice to include only kindergartners scoring below the 40th percentile on the ENT-R
was based on a limited number of studies identifying kindergartners at risk for failure in
mathematics. Most studies including kindergartners at-risk select children based on family
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income (e.g., Dyson, Jordan, & Glutting, 2013; Jordan, Glutting, Dyson, Hassinger-Das, &
Irwin, 2012), but a few studies have identified children based on test scores in preschool
mathematics measures: in one study, children scoring below the 25th percentile on
kindergarten mathematics were identified as being at-risk (Baroody, Eiland, Purpura, & Reid,
2012), a second study used the 50th percentile as a cut-off (Toll & Van Luit, 2012), and
another study claimed that in kindergarten, only children scoring above the 50th percentile
could be seen as at least moderate achievers (Stock, Desoete, & Roeyers, 2009). To maintain
a broad range of scores, but avoid inclusion of children identified as not at-risk for
mathematics failure, we selected children from below the 40th percentile.
Children assigned in experimental and control groups scored lower than the original sample
on Raven’s Coloured Progressive Matrices (Raven, 1962), which measures general cognitive
abilities (M = 18.50; t(115) = -6.10, p < .001). There was no difference between experimental
groups and control group, F(2,112) = 2.36, p = .10. During the pretest measures, participants
were on average 5 years and 6 months old (SD = 3.7 months); 49 of the participants (42.6%)
were girls. Boys were slightly overrepresented in the number sense training in comparison to
the other two conditions, χ2 (2, N = 117) = 4.99, p = .08. Of the participating children, 111
(96.5%) had the Dutch nationality, three (2.6%) had a different nationality, and one parent
(0.9%) decided not to disclose this information. As an indicator of SES, 44.4% of the fathers
of participating children had followed higher education, as well as 41.3% of the mothers of
participating children. None of the children attended special education.

Measures
All measures were performed on a HP 6550b notebook, and programmed using E-prime 1.2
software (Psychology Software Tools, Pittsburgh, PA).
Number sense measures
To measure number sense, five tasks were completed: a counting task, symbolic and nonsymbolic comparison tasks, and symbolic and non-symbolic number line tasks. Together,
these tasks adequately assess symbolic and non-symbolic number sense (Friso-van den Bos et
al., 2014; Kolkman, Kroesbergen et al., 2013).
Counting. To measure the counting skills, part of the ENT-R (Van Luit & Van de
Rijt, 2009) was used. The original ENT-R consists of nine subscales and has two analogous
versions, version A and version B. In this study, only the subscales of version A which
measure counting are used, namely: (1) ‘Use of number words’: counting forwards and
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backwards up to 20, using cardinal and ordinal numbers; (2) ‘Structured counting’: counting
while pointing to objects, recognising numbers on a die; (3) ‘Resultative counting’: counting
without pointing to objects; and (4) ‘General understanding of number words’: using numbers
in everyday situations. Each subscale contains five items. The items are scored with one point
for each correct answer. The test, originally a paper-and-pencil test, was computerised with
incentives between each two subtests. Incentives showed the child the amount of progress
that had already been made using the progressive colouring of a road in a picture. Internal
consistency of this test in garten year 2 (ages 5 and 6) is good, all αs > .80, and acceptable
for the first half of year 1, all αs > .65. Content and construct validity were judged to be
adequate (Van Luit & Van de Rijt, 2009).
Comparison. The comparison task had a symbolic and a non-symbolic version. In the
symbolic version, participants judged which of two Arabic numbers was bigger than the
other. Responses were recorded with the use of response boxes, and participants were
instructed to press the button on the same side as the bigger number, when it appeared. The
number of correctly answered items was used as the child’s score. All numbers were between
1 and 9, and numerical distance ranged from 1 to 4 (e.g., the numerical distance between 1
and 2 is 1, and the numerical distance between 1 and 4 is 3). Each trial was preceded by an
alerting beep, and 1500 ms after the beep, the stimuli appeared. The maximum response time
was 5 seconds. The test consisted of 4 practice trials and 26 test trials and the number of
correct responses was used as the score of the child. The trial order was randomised.
Reliability of a similar task in a previous study was found to be good, αs = .85 - .86 (Clarke
& Shinn, 2004). Correlation between the pre- and posttest in the untrained group, including
children that were not eligible and with a 6-month interval, was r = .49 (p < .001), indicating
reasonable stability across time.
The non-symbolic version of the comparison task was mostly the same as the
symbolic version, but sets of dots appeared on the screen instead of Arabic numbers. To
prevent counting strategies, the stimuli disappeared from the screen after 840 ms. Maximum
response time was still 5 seconds. To make sure participants did not base their responses on
differences in filled surface area and presentation area, we adopted the procedure of Dehaene,
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Izard, and Piazza (2005). In this procedure, dot diameter was kept constant in one half of the
trials and the size of the presentation area was kept constant in the other half of the trials. For
each non-numerical item property (dot size and area) and for each quantity, multiple different
dot patterns were used, which prevented the responses from becoming associated with dot
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patterns instead of quantity. The number of correctly answered items was used as the child’s
score. Correlation between the pre- and posttest in the untrained group was r = .31 (p < .001),
indicating relatively low stability across time.
Number lines. The number line task (Laski & Siegler, 2007) had a symbolic and a
non-symbolic version. In the symbolic version, Arabic numbers between 1 and 100 were
displayed on screen below a horizontal line. On both sides of the line, the minimum (1) and
maximum (100) were given, and participants pointed to the position on the line they selected
for the target number. Twenty-two test trials were presented to the participants, preceded by
two practice trials in which they located the numbers 1 and 100 on the line and got feedback
from the experimenter. No feedback was given during the testing phase. Positions indicated
by the child were entered into the computer by the experimenter, by dragging a digital hatch
mark to the place the child indicated. Numbers below 20 were slightly oversampled in the test
trials. The numbers presented were 2, 4, 9, 11, 14, 17, 23, 26, 31, 38, 44, 45, 52, 59, 61, 66,
73, 78, 84, 86, 92, and 99, in random order. The score of the child was the explained variance
of a linear slope describing the association between indicated positions and presented
numbers (Siegler & Opfer, 2003). To the best of our knowledge, number line tasks have not
yet been formally validated. Correlation between the pre- and posttest in the untrained group
was r = .64 (p < .001), indicating good stability across time.
The non-symbolic version of the number line task (Kolkman, Hoijtink, et al., 2013)
had the same graphic characteristics as the symbolic version, and the same quantities to
locate on the number line, with the only difference being that the children located arrays of
dots. Minimum and maximum were displayed in non-symbolic form as well. Although the
non-symbolic number line task is innovative in character and psychometric qualities have not
yet been investigated, recent factor analyses have indicated that performance on this task can
be predicted by the same factor as other non-symbolic number sense tasks (Friso-van den Bos
et al., 2014; Kolkman, Kroesbergen et al., 2013). Correlation between the pre- and posttest in
the untrained group was r = .52 (p < .001), indicating good stability across time..
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To measure addition proficiency, participants completed 15 sets of addition problems
displayed on the laptop screen. All problems were preceded by a 2 second alerting phase and
no instruction with regard to strategy was provided. Of the 15 problems, 10 were problems
with an answer below 10 (e.g., 5 + 3) and 5 were problems with an answer between 10 and 20
(e.g., 6 + 8). No tie problems (e.g., 4 + 4) were included, and response time was not
restricted. Score on the addition task was the number of correct answers. Internal consistency
of the items across the original sample at pretest was very high (α = .91). Correlation between
the pre- and posttest in the untrained group was r = .60 (p < .001), indicating good stability
across time.
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Mathematics measure: addition

Working memory measures
To measure working memory performance, two visuospatial working memory tests, and two
verbal working memory tests were conducted. In accordance with the model of working
memory (Alloway et al., 2006; Baddeley & Hitch, 1974), dot-matrix targeted visuospatial
storage capacity, word recall forward targeted verbal storage capacity, and odd one out and
word recall backward targeted visuospatial and verbal processing, respectively.
Visuospatial working memory. To measure visuospatial working memory, the
dotmatrix and odd one out (OOO) subtests of the AWMA (Alloway, 2007) were used. In
dotmatrix, a dot appears in a 4 x 4 matrix. The participant points out the location of the dot
after it has disappeared. After four correctly recalled trials, a series of two dots needs to be
recalled, building up to a series of five dots with series length increasing after each set of four
correctly recalled trials. After three incorrectly recalled trials within a series, the task is
discontinued. One point is given for each correctly recalled trial. Reliability of this task is
good, α = .83 (Alloway et al., 2006).
In OOO, three geometric shapes appear on screen, one of which is different from the
other two. The participant selects that shape by pointing to it, and then recalls the location of
the selected shape, after shapes have disappeared from the screen. After four correctly
recalled trials, two sets of shapes need to be selected and recalled, and this builds up to a
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series of five shapes, series length increasing with one set after each four correctly recalled
trials. After three incorrectly recalled trials within a series, the task is discontinued. One point
is given for each correctly recalled trial. Reliability of this task is good, α = .81 (Alloway et
al., 2006)

217

8 | Number sense and working memory training

Verbal working memory. To measure verbal working memory functioning, the word
recall backwards (WRB) from the AWMA (Alloway, 2007) and a word recall forwards
(WRF) measure were used. In WRB, participants listen to semantically unrelated spoken
words by a computer recorded voice and are asked to recite them in a backwards order. The
test starts with sets of two words, and after four correct responses are given, set length is
increased by one word, up to a set length of five words. If the participant makes three
mistakes within one block, the test is discontinued. Score on the WRB is the number of
correctly recalled sets.
In WRF, participants listen to semantically unrelated words by a computer recorded
voice and recite them in the same order. The test starts with sets of one word, and after four
correct responses are given, set length is increased by one word, up to a set length of seven
words. Following three mistakes within one block, the test is discontinued. Score on the WRF
is the number of correctly recalled sets. Reliability of this test has been found to be good, α =
.76 (Alloway et al., 2006).

Procedure
Procedure during pretest, posttest, and follow-up testing
Pretest, posttest and follow-up measures were conducted individually for each participant and
took place at the primary schools. Testing was done in a quiet room outside the classroom,
and each participant received standardised instructions from a trained assistant. Pretests
comprised three sessions, posttest and follow-up measure involved two sessions and
contained a limited number of tests. This was done to limit testing time and prevent the
children from leaving the classroom for more time than an hour per occasion, after the
pretest. Sessions were no more than two weeks apart. After each session, the participants
were rewarded with a colourful sticker. Posttesting took place immediately after training and
contained all measures except those of counting (ENT-R) and visuospatial working memory
(dotmatrix, and OOO). Six months after posttesting, follow-up measures took place that
contained all measures except those of verbal working memory (WRB and WRF) and nonsymbolic comparison. Testing was done by qualified research assistants, and training sessions
were administered by trained undergraduate students in exchange for course credit. Research
assistants were blind to the conditions the children had been in during training, both during
posttest and follow-up.
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Two participants (one in the number sense training group and one in the working
memory training group) were removed from the dataset because they were present at less
than 80% of the sessions. One participant in the working memory training group participated
in only one session of posttesting due to absence from school. Available scores of this
participant have been included in the analyses.
During follow-up in year 1, many participants who had received training or were in
the control group dropped out due to retention or change of school, which is a common
occurrence in the Dutch education system just before the start of formal education. Five
participants in the number sense training dropped out and 34 children were retained, ten in
the working memory group dropped out and 29 remained in the study, and 11 in the control
group dropped out while 28 were retained. Children who dropped out scored lower on
addition scores during posttest, t(112) = 2.69, p < .01, but not during pretest, t(112) = 0.77, p
= .44. They did not differ with regard to counting skills (ENT-R) at pretest either, t(112) =
1.82, p = .07.

Training tasks
Children in the experimental groups were trained in small groups, typically of four children.
The sessions took place two to three times a week between the pre- and posttest, over a time
period of three months that were followed immediately by posttesting. Sessions for both
training conditions were approximately equal in duration (30 minutes), and both trainings had
the same amount of sessions (25). Number sense principles and working memory activities
were repeated during various sessions in either training programme. All training sessions
were conducted by female 3rd year bachelor students in educational sciences who elected to
write their bachelor’s theses about number sense.
Training fidelity was tracked by the use of logbooks filled in by the students
administering the training sessions. In these logbooks, they answered questions about the
performance of individual children in their training groups. Each question on these logbooks
referred to a specific aspect of an activity, making sure that none of the training activities
would be skipped. Lack of progress of individual children or problems with groups of
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children were discussed at several points during the training. The students received
instructions about the trainings before the trainings started and practiced the sessions in small
groups, alternating between roles as a trainer and roles as a child. Feedback on their
performance was given by the first author. Moreover, each of the students was visited during
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a training session by the first author. Feedback with regard to adherence to training
instructions was given, and acceptable and unacceptable deviations from instructions were
shared with all students to improve the training quality of the group as a whole.
Number sense training. The number sense training consisted of 25 training sessions,
each lasting up to 30 minutes. The training was based on the intervention programme
described by Van Luit and Schopman (1998). This training programme has been found to
effectively improve number skills in very low-performing kindergartners through acquisition
and repetition of counting skills and various conceptual skills such as comparison and
seriation (Van Luit & Schopman, 2000). The training programme was adapted in a number of
ways that made the training more difficult to match the target group, more colourful to
stimulate motivation, and more up-to-date with regard to terminology (such as guilders and
euros). Instruction was standardised for trainers. Also, numerical board games with the scales
1-10, 1-15, 1-20, and 1-25 were added to the training. Playing numerical board games has
been found to be predictive of higher linearity measures of the mental number line (Siegler &
Ramani, 2008). In total, 12 different skills were incorporated into the training activities, each
of the skills returning in various sessions. The target skills were: acoustic counting, counting
back, resultative counting, shortened counting, recognition and production of finger
structures, recognition and application of dice patterns, comparison and maths language,
object classification, seriation, one-to-one correspondence, recognition of number symbols,
and number lines. The training was divided into five blocks, each consisting of five sessions:
in the first block, numbers up to five were taught, in the second block, numbers up to ten, in
the third block, numbers up to 15, in the fourth block, numbers up to 20, and in the fifth
block, numbers up to 25. Each skill was taught during each block with four exceptions:
counting back was only practiced with numbers up to 15, and only during the last ten
sessions, shortened counting was introduced in the second block, and finger structures and
dice patterns were not practiced after the second block, to avoid processing large numbers
using these structures. Instead, quantities were ordered in sets of five (for example, ordering
sets of cards to be counted in rows of five cards) to facilitate the structuring of number sets.
Training tasks bore similarities to questions of the ENT-R (Van Luit & Van de Rijt, 2009;
e.g., acoustic counting is a requirement for both the trained tasks and the ENT-R), but none of
the other measures conducted during pretest, posttest, or follow-up testing. To keep the
children motivated, each activity was introduced using a small story, many of these stories
centred around the same characters bearing the common Dutch names Jaap and Lies, who
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colourful sticker.
Working memory training. The working memory training, like the number sense
training, consisted of 25 sessions, each lasting approximately 30 minutes and was based on
the domain-general working memory training presented by Kroesbergen et al. (2014), with
additional games included in the programme to provide sufficient variation in tasks to last for
25 sessions. Training tasks consisted of games in which participants were asked to recall,
process, and activate verbal and visuospatial information, such as generating and reproducing
a string of words in the social context of the training group, or remembering the order of a set
of pictures. Together, the games were designed to optimally address each of the working
memory components as described by Baddeley and Hitch (1974), and Alloway et al. (2006).
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were represented using stuffed animals. After each session, participants were rewarded with a

The training consisted of 11 different games, that each were repeated in various sessions.
Many of these games were based on tasks from the AWMA (Alloway, 2007), and the main
requirements of these tasks – recall, processing, and activation – were adopted in additional
activities. Difficulty of the games depended on the level of recall ability of the children: each
time a level had been mastered by the child, additional stimuli were added to increase the
difficulty level of each game. This made the training adaptive to the level of the child, which
makes it more effective compared to non-adaptive training (Holmes et al., 2009; Klingberg et
al., 2005). The following games were played:


I went to the market and bought, in which the children construct a list of things they

bought while remembering all items already added to the list,


The sorting game, in which children sort pictures face-down based on colour and

remember which pictures have been sorted into each stack,


Memory, in which children try to select two cards containing the same picture from a

set of many cards that are face-down on the table,


Lions play football, based on sentence span (Alloway, 2007), in which children first

evaluate truthfulness of a statement and then remember the last word of the sentence,


The collection game, in which the children inspect a number of cards with pictures of
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familiar objects, and try to retrieve as many as possible after the cards are covered,


The detective game, in which a set of cards is inspected by a child, and one card is

removed in absence of the same child. The child tries to notice which card has gone missing,


A plane can fly, in which children list properties of an object and try to retrieve all the

properties that have been listed previously,
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On the spot, in which children inspect a number of cards in a certain order, and have

to reproduce that order after it has been changed,


The hitchhiking game, in which children give each other turns by singing and

clapping, naming the child who gets the next turn. The game is made more difficult by having
children select different names for themselves to remember (often animals or professions),


Point it out, in which children point to a body part on their own bodies, such as their

nose and leg, and add to a list of body parts that have already been pointed to,


Mr. X, from the AWMA (Alloway, 2007), a computerised game in which children

evaluate in which hand a man holds a ball and then remember the location of the ball.
Each of the games required the children to encode some information, and process information
at the same time, similar to many complex span tasks used to measure working memory, but
none of them exactly the same as the working memory tests used during pretest, posttest, and
follow-up testing. Games with a verbal working memory component were trained at
approximately the same frequency as games with a visuospatial working memory component.
Children were challenged to perform at a higher level by making them guess how far they
could get with each game, and by friendly competitions. During each session, three games
were played with the children and at the end, the trainer rewarded the children with a
colourful sticker.
No intervention control group. Participants in the no-intervention control group did
not take part in either intervention study and remained in the classroom while the participants
that were in the experimental training groups received their training sessions. During the
sessions, they took part in the school curriculum activities planned for the day. Trainings
were not specifically planned during mathematics activities in the classroom. Mathematics
education in Dutch kindergarten classes is structured through various teaching programmes
and on average takes approximately one hour per week. Activities consist of learning to
recognise number symbols, counting, and reasoning about numbers and operations. To
prevent contamination between training groups and control group, teachers were informed of
the general aims and scope of the training as well as the extent to which the programme
imposed on the participating children, but information with regard to the specific activities
included in the training was only given after the training had ended. Teachers were asked,
before and after start of the trainings, whether any of the children received remedial
education targeting number sense. No remedial education was reported for any of the children
in the control group, and for one child in the working memory group. This was the child
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other children were removed for receiving remedial education.

