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Abstract

This contribution reviewed the available evidence on the domain-specific and domain-
general neurocognitive determinants of children’s arithmetic development, other than non-symbolic
numerical magnitude processing, which might have been overemphasized as a core factor of
individual differences in mathematics and dyscalculia. We focused on symbolic numerical magnitude
processing, working memory and phonological processing, as these determinants have been most
researched and their roles in arithmetic can be predicted against the background of brain imaging
data. Our review indicates that symbolic numerical magnitude processing is a major determinant of
individual differences in arithmetic. Working memory, particularly the central executive, also plays a
role in learning arithmetic, but its influence appears to be dependent on the learning stage and
experience of children. The available evidence on phonological processing suggests that it plays a
more subtle role in children’s acquisition of arithmetic facts. Future longitudinal studies should
investigate these factors in concert to understand their relative contribution as well as their

mediating and moderating roles in children’s arithmetic development.
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Introduction

The investigation of the cognitive determinants of individual differences in mathematics
achievement has a long-standing tradition in developmental and educational research (Dowker,
2005). These determinants can be categorized as domain-specific, i.e. exclusively relevant for
learning mathematics per se (e.g., numerical magnitude processing skills; De Smedt et al., 2013), vs.
domain-general, i.e. skills that are also relevant to learning other academic domains, such as reading
(i.e. phonological processing; Vellutino et al., 2004), or more general cognitive skills that are relevant
for all cognitive learning, such as working memory (e.g., Baddeley, 2003). Understanding these
determinants is educationally relevant because it might help to tailor the instructional approach to
the needs of a specific learner (Dowker, 2005).

The last five years, research on individual differences in mathematics achievement has
largely focused on non-symbolic numerical magnitude processing as a core factor that determines
these individual differences (e.g., Feigenson et al., 2013; Piazza, 2010). However, as criticized by Fias
(2016), this focus on one core factor has led to a strong bias towards investigations of non-symbolic
numerical magnitude processing skills as the primary explanation for individual differences in
mathematics achievement and learning disorders in mathematics, i.e. dyscalculia (American
Psychiatric Association, 2013), and largely ignored other critical cognitive functions and processes
that play a role in mathematical development. On the other hand, recent meta-analytic data on the
association between non-symbolic numerical magnitude processing and mathematics showed that
the size of this association is significant but small (Chen & Li, 2014: r =0.20, 95%Cl = [0.14, 0.26];
Fazio et al., 2014: r = 0.22, 95%C/ = [0.20, 0.25], explaining less than 5% of variability in mathematical
performance and indicating the involvement of other determinants that could be cognitive (as we
explain below) as well as non-cognitive factors, such as mathematics anxiety (e.g., Ma, 1999;
Maloney & Beilock, 2012; Ramirez et al., 2013) or home numeracy (e.g., Kleemans et al., 2012;
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skills as a core for formal mathematics development has been debated, against the background of
studies who have failed to observe such an association (De Smedt et al., 2013, for a narrative review).

Although neuroimaging research might have narrowed our attention to non-symbolic
guantity representations as a core in explaining individual differences in mathematical performance
by its exclusive focus on intraparietal sulcus (IPS) activity during mathematical tasks (Ansari, 2008;
Dehaene et al., 2003; Nieder & Dehaene, 2009), other brain areas, such as the dorsolateral prefrontal
cortex, the temporo-parietal cortex, including the angular as well as supramarginal gyri, the ventral-
occipital cortex, and the medial temporal lobe (Menon, 2015) typically show (specific) increases in
activity when people engage in mathematical tasks (see Arsiladou & Taylor, 2010; Kaufmann et al.,
2011, for meta-analyses). Also, individual differences in brain activity of these areas outside the IPS
(e.g., Cho et al., 2012; Grabner et al., 2007) as well as individual differences in brain connectivity
between (combinations of) these areas, as revealed through diffusion tensor imaging (Matejko &
Ansari, 2015, for a review) have been related to variability in mathematical performance. On the
other hand, activity in the IPS has been interpreted as reflecting not only numerical magnitude based
processing but also other cognitive functions (see Fias, 2016, for a discussion), such as (visuo-spatial)
working memory (e.g., Dumontheil & Klingberg, 2012; Todd & Marois, 2005), serial order (e.g.,
Marshuetz, 2005) or (visual) attention (e.g., Corbetta and Shulman, 2002). These observations point
to the relevance of cognitive processes other than non-symbolic numerical magnitude
representations. Even though such cognitive processes cannot be directly inferred from existing brain
imaging data (Berch et al., 2016), they might provide plausible hypotheses that can be tested in
behavioral research (De Smedt & Grabner, 2015).