Analytical strategy
To address the research questions, Hierarchical Linear Modelling (HLM) using the software
package HLM version 6.06 was employed. Dependent variables were the scores on the
various tasks measuring number sense, mathematics and working memory at all available
measurement occasions. Three-level hierarchical models were estimated with measurement
occasion at the first level, individual children at the second level, and the groups in which
children were trained at the highest level (please note that children in the control group were
not nested in training groups, but were nested in kindergarten classes instead). The main
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participating in only one session of posttesting, who had been dropped from the dataset. No

effects of occasion (level 1) and training condition (level 3) were added first, and interactions
between occasion and training condition were added in a second step. These interactions were
used to investigate whether different training conditions contributed to the differential growth
of children in each of the conditions: number sense training, working memory training and
no-intervention control condition. Placement in condition was indicated by dummy variables
with the control group as a reference group. If significant interactions between occasion and
condition were found, post hoc analyses using the number sense training as a reference
category were conducted to investigate the difference between children in the number sense
and working memory condition.
To control for Type I errors, the Benjamini-Hochberg correction was used, in which
alpha values are adjusted for the number of analyses reported (in this case: 10 hierarchical
regression analyses, or one analysis for each of the measures listed) based on the rank-order
of p-values (Benjamini & Hochberg, 1995). This correction prevents incorrect rejection of the
null-hypothesis by systematically narrowing the range of alpha values that are associated with
rejection of the null-hypothesis. Probability values are not compared with a static alpha value,
but with the corrected ‘α. Separate corrections were performed for post hoc analyses.

Results

8

Preliminary analyses
Descriptive statistics of the sample can be found in Table 8.1. Correlation analyses between
measures at pretest were computed (Table 8.2). All number sense measures correlated
significantly. Verbal working memory measures correlated positively with all number sense
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measures, except non-symbolic comparison and non-symbolic number lines. WRF did not
correlate significantly with symbolic number lines. Visuospatial working memory measures
correlated with counting (ENT-R) scores and non-symbolic number lines, but only OOO
correlated with symbolic comparison, and only dotmatrix correlated with symbolic number
lines.

Table 8.1
Descriptive Statistics of Experimental Groups and Control Group
NS training

WM training

Control group

N

38

38

39

M Age (SD)

5;06 (0;03)

5;05 (0;03)

5;07 (0;05)

N boys

27

21

18

ENT score (SD)

5.9 (2.3)

6.1 (2.6)

6.2 (2.2)

Note. Age was computed using the date of the first session of the pretest, ENT: Early Numeracy test accuracy
score.

Table 8.2
Correlations Between Number Sense and Working Memory Measures at the Pretest
1.

2.

3.

4.

5.

6.

7.

8.

9.

1. ENT

-

2. Comp S

.50

-

3. Comp NS

.30

.45

-

4. NL S

.39

.46

-.32

-

5. NL NS

.22

.38

-.33

.37

-

6. Addition

.29

.23

-.21

.28

.26

-

7. WRF

.40

.25

-.05

.20

.12

.01

-

8. WRB

.33

.24

-.01

.19

.28

.15

.39

-

9. Dotmatrix

.22

.15

-.02

.20

.24

.17

.06

.17

-

10. OOO

.29

.22

-.13

.16

.25

.08

.14

.30

.31

10.

-

Note. All correlations are with accuracy scores, except with Symbolic and Non-symbolic Number Lines, which
are represented by explained variance of a linear trend (R2). Correlations above r = .18 are significant with p <
.05. Correlations above r = .24 are significant with p < .01. Correlations above r = .30 are significant with p <
.001. ENT = Early Numeracy Test-Revised. Comp S = Symbolic comparison. Comp NS = Non-symbolic
comparison. NL S = Symbolic number line task. NL NS = Non-symbolic number line task. WRF = Word recall
forwards. WRB = Word recall backwards OOO = Odd one out.
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In Table 8.3, means and standard deviations of pretest, posttest and follow-up measure are
reported. Scores on all measures were analysed using HLM (see Analytical strategy). Results
of the regression analyses are reported in Table 8.4 for measures that were conducted on two
occasions, and in Table 8.5 for measures that were conducted on all three occasions (see also
Table 8.3). Each model concerns one of the measures and addresses both research questions.
Interactions between the time variables and placement in the number sense group addressed
the first research question: is it possible to foster number sense of kindergarteners performing
below-average with a number sense training? Interactions between the time variables and
placement in the working memory group addressed the second research question: can
working memory be improved through a working memory training, and do improvements co-
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Primary analyses

occur with gains in number sense?
Main effects of the time variables indicate that across all three groups, children made
significant progress on all measures conducted twice (Table 8.4), but only between posttest
and follow-up measure for measures conducted on all three occasions (Table 8.5).
Gains of the number sense training group (research question 1)
Gains in counting by the number sense group were not significantly greater than gains made
by the control group, as indicated by the interaction term between time and training group.
For the symbolic comparison task, the number sense group increased more in accuracy than
the control group between pretest and posttest, but not between posttest and follow-up
measure. For the non-symbolic comparison task, gains were greater for the number sense
than for the control group. It should be noted, however, that this effect is partially due to a
drop in scores in the control group (Table 8.3). For symbolic number line performance,
children from the number sense group increased significantly more than the control group
between pretest and posttest, but not between posttest and follow-up measure, and for the
non-symbolic comparison task, children in the number sense group did not increase more
than the control group between either two timepoints. For addition, scores increased more in
the number sense group than in the control group between pre- and posttest, but not between
posttest and follow-up measure. The number sense group made significantly more progress

8

than the control group on both dotmatrix and Odd one out, but not on Word recall forward or
backward. See tables 8.4 and 8.5 for models.
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Table 8.3
Descriptive Statistics of Pretest, Posttest and Follow-up Measure.
Pretest
Posttest
M
SD
M
SD
Number sense training
Counting (ENT-R)
05.97
2.29
----Comparison symbolic
20.47
4.21
22.50
3.04
Comparison non-symb.
19.47
4.75
20.42
3.52
Number lines symbolic
00.21
0.16
00.33
0.26
Number lines non-symb.
00.55
0.24
00.56
0.22
Addition
02.03
2.88
04.61
3.67
Dotmatrix
08.69
1.92
----Odd one out
7.23
2.71
----Word recall forwards
12.18
2.50
13.18
2.64
Word recall backwards
03.58
1.65
04.16
1.50

Follow-up
M
SD
14.50
23.34
--00.50
00.70
10.47
11.74
10.49
-----

2.84
1.91
--0.20
0.18
3.47
2.59
2.33
-----

Working memory training
Counting (ENT-R)
Comparison symbolic
Comparison non-symb.
Number lines symbolic
Number lines non-symb.
Addition
Dotmatrix
Odd one out
Word recall forwards
Word recall backwards

06.45
19.59
19.49
00.19
00.47
02.42
07.53
07.17
11.84
03.50

2.03
4.62
4.48
0.18
0.26
3.54
2.83
3.11
2.33
1.71

--20.32
20.62
00.23
00.49
03.05
----12.82
03.82

--4.22
3.47
0.24
0.26
3.60
----2.13
1.23

15.14
23.23
--00.45
00.65
09.83
12.57
10.30
-----

1.85
2.51
--0.22
0.19
3.49
2.71
2.22
-----

Control group
Counting (ENT-R)
Comparison symbolic
Comparison non-symb.
Number lines symbolic
Number lines non-symb.
Addition
Dotmatrix
Odd one out
Word recall forwards
Word recall backwards

06.21
20.28
20.26
00.21
00.49
02.00
09.24
07.90
11.85
03.28

1.91
5.03
3.76
0.21
0.30
2.87
2.87
2.61
2.97
2.08

--20.26
18.31
00.29
00.50
02.46
----12.95
04.23

--4.78
4.47
0.23
0.27
3.27
----2.82
1.77

14.82
22.86
--00.47
00.68
08.66
10.90
09.48
-----

3.40
2.56
--0.27
0.19
4.70
2.96
2.40
-----
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-.01

.80

< -.01

.02

-0.16

8.61

-0.05

0.40

NS training (3)

WM training (3)

Gains T2/T3 (1)

T2/T3 * NS training (i)

T2/T3 * WM training (i)

200

200

200

44

44

44

df

.60

-

.07

< -.01

.20

-.01

-.02

11.85

0.34

-0.01

1.10

-0.10

-0.13

Intercept (3)

NS training (3)

WM training (3)

Gains T2/T3 (1)

T2/T3 * NS training (i)

T2/T3 * WM training (i)

224

224

224

44

44

44

df

.76

.81

< .001

.99

.58

< .001

p

*

*

.12

.13

-

-

-

-

‘α

.22

.22

-.22

-.44

-.10

-

β

222

222

222

44

44

44

df

.01
.02

< .01*
*

< .01

-

-

-

-

‘α

.01*

.43

.40

< .001*

p

-0.63

-0.37

0.95

0.21

0.28

3.31

B

-.12

-.07

.26

.05

.08

-

β

224

224

224

44

44

44

df

.17

.32

< .01

.61

.50

*

*

<.001

p

.06

.07

-

-

-

-

‘α

Word recall backward (WM)

3.00

2.90

-1.95

-0.75

-0.81

20.29

B

Comparison non-symb. (NS)
B

3.69

1.76

1.41

-2.12

-1.04

9.57

.37

.17

.21

-.28

-.16

-

β

203

203

203

44

44

44

df

*

< .001

*

.02*

.01*

<.01

.09

<. 001*

p

Dotmatrix (WM)

.01

.04

-

-

-

-

‘α
B

1.96

1.84

1.54

-1.19

-0.94

8.00

.21

.19

.25

-.17

-.16

-

β

203

203

203

44

44

44

df

.01

*

.02*

< .01*

.07

.15

<.001*

p

Odd one out (WM)

.02

.03

-

-

-

-

‘α

coefficient. ‘α = adjusted alpha after Benjamini-Hochberg correction. * Significant association with dependent measure.

level 3 predictors. NS = number sense. WM = working memory. T2 = occasion 2. T3 = occasion 3. Nonsymb. = non-symbolic. B = unstandardised coefficient. β = standardised

Note. For each predictor, associated level is noted in row labels. (1) = level 1 occasion-level predictor, (3) = level 3 group-level predictor, (i) = interaction between level 1 and

β

B

.11

.14

-

< .001*
.94

-

.80

-

-

< .001*
.57

‘α

p

Word recall forward (WM)

-.03

-0.35

Intercept (3)

Table 8.4 (continued)

-

β

6.27

B

Counting (ENT-R; NS)

Regression models of measures included in two occasions

Table 8.4
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8

227

228

-

.01

-.04

< -.01

.16

.05

.28

.01

.07

20.44

0.07

-0.74

-0.03

2.05

0.65

2.41

0.15

0.89

NS training (3)

WM training (3)

Gains T2 (1)

T2 * NS training (i)

T2 * WM training(i)

Gains T3 (1)

T3 * NS training (i)

T3 * WM training (i)

314

314

314

314

314

314

44

44

44

df

.35

.87
.06

.14

-

<.01*

.03

-

-

-

-

‘α

.06

*

*

.47

.02

.97

.46

.95

<.001

p

-0.07

0.06

0.35

0.05

0.21

0.05

-0.06

-0.10

0.13

B

-.05

.04

.56

.04

.16

.06

-.06

-.12

-

β

311

311

311

311

311

311

44

44

44

df

*

.52

.61

<.001*

.61

.04

.49

.51

.29

.06

p

.10

.11

-

.12

.05

-

-

-

-

‘α

Number lines symbolic (NS)

-0.07

-0.10

0.26

-0.09

-0.10

0.03

-0.04

0.12

0.59

B

-.05

-.07

.26

-.06

-.07

.03

-.03

.13

-

β

311

311

311

311

311

311

44

44

44

df

.58

.41

<.01*

.45

.37

.76

.69

.30

<.001

p
*

.10

.08

-

.09

.07

-

-

-

-

‘α

Number lines non-symb. (NS)

0.83

1.85

6.51

0.17

2.12

0.46

0.40

0.01

2.04

B

.05

.12

.65

.01

.14

.05

313

313

313

313

313

313

44

44

< .01
.03

44

df

-

β

*

*

.43

.07

<.001*

.86

.03

.49

.63

.99

<.01

p

Addition (M)

.08

.05

-

.13

.04

-

-

-

-

‘α

Note. For each predictor, associated level is noted in row labels. (1) = level 1 occasion-level predictor, (3) = level 3 group-level predictor, (i) = interaction between level 1 and
level 3 predictors. NS = number sense. WM = working memory. M = mathematics. T2 = occasion 2. T3 = occasion 3. Nonsymb. = non-symbolic. B = unstandardised coefficient.
β = standardised coefficient. ‘α = adjusted alpha after Benjamini-Hochberg correction. * Significant association with dependent measure.

Intercept (3)

β

B

Comparison symbolic (NS)

Regression models of measures included in all occasions

Table 8.5
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The working memory group did not make significantly more progress in counting than the
control group. For the symbolic comparison task, gains were not significantly greater than
those made in the control group either between pretest and posttest, or between posttest and
follow-up measure. For the non-symbolic comparison task, gains were greater for the
working memory group than for the control group. It should be noted, however, that this
effect is partially due to a drop in scores in the control group (Table 8.3). There was no
indication for disparity in gains between working memory and control group for either
symbolic or non-symbolic number line task, either between pretest and posttest, or between
posttest and follow-up measure, nor were there significant differences for the addition task.
The working memory group made significantly more progress than the control group on both
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Gains of the working memory training group (research question 2)

dotmatrix and Odd one out, but not on Word recall forward or backward. See tables 8.4 and
8.5 for models.
Comparison between the number sense and working memory group (research
question 3)
To limit the number of contrasts, gains in the number sense and working memory group were
only compared if either group made significantly more gains than the control group. Hence,
gains in counting, non-symbolic number lines, word recall forward, and word recall
backward were not compared for the number sense and working memory group, and no
comparisons were made for gains between posttest and follow-up measure. For the symbolic
comparison task, the number sense group and working memory group did not progress
significantly differently between pretest and posttest, B = 1.74, β = .20, p = .03, ‘α = .02. For
the non-symbolic comparison task, there was no difference in gains between the number
sense and the working memory groups, B = 0.10, β = .01, p = .93, ‘α = .05. For the symbolic
number line task, children in the number sense group did not gain more than children in the
working memory group, B = 0.10, β = .11, p = .29, ‘α = .03. For addition, scores did not
increase more in the number sense group than in the working memory group, B = 1.48, β =
.15, p = .09, ‘α = .03. There was no difference between the number sense and working
memory group for dotmatrix, B = -1.92, β = .29, p = .01, ‘α < .01, or for odd one out, B =
0.12, β = .02, p = .87, ‘α = .04.
Correlations with training gains
To explore discrepancies between children in growth as measured by various instruments,
correlation analyses were performed between the growth in scores (the difference between
229
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pretest and posttest) and measures at pretest. No significant correlations exist between gains
in any of the number sense or working memory measures of the number sense training group,
and age, IQ, counting (ENT-R) score at pretest, WRF, or WRB at pretest (all p’s > .05). In
the working memory group, dotmatrix at pretest predicted growth in dotmatrix scores
negatively (all p’s < .01) and OOO at pretest predicted growth in OOO scores negatively (all
p’s < .01). In addition, there was a significant correlation between dotmatrix score at pretest
and growth in counting (ENT-R) score in the number sense training group (p = .02). There
was no difference in gains between boys and girls for any of the pre- and posttest tasks (all
p’s > .05).

Discussion
The aim of this study was to compare the gains in performance after number sense training to
those made after working memory training, and to explore whether either training contributed
to the improvement of number sense skills, emergent mathematics skills, and working
memory capacity. The number sense intervention effectively improved the skills of the
children in assorted measures of number sense, as well as emergent mathematics performance
and visuospatial working memory. Although children in the working memory training group
did improve on all measures of working memory performance, only gains in visuospatial
working memory measures were greater than those in the control group, and none of the
gains exceeded those made by the number sense group (no significant differences were found
between gains of the number sense and working memory group in any of the measures, red.).
No transfer to number sense or mathematics could be found in this group, because gains
made by children in the working memory group did not exceed those made by children in the
control group on any of the number sense or mathematics measures.

Number sense training gains
Results of the number sense training showed that children enrolled in this training made
progress in various number sense and mathematics measures; they improved significantly in
addition skills, but also enhanced their scores in the symbolic number comparison task and
the symbolic number line task between pretest and posttest. Non-symbolic versions of the
number line task, however, failed to reflect the improvements in performance that these
children made. This finding is not unexpected, considering the fact that non-symbolic stimuli
were presented during the training only as a tool to foster symbolic number sense.
230

symbolic number skills (Feigenson et al., 2004; Gilmore et al., 2007) and performance on this
task might therefore be expected to increase at an approximately equal level as increases in
symbolic task performance. Yet, performance on the non-symbolic number line task in the
present study did not increase for all children enrolled in number sense training. This again
raises the question whether non-symbolic quantity representations are a prerequisite for
symbolic skills, or if this so only up to a certain age. A recent study targeting the longitudinal
associations between non-symbolic and symbolic number sense and mathematics
performance indeed suggests that symbolic number sense precedes non-symbolic quantity
representation in kindergarten and first year, instead of symbolic number sense being a result
of non-symbolic quantity representation (Kolkman, Kroesbergen et al., 2013; see also Noël &
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Nevertheless, non-symbolic quantity representation is considered a building block for

Rouselle, 2011).
Children enrolled in the number sense training did, however, make significant gains
on the non-symbolic comparison task, relative to children enrolled in the control condition.
Closer inspection of the descriptive statistics reveals that these differences may not be due to
gains in the experimental groups, but a drop in performance in the control group. Although a
true drop in performance needs to be considered, the decrease in scores may be due to a
novelty effect in the pretest, which causes the scores of the children to sharply increase with
the introduction of new learning technologies because of a temporary increase in motivation
(Clark, 1985). Training the number sense of children may have prevented this drop after an
elevated performance due to the novelty effect having worn off. Alternatively, the drop may
be caused by low reliability of the measure.
Between the posttest and the follow-up test, children in the number sense training did
not make appreciably more progress in number sense measures than those in the other
groups. This suggests that gains in performance after the training were not self-propagating.
However, because of the large dropout rate upon initiation of formal education, this cannot be
concluded without consideration of the possibility that the children who showed little growth
in performance in class activities were retained more often than children who showed higher
gains in performance, which may slightly bias the results. Yet, it should be noted that a large
number of dropouts were not retained in year, but had, in fact, moved to another school.
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Working memory training gains
A remarkable finding is that children enrolled in the working memory training in this study
did not progress on verbal working memory variables or number sense variables more than
their peers in other training conditions. Gains in verbal working memory were expected
because of the adaptive nature of the training tasks, which has previously been reported to
lead to working memory gains (Holmes & Gathercole, 2013; Holmes et al., 2009). Children
did, however, make significant progress in visuospatial working memory measures. Reports
of previous working memory training studies have been inconclusive with regard to the
associations between working memory trainings and gains in verbal working memory, with
some studies showing substantial gains on verbal working memory (Holmes & Adams, 2006;
Klingberg et al., 2005; Thorell et al., 2009) and others showing only gains in visuospatial
working memory (Klingberg et al., 2002; Kroesbergen, Van ‘t Noordende, & Kolkman,
2012). Indeed, a recent meta-analysis reported that the evidence for lasting improvements
after working memory training on verbal working memory was limited, but that there was
some evidence for improvements in visuospatial working memory. A transfer to other skills
was not found (Melby-Lervåg & Hulme, 2012), which is again confirmed in the current
study.
Why this difference in sensitivity to training between verbal and visuospatial working
memory exists remains unclear. A possible explanation is that it is not so much the working
memory capacity that changes, but the capacity to successfully “chunk” pieces of information
(merging several units of information into a single unit by making semantic relationships
between them). Research has shown that if chunking is hindered, no more than four units of
information can be kept active in working memory (Cowan, 2000). Apparent growth beyond
this capacity may be the result of successful chunking. The chunking of visuospatial
information may have been easier than that of verbal information, because visuospatial
information was presented in a limited two-dimensional space, such as a computer screen for
testing and a table for training. This may have provided children with the opportunity to
practice chunking while using the configuration of the limited space as support, which was
not possible with verbal tasks because space or scope was not restricted.
Another conceivable, related explanation is that the regulation of attention and goal
maintenance was trained, and not the independent working memory span. It has been shown
that attention regulation is highly related to working memory span, which suggests that it is
attention regulation skills that explain the differences in working memory capacity (Kane &
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required, which becomes easier when there is a visible reminder of task-related goals (Kane
& Engle, 2003). Materials used for the visuospatial training tasks were more often visible and
tangible than stimuli for the verbal training tasks, which were mainly only verbal and
therefore temporary. Visibility of stimuli may have aided the children in goal maintenance,
thereby making it easier to practice attention regulation for visuospatial stimuli, explaining
the effect on visuospatial working memory tasks, but not verbal working memory tasks.

The control group
In addition to the progress made by both intervention groups, the control group also showed
gains in the symbolic number line task and working memory tasks. The increased score in
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Engle, 2003). In addition, for attention to be regulated successfully, goal maintenance is

working memory tasks may be attributed to maturation, as working memory span increases
over time during childhood (e.g.: Holmes et al., 2009). Gains in visuospatial working
memory were smaller than in the intervention groups, suggesting that trainings made a
significant contribution to this development. Gains in the symbolic number line task, which
measured number sense, may be attributed to the education that children in the control group,
as well as both experimental groups, received, and their consequent better understanding of
number relations. Yet, the gains made in the control group were lower than or equal to the
gains made in the experimental groups.

Limitations
The results of the current study are partly tentative because of the large dropout between
posttest and follow-up. Between kindergarten and first year, many children are retained to
spend another year in kindergarten. In addition, numerous children who were not retained
move to a different school between kindergarten and the start of formal education (please
note that Dutch kindergartens are incorporated into primary schools and children ideally
remain in the same school from kindergarten until the end of primary school). Dropout was
greater for the working memory training group and control group. It is possible that children
who dropped out showed different patterns of performance than children who remained in the
same classes, or that the children who performed worst dropped out, as suggested by the
difference in addition scores at posttest. This may have caused an underestimation of the
intervention effects of the number sense training, because few children in that condition
dropped out. Because dropout was distributed across training groups, however, this did not
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pose additional threat to the estimation of regression coefficients in the presented models.
Group-level sample size has a greater effect on estimation bias than total sample size
(Browne & Draper, 2000; Maas & Hox, 2005), and because none of the original training
groups dropped out as a whole, group-level sample size was left unaffected by dropout.
Moreover, to prevent children from being out of class too long during each
measurement occasion, not all measures were used on every occasion: verbal working
memory scores were obtained during posttest but not follow-up test, and visuospatial working
memory scores, counting (ENT-R) scores and non-symbolic comparison scores were
obtained during follow-up measure but not posttest. This makes it difficult to compare the
effects between measures, as the time lag between occasions might be an influence on the
divergences in scores between groups. With a large dropout at follow-up measure, this might
have an additional effect on the conclusions.
The sample was limited to children performing below average, but not to children
performing at a problematic level. This held the advantage that all children in the study could
increase in number sense performance without exceeding the level expected for their year,
but it is yet unclear to what extent results from this study can be generalised to the
kindergarten population.

Conclusion and practical implications
The current study shows that a training of number sense is positively associated with gains in
both symbolic number sense and mathematics performance, but not non-symbolic number
sense. The question remains whether these associations are persistent over time and selfpropagating. Previous studies in which a number sense training was conducted reported either
persistent improvements (Aunio, Hautamäki, & Van Luit, 2005; Pasnak, Madden,
Malabogna, Holt, & Martin, 2001) or self-propagating gains (Krajewski et al., 2008). Results
of the number sense training are promising, and suggest that non-symbolic and symbolic
number sense and mathematics are related to one another in a different way than previously
thought, with symbolic number sense developing independently from and earlier than nonsymbolic number sense. Visuospatial working memory was also facilitated by this training,
suggesting that it is actively involved in number sense tasks.
Results of the working memory training show that visuospatial working memory can be
trained more successfully than verbal working memory. It is unclear, however, which aspects
of working memory this difference can be attributed to, but chunking skills, attention
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should focus on the “active ingredients” of working memory training, such as the use of
concrete materials and reward systems, and its generalisation to other domains of functioning.
This could lead to a better understanding of the role of working memory in early academic
performance and, more specifically, mathematics skills.
The working memory training was not associated with improvements on number sense
performance, and the hypothesis that working memory played a causal role in the
development of number sense could therefore not be maintained. However, the number sense
training did suggest that there is a causal relationship between number sense and working
memory in a different direction than hypothesised; children in the number sense training
made significantly more progress in visuospatial working memory measures than the control
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regulation and goal maintenance seem plausible explanatory constructs. Future research

group. This indicates that by practicing number sense tasks, children in this training group
were stimulated with regard to visuospatial working memory, and as a result, their working
memory capacity increased. This, in turn, suggests that number sense may not be fostered
through working memory alone, but that working memory may be furthered through the
practice of academically relevant tasks as well. Similar gains after training have been
reported previously (Kroesbergen et al., 2012, 2014), but the mechanisms through which the
practice of number sense activities may lead to gains in working memory are yet to be fully
understood and require further investigation.
The number sense training could successfully be associated with gains in various
number sense measures as well as mathematics and visuospatial working memory. Practical
feasibility of the implementation of a similar intervention, however, may vary between
countries, schools and classes depending on recourses, curricular demands and class
composition. This study shows that, in those classrooms where teaching in small groups is
feasible, delays in number sense can be ameliorated using training. It should be noted,
however, that these results cannot be generalised beyond groups of below average
performers.
In summary, this study shows that symbolic number sense can be trained in
kindergarten, but that improvements are not dependent on improvements in non-symbolic
number sense. In addition, a causal relationship between number sense and visuospatial
working memory is implied by the finding that visuospatial working memory improves as a
result of number sense training. Similar causal implications cannot be made from the results
of the working memory training, because gains on visuospatial working memory do not
generalise towards number sense measures within this training condition. These findings
235
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clearly show that a direct training of number sense or number-related skills should be
preferred over an indirect training of number sense through working memory for
kindergartners who perform low on preliminary mathematical skills.
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Abstract
Children’s early numerical capacities form the building blocks for later mathematics
proficiency. Linear mental number representations and counting skills are indicative of
mapping, as an important precursor to mathematical skill, and have been suggested to be of
vital importance to mathematics development. The current study investigated whether
fostering mapping skills is more efficient through a counting or a number line training
programme through a quasi-experimental design, as well as investigate moderation effects
of age and SES. Ninety kindergartners were divided into three conditions: a counting, a
number line, and a control condition. Pretests and posttests included number sense tasks
(comparison, number lines and counting), and an addition test. Results showed significantly
greater gains in counting, addition and symbolic number lines in the counting group, but
not the number line group, than in the control group. Gains were moderated by age, but not
SES. We concluded that counting training improved numerical capacities effectively,
whereas no such improvements could be found for the number line training. This suggest
that only a counting approach is effective for fostering number sense in kindergarten.
Future research should elaborate on the parameters of training programmes and the
consequences of variation in these parameters.

Introduction
Children’s early numerical capacities have received growing interest in the past decade:
numerical skills in kindergarten form the building blocks for later proficiency in mathematics
(e.g., Duncan et al., 2007; Passolunghi & Lanfranchi, 2012). Number sense (NS) is the term
most often used to characterise the intuitive understanding of number and quantities and their
relations (Dehaene, 1997; Gersten & Chard, 1999; Spelke, 2000). NS refers to a cognitive
framework that allows a child to understand, for example, the difference between having two
or three sweets, but gradually develops into a much more advanced system of conceptual
knowledge that allows a person to intuitively understand abstract number relations and
algorithms. Various skills have been thought to be at the root of NS development, among
which the ability to map between symbolic and non-symbolic magnitudes (Dehaene, 2001;
Desoete, Ceulemans, De Weerdt, & Pieters, 2012; Kolkman, Kroesbergen, & Leseman, 2013;
Mundy & Gilmore, 2009). In the current study, this mapping ability is trained in typically
performing kindergartners using two different training programmes, in order to investigate
how the skill is best fostered.
Kindergarten NS can be divided into three skills: non-symbolic skills, symbolic skills,
and mapping between non-symbolic and symbolic skills. Mapping has been found to be the
strongest predictor of later mathematical skills, and was hypothesised to restructure non244

mathematics (Kolkman et al., 2013). Mapping is considered to lie at the root of adequate
development of mathematical skills (Booth & Siegler, 2008; Geary, Hoard, Nugent, & ByrdCraven, 2008; Siegler & Booth, 2004) and refers to a flexible integration between nonsymbolic and symbolic quantity processing, meaning that children with well-developed
mapping skills are able easily to transcode between number words, number symbols, and
non-symbolic quantities.
Two lines of enquiry focus on the formation of mapping skills in young children, the
first of which focuses on counting skills. Counting is considered a prerequisite for forming
links between symbolic and non-symbolic processing (Le Corre & Carey, 2007; Lipton &
Spelke, 2005). Reciting the counting sequence may help children understand the cardinal
value of number words, thereby realising that each number word relates to an exact quantity
using bottom-up processing (Noël & Rousselle, 2011). A second line of enquiry focuses on
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symbolic number knowledge of a child into a more conventional cognitive concept of

linear placements of numbers on a number line, which are indicative of mapping skills.
Acuity on a number line task is predictive of mathematics performance (Booth & Siegler,
2008), and can be fostered in a top-down processing framework through number line
activities, such as playing numerical linear board games (Fisher, Moeller, Bientzle, Cress, &
Nuerk, 2011; Siegler & Ramani, 2009), thereby forming a novel approach to intervention in
numerical skills.

Counting skills
Knowledge of counting and number symbols is considered an important predictor of
mathematics performance (Kolkman et al., 2013). Counting proficiency is based on five rules
or principles of counting, as proposed by Gelman and Gallistel (1978), for example: the
cardinality principle (the last tag used in the counting procedure represents the cardinality of
the set). Children progress with age in their ability to apply these rules and detect violation of
the rules.
Counting skills could predict the extent to which children can estimate numerosities
(Lipton & Spelke, 2005) and place numbers on an empty number line (Desoete, Praet, Titeca,
& Ceulemans, 2013; Friso-van den Bos, Kolkman, Kroesbergen, & Leseman, 2014; Simms,
Muldoon, & Towse, 2013). It has been proposed that finger counting helps children associate
between symbolic magnitudes and non-symbolic sets of items through the finger pattern, as
well as understand basic operations such as addition (Gracia-Bafalluy & Noël, 2008; Moeller,
245
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Martignon, Wessolowski, Engel, & Nuerk, 2011; Noël, 2005). Nearly all NS trainings
include practising counting procedures and knowledge of number symbols (e.g., Krajewski,
Nieding, & Schneider, 2008; Kroesbergen, Van ‘t Noordende, & Kolkman, 2012; Toll, 2013;
Van Luit & Schopman, 2000), and isolated practice of counting procedures has been found to
generalise to improved proficiency in mathematics (Blöte, Lieffering, & Ouwehand, 2006). It
was suggested that mapping, as the most important factor of NS, develops through counting
skills, as described by Le Corre and Carey (2007), who postulated that children make
analogies between the sequence in the count list and quantifiable sets of objects, and use
induction to learn to understand the correspondence between the addition of an item to a set
and the progression through the count list. This implies that the mapping between number
words and tangible quantities is first understood by a child through the bottom-up process of
counting, making counting a first step towards a more abstract concept of number.

Number line estimation
Number line placement acuity is also thought important for the development of mathematical
skills (Booth & Siegler, 2008; Geary, Hoard, Byrd-Craven, Nugent, & Numtee, 2007). To use
number lines in number tasks, children need to be able to relate a number to the
corresponding quantity and consequently realise that a number obtains its position on the
number line through its quantitative value. Typically, young children make nonlinear
placements, adhering to a logarithmic or power model of placements, while older children
show a more linear pattern of number placement, with equal spacing between numbers of
various sizes (Barth & Paladino, 2011; Booth & Siegler, 2006; Siegler & Booth, 2004;
Siegler & Opfer, 2003). A more linear pattern of placements is predictive of higher
achievement in arithmetic in children (Booth & Siegler, 2008). Acuity of the mental number
line may be interpreted as a child’s ability to map between symbolic numbers and nonsymbolic quantities (Kolkman et al., 2013). The symbolic numbers, in this interpretation, are
the numbers to be placed on the empty number line, and the non-symbolic quantity is
represented as the continuous space between the extremities of the number line.
The training of number line placement has received growing interest in the past few
years (e.g., Fisher et al., 2011; Ramani & Siegler, 2011; Siegler & Ramani, 2008). Playing
numerical linear board games, in which linear ordering of numbers was emphasised, has
repeatedly been reported to improve successfully number line acuity (Fisher et al., 2011;
Siegler & Ramani, 2009) and thereby facilitate the mapping between numbers and quantities.
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form of visual imagery of number information; a prerequisite for successful acquisition of the
more complex algorithm skills needed in advanced mathematics (Zhang, Ding, Stegall, &
Mo, 2012).

The current study
The present study aimed to investigate whether the development of NS is more efficient
through a bottom-up counting or a top-down number line training programme in comparison
to a control group through experimental training studies. We expected both trainings to have
significant effects on measures of mapping, and small transfer effects on symbolic NS
measures, but not on non-symbolic NS measures because the association between mapping
and non-symbolic NS may be indirect (Kolkman et al., 2013). Gains made after the
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Furthermore, placement of numbers along the continuum of a number line may be seen as a

interventions may reflect the way in which kindergarten children normally (without
intervention) construct number knowledge, because according to Piaget’s theory of cognitive
development (Piaget, 1970), an intervention that fosters knowledge the way children
intuitively approach it is likely to have greater effect than an intervention that teaches
children to think differently about the matter at hand than they intuitively do.
In recent years, an increasing number of studies has focused on intervention in NS
skills in children of low socio-economic status (SES; Dyson, Jordan, & Glutting, 2013;
Jordan, Glutting, Dyson, Hassinger-Das, & Irwin, 2012; Siegler & Ramani, 2008). Greater
gains have been reported for children from a low SES background than for children from
middle SES backgrounds (Starkey, Klein, & Wakeley, 2004). The current study attempted to
replicate this finding by creating a distinction between children from high or low to average
SES and investigating whether training is equally effective for both groups of children.
Finally, because age has been found to explain differences in intervention outcomes between
studies (Kroesbergen & Van Luit, 2003), the age of the children was included as a moderator
variable.

Method
Participants
Ninety Dutch kindergartners with a mean age of 5 years and 8 months (SD = 4 months)
participated in the study. Data of one child were removed because his data produced outliers
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on multiple variables. Of the remaining children, 47 were girls (52.8%). The number of
children born in the Netherlands was 83 (93.2%). Of all children born outside of the
Netherlands, at least one parent was born in the Netherlands.
In each class, nine children participated. After pretesting, children were divided into
three conditions: (1) a counting training condition, (2) a number line training condition, and
(3) an ‘education as usual’ control group. They were distributed across conditions in such a
way that their counting and addition scores at pretest were approximately equal between
groups, with three children from each class participating in each condition, to regulate group
size and prevent differences in key outcome measures at pretest. There was no age difference
between the three groups, F(2,86) = 0.55, p = .58.
SES was measured using short questionnaires filled out by parents. Children were
coded as coming from families with high SES if they had at least one parent who had
completed higher education. Of the children, 56 were coded as being from high SES families,
32 as being from low to average SES families, and for one child no data were available.
Children from both SES categories were distributed equally across training conditions, χ2 (2,
N = 88) = 0.22, p = .89.