Against this background, the aim of the present chapter was to discuss the available evidence
on cognitive correlates of individual differences in mathematics achievement, other than one core
factor, i.e. non-symbolic numerical magnitude processing. We focused on symbolic numerical
magnitude processing, working memory, and phonological processing, as the effects of these
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we restricted our analysis to one particular mathematical skill. This was done because measures of
general mathematics achievement typically reflect a score averaged across different mathematical
domains, yet the mathematical domains (e.g. spatial concepts, counting, word problem solving,
measurement, geometry, arithmetic, mathematical language) of these tests vary across ages as well
as countries. It is not unlikely that cognitive determinants of mathematics achievement change as a
function of the mathematical domain under investigation. Recent meta-analyses indeed show that
the association between one cognitive factor and mathematical performance, for example working
memory (Peng et al., 2015) or numerical magnitude processing (Schneider et al., 2015), is very
strongly moderated by the type of mathematical competence under investigation. In order to make
theoretical headway and to build neurocognitive models of mathematical development, it is
therefore important to narrow down the mathematical subskill under investigation.

We focused on (single-digit) arithmetic, because this is a core element of the mathematics
curriculum in (early) primary school (e.g., National Mathematics Advisory Panel, 2008) and
represents a major building block for future growth in more complex calculation and algebra
(Kilpatrick et al., 2001). Difficulties in learning arithmetic facts are considered to be the hallmark of
children with dyscalculia, who experience persistent deficits in acquiring basic mathematical
competencies (American Psychiatric Association, 2013; Geary, 2004). Finally, most of the existing
brain imaging studies, in particular fMRI research, have focused on brain activity during the execution
of (single-digit) arithmetic tasks (Kaufmann et al., 2011; Menon, 2015).

The remainder of this chapter is organized as follows. First, we briefly describe the
neurocognitive development of arithmetic in children. Second, we focus on the role of symbolic
numerical magnitude processing as one domain-specific predictor of individual differences in
arithmetic development. Thirdly, we discuss the role of working memory, one domain-general factor
that is important for mathematics learning, which has received a lot of research attention over
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arole in arithmetic, against the background of overlapping neural networks for reading and
arithmetic in the temporo-parietal cortex (De Smedt et al., 2010).
Neurocognitive development of arithmetic in children

The development of (single-digit) arithmetic is characterized by the acquisition of different
arithmetic strategies (e.g., Geary, 2004; Jordan et al., 2003; Siegler, 1996). Initially, children use
various counting procedures to solve answers to basic arithmetic problems (Geary, Bow-Thomas, &
Yao, 1992), but gradually, through the repeated use of these counting strategies, children build
problem-answer associations or arithmetic facts that are stored in long-term memory (Siegler &
Shrager, 1984). These facts can be used to decompose problems into smaller problems, as is the case
in procedural strategies, such as transformation or decomposition (e.g. 6 +8=7,6 +4 =10 + 4 = 14).
Over development, there is a change in the distributions of strategies children use, with a decreased
reliance on (effortful, time-consuming and error prone) procedural strategies and an increased
reliance on (direct, fast, and accurate) fact retrieval (Geary et al., 2004; Jordan et al., 2003; Siegler,
1996), but both types of strategies continue to exist throughout adulthood. There are large individual
differences in the development as well as the mix of these arithmetic strategies (Geary et al., 2004;
Jordan et al., 2003), and one important goal of developmental science is to understand the
neurocognitive underpinnings of these individual differences (Dowker, 2005).