Interventions
Each intervention group received 12 training sessions spread over 6 weeks in groups of three
children, lasting approximately 20 minutes per session. Difficulty of the sessions increased by
extending the range of numbers included in the games: numbers up to ten were included in
the first four sessions, numbers up to 20 in the next four sessions, and numbers up to 50 in the
last four sessions. In both training programmes, four games were played in total, and two per
session, so that each game was played every other session. Number cards were used to
support the activities in each training programme.
Counting training
The counting training consisted of the following activities, presented as games:
-

Resultative counting, using various simple motor activities such as clapping,
colourful cards, and objects to count. Counting skills are predictive of proficiency
in other number-related tasks (Lipton & Spelke, 2005).

-

Shortened counting: counting on from a number higher than 1. Various sets of
colourful cards were used for this activity. Shortened counting is a counting
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2009).
-

Nonlinear board game: in this board game, a six-sided die was used to indicate the
moves the children could make. The squares on the board were not numbered, and
some of them contained an icon initiating a counting challenge. Playing nonlinear
board games is not expected to facilitate mental number line acuity, as opposed to
linear board games (Ramani & Siegler, 2011).

-

Counting on: colourful stones of the same shape and size were added to a pillow
case to stimulate the use of shortened counting and illustrate the concept of
addition.

Number line training
The number line training consisted of the following activities, presented as games:
-
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activity that requires the understanding of cardinality (Van Luit & Van de Rijt,

Number-to-position game: an empty number line in the form of a printed test tube
was presented on worksheets, and a number was located on the number line by the
children with a pencil. This game was based on the number-to-position task (Laski
& Siegler, 2007; Siegler & Booth, 2004).

-

Position-to-number game: a number line with a given position was presented on
worksheets, and the children were asked to assign a number to the location. This
activity was based on the number line task (Laski & Siegler, 2007; Siegler &
Booth, 2004), but the position was the information given to the child, and the
number the response by the child. The beginning and endpoint were given.

-

Linear numerical board game (Siegler & Ramani, 2008): in this board game, a sixsided die was used to indicate the moves the children could make. The squares on
the board were numbered, and the child was asked to state out loud which squares
were crossed during a move.

-

Linear numerical tag game: in this game, children simulated a tag game on a board
with numbered squares. They were assigned to try to locate their tokens on the
same square as another child and received points for each time this happened. Die
rolls indicated the (bidirectional) moves the children could make. The children
were asked to state out loud which squares were crossed during their move.

Control group
A control group received education as usual and did not participate in any additional
activities. Children in the Netherlands typically receive full-day programmes from the day
249
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they turn four years old. Mathematics is part of every kindergarten curriculum and some prekindergarten curricula, and is taught through various age-appropriate activities.

Measures
Number comparison tasks
The comparison task had two versions. In the symbolic version, participants judged which of
two Arabic numbers was bigger than the other through a key press. All numbers were
between 1 and 9. Each trial was preceded by an alerting beep, and 1500 ms after the beep, the
stimuli appeared. The maximum response time was 5 seconds. There were four practice trials
and 26 test trials, and total accuracy was used as the score of the child. Numerical distance
could range from 1 to 4. Symbolic comparison tasks can be seen as measures of mapping
(Kolkman et al., 2013). Test-retest reliability of a similar task has been found to be good
(Clarke & Shinn, 2004).
The non-symbolic version of the comparison task was mostly the same as the
symbolic version, but sets of dots appeared instead of Arabic numbers, controlled for dot size
and surface array. To prevent counting strategies, the stimuli disappeared from the screen
after 840 ms. Maximum response time was still 5 seconds and the number of correct
responses was used as the score of the child. Non-symbolic comparison tasks can be seen as
measures of non-symbolic NS.
Number line tasks
The number line task (Siegler & Opfer, 2003) had two versions. In the symbolic version,
Arabic numbers between 1 and 100 were displayed onscreen below a horizontal line. On both
sides of the line, the minimum (1) and maximum (100) were given, and participants pointed
to the position on the line they selected for the target number. Twenty-two test trials were
presented to the participants, preceded by two practice trials in which they located the
numbers 1 and 100 on the line and received feedback. No feedback was given during the
testing phase. Symbolic number line tasks can be seen as measures of mapping (Kolkman et
al., 2013). The score of the child was the explained variance of a linear slope (R2), indexed by
the squared correlation between estimated and actual positions.
The non-symbolic version of the number line task was similar to the symbolic
version, the only difference being that the children located arrays of dots on the number line.
Minimum and maximum were displayed in non-symbolic form as well. The same numbers
were used as in the symbolic version. The score of the child was the explained variance of a
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NS.
Counting
To measure the counting skills, subscales of the ENT-R (Van Luit & Van de Rijt, 2009) were
used. The original ENT-R consists of nine subscales. In this study, only the subscales that
measure counting were used, namely: (1) Use of number words; (2) Structured counting; (3)
Resultative counting; and (4) General understanding of number words. Each subscale
contains five items. One point was awarded for each correct answer. Internal consistency of
this test is good (Van Luit & Van de Rijt, 2009). This scale can be seen as a measure of
symbolic NS (Kolkman et al., 2013).
Addition
To measure addition proficiency, as an early indicator of formal mathematics proficiency,
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linear slope (R2). Non-symbolic number line tasks can be seen as measures of non-symbolic

children completed 16 addition problems displayed on the laptop screen. Of the problems, 11
had an answer below 10 (e.g.: 5 + 3) and 5 had an answer between 10 and 20 (e.g.: 6 + 8). All
problems were preceded by a 2 second alerting phase. The score was the number of correct
answers. Internal consistency at pretest was high, α = .94.

Procedure
Pretests and posttests were conducted individually with an interval of 6 to 8 weeks. The
children were tested in a quiet room inside the school by trained undergraduate students. All
tasks were administered on a laptop computer using E-Prime 1.2 software (Psychological
Software Tools, http://www.pstnet.com). The tasks were divided into two sessions, which
took place on two days no more than one week apart. After each session, children were
rewarded with a colourful sticker.
Training sessions took place inside the school, in groups of three children, and were led by a
trained undergraduate student. Posttesting took place no more than two weeks after the last
session.

Analytical strategy
To address the research questions, Hierarchical Linear Modelling (HLM) was applied using
the software package HLM version 6.06. Scores on the various tasks measuring NS and
mathematics proficiency served as dependent variables. Three-level hierarchical models were
estimated with measurement occasion at the first level, individual children at the second
251
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level, and the groups in which children were trained at the third level (children in the control
group were nested in kindergarten classes). Main effects of occasion (level 1) and training
condition (level 3) were added first, and interactions between occasion and training condition
were added in a second step, indicating differential growth of children in each of the
conditions. If significant interactions were found, post hoc analyses using the counting
training as a reference category were conducted to investigate the difference between children
in the counting and number line condition.
To control for Type I errors, the Benjamini-Hochberg correction was used, in which
alpha values are adjusted for the number of analyses reported (in this case: six hierarchical
regression analyses, or one analysis for each of the measures listed) based on the rank-order
of p-values (Benjamini & Hochberg, 1995). Probability values are not compared with a static
alpha value, but with a corrected ‘α. Separate corrections were performed for post hoc
analyses.

Results
Correlations between measures at pretest and moderators can be found in Table 9.1.
Descriptive statistics of all three groups and the total sample in each measure can be found in
Table 9.2.

Table 9.1
Correlations Between Measures at Pretest, and Moderator Variables
1
1 Symbolic comparison

2

.33**

6 Addition items

5

6

-

.36**

.45***

-

.38***

.37***

.58***

.47***

***

***

***

***

.42

.37

.58

.51

.72***
*

7 Age

.03

.13

.12

.18

.23

8 SES

.11

.22*

.05

.02

.22*

*

7

.34**

4 Non-symbolic number line .23*
5 Counting

4

-

2 Non-symbolic comparison .31**
3 Symbolic number line

3

.25*

-

.19

p < .05 ** p < .01 *** p < .001; all correlations are Pearson’s correlations, except correlations with SES, which

are Spearman’s rank correlations
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20.97 (4.49)
21.43 (3.76)
.470 (.23)

.660 (.20)
14.43 (4.01)

20.67 (4.77)

Non-symbolic comparison 20.83 (4.46)

.320 (.25)

6.03 (5.67)

Symbolic number line

Non-symbolic number line .550 (.22)

11.13 (4.98)

Symbolic comparison

Counting (ENT-R)

Addition
7.93 (4.47)

(SD)

Task

5.93 (5.46)

11.50 (4.69)

.540 (.26)

.350 (.26)

20.93 (4.70)

20.77 (5.06)

6.77 (5.42)

13.83 (4.29)

.650 (.22)

.450 (.29)

20.48 (3.92)

21.83 (3.99)

mean (SD) mean (SD)

mean

(SD)

Posttest

Pretest

Number line group

Pretest mean Posttest

Counting group

6.85 (5.54)

11.79 (4.04)

.480 (.28)

.400 (.27)

21.10 (3.50)

21.28 (4.41)

(SD)

7.14 (4.97)

13.55 (4.14)

.630 (.27)

.410 (.30)

21.52 (3.44)

22.10 (2.80)

mean (SD)

Pretest mean Posttest

Control group

Posttest

21.63 (3.82)
21.14 (3.70)
.440 (.27)

.650 (.23)
13.94 (4.12)
7.27 (4.94)

20.90 (4.71)
20.96 (4.21)
.360 (.26)

.520 (.25)
11.47 (4.55)
6.25 (5.51)

mean (SD) mean (SD)

Pretest

Total

Descriptive Statistics at Pretest and Posttest, for the Counting Group, Number Line Group, Control Group and Total Sample

Table 9.2
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Training effects
Results of the hierarchical regression analyses are reported in Table 9.3 for all measures. Each
model concerns one of the outcome measures. The variable Time is indicative of mean growth
across all conditions between pretest and posttest. Analyses show that mean growth between
pretest and posttest was significant for counting and for non-symbolic number line
performance, but not for any other measure (Table 9.3).
The interactions between time and condition are indicative of divergence in growth
between the experimental group and the control group. Results of the analyses show that there
was no interaction between training condition and time on the symbolic comparison test
(explained variance at the occasion-level: 3.66%; see Table 9.3). Interaction effects on scores
of non-symbolic comparison were not significant either (explained variance at the occasion
level: 2.56%). No post hoc analyses were conducted for either symbolic or non-symbolic
comparison.
There was a significant interaction between training condition and time predicting
scores on the symbolic number line test, indicative of larger gains in the group following the
counting training in comparison to the control group, but not the number line training
(explained variance at the occasion level: 21.50%; see Table 9.3). Post hoc analyses indicated
that the counting group did not make more gains than the number line group, B = -.07, β = 0.09, p = .25. There was no significant effect of an interaction between training condition and
time on non-symbolic number line performance (explained variance at the occasion level:
34.68%; see Table 9.3).
In the model predicting counting (ENT-R) scores, there was a significant interaction
between counting training and time (Table 9.3), but not between number line training and
time, indicative of greater gains within the counting group, but not the number line group,
than in the control group (explained variance at the occasion level: 45.43%). Post hoc tests
indicated that the counting group did not progress more than the number line group B = -.81,
β = -0.06, p = .45.
Finally, addition scores were significantly predicted by an interaction between
counting training and time, indicative of larger gains within the counting group (explained
variance at the occasion level: 17.85%; see Table 9.3). There was no evidence for greater
gains within the number line group than in the control group. Post hoc tests indicated that the
counting group did not make greater progress than the number line group, B = -1.26, β = 0.09, p = .11.
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.11

-.04

-.03

0.93

-0.36

-0.23

-0.62

0.17

NL training

Time x count training

Time x NL training

.01

168

168

27

27

168

27

df

***

.881

.581
***

***

.861***

.781

.261

.10

.08

-

-

-

-

< .001***
***

‘α

p

.32

.13

.13

0.16

0.07

0.07

-0.05

-0.05

NL training

Time x count training

Time x NL training

-.08

165

165

27

27

165

27

df

***

***

***

.310

**

.300***

.340

.330

< .001

< .001

p
***

.06

.06

-

-

-

-

‘α

0.88

1.69

-0.27

-0.50

1.61

11.64

B

-0.87

0.18

0.07

-0.13

0.42

20.96

B

.07

.14

-.03

-.01

.18

-

β

165

165

27

27

165

27

df

168

168

27

27

168

27

df

p

***

.171

.841

***

.251

***

.03*1**

.861

.741

***

< .01 0

** *

< .001

***

p

***

***

.951***

.881

.411

***

< .001***

Counting (ENT-R)

-.08

.02

.01

-.02

.05

-

β

Nonsymb. comparison

-

-

-

-

‘α

.05

.03

.04

.09

-

-

-

-

‘α

0.78

2.04

-0.79

-0.85

0.08

6.88

B

0.10

0.16

-0.05

-0.08

-0.01

0.40

B

166

166

27

27

166

27

df

.06

.15

-.07

-.08

.01

-

β

166

166

27

27

166

27

df

Addition

.14

.23

-.09

-.14

-.01

-

β

Symb. number lines

***

***

***

***

***

.341

***

<.01**1*

.611

.581

.891

< .001

***

p

.081

< .01

***1

.551***

.321

.891

***

< .001***

p

.07

.02

-

-

-

-

‘α

.03

.01

-

-

-

-

‘α

Note. NL = number line. Nonsymb. = non-symbolic. B = unstandardised coefficient. β = standardised coefficient. ‘α = adjusted alpha after Benjamini-Hochberg correction. * p
< .05 ** p < .01 *** p < .001

Count training

Time

-.08

-

0.47

Model intercept

β

B

Nonsymb. number lines

Hierarchical Linear Regression Models for Task Performance

Table 9.3 (continued)

Count training

Time

-.05

-

21.02

Model intercept

β

B

Symb. comparison

Hierarchical Linear Regression Models for Task Performance

Table 9.3
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Moderation of SES and age
For all measures in which there was divergence in growth between the experimental groups
and the control group, main effects of SES and age were included, as well as interactions
between these variables and training gains, to investigate whether change in scores in NS and
mathematics could be explained by variation in SES and/or age of the children. Significant
interaction effects were indicative of divergence in growth between children of various SES
or ages.
SES did not predict growth in any of the measures for the children enrolled in the
counting training, or for symbolic number line, counting, or addition scores for children
enrolled in either of the training groups (all ps > .05). Age of the children predicted growth of
children enrolled in the counting training in symbolic number line scores, B = -0.04, β = 4.78, p < .01, and addition, B = -0.74, β = -4.57, p = .03, but not in counting, B = -0.45, β = 3.21, p = .07, and it did not predict growth in scores of children enrolled in the number line
training, all ps > .05.

Conclusion and discussion
In the current study, the possibilities of advancing NS using bottom-up counting training and
top-down number line training were investigated. Both counting skills and number line skills
may be used to fine-tune mapping between symbolic and non-symbolic representations
(Booth & Siegler, 2008; Le Corre & Carey, 2007; Noël & Rousselle, 2011). The current study
investigated mapping in a quasi-experimental design. We attempted to foster mapping skills
using counting activities and number line activities, both of which have been hypothesised to
advance mapping capacities in young children (Fisher et al., 2011; Le Corre & Carey, 2007;
Lipton & Spelke, 2005; Siegler & Ramani, 2009).
Results indicate that kindergartners outperformed the control group only after counting
training. This implies that number processing can be nurtured through counting activities (Le
Corre & Carey, 2007; Lipton & Spelke, 2005), and it may suggest that development in the
school context is also furthered by counting more than by number line training. Formation of
mapping skills may occur through the repeated bottom-up process of matching number words
with visible quantities, as suggested by Le Corre and Carey (2007), and that quantities are
more easily processed by assessing individual items in a set one-by-one than by placement in
a higher-order framework, which is done in number line tasks using top-down processing. It
should be noted though that differences in gains between the counting group and the number
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progress on several tasks that imply that with sufficient power, number line activities would in
fact show small effects on NS measures, although not in the same order of magnitude as the
counting training, nor would they be of the same order as the effects previously reported (e.g.,
Siegler & Ramani, 2009).
It is also worth noting that the counting training had no effects on measures of nonsymbolic processing. Effects of NS training on non-symbolic tasks have previously been
found to be lacking (Friso-van den Bos, Kroesbergen, & Van Luit, 2014; Malofeeva, Day,
Saco, Young, & Ciancio, 2004) or to have smaller effects than on symbolic tasks (Wilson,
Revkin, Cohen, Cohen, & Dehaene, 2006), suggesting that it is primarily the symbolic skill
level that interacts with broader numerical development and plays a key-role in the
development of NS. It has been hypothesised that non-symbolic skills serve as a foundation
for all further development in mathematics and number skills (Dehaene, 2001), but the current
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line group were not significant. Rather, the number line group made small (non-significant)