Brain imaging studies have indicated the involvement of a widespread fronto-parietal
network during arithmetic problem solving in adults (Zamarian & Delazer, 2015, for a review) as well
as in children (Menon, 2015, for a review). Activity in this network is modulated by problem size (i.e.
small vs. large problems) and operation (e.g. subtraction vs. multiplication), or more broadly the
strategy that is used to solve arithmetic problems (i.e. retrieval vs. procedural strategies). Relatedly,
activity in this network is affected by expertise and such individual differences can be observed in
adults (Grabner et al., 2007) as well as in children (De Smedt et al., 2011). For example, Grabner et al.
(2007) showed that in healthy adults, the brain activity in the angular gyrus during calculation was
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year-old children with dyscalculia showed an atypical modulation of the right IPS activity during the
solution of small and large addition and subtractions, compared to typically developing children.
Interestingly, when the term “developmental dyscalculia” was coined for the first time, it was already
proposed that the origin of these arithmetical difficulties was situated at the neural level: “a
definition of developmental dyscalculia, stressing the hereditary or congenital affection of the brain
substrate of mathematical functions is put forth” (Kosc, 1974, p. 164), although at that time it was
not possible to directly examine this issue in children without manifest brain damage. To date, only
but a few MRI-studies have been executed so far (Kucian, 2015, for a review), and they converge
indeed to the conclusion that these children might have an abnormal development of the brain
circuitry that supports the elementary arithmetic.

During calculation, the (dorsolateral) prefrontal cortex has mainly an auxiliary role and
reflects the involvement of working memory and attentional resources. This part of the network is
particularly active during the execution of procedural strategies and the initial stages of arithmetic
learning. Over developmental time, activity in this area decreases (Rivera et al., 2005) and similar
decreases have been observed as a result of training in adults (Zamarian & Delazer, 2015), all
reflecting the decrease in working memory resources needed to solve single-digit arithmetic
problems.

In the parietal cortex, two sites appear to be important, both of which have distinct roles in
calculation, and activity in these areas increases with development and skill acquisition (Rivera et al.,
2005). The intraparietal sulcus (IPS) is more active during the use of procedural strategies, and this
activity might reflect the increased involvement of quantity-based processing during the execution of
such strategies. Importantly, it is currently unclear whether this activity refers to the processing of
non-symbolic representations of quantity, symbolic representations of quantity or both (Ansari,
2016). On the other hand, the angular gyrus appears to show specific increases in brain activity
during the retrieval of arithmetic facts from semantic memory (e.g. Grabner et al., 2009). Originally,
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during fact retrieval (Dehaene et al., 2003), but recent data have questioned this functional
interpretation in calculation. Specifically, Ansari (2008) hypothesized that this brain region supports
the mapping between mathematical symbols at their semantic referents (see also Ansari, 2016), as is
the case in processing single-digit numerals (e.g. Holloway et al., 2010; Price & Ansari, 2011).
Consequently, the differential activation of the left AG in mathematically more and less competent
adults may reflect differences in their capability to process symbolic mathematical representations
(see also Grabner, 2009). This might suggest a specific role for symbolic representations in the
development of mathematical competencies.