study suggests that limited gains in non-symbolic skills do not constrain gains in symbolic
skills.
Younger children made somewhat greater gains during the counting training than
older children in number line scores and addition scores. This may be due to a difference in
time spent at school between the children. The correlation of scores with the age of the
children may be indicative of a catch-up effect in younger children, after additional
instruction. However, the absence of correlations between age and most measures at pretest
indicates that this explanation does not sufficiently explain the current results. Alternatively,
younger children may have found the activities from the training more appealing, or they may
have complied more with instructions set by the trainer, resulting in greater training effects.
The effects are contrary to the results presented in the meta-analysis by Kroesbergen and Van
Luit (2003). It should be noted, however, that these concerned between-study differences,
which may be the result of differences between trainings, and that this is not necessarily
indicative of similar within-group moderation effects.
The finding that training gains are moderated by the SES of children (Starkey et al.,
2004) could not be replicated. The absence of a moderation effect of SES may be caused by
the criterion for group membership. In the current study, children were classified based on the
educational level of the parents, while children in the study by Starkey et al. (2004) were
classified based on parental income. Although both are indicative of SES, these constructs
may have different implications for child development. A second cause of the disparity might
be the inequality in incomes between families, which is smaller in the Netherlands than in the
257
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USA (Central Intelligence Agency, n.d.) and may therefore have smaller consequences for
child outcomes.
Future research is needed to elaborate on the parameters of similar training
programmes. For example, it may be investigated what the effects are of the duration of a
training. A meta-analysis concerning the effects of NS and mathematics trainings has
suggested that longer trainings yielded smaller training gains (Kroesbergen & Van Luit,
2003). However, the authors proposed that this was due to differences in scope of the training
studies: shorter trainings aimed to improve a more narrow range of skills, leading to more
improvement in fewer skills. In a study investigating two training programmes with a similar
scope, greater training gains and more transfer were reported for the training with the more
extensive time span (Toll, 2013). Other evidence concerning the duration of training is scarce,
although effects of very short number intervention studies of only four sessions have been
reported (Ramani & Siegler, 2008; 2011; Whyte & Bull, 2008).
Also, the range of numbers included is a topic that may be investigated in future
research. In the current study, numbers up to 50 were included in the training programmes,
but other studies have reported on trainings using number ranges up to 10 (Siegler & Ramani,
2008; 2009), up to 15 (Blöte et al., 2006; Van Luit & Schopman, 2000), or up to 20 (Fisher et
al., 2011; Friso-van den Bos, Kroesbergen et al., 2014) or up to 21 (Baroody et al., 2009). It is
likely that children of different ages benefit to a different extent from training programmes
that focus on different number ranges, and that older children benefit more from broader
number ranges as they are already familiar with smaller numbers. However, the exact effect
of the inclusion of different number ranges in training programmes is as yet unknown.
A limitation of the current study is the sample selection. In the current study, all children
were eligible for participation, while not every child was in need of a NS intervention. This may
have limited the gains children made during the trainings compared to the control group: children
not at-risk for delays in NS typically make gains in NS that are sufficient to start formal
education without intervention, explaining gains in the control group. Also, longitudinal studies
are needed to map the benefits of the interventions fully. Finally, the matching procedure in the
current study, in which children were matched at school-level, ensured great variation in number
knowledge between children in each training group. Smaller variation in number knowledge may
be more beneficial to training gains, because of a more equal level between children at the start
of the training, making activities similarly useful to all children in a training group.
Nevertheless, the current study adds to the body of literature by providing experimental
evidence for the importance of counting to advance mapping skills, and the smaller, non258

by training at all. These findings are of both theoretical and practical significance, because of the
implications they have for theories concerning the building of mapping skills, and because of the
clear distinction they make in effectiveness of different training activities, which has clear and
large implications for the effectiveness of school curricula focusing on NS.
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Introduction and summary
The term ‘number sense’ refers to a general understanding of number, quantity, and
magnitude. Working memory, on the other hand, is the domain-general capacity to remember
and process small amounts of information during a limited time span. Number sense and
working memory capacity are both thought to be of vital importance for mathematics
achievement (e.g., Cowan & Powell, 2014; Geary, 2010; Kroesbergen, Van Luit, Van
Lieshout, Van Loosbroek, & Van de Rijt, 2009).
In this dissertation, a variety of approaches was employed to investigate the
associations between a) working memory and mathematics, b) working memory and number
sense, and c) number sense and mathematics. As outlined in the General introduction
(Chapter 1), working memory is generally considered a predictor of both mathematical skill
and number sense, and number sense is considered a determinant of mathematics
achievement. In addition, number sense as a construct was investigated independently from
working memory and mathematics performance, with number line performance as a
dominant instrument. These aims were addressed in the context of the longitudinal
MathChild study, in which early mathematical development was studied in children from
kindergarten to second year of primary school.
The relation between working memory and mathematics achievement was
investigated using meta-analysis in Chapter 2, and experimentally in Chapter 8. Chapter 2
showed that by combining previous studies, it can be concluded that a relationship does
indeed exist between working memory and mathematics achievement, although the size of
the correlation depends on several factors, including the instruments employed in various
studies and the type of sample addressed. However, the positive relation between working
memory and mathematics achievement could not be confirmed experimentally through
transfer of gains in working memory towards mathematical skill, as shown in Chapter 8.
Moreover, several chapters aimed to investigate the relations between working
memory and number sense. First, in a meta-analytical approach in Chapter 3, mean
correlations between executive functions and number sense were investigated, confirming the
relations between number sense and both inhibition and updating. This was replicated with
original data in Chapter 4, which showed that inhibition and updating made a contribution to
the prediction of number line acuity. In both chapters, the relation between shifting and
number sense was non-significant. In consecutive chapters, the model originally proposed by
Baddeley and Hitch (1974) was used as a starting point for the measurement of working
264

explained variance in number sense measured concurrently (Chapter 5), and that performance
of the phonological loop could predict longitudinal growth in number line acuity (Chapter 6).
Finally, relations between number sense and working memory were investigated
experimentally, showing that gains in working memory did not transfer to number sense
skills (Chapter 8).
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memory. These analyses showed that both the central executive and visuospatial sketch pad

The relationships between number sense and mathematics achievement were also
tested in various chapters. In Chapter 6, growth trajectories in number line acuity were shown
to predict mathematics achievement at the end of the study, while Chapter 7 added to the
understanding of the associations between number sense and mathematics performance by
showing that these associations are not unidirectional, as often hypothesised, but that
mathematical skill plays a role in the fine-tuning of children’s understanding of number
relations. Number sense training, as shown in Chapters 8 and 9, could not only advance
children’s performance in number sense tasks, but also in arithmetic tasks, which is a domain
of formal mathematical skill, making a strong case for their interrelatedness.
Finally, number sense as a construct was investigated in Chapter 5, which showed that
the construct can be subdivided into two distinct factors. One factor may be characterised as
symbolic number sense, and is associated with the processing of number words and digits.
The other factors may be characterised as non-symbolic number sense, and are associated
with the processing of quantities without verbalisation of the exact quantity, such as discrete
collections of dots or continuous quantity ranges such as expressed on a number line. Growth
trajectories of children in number line acuity, investigated in Chapter 6, showed that low
performers could be distinguished from children catching up with their high-performing
peers, as well as high performers, based on general acuity alone, but Chapter 7 adds that
number line placements do not develop linearly, but through a number of phases that are
specifically associated with the use of reference points.
Each of the chapters in this dissertation makes a relevant contribution to the current
literature by addressing topical issues and taking an innovative approach in directing these
issues. Not only were controversies in the current literature regarding the relations between
working memory and mathematics and number sense, respectively, summarised, addressed,
and explained in Chapters 2 and 3 of this dissertation, but the limited battery of studies
regarding relations between working memory and number sense were expanded upon using
contemporary approaches to number sense that had not yet been used in previous studies in
Chapters 4 and 5. Longitudinal studies, in Chapters 6 and 7, focused on the use of number
265
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line tasks to assess number sense, longitudinal accounts of which are still scarce. These
studies both showed that the number line task is suitable for identifying groups of children
with distinguishable patterns of performance, and that membership of these groups could be
predicted from early performance, but also made a fundamental contribution to the literature
by demonstrating how various models of placement, dependent on reference points on the
number line, could be identified in children’s performance patterns across longitudinal
development. Finally, the two training studies presented in Chapters 8 and 9 each compared a
unique pair of training programmes to one another, contributing to our understanding of what
kinds of activities could be associated with growth in distinct measures relevant to each
training study. A more detailed description of specific contributions of each study, as well as
an outline of contemporary discussion points, can be found in the sections below.

Number sense: Structure and assets
It has been argued that number sense is foundational to mathematical reasoning. Using
number sense, a child could, for example, count a set of items, realise that one set is bigger
than another set, count another set of items, and realise that the number 8 stands for a bigger
quantity than the number 5 (Gersten & Chard, 1999). On a more advanced level, a child
would be able to determine that the difference between 8 and 5 is smaller than the difference
between 8 and 4, and on an even more specialised level, that the difference between 8 and 5
is 3. This ultimate level of understanding forms the foundation for mathematical operations,
because it helps a child understand the logic in a formal mathematics problem such as 5 + 3 =
8. From the point that children can compute the answer to a problem using counting, they can
develop more refined strategies for arithmetic problem solving, depending on their level of
skill (Torbeyns, Verschaffel, & Ghesquière, 2004). Number sense in kindergarten has been
shown to be predictive of mathematics achievement during the first few years of primary
school (Jordan, Kaplan, Locuniak, & Ramineni, 2007; Krajewski & Schneider, 2009;
Locuniak & Jordan, 2008), and number sense measures in first year of primary school can
even predict mathematics performance in early adolescence, as well as mathematical
difficulties in early adolescence (Geary, Hoard, Nugent, & Bailey, 2013).
One of the aims of this dissertation was to investigate the structure of number sense.
An influential theoretical model of number processing is the ‘triple code model’ (Dehaene,
1992; Dehaene & Cohen, 1995). In this model, a distinction is made between verbally and
visually processed quantities, and analogue quantity processing. In many empirical studies,
266

and non-symbolic number sense (Cirino, 2011; Desoete, Ceulemans, De Weerdt, & Pieters,
2012; Göbel, Watson, Lervåg, & Hulme, 2014; Noël & Rousselle, 2011; Sasanguie, Göbel,
Moll, Smets, & Reynvoet, 2013). Support for this claim was found in Chapter 5 of this
dissertation: a factor analysis indicated that a division into two factors, which could be
characterised as symbolic and non-symbolic number sense, provided adequate fit to the data.
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however, it has been hypothesised that number sense is divided into symbolic number sense

It should be noted, however, that some tasks that are traditionally seen as indicative of
symbolic number sense were predicted by both factors: symbolic number line acuity and
symbolic number comparison. This suggests that performance in these tasks is not only
dependent on a child’s capacity to process quantities in symbolic form, but that non-symbolic
quantity processing is also involved in these tasks. This phenomenon may be characterised as
mapping between non-symbolic and symbolic quantities (Geary, 2013; Holloway & Ansari,
2009; Kolkman, Kroesbergen, & Leseman, 2013), which is the ability to connect symbolic
numbers with the non-symbolic quantity associated with them. In the symbolic number line
task, children map between the verbal number words or Arabic number symbols and a nonsymbolic, continuous quantity range of a line. In the symbolic comparison task, an underlying
association with a number line has been hypothesised previously (Cohen-Kadosh et al., 2005;
Dehaene, 2003; Lavidor, Brinksman, & Göbel, 2004). Partial support for this claim can be
found in Chapter 4, although associations with non-linear quantity representations, such as
collections of items, have been underinvestigated.
It has been frequently proposed that children’s non-symbolic skills are related to their
ability to develop symbolic skills later in time (Dehaene, 1997). The factor analysis regarding
the structure of number sense concerns measures conducted at the same time point, and
therefore is not suitable for inferences with regard to the mutual interdependencies between
non-symbolic and symbolic number sense. In other words: it cannot address the question as
to whether non-symbolic number sense is predictive of performance in symbolic number
sense (Mundy & Gilmore, 2009; Xenidou-Dervou, De Smedt, Van der Schoot, & Van
Lieshout, 2013) or whether symbolic number sense can fine-tune non-symbolic processing
(Kolkman et al., 2013; Noël & Rousselle, 2011; Verguts & Fias, 2004). It does, however,
yield an interesting conclusion with regard to the tasks traditionally used to make this
distinction: non-symbolic and symbolic number comparison. These tasks are typically used to
index non-symbolic and symbolic number sense, respectively, with the notable exceptions of
two recent studies that take other tasks and more varied batteries of tasks into account
(Kolkman et al., 2013; Xenidou-Dervou et al., 2013). The factor analysis, however, shows
267
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that not only symbolic number sense, but also non-symbolic number sense, is involved in
symbolic comparison skills, which suggests that both facets are recruited in performing this
task. If this finding can indeed be replicated, this would suggest that using the symbolic
number comparison task to measure symbolic number sense does not suffice when a
comparison needs to be made with non-symbolic number sense. Instead, to contrast nonsymbolic and symbolic number sense, or to make inferences with regard to which of these
factors can facilitate the other, factors should be made with multiple indicators of nonsymbolic as well as symbolic number sense, as done in Chapter 5, as well as in a small
number of previous studies (Kolkman et al., 2013; Xenidou-Dervou et al., 2013).
Although a longitudinal account of the development of non-symbolic and symbolic
number sense measured using a variety of tasks is needed and can provide insight into the
development of numerical processing of children, a number of challenges need to be
overcome before such studies can be interpreted as support for theoretical propositions. One
of these challenges is the low reliability of non-symbolic number sense tasks that has been
reported in a previous study (Sasanguie, Defever, Van den Bussche, & Reynvoet, 2011), but
also the low reliability of a non-symbolic factor as a whole (Kolkman et al., 2013). Another
challenge is the low correlation between non-symbolic number sense tasks (Gilmore,
Attridge, & Inglis, 2011), which is possibly indicative of non-symbolic number sense not
being a unitary construct at all stages of development, or of compromised psychometric
properties. Even if these psychometric challenges can be overcome in full, the low correlation
between tasks is a problem that may influence the presence or absence of associations
between non-symbolic number sense and other constructs hypothesised to be related to it, but
also the theoretical interpretation of presence or absence of these associations. If nonsymbolic number sense is indeed a construct that should be further subdivided into factors,
performance within one factor may be more relevant in certain stages of development than
performance within other factors. For example, whereas quantity discrimination helps a child
understand the independence of quantity and other visual parameters often controlled for in
quantity discrimination tasks, and thus helps children at a young age gain insight into the
concept of quantity in itself, it is unlikely that proficiency in such tasks has unlimited
relevance for mathematics achievement, even at a much later age, especially when
confounding factors are taken into account (Gilmore et al., 2013; Inglis, Attridge, Batchelor,
& Gilmore, 2011). It might be hypothesised that when children learn to do basic arithmetic,
their proficiency in making approximate mental arithmetic operations becomes more
relevant, rather than simple discrimination (Gilmore et al., 2011; Xenidou-Dervou et al.,
268

number sense lies in an individual’s proficiency to use it in a fashion analogue to that in
mathematical operations, and that different stages of development, associated with different
types of mathematical problems relevant to education, require a large variety of non-symbolic
processing, each uniquely associated with a mathematical operation, and that proficiency in
each of these operations, although similar, may be independent of proficiency in another
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2013). Expanding on this notion, it could be hypothesised that the relevance of non-symbolic

operation. In other words: non-symbolic number sense may be specifically employed in the
visualisation of a mathematical operation, and visualisation of various operations may not
depend on the same underlying skill. If this is indeed the case, it could be hypothesised that
visuospatial working memory plays a dominant role in the association between number sense
and mathematical skill.
Number line acuity was shown to be predicted both by symbolic and by non-symbolic
number sense (Chapter 5). Consecutive analyses of the development of linear representations
showed that growth parameters were also predicted by both the symbolic factor and the nonsymbolic factor, which indicates that both skills remain of importance to the fine-tuning of
number line placements across development (Chapter 6), which can be interpreted as support
for the continuing involvement of both symbolic and non-symbolic skills in number line
tasks. It should be noted, though, that although the association between non-symbolic number
sense and kindergarten and the intercept of consecutive number line performance was
positive, the relation between kindergarten non-symbolic number sense and the slope of
number line performance was negative. This could indicate that the predictive merit of this
measure decreases over developmental time.
Moreover, although children continued to show increases in the extent to which their
placements fit linear trends, the analyses in Chapter 7 show that these increases do not reflect
a uniform increase in number line accuracy, but rather a varied set of placement strategies,
based on a varied set of anchor points, as previously suggested in studies in which a similar
task was used to index the number line performance of children in primary school (Rouder &
Geary, 2014; Slusser, Santiago, & Barth, 2013). More specifically, some of the youngest
children are inclined to use no anchor points in making number line placements, resulting in
random patterns of placements, while older children are more likely to use one reference
point, resulting in placements adhering to logarithmic or power models, and even older
children are more likely to use two reference points, resulting in placements adhering to a
cyclic power model. Ultimately, children start using linear placements, as already done by a
considerable number of children in the MathChild study by the end of second year, and
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argued in a vast number of previous studies (e.g., Ashcraft & Moore, 2012; Berteletti,
Lucangeli, Piazza, Dehaene, & Zorzi, 2010; Siegler & Opfer, 2003). Moreover, use of linear
placements has not only been shown to be associated with the number of reference points
used, but also with the extent to which the closest reference point is used in making
placements, as shown in an eye-tracking study (Van Viersen, Slot, Kroesbergen, Van ‘t
Noordende, & Leseman, 2013).
The analyses investigating the various models of number line placements not only
take a view on the debate that has emerged with regard to the comparison between a
logarithmic model and a power model to most accurately describe pre-linear number line
placements, but provide a developmental perspective on this matter. The fit of various models
has overshadowed the debate with regard to these placements (e.g., Barth & Paladino, 2011;
Opfer, Siegler, & Young, 2011), but a matter that has been underexposed is the underlying
strategy use associated with these various models. This strategy use has previously been
discussed in a small number of studies (Rouder & Geary, 2014; Slusser et al., 2013), but
Chapter 7 adds to the body of literature by combining the debate regarding the most adequate
model to describe pre-linear fit with the developmental assertions that were made. It should
be concluded that young children perform closest to a model in which a single reference point
is used, similar in shape to the logarithmic model. The logarithmic model, however, does not
perform as well computationally as the non-cyclic power model used in this chapter,
computation of which was proposed by Rouder and Geary (2014). Older children, by
contrast, are more likely to start using models that reflect the use of multiple reference points,
and can be described using the cyclic power functions as proposed in various studies.
Most notably, the finding that children at various stages in development make
placements that can be associated with a diverse set of reference points has a radical
implication for the way in which number line acuity should be regarded. Traditionally,
number line performance was assumed to be associated with an inherent representation of
numbers on a mental number line (Dehaene, 1992; De Hevia & Spelke, 2010). Placements
made on a number line were assumed to be purely representation-based, with young children
having compressed representations on certain scales, and older children having linear
representations (Siegler & Booth, 2004; Siegler & Opfer, 2003). However, the finding that
children perform according to a set of models based on various predefined reference points
suggests that this task does not purely measure representation, but that cues presented in the
instrument play a large role in the strategies by which children make number line placements.
Although this does not preclude differential patterns of neuronal connectivity in children
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representation-based. Future studies need to more thoroughly investigate the interplay
between child-related factors and task demands in number line performance and strategies to
get a full understanding of the processes by which children are capable of making these
placements.
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adhering to various number line models, it does preclude the notion of this connectivity being

Number sense training
A series of training studies, presented in Chapters 8 and 9 in this dissertation, produced a set
of small, yet distinct training effects. In Chapter 8, children enrolled in a general counting
training were compared to children in an education as usual control group, as well as a
working memory training group. In Chapter 9, typically performing children were divided
into two more specific training conditions, both aimed at improving number sense: a counting
group, practising counting activities in a number of planned sessions, and a number line
group, practising number line activities in the same number of sessions. They were compared
to a control group receiving no training.
Enrolment in both the general number sense training (Chapter 8) and the counting
training (Chapter 9) was associated with gains in measures of symbolic number sense that
were greater than gains made by children in the control group. In the general number sense
training, these gains were visible in the symbolic comparison task and in the symbolic
number line task, which are both completed with the use of symbolic as well as non-symbolic
number sense (see Chapter 5). Children in the counting training (Chapter 9) made gains in
counting, which is a purely symbolic measure, as well as symbolic number line acuity. The
only non-symbolic measure in which children in any training made gains that were greater
than those in the control group was the non-symbolic comparison task in the general number
sense training (Chapter 8), and even this effect can be disputed as it is mainly determined by
a drop in performance in the control group. With some caution, it can be concluded that
number sense training benefits solely the measures of number sense in which symbolic skills
are involved.
This finding can be interpreted in two alternative ways. For a first interpretation, it
should be assumed that the skill development of children during and after number sense
training mimics number sense development as found in children without intervention. Under
this assumption, it should be concluded that in the absence of gains in non-symbolic number
sense, the hypothesis that non-symbolic number sense is foundational to the development of
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symbolic number sense (Mundy & Gilmore, 2009; Xenidou-Dervou et al., 2013) could not
possibly hold. After all, if number symbols can only be understood using the association with
non-symbolic quantities, only gains in the latter can lead to gains in the former. The
alternative hypothesis that symbolic number sense is responsible for the cultivation of nonsymbolic skills (Kolkman et al., 2013; Noël & Rousselle, 2011; Verguts & Fias, 2004),
however, cannot be disputed with the current data. Although gains in non-symbolic skills
should be expected, in the light of this hypothesis, it may also take some time for these
effects to become visible. A third hypothesis, that symbolic and non-symbolic number sense
develop independently from one another, cannot be refuted either. These claims, however,
remain speculative. To get a more refined view on training tasks and their influence on
specific components of number sense, a purely symbolic training condition should be
compared to a purely non-symbolic training condition, as well as an integrative training and a
control condition. Only by comparing outcomes of very specific trainings can experimental
evidence be interpreted with firm conclusions regarding the interplay between non-symbolic
and symbolic number sense.
For a second interpretation of the reported training results, with only effects on
measures including symbolic number sense, it should be assumed that the skill development
of children during and after number sense training is qualitatively different from usual
development, in the absence of a training programme. Using this assumption, no theoretical
implications can be made, and it should be concluded that only symbolic skills can be directly
trained. Non-symbolic skills, on the other hand, seem to be more difficult to advance with
this kind of training.
Similar results were found in an earlier training study with regard to the trainability of
symbolic and non-symbolic number sense (Wilson, Dehaene, Dubois, & Fayol, 2009). The
authors concluded that this was indicative of low-performing children being underexposed to
symbolic numbers and that the training remediated the resulting deficiencies. A similar
explanation cannot serve to explain the effects reported in Chapter 9, because children were
not selected based on low number sense performance in this study. Instead, all children were
admitted to the training conditions, resulting in training groups covering the entire range of
number sense levels.
Neither the working memory training (Chapter 8) nor the number line training
(Chapter 9) led to significant gains in number sense. Although the effects of working memory
trainings have been disputed previously (e.g., Melby-Lervåg & Hulme, 2012; Rapport,
Orban, Kofler, & Friedman, 2013), the finding that number line training could not
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studies have shown that playing numerical linear board games, which was a focus in the
current number line training, could lead to improvements in number line performance with
more than 40% (Siegler & Ramani, 2008) or even more than 70% (Siegler & Ramani, 2009)
of additional variance in number line placements being explained by a linear slope. These
findings are in no way comparable to the findings reported in Chapter 9. This may be
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significantly improve number sense in children has not previously been reported. Previous

explained by the difference in scales used for these tasks: reported effects have been based on
a number line task from 0 to 10 (Siegler & Ramani, 2008; 2009), while the current findings
are based on a number line task from 0 to 100. Alternatively, the sample selection may be a
critical factor in the difference in outcomes: whereas previous studies selected children with
virtually no experience with number games, the findings in Chapter 9 are based on typically
achieving children. It is possible that number line trainings may only benefit children with
very limited experience with number games.

Number sense as a predictor of mathematics achievement
Claims that number sense could serve as a predictor of mathematical skill have been
supported in numerous previous studies (e.g., Geary et al., 2013; Jordan et al., 2007;
Krajewski & Schneider, 2009; Locuniak & Jordan, 2008). The chapters presented in this
dissertation add to this body of research with three distinct approaches: the identification of
latent classes in number sense growth to predict mathematics proficiency, quasi-experimental
support for the causal association between number sense and mathematical skill through
number sense training, and the investigation of bidirectional relations between number sense
and mathematics performance.
In Chapter 6, three distinct classes of number sense development throughout first and
second year of primary school were identified using latent class modelling with the use of
number line acuity: a low-performing group, typified as being at risk of mathematical
difficulties, a catch-up group, which performed low at the beginning of the first year but
quickly caught up with typically performing peers, and a typically performing group, in
which relatively high performers were placed. Similar classes of children have been
identified previously based on different measures of number sense (Jordan, Kaplan, Oláh, &
Locuniak, 2006). Innovative aspects of Chapter 6 included the use of the number line task as
a means to identify these classes, and, more importantly, the inclusion of mathematical
proficiency as a relevant distal outcome. Membership in these classes could predict
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mathematical proficiency at the end of the second year well, which adds support to the claim
that number sense is foundational to mathematical skill.
Further support for the causal relations between number sense and mathematics
achievement comes from the finding that children increased in a measure of simple arithmetic
after general number sense training (Chapter 8) as well as specific counting training (Chapter
9). Although both trainings contained an activity in which counting was used to support
arithmetic (addition) proficiency, this activity was presented in an informal setting, without
the use of number symbols, and with concrete materials to support the counting process.
Because of the large differences in the presentation of formal arithmetic problems, the finding
that children in the general number sense training and counting training improved more than
education-as-usual control groups in addition proficiency can be interpreted as evidence of
the transfer of number sense performance towards arithmetic performance. Such a transfer
effect has been found in previous studies (Dyson, Jordan, & Glutting, 2013; Jordan, Glutting,
Dyson, Hassinger-Das, & Irwin, 2012; Toll & Van Luit, 2014), but the finding that such an
effect can be achieved in a limited number of 12 sessions (Chapter 9) has not been reported
before: all other studies employed at least twice as many sessions. In one study including
low-performing children, similar effects could only be found in number sense training lasting
for 92 sessions, and not in a shorter version of 26 sessions (Toll & Van Luit, 2014).
In Chapter 7, the assumed unidirectional relationship between mathematics
achievement and number sense was questioned, and the hypothesis that mathematics
achievement and number sense could be mutually interdependent was tested. This followed a
small-scale study by LeFevre et al. (2013), who suggested that mathematical skill could not
only be facilitated by number sense, but that it could also serve as a means to further develop
an understanding of numbers and their relative positions on a number scale. Although the
authors did indeed find support for this claim in a valuable exploratory step in the assessment
of the relations between number sense and mathematics achievement, this support was based
on a small number of children, only two time points, and a single path analysis in which
alternative hypotheses were not tested. The study presented in Chapter 7, however, provides a
much stronger case for bidirectional effects between mathematics achievement and number
sense. The models not only show that there are significant bidirectional paths supporting the
hypothesised longitudinal interplay between both constructs, but a model in which
bidirectional effects are included also provides better fit than models that include effects only
in one direction, regardless of the direction chosen.
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that the tasks used to index number line acuity and mathematics performance required similar
knowledge or skill, such as spatial skills, or that both were related to performance on a third,
unmeasured variable. Both interpretations may point towards similar processes, but fail to
pinpoint the question to which the answer describes the developmental processes involved in
both skills: what is the driving force behind the growth in performance in both these tasks,
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LeFevre et al. (2013) proposed two interpretations of these bidirectional relationships:

and which parts of these driving forces are overlapping? Although spatial skills, or
visuospatial working memory, may indeed form a strong predictor of mathematical
proficiency as well as number sense (see Chapters 2-5) and place constraints on the abilities
that children within this age range display in both tasks, these skills alone likely do not form
this driving force behind growth in mathematical skill and number line acuity, as domaingeneral skills do not generate knowledge. Instead, domain-specific processes such as
counting knowledge may play a much greater role in the development of these skills (Laski &
Yu, 2014), while domain-general skills such as visuospatial working memory may place
constraints on performance instead of being a driving force. Laski and Yu (2014) proposed
that manipulating numbers, for example when solving arithmetic problems, may help
children understand the numerical value of numbers and contribute to acuity in making
number line placements. This domain-specific process may more accurately characterise the
bidirectional relationship between mathematics achievement and number line acuity: children
not only use the number line as a tool for solving mathematical problems and judging the
likelihood of their answers (Geary, 2011; Halberda, Mazzocco, & Feigenson, 2008;
Sasanguie et al., 2013; Siegler & Booth, 2004), but solving arithmetical problems may help
them understand how numbers relate to one another, for example, when children learn to
solve problems such as 17 + 2 and spot the parallels between the former problem and a
problem such as 7 + 2. Children’s use of such information to facilitate their understanding of
number relations may explain the bidirectional effects between number line and mathematics
performance in Chapter 7.
This does not mean that number sense and mathematical skill have bidirectional
relations in all stages of development. For example, children are very well able to achieve a
general understanding of number during kindergarten years, or even earlier, without being
ready yet for formal mathematics education. Moreover, the current results can be used to
make inferences about the interaction between number sense and mathematical skill at the
start of formal education, but this in no way means that similar associations remain in place
further on in development, when the abstraction level of mathematics education increases.
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Working memory as a predictor of numerical skill
Another aim of this dissertation was to investigate the relations between working memory
and numerical skill. There is a growing body of research demonstrating an association
between working memory and mathematics achievement (for a review, see Raghubar,
Barnes, & Hecht, 2010). More specifically, there is a relation between mathematics
achievement and visuospatial working memory, or the ability to recall and process visual and
spatial information (Bull, Espy, & Wiebe, 2008; St Clair-Thompson & Gathercole, 2006; Van
der Ven, Kroesbergen, Boom, & Leseman, 2012) theoretically involved in numerical problem
solving in which visuospatial strategies are employed, such as when using a number line for a
solution strategy. There is also a relation between mathematics achievement and verbal
working memory, or the ability to recall and process verbal and auditory information (Jarvis
& Gathercole, 2003; Meyer, Salimpoor, Wu, Geary, & Menon, 2010; Navarro et al., 2011),
theoretically involved in numerical problem solving when verbal strategies such as verbal
counting are employed. Rationalisations for the associations between working memory and
numerical skill are straightforward: when children learn to perform mathematical operations,
they must remember the problem, determine strategies, keep track of steps in problem
solving, remember intermediate answers, and process the numerical information needed to
determine the correct answer. Involvement of executive functions may occur when children
need to inhibit irrelevant information, or switch between solution strategies. A growing body
of literature also investigates similar associations between working memory and number
sense (Bull et al., 2008; Bull & Scerif, 2001; Clark, Pritchard, & Woodward, 2010;
Kroesbergen et al., 2009).
Although working memory is widely regarded as a predictor of mathematics
achievement and number sense (Bull et al., 2008; Bull & Scerif, 2001; Clark et al., 2010;
Geary, Hoard, Byrd-Craven, & DeSoto, 2004; Kroesbergen et al., 2009; Passolunghi,
Mammarella, & Altoè, 2008; St Clair-Thompson & Gathercole, 2006), estimates of effect
sizes are diverse, and there is no consensus with regard to the components of working
memory that are key determinants of numerical skill. Therefore, two meta-analyses targeted
the relationship between working memory components and mathematics achievement
(Chapter 2), and working memory and number sense (Chapter 3).
Estimates of weighted mean effect sizes are indicative of significant associations
between mathematics achievement and each working memory component: the central
executive functions inhibition, shifting, and verbal and visuospatial updating, the
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highest correlation with mathematical skill, while inhibition and shifting show the lowest
correlations, indicating that tasks aimed at encoding and processing information have a firmer
relation with mathematics achievement than tasks in which no recall of information is
needed. However, relations between mathematics achievement and each working memory
component are moderated by several variables that describe variations between tasks,
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phonological loop, and the visuospatial sketch pad (Chapter 2). Verbal updating shows the

samples, and studies, the most important of which is the category of mathematics task, which
moderates the association between mathematics achievement and each individual working
memory component. The involvement of other moderator variables was less consistent across
working memory components, with working memory task properties, age of the sample,
special educational needs of the sample, the inclusion of control variables, and time lag
between conducting the working memory and mathematics task explaining the variance
between effect sizes with regard to some working memory components, but not all.
Although results of the meta-analysis show that there is a statistical association
between mathematics achievement and working memory variables, the conclusion that these
exact working memory skills are directly involved in the execution of mathematical tasks, or
development of mathematical reasoning, remains partly speculative. One of the challenges in
the interpretation of these and similar results is the impurity problem, referring to the fact that
executive functions cannot be measured without the involvement of other processes, such as
language comprehension or speed of processing (Miyake et al., 2000). This not only means
that associations between working memory and mathematics achievement could be explained
by skills not taken into consideration in a study, but also that executive functions may
contaminate one another. For example, to shift between response sets or strategies, a less
appropriate response set or strategy needs to be inhibited, making it impossible to fully
dissociate shifting from inhibition. In a similar way, performance in each working memory
task may be partially dependent on skills in a distinct but related working memory
component. And although part of this spillover effect can be addressed using designs such as
factor analysis to extract the common variance associated with various tasks targeting the
same executive function (e.g., Rose, Feldman, & Jankowski, 2011; Van der Ven et al., 2012)
or dual-task studies to specifically deplete workspace in some working memory components
but not others (e.g., Imbo & Vandierendonck, 2007; Xenidou-Dervou, Van Lieshout, & Van
der Schoot, 2014), not even these designs can fully rule out any form of contamination of
executive functions. This does not nullify the results of any of the contributions with regard
to the relations between mathematical skill and working memory, but needs to be taken into
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10

10 | General discussion

account in interpreting the results of these studies, be it the results of single studies, or the
results of aggregate analyses such as the meta-analysis reported in Chapter 2.
When effect sizes of studies targeting the relation between number sense and working
memory were aggregated (Chapter 3), a slightly different pattern was found. Updating still
showed the highest correlation with number sense as a numerical skill, but now visuospatial
updating showed higher correlations than verbal updating - a pattern that was reversed in the
case of mathematics achievement. The correlation between inhibition and number sense was
also significant, but there was no significant correlation between shifting and number sense.
When original data were used to investigate this pattern in the variance of a number line task
(Chapter 4), results were similar to the results of the meta-analysis: visuospatial updating and
inhibition were capable of explaining variance in scores, but shifting did not explain the
unique variance in performance in this task. Together, these results suggest that the use of
visuospatial strategies may form an explanation for success in the number line task, while
verbal strategies may not play a role in making these placements within this age group. A
possible explanation for the finding that verbal working memory did not make a contribution
to explaining variance in this task may be that children of this age tend to use visuospatial
strategies, both for number sense and mathematics tasks, and only revert to strategies
requiring verbal strategies at a later age (Van der Ven, Van der Maas, Straatemeier, & Jansen,
2013; Van de Weijer-Bergsma, Kroesbergen, Prast, & Van Luit, 2014).
In Chapter 5, a different approach was taken: instead of employing functions of the
central executive to predict performance in number sense tasks, the central executive was
treated as a single unit, and slave systems were taken into account in predicting number sense
variables. Moreover, a measurement model to describe number sense was added with two
factors: non-symbolic and symbolic number sense. Both factors could be predicted using the
central executive, as suggested in previous chapters, but a small amount of additional
variance in symbolic number sense was explained by the functioning of the visuospatial
sketch pad. However, there was no role for the phonological loop when only parallel
measures were taken into account. Chapter 6, on the other hand, showed that the functioning
of the phonological loop during kindergarten could explain the growth in number sense after
the start of formal education. This suggests that phonological loop involvement does not
explain variance in number sense that is measured at the same point in time, with the
implication that verbal storage capacity is not depleted during these tasks, but it does predict
variability in number sense assessed at a later point in time, and even growth in number sense
during consecutive years. This may be a consequence of children’s varying capacity to
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encode their answers to mathematical problems and use these in their understanding of
number, as suggested by the bidirectional relations between number sense and mathematics
achievement in Chapter 7.

Training and special educational needs
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encode and use instruction in numerical tasks, but also their varying capacity to verbally

The finding that children with special educational needs could be identified with the use of a
number line estimation task, and that performance in this task early on in primary school
could be associated with ongoing delays in a select group of children with regard to number
line placements, is a novel one. Although it has been shown that low number line
performance is associated with mathematics achievement (Halberda et al., 2008; Sasanguie et
al., 2013; Siegler & Booth, 2004), no longitudinal studies to date have aimed to identify low
achievers with the use of this task. The continuing delays in number line acuity in the group
of low performers, as reported in Chapter 6, suggests that delays in number sense should not
only be related to procedural deficits, but are deeply rooted in children’s understanding of
number relations. In an eye-tracking study with a child with dyscalculia (Van Viersen et al.,
2013), the low accuracy on the number line task was associated with an odd pattern of eye
movements, suggesting that the child with dyscalculia did not use the same reference points
as typically developing children. Future studies are needed to investigate whether these
aberrant patterns of fixation on reference points are also present in low performers, and
whether these behavioural patterns could possibly serve as a way to early identify children at
risk of delays in mathematics. Such a finding would have very direct implications for
intervention design, as the use of reference points could be directly targeted by interventions.
Working memory is a consistent predictor of mathematical achievement as well as
number sense, and there are hypothesised causal relationships between working memory and
numerical skill (Bull et al., 2008; Bull & Scerif, 2001; Clark et al., 2010; Geary et al., 2004;
Kroesbergen et al., 2009; Passolunghi et al., 2008; St Clair-Thompson & Gathercole, 2006).
If such a causal relationship does indeed exist, it is likely that hypothetical gains in working
memory after training generalise towards gains in numerical skills. In Chapter 8, this
hypothesis was tested, but no transfer effects towards number sense or mathematics
achievement could be found. Although there were small gains in visuospatial (but not verbal)
working memory, these gains did not transfer to numerical skills. Similar results have been
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reported in meta-analyses of working memory training (Melby-Lervåg & Hulme, 2012;
Shipstead, Redick, & Engle, 2012).
The finding that working memory gains did not transfer to numerical skill is not
uncommon, but noteworthy in the light of the variance explained by exactly those working
memory components in which gains could be found: visuospatial working memory and
visuospatial sketch pad (see also: Chapters 4 and 5). These results could be interpreted in
various ways. For example, it could be argued that the gains found in working memory are
due to task-specific strategies developed during training (Ericsson, Chase, & Faloon, 1980;
Shipstead et al., 2012) such as the use of reference points in encoding visuospatial
information. Although strategies employed in one task may generalise towards similar tasks,
even for children of kindergarten age, the gains in performance may have to be interpreted as
evidence of improved strategy selection, not working memory span, and this makes
generalisation towards domain-specific tasks such as number sense tasks highly unlikely.
Alternatively, it could be hypothesised that gains in visuospatial working memory do indeed
reflect gains in visuospatial skill, but that the association between working memory and
number sense or mathematics reflects constraints in a more domain-specific cognitive
capacity that may correlate well with domain-general working memory capacity, but not
improve as a result of domain-general working memory training.
An even more striking result is the finding that children enrolled in number sense
training, apart from making gains in measures of number sense, also made gains in
visuospatial working memory that could not be explained by the lapse in time between
measures, as an untrained control group did not show similar gains (Chapter 8). The number
sense training, importantly, did not contain tasks aimed solely at training visuospatial
working memory, although visuospatial components of numerical tasks, such as number lines
in numerical linear board games, were not eliminated from the programme. Such results have
not previously been reported, presumably because working memory is widely considered to
be a predictor of numerical skill, but domain-specific performance as a predictor of working
memory capacity is a topic that has not yet been explored. However, it might be that there is a
bidirectional relationship between domain-specific and domain-general capacities, similar to
the bidirectional relationship between number sense and mathematics achievement reported
in Chapter 7.
If the basic assumption that working memory capacity can be trained using tasks in
which this capacity must be recruited for success in the task holds true (Holmes, Gathercole,
& Dunning, 2009; Klingberg et al., 2005; Klingberg, Forrsberg, & Westerberg, 2002;
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approach towards working memory training may hold more potential than has been
previously assumed. In the number sense training reported on in Chapter 8, children
repeatedly needed to appeal to their working memory skills, for example, when counting a set
of objects and remembering which objects had already been counted, or when moving their
pawns in numerical linear board games and trying not to lose track of the total number of
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Thorell, Lindqvist, Bergman Nutley, Bohlin, & Klingberg, 2009), then a domain-specific

steps to be taken. Presumably, these tasks not only facilitate number sense performance, but
also working memory performance, through repeated recruitment of associated skills.
Moreover, the meaningful context associated with number sense training, which may not be
very clear to children in the case of domain-general working memory training, may have
facilitated motivation and sense of purpose during training sessions, leading to more easily
achieved gains in all skills called upon.

Implications
Overall, the results presented in the current dissertation can confirm that there is a relation
between working memory and mathematics performance, between working memory and
number sense, and between mathematics performance and number sense, the latter of which
is divided into symbolic and non-symbolic number sense. However, a set of details in the
presented findings suggests that the relationships between these three constructs are more
dynamic than originally proposed. In previous research, both number sense and working
memory were seen as predictors of mathematics achievement (Cowan & Powell, 2014;
Geary, 2010; Kroesbergen et al., 2009) and working memory was seen as a predictor of
number sense performance (Geary, Hamson, & Hoard, 2000; Hecht, Torgesen, Wagner, &
Rashotte, 2001; Noël, 2009; Stock, Desoete, & Roeyers, 2009). However, cross-lagged path
analyses presented in Chapter 7 suggest that number sense is not only a predictor of
mathematics achievement, but also an outcome. Moreover, the effects of number sense
training on working memory performance presented in Chapter 8 suggest that number sense
can serve to facilitate working memory as well. These details suggest that relations between
working memory and number sense, and between number sense and mathematics, may be
bidirectional, and that relations between the constructs may need to be modelled as in Figure
10.1. In this figure, paths are not only included from number sense and working memory to
mathematics, and from working memory to number sense, but also paths in the opposite
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Figure 10.1. Hypothesised relations between working memory performance, number sense,
and mathematics achievement. The path presented as a dotted line is not based on findings
from this dissertation.

directions, as well as bidirectional, reciprocal paths. The path presented as a dotted line was
not tested or suggested in this dissertation. It should be noted that paths running in opposite
directions may be qualitatively different from one another; it could be hypothesised, for
example, that adequate understanding of number sense tasks may lead a child to select the
appropriate strategies to solve a problem that optimally facilitates the use of available
working memory capacity, thereby benefiting working memory strategies. Alternatively,
working memory may benefit number sense in a qualitatively different way by providing
enough working space to process various pieces of information in parallel, resulting in an
adequate understanding of numerical concepts. Also, processes associated with each of these
paths may occur during different periods of development, as well as in different ways at
different ages. For example, mathematical problems dealt with at a certain age may require
different strategies demanding the involvement of different working memory components to
mathematical problems dealt with a year later, leading to differential gains in working
memory components as a result of working memory-relevant activities at one age compared
to at another age.

Future directions
The results of this dissertation give rise to a number of fascinating insights that yield more
questions with regard to the topics studied. These questions concern the associations between
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training and intervention.
Associations between mathematics achievement and number sense, as discussed in
Chapters 6 and 7 of this dissertation, may be more dynamic than proposed in previous
research. This is supported by the cross-lagged panel analysis in Chapter 7, and highlighted in
Figure 10.1. Support for this model in this dissertation, however, comes solely from number
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the various constructs under investigation, the facets of number sense, and perspectives on

line data as an indicator of number sense. And although this measure can provide valuable
information with regard to the way children evaluate the relative sizes of different numbers, it
is not unlikely that different measures of number sense are associated with different insights,
and have different reciprocal relations with mathematical skill. For example, one might
hypothesise that a skill such as counting also has reciprocal relationships with mathematical
skill, but that counting is primarily a predictor of mathematics achievement at the onset of
formal mathematics education, allowing children to flexibly use the count row to solve
mathematical problems, but that mathematics achievement becomes a better predictor of
counting skills after some months of mathematics education, with mathematical skill serving
as a means for children to count in twos or threes more flexibly and accurately as a result of
proficiency in basic computation. In a similar way, discernible number sense skills may have
dissimilar bidirectional relations with mathematical skill. To date, bidirectional relations have
not been investigated much, but future studies may indeed reveal the dynamic relation
between number sense and mathematics proficiency as hypothesised above.
Our understanding of associations between working memory and numerical skill
could be elaborated upon in a similar way. Working memory, thus far, has primarily been
treated as a predictor of number sense and mathematics achievement, suggesting that the
relationship between these constructs is unidirectional. However, the finding that working
memory can be facilitated by the use of domain-specific training suggests that domaingeneral skills do not emerge as a result of maturation, but as a result of repeated, meaningful
practice of abilities that require the recruitment of working memory. It seems plausible that
such advances in working memory cannot only be made through number sense activities, but
also through the practice of formal mathematical skill, and even other domains of academic
ability such as reading, spelling, or science, and not only in training settings, but also in
everyday educational practice. Therefore, it is important that future studies explore which
factors contribute to the expansion of working memory capacity as found in children of
different ages, and delve into the interaction between domain-general skills and various
domain-specific skills. The results from the current dissertation suggest that the increase in
283

10

10 | General discussion

working memory performance may be explained by better strategy use, and that gains in skill
cannot be used for the processing of domain-specific information such as number sense,
which could explain the lack of transfer effects of the working memory training. Repeated
and directed practice of relevant domain-specific skills, however, may help children to more
effectively use working memory for the academic skills they practise, visible in the increases
in both domain-specific and domain-general skills after number sense training.
Another issue that requires more elaborate research is the factor structure of number
sense. In Chapter 5, a two-factor structure with a division into non-symbolic and symbolic
number sense provided adequate fit to the number sense data in kindergarten children.
However, it has previously been suggested that number sense becomes a unitary construct
after the start of formal mathematics education (Kolkman et al., 2013). This conclusion,
however, was based on data from a limited sample size, and further investigation is needed to
investigate whether number sense at different points in development functions as a unitary
construct, or a construct with non-symbolic and symbolic subcomponents. However, as
outlined above, a number of challenges need to be overcome before this can be embarked
upon. Moreover, if the separation of non-symbolic and symbolic skills holds after the onset of
formal education, these factors could be used to address the debate concerning the use of
symbolic versus non-symbolic skills as a foundation for the other, as well as a foundation for
mathematical achievement, in which bidirectional effects should be considered. However,
before these issues can be tackled, challenges with regard to the psychometric properties of
these tasks need to be resolved (Kolkman et al., 2013; Sasanguie et al., 2011), and the
differential relevance of various non-symbolic skills for diverse numerical tasks needs to be
assessed (Gilmore et al., 2011).
Finally, the possibilities of training number sense and remediating delays in number
sense require further investigation. Most training studies aimed at facilitating the number
sense of young children focus on multiple domains of numerical skill, in order to train all
facets of number sense as adequately as possible. However, the findings of Chapter 9 suggest
that not all training activities benefit kindergarten children equally: enrolment in counting
training was associated with gains in several number sense tasks over and above gains made
by the control group, as well as gains in basic arithmetic, while number line training did not
show these benefits. To add to this finding, more training studies are needed, with a specific
focus on selected domains of number sense, to assess the merits of different approaches in
children of various ages and skill levels. Only through comparison of various programmes
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outlined.

General conclusion
The current dissertation was based on the general aim of the MathChild project, which was to
investigate non-symbolic and symbolic number sense in relation to each other, to working
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focusing on a specific domain can optimal training of number sense skills be properly

memory, and to mathematics performance through the testing of (longitudinal) associations
and training effects. It is a primary result of one of three part-projects, and future publications
will continue to shed light on the relations between number sense, mathematics, and working
memory using the elaborate data set that was collected over the course of the project.
This dissertation allows three main conclusions to be drawn. First, working memory
capacity can be used to predict both number sense and formal mathematical skill, but the
contribution of various working memory components differs depending on the domain of
numerical skills assessed, the way in which working memory is assessed, and various other
methodological decisions. Second, number sense can be divided into non-symbolic number
sense and symbolic number sense, both of which are predictive of skill growth in number
sense at a later age and are affected by training activities in discordant ways. Third, number
sense is a consistent predictor of mathematical skill, but this relation is bidirectional.
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Inleiding
Leren rekenen is één van de belangrijkste doelen van het basisonderwijs. Hoewel de meeste
kinderen inderdaad het basisonderwijs verlaten met goede rekenvaardigheden, gaan er steeds
meer geluiden op dat de rekenprestaties van Nederlandse kinderen achterblijven ten opzichte
van kinderen in andere landen. Ook worden achterstanden gerapporteerd onder leerlingen in
het vervolgonderwijs. Het is daarom belangrijk om goed te kijken naar de basisvaardigheden
die ten grondslag liggen aan het leren rekenen. Buiten de rekenvaardigheden in groep 3 en 4
van het basisonderwijs, zijn in deze dissertatie twee belangrijke voorspellers van
rekenvaardigheden onderzocht: het getalbegrip (number sense) van kinderen en het
werkgeheugen.

Getalbegrip
De term getalbegrip verwijst naar een verscheidene vaardigheden. Het kunnen opnoemen van
de telrij is één van die vaardigheden, maar er vallen meer vaardigheden onder deze term:
kinderen met een goed getalbegrip kunnen bijvoorbeeld niet alleen een verzameling
voorwerpen tellen, maar begrijpen ook dat het laatste telwoord verwijst naar het totaal, dat de
volgorde van tellen niet uitmaakt voor het verkrijgen van het juiste antwoord en dat ieder
voorwerp maar één keer geteld moet worden. Verder is het herkennen van getallen een vorm
van getalbegrip, alsmede het kunnen ordenen en vergelijken van getallen en het gebruiken van
rekentaal, waaronder termen als meer, minder, groter, kleiner en evenveel vallen. Tenslotte
zijn er vaardigheden die geen onderdeel zijn van het onderwijs, maar wel duiden op een goed
getalbegrip: dit zijn non-symbolische vaardigheden, zoals het onderscheid kunnen maken
tussen groepen stippen wat betreft hoeveelheid.
Onderzoek naar getalbegrip is in de laatste jaren toegenomen. Getalbegrip tijdens de
kleuterjaren blijkt een belangrijke voorspeller te zijn van verschillen tussen kinderen in
rekenvaardigheden gedurende de basisschooljaren, en zelfs vroeg in de adolescentie: hoe
beter kinderen presteren op maten van getalbegrip, hoe beter zij later zijn in het maken van
rekenopgaven. Over hoe getalbegrip onderverdeeld moet worden in subvaardigheden bestaat
echter nog discussie: sommige onderzoekers hanteren een onderscheid tussen verbale, visuele
en analoge verwerking (te duiden als: drie, 3 en ***). Andere onderzoekers maken een
onderscheid tussen symbolische vaardigheden (telwoorden en getallen), non-symbolische
vaardigheden (hoeveelheden stippen) en de koppeling daartussen. Een aanzienlijk deel van de
onderzoekers die zich richten op getalbegrip maakt slechts een onderscheid tussen
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relatieve rol van deze componenten van getalbegrip. Waar eerder aangenomen werd dat nonsymbolische vaardigheden de basis vormden voor het ontwikkelen van symbolische
vaardigheden en daaropvolgende rekenvaardigheden, wijzen recente bevindingen erop dat het
symbolische getalbegrip verantwoordelijk is voor een verfijning van het non-symbolisch
getalbegrip, en dat de relatie tussen beide wederkerig is.

Werkgeheugen
Een tweede belangrijke voorspeller van rekenvaardigheden is het werkgeheugen van
kinderen. Werkgeheugen betreft het vermogen om informatie kort op te slaan en hier
bewerkingen op uit te voeren op opgeslagen informatie. Wanneer kinderen een som uit het
hoofd uitrekenen zullen zij bijvoorbeeld moeten onthouden wat de onderdelen van de som
zijn, bijhouden welke stappen zij al hebben genomen in het oplossen, en welke stappen zij
nog moeten nemen om bij het antwoord te komen. Kinderen met een beter werkgeheugen zijn
dan ook beter in staat om sommen goed en snel op te lossen dan kinderen met een beperkter
werkgeheugen.
Het werkgeheugen kan worden opgedeeld in een aantal onderdelen. Twee
opslagsystemen,

de

fonologische

lus

en

het

visueel-ruimtelijk

schetsblok,

zijn

verantwoordelijk voor het tijdelijk opslaan van verbale en visueel-ruimtelijke informatie,
zoals de som die werd voorgelezen, of het patroon van stippen op een dobbelsteen. Een derde
systeem, de centrale executieve, is verantwoordelijk voor het verwerken van de informatie die
in de slaafsystemen wordt opgeslagen. Deze verwerking bestaat uit tenminste drie taken: het
weren van irrelevante informatie uit het werkgeheugen (inhibitie), het wisselen tussen stukken
informatie of responsreeksen (shifting) en het verversen van de informatie in het
werkgeheugen, zodat alleen de meest recente en relevante stukken informatie waardevolle
ruimte in het werkgeheugen in beslag nemen (updating). De functie updating kan tevens
verder onderverdeeld worden in verbale updating en visueel-ruimtelijke updating, die ieder
gemoeid zijn met de informatie in één van de opslagsystemen: de fonologische lus en het
visueel-ruimtelijk schetsblok.
Al

deze

componenten

van

het

werkgeheugen

hebben

een

relatie

met

rekenvaardigheden, en worden dus ingezet om sommen uit te rekenen. Dit is herhaaldelijk
aangetoond in talloze studies die de relatie tussen werkgeheugen en rekenvaardigheden
hebben onderzocht. Er bestaat echter nog discussie over welke componenten van het
werkgeheugen precies relevant zijn voor welk type som, en op welke leeftijd. In de rijke
295

Samenvatting

symbolische en non-symbolische vaardigheden. Ook is recent een discussie ontstaan over de

Samenvatting

hoeveelheid literatuur over de relatie tussen werkgeheugen en rekenvaardigheden is hier tot
op heden nog geen eenduidig antwoord op te vinden, al zijn er sterke vermoedens dat het
visueel-ruimtelijk werkgeheugen een grotere rol speelt in de aanvang van het basisonderwijs,
en het verbale werkgeheugen een grotere rol speelt in latere jaren.
De hoeveelheid onderzoek die beschikbaar is over de verbanden tussen werkgeheugen
en getalbegrip is veel bescheidener, maar er bestaat een redelijke consensus dat het
werkgeheugen niet alleen aangesproken wordt voor formele rekenvaardigheden, maar ook
voor getalbegrip. Zo wordt aangenomen dat kinderen hun werkgeheugen gebruiken in het
uitvoeren van telprocedures, maar ook bij de verwerking van alle numerieke materialen die
aangeboden worden bij getalbegripstaken. Kennis hieromtrent is echter nog beperkt en
specifieker onderzoek naar deze relaties is geboden.

Doelen van de dissertatie
Naar aanleiding van de stand van zaken binnen het onderzoek naar getalbegrip,
rekenvaardigheden en werkgeheugen, is voor deze dissertatie een drietal doelen opgesteld:
1. Het nader duiden van de eigenschappen van getalbegrip, zoals in welke factoren het
construct onderverdeeld kan worden en hoe getalbegrip zich ontwikkelt;
2. Het onderzoeken van de verbanden tussen werkgeheugencapaciteit van kinderen en
hun numerieke vaardigheden, onder te verdelen in rekenvaardigheden en getalbegrip;
3. Het onderzoeken van de rol die getalbegrip speelt in de ontwikkeling van
rekenvaardigheden in de eerste jaren van het basisonderwijs.
Deze doelen zijn bereikt met behulp van het longitudinale MathChild onderzoek, welke in
samenwerking met de Vrije Universiteit Amsterdam en de Universiteit Maastricht is
uitgevoerd, en waarin kinderen in het regulier basisonderwijs gevolgd zijn van groep 2 tot en
met groep 4. Zij zijn herhaaldelijk getoetst op getalbegrip, rekenvaardigheden en
werkgeheugen. De dissertatie is onderverdeeld in vier secties, die ieder in verband gebracht
kunnen worden met een methodologische aanpak: in een eerste deel zijn meta-analyses
gebruikt om eerder onderzoek samen te vatten en nader te onderzoeken. In een tweede deel
zijn verbanden gerapporteerd tussen instrumenten die op hetzelfde meetmoment zijn
afgenomen. In deel drie zijn longitudinale verbanden tussen vaardigheden gerapporteerd, en
tenslotte zijn in deel vier de effecten van trainingen in getalbegrip en werkgeheugen
onderzocht.
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Het eerste doel van de dissertatie was het nader duiden van de eigenschappen van getalbegrip.
In Hoofdstuk 5 zijn prestaties op verschillende getalbegripstaken, die afgenomen zijn in de
kleuterklas, onderzocht met behulp van een factoranalyse. Het veel gebruikte onderscheid
tussen symbolisch en non-symbolisch getalbegrip is hierbij een uitgangspunt geweest, en er is
inderdaad ondersteuning gevonden voor het onderscheid tussen symbolisch en nonsymbolisch getalbegrip. Voor de koppeling tussen symbolisch en non-symbolisch getalbegrip
als aparte component kon geen ondersteuning gevonden worden, maar taken waarin deze
koppeling van belang was werden ondersteund door zowel het symbolisch als het nonsymbolisch getalbegrip, wat aangeeft dat beide vaardigheden betrokken zijn bij prestaties op
deze taken. Dit gegeven heeft interessante implicaties voor conclusies van eerder
gepubliceerd onderzoek: één van de taken (getallen vergelijken) die zowel afhankelijk is van
symbolisch als non-symbolisch getalbegrip wordt veelal gezien als puur symbolische taak, en
gebruikt om conclusies te trekken met betrekking tot de verschillende rollen die het
symbolisch en non-symbolisch getalbegrip spelen in de ontwikkeling. De bevinding dat dit
onderscheid niet zo eenduidig is als aangenomen, kan betekenen dat eerdere bevindingen
geïnterpreteerd moeten worden in het licht van de verankering van non-symbolische en
symbolische vaardigheden, en niet het onderscheid tussen beide vaardigheden.
In Hoofdstuk 6 zijn de prestaties op één van de getalbegripstaken gebruikt om de
ontwikkeling van getalbegrip in de groepen 3 en 4 in kaart te brengen. Dit betreft de
symbolische getallenlijntaak, die in de factoranalyse in Hoofdstuk 5 afhankelijk bleek te zijn
van zowel symbolische als non-symbolische vaardigheden. In de ontwikkeling van prestaties
op deze taak waren drie verschillende ontwikkelingstrajecten te onderscheiden: een goed
presterende groep scoorde hoog op deze taak gedurende de twee leerjaren, een inhaal-groep
presteerde laag bij aanvang van het formele rekenonderwijs maar liep in op prestaties van de
goed presterende groep, en een laag presterende groep die laag bleef presteren op de taak:
hoewel zij groeiden in vaardigheden, bleven deze ver achter op die van hun goed presterende
leeftijdsgenoten. Deze laatste groep heeft een mogelijk risico op het ontwikkelen van
rekenproblemen. Zowel het non-symbolisch als het symbolisch getalbegrip in de kleuterklas
is van blijvend belang voor de ontwikkeling van prestaties op de getallenlijntaak in de
groepen 3 en 4.
Ook is in Hoofdstuk 7 nader gekeken naar de specifieke plaatsingen op de
getallenlijntaak in de groepen 2, 3 en 4. Hierbij zijn een aantal statistische modellen gebruikt
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om patronen van plaatsingen per kind in kaart te brengen, en ieder van deze modellen was
indicatief voor het gebruik van bepaalde referentiepunten op de getallenlijn bij het maken van
plaatsingen, zoals het beginpunt van de getallenlijn (1), het eindpunt (100), en het midden
(50). Uit de vergelijking van deze modellen bleek dat kinderen gedurende de drie jaar waarin
zij aan het onderzoek deelnamen steeds meer referentiepunten gingen gebruiken: in groep 2
werd een model met één referentiepunt aan het begin van de lijn nog het meest gevonden,
maar geleidelijk aan gingen steeds meer kinderen twee referentiepunten gebruiken, aan het
begin en het eind van de lijn, en ook lineaire modellen, duidend op een accuraat vermogen om
getallen op een getallenlijn te plaatsen, kwamen steeds meer voor. Deze bevinding is
interessant voor de interpretatie van getallenlijndata: het feit dat het aantal referentiepunten
groeit is indicatief voor strategieën die leidend zijn voor de plaatsingen op de getallenlijn, in
plaats van een zogenoemde mentale representatie van getallen, zoals vaak wordt aangenomen.
Tot slot is in Hoofdstuk 8 en 9 gekeken naar de mogelijkheden om getalbegrip en de
verschillende facetten daarvan te trainen, met behulp van een algemene getalbegripstraining
in

Hoofdstuk

8,

en

getallenlijnvaardigheden

twee
in

specifieke
Hoofdstuk

trainingen
9.

Uit

de

gericht

op

resultaten

telvaardigheden
van

de

en

algemene

getalbegripstraining bleek dat getalbegrip inderdaad trainbaar is, maar voornamelijk op het
gebied van symbolisch getalbegrip, en minder op het gebied van non-symbolisch getalbegrip.
Deze bevinding werd gerepliceerd in de vervolgtraining, waaruit bleek dat een training gericht
op telvaardigheden leidde tot betere symbolische vaardigheden. Deze vooruitgang werd echter
niet gevonden bij een getallenlijntraining: kinderen die daaraan deelnamen gingen niet meer
vooruit dan kinderen die geen training volgden. Dit is mogelijk een aanwijzing dat kinderen
van nature hun getalbegrip ontwikkelen door middel van telvaardigheden, en dat
getallenlijnvaardigheden minder makkelijk leiden tot verbetering van het getalbegrip.

Verbanden tussen werkgeheugen en numerieke vaardigheden
Het tweede doel van deze dissertatie was het onderzoeken van de verbanden tussen
werkgeheugenvaardigheden van kinderen en hun numerieke vaardigheden, onder te verdelen
in rekenvaardigheden en getalbegrip. Verbanden tussen werkgeheugencapaciteit en
rekenvaardigheden

werden

onderzocht

in

Hoofdstuk

2,

en

verbanden

tussen

werkgeheugencapaciteit en getalbegrip werden onderzocht in de Hoofdstukken 3-6 en 8.
Verbanden tussen werkgeheugen en rekenvaardigheden zijn onderzocht met behulp
van een meta-analyse in Hoofdstuk 2. In een meta-analyse worden resultaten die in eerder
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verklaard. Resultaten van deze analyse wijzen uit dat er inderdaad een verband bestaat tussen
rekenvaardigheden en iedere afzonderlijke werkgeheugencomponent: inhibitie, shifting,
verbale en visueel-ruimtelijke updating, de fonologische lus, en het visueel-ruimtelijk
schetsblok. Het sterkste verband bleek dat tussen rekenvaardigheden en verbale updating.
Verschillen tussen de gerapporteerde verbanden bleken aanzienlijk, en werden in sterke mate
verklaard door het soort rekentaak dat gebruikt is, maar ook door het soort werkgeheugentaak,
het soort steekproef (waarbij is gekeken naar leeftijd en of de steekproef bestond uit kinderen
met bijzonder onderwijsbehoeften) en of er gecontroleerd is voor andere variabelen, zoals de
intelligentie van kinderen.
Ook in Hoofdstuk 3 zijn de resultaten van een meta-analyse gerapporteerd, maar in dit
geval specifiek over de verbanden tussen getalbegrip en de drie functies van de centrale
executieve: inhibitie, shifting en updating. Resultaten wijzen uit dat er een verband bestaat
tussen getalbegrip en zowel inhibitie als updating, maar niet tussen getalbegrip en shifting.
Variatie in gerapporteerde verbanden kan verklaard worden door zowel de manier waarop
getalbegrip gemeten werd in de verschillende onderzoeken als de taak die gebruikt werd voor
iedere executieve functie, en in verminderde mate door de leeftijd, waarbij sterkere verbanden
werden gevonden onder oudere kinderen.
De bevinding dat zowel inhibitie als updating de prestatie op getalbegripstaken
voorspellen werd gerepliceerd in Hoofdstuk 4, waarin gekeken werd of prestaties op
executieve functies taken plaatsingen op een getallenlijntaak konden voorspellen. Inhibitie
voorspelde plaatsingen op een getallenlijn van 0-10, waaruit geconcludeerd kan worden dat
kinderen inhibitie gebruiken bij het onderdrukken van minder geavanceerde strategieën om
correcte plaatsingen te maken. Visueel-ruimtelijke updating voorspelde plaatsingen op een
getallenlijn van 0-100, waaruit geconcludeerd kan worden dat kinderen hun visueel-ruimtelijk
werkgeheugen actief inzetten om getallen correct op een lijn te plaatsen.
In Hoofdstuk 5 zijn de opslagsystemen fonologische lus en visueel-ruimtelijk
schetsblok, alsmede algemene prestaties van de centrale executieve, gebruikt om verschillen
in prestaties op symbolisch en non-symbolisch getalbegrip te verklaren. Resultaten wijzen uit
dat prestaties op de centrale executieve verschillen tussen kinderen voorspellen zowel in
symbolisch als in non-symbolisch getalbegrip. Visueel-ruimtelijke vaardigheden daarentegen
voorspelden wel symbolische vaardigheden, maar geen non-symbolische vaardigheden.
Associaties tussen fonologische lus en getalbegrip waren niet significant in deze analyse, die
betrekking had op prestaties in de kleuterperiode. Wanneer echter gekeken werd naar de
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ontwikkeling van plaatsingen op de getallenlijn in groep 3 en 4, zoals gedaan in Hoofdstuk 6,
was er wel een rol voor de fonologische lus: er bleek een positief verband te zijn tussen
fonologische lus en zowel het intercept van getalbegrip als de mate van groei in getalbegrip
zoals gemeten door de getallenlijntaak.
In Hoofdstuk 8, ten slotte, is gekeken of het werkgeheugen van kinderen in de
kleuterklas getraind kon worden, en of eventuele vooruitgang in werkgeheugen gerelateerd
konden worden aan vooruitgang in getalbegrip. Hoewel kinderen die deelnamen aan een
werkgeheugentraining zowel vooruitgingen in prestaties geassocieerd met het visueelruimtelijk schetsblok als die geassocieerd met de visueel-ruimtelijke rol van de centrale
executieve, gingen zij niet meer vooruit dan verwacht op getalbegripstaken, wat inhoudt dat
groei in werkgeheugen niet direct leidt tot beter getalbegrip. Opvallend was echter dat
kinderen die deelnamen aan een algemene getalbegripstraining wel vooruitgingen op beide
visueel-ruimtelijke werkgeheugencompo-nenten zonder dat zij hierin training hadden gehad.
Wellicht betekent dit dat kinderen hun werkgeheugen ontwikkelen door deel te nemen aan
relevante academische activiteiten die een beroep doen op het werkgeheugen, en dat groei in
het werkgeheugen niet alleen een voorspeller is van academische taken, maar er ook door
voorspeld kan worden.

Verbanden tussen getalbegrip en rekenvaardigheden
Het derde en laatste doel van deze dissertatie was het onderzoeken van de rol die getalbegrip
speelt in de ontwikkeling van rekenvaardigheden in de eerste jaren van het basisonderwijs.
Dit is gedaan op drie manieren: ten eerste is gekeken of kinderen die zich verschillend
ontwikkelden wat betreft getalbegrip ook verschillen vertoonden in rekenvaardigheden in
Hoofdstuk 6. Ten tweede is gekeken of training in getalbegrip kon leiden tot vooruitgang in
simpele formele rekenvaardigheden in de kleuterklas in de Hoofdstukken 8 en 9. Als laatste is
gekeken naar de wederkerige relatie tussen getalbegrip en rekenvaardigheden in de groepen 3
en 4 in Hoofdstuk 7.
Bij het bekijken van de rekenvaardigheden van de drie groepen die zich verschillend
ontwikkelden wat betreft getalbegrip in Hoofdstuk 6, de goed presterende groep, de inhaalgroep en de laag presterende groep, bleek dat er een verschil was in de rekenvaardigheden die
deze kinderen vertoonden aan het einde van groep 4. De groep die hoog presteerde in
getalbegrip had ook de best ontwikkelde rekenvaardigheden, en de groep die laag presteerde
de minst ontwikkelde rekenvaardigheden. Dit ondersteunt het idee dat getalbegrip
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resultaten van de getalbegripstrainingen in Hoofdstuk 8 en Hoofdstuk 9: de kinderen in de
algemene getalbegripstraining gingen niet alleen vooruit op taken die getalbegrip maten, maar
ook in een simpele opteltaak, wat aangeeft dat vooruitgang in getalbegrip geassocieerd kan
worden met vooruitgang in rekenvaardigheden. Dit gold ook voor kinderen in de teltraining,
die zowel vooruitgingen in getalbegrip als in deze rekenvaardigheden. Kinderen in de
getallenlijntraining,

daarentegen,

gingen

niet

vooruit

in

getalbegrip,

noch

in

rekenvaardigheden.
De wederkerige verbanden tussen getalbegrip en rekenvaardigheden zijn tenslotte
onderzocht in Hoofdstuk 7, waarbij gekeken werd of getalbegrip rekenvaardigheden kon
voorspellen, of rekenvaardigheden getalbegrip konden voorspellen, of dat deze relatie beter
als een wederkerig verband gemodelleerd kon worden. Resultaten wezen uit dat alleen een
model waarin een wederkerig verband werd gespecificeerd een adequate beschrijving vormde
van de gemodelleerde data. Hieruit kan geconcludeerd worden dat getalbegrip niet alleen
helpt goede rekenvaardigheden te ontwikkelen, maar dat de opgebouwde rekenvaardigheden
tevens de uitvoering van getalbegripstaken faciliteren: het goed kunnen oplossen van
rekensommen helpt kinderen om de relaties tussen getallen in kaart te brengen.

Conclusie
Tezamen leveren de bevindingen gepresenteerd in deze dissertatie een aanzienlijke bijdrage
aan de huidige staat van het onderzoek met betrekking tot getalbegrip, rekenvaardigheden en
werkgeheugen.

Getalbegrip

wordt

gezien

als

een

belangrijke

voorspeller

van

rekenvaardigheden. Hoewel er nog discussie bestaat over de facetten waaruit getalbegrip
bestaat, is er consensus dat de rol in het ontwikkelen van rekenvaardigheden niet gering is.
Ook het werkgeheugen wordt gezien als een voorspeller van rekenvaardigheden: een beter
werkgeheugen wordt geassocieerd met beter ontwikkelde rekenvaardigheden. Tevens wordt
werkgeheugen gezien als voorspeller van getalbegrip. Deze dissertatie had drie doelen: 1) het
onderzoeken van de structuur en eigenschappen van getalbegrip, 2) het onderzoeken van de
verbanden tussen werkgeheugen en numerieke vaardigheden: rekenvaardigheden en
getalbegrip,

en

3)

het

onderzoeken

van

de

verbanden

tussen

getalbegrip

en

rekenvaardigheden.
In Hoofdstuk 10, dat een algemene conclusie vormt van de acht inhoudelijke
hoofdstukken waarin deze doelen worden besproken en dat de bevindingen hieruit kritisch
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bediscussieert, worden twee algemene conclusies genoemd. Een eerste conclusie is dat
getalbegrip in de kleuterklas bestaat uit twee facetten: een symbolisch getalbegrip en een nonsymbolisch getalbegrip. Deze facetten zijn beide van belang voor de verdere ontwikkeling van
getalbegrip, maar zijn niet in gelijke mate trainbaar: effecten van getalbegripstrainingen
centreren zich rond de maten waarin het symbolisch getalbegrip betrokken is. Prestatie op een
tweetal taken, namelijk het vergelijken van symbolen en een symbolische getallenlijntaak,
berusten op zowel non-symbolisch als symbolisch getalbegrip, wat belangrijke gevolgen heeft
voor de conclusies van eerder onderzoek waarin symbolisch vergelijken als puur symbolische
maat gezien werd.
Een tweede conclusie in de algemene discussie is dat de verbanden tussen getalbegrip,
rekenvaardigheden en werkgeheugen niet als statische verbanden gezien moeten worden.
Deze conclusie wordt getrokken uit een tweetal onderzoeksresultaten: de bevinding dat
rekenvaardigheden en getalbegrip wederkerige onderlinge verbanden vertonen, en de
bevinding dat kinderen na een getalbegripstraining vooruit gaan op werkgeheugen, wat niet
getraind werd in de activiteiten van de training. Deze gegevens leiden tot de hypothese dat de
verbanden tussen rekenvaardigheden, getalbegrip en werkgeheugen niet statisch en
unidirectioneel zijn, maar berusten op wederkerigheid en dynamiek. Deze hypothese zal in
toekomstig onderzoek nader uitgewerkt en onderzocht moeten worden, en de aard van
wederkerige verbanden zal in kaart gebracht moeten worden.
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