It is important to emphasize that these brain imaging data have largely been obtained in
adults and cannot be merely generalized to developmental populations (Ansari, 2010; Menon, 2015).
For example, De Smedt et al. (2011) observed that brain activity in 10-12-year-old children during the
solution of small problems and additions, that is those problems that are typically solved via fact
retrieval, revealed a different pattern from what is observed in adults. Different from data in adults
(Dehaene et al., 2003; Grabner et al., 2007), the angular gyrus did not show specific changes in
activity during fact retrieval. Instead, the medial temporal lobe, in particular, the hippocampus was
particularly active (De Smedt et al., 2011). Recent developmental brain imaging data have confirmed
the role of the hippocampus in learning arithmetic facts (e.g. Qin et al., 2014; see Menon, 2015, for a
review). One potential hypothesis, based on the observation that the hippocampus has a time-
limited role in semantic memory (Smith & Squire, 2009), is that the hippocampus plays an important
role in the initial encoding and retrieval of arithmetic facts, after which its role might diminish and
the angular gyrus might take over for the retrieval of fully consolidated facts (see Menon, 2015, for a
discussion).

To summarize, the development of (single-digit) arithmetic is characterized by the acquisition
of different arithmetic strategies, which are associated with specific brain networks, the role of which
changes during development. These networks are not restricted to one core area and suggest the
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background of these neuroimaging data, it can be hypothesized that, in addition to non-symbolic
representations of quantity, the ability to process symbolic numerical magnitudes, working memory
as well as phonological processing, constitute plausible candidates of cognitive determinants of
individual differences in arithmetic , as we will review below.

Symbolic numerical magnitude processing

Many studies have shown that people’s elementary intuitions about quantity, aka their
ability to represent non-symbolic magnitudes, is related to individual differences in mathematics
achievement (De Smedt et al., 2013, for a review). However, the primacy of this ability has been
questioned. For example, De Smedt et al. (2013) showed in their narrative review that 11/25 or 44%
of the studies revealed a significant association between mathematics and non-symbolic numerical
magnitude processing, whereas the others did not. On the other hand, 13/17 or 76% of the studies
showed a significant association with symbolic numerical magnitude processing, leading De Smedt et
al. to conclude that symbolic numerical magnitude processing might be a more robust predictor of
individual differences in mathematics achievement. Such descriptive comparisons could be, however,
misleading as they do not take into account the effect sizes or sample sizes under investigation.

In an attempt to resolve this issue, Schneider et al. (2015) conducted a meta-analysis and
statistically contrasted the effect sizes of non-symbolic as well as symbolic numerical magnitude
processing as predictors of mathematics achievement. Their data revealed that the association
between symbolic numerical magnitude processing and mathematics achievement r = 0.302, 95%C/ =
[0.243, 0.361], was significantly larger than the association with non-symbolic numerical magnitude
processing r = 0.241, 95%C/ = [0.198, 0.284].

It is, however, important to think about the degree of overlap between non-symbolic and
symbolic numerical magnitude processing in individuals, and their respective neural correlates (see
Ansari, 2016, for a discussion). The dominant theory assumes that numerical magnitude
representations of Arabic digits are grounded in pre-existing core representations of non-symbolic

magnitudes (e.g. Piazza, 2010, for a review). Recent brain imaging findings are not entirely



compatible with this idea (see Ansari, 2016, for an extensive discussion). For example, Bulthe et al.
(2014) as well as Lyons et al. (2015) used multivariate analytic techniques to investigate the neural
overlap between non-symbolic and symbolic numerical magnitude representations. Both studies
found no association between the (distributed) brain activity patterns of individual symbolic numbers
and their corresponding non-symbolic dot arrays, although these data only consider adults and need
to be replicated in children. Furthermore, studies in children with dyscalculia have observed
consistent deficits in symbolic processing in these children, while deficits in nonsymbolic processing
are not always observed (De Smedt et al., 2013, for a review). On the other hand, it has been argued
that non-symbolic and symbolic numerical magnitude processing develop independently from each
other and might constitute different systems (Le Corre & Carey, 2007), whose associations with
mathematical competence might differ. Future work is clearly needed, but at least there is now
considerable evidence to give a prominent role to symbolic numerical magnitude processing, the
reason for which we focus on this domain-specific correlate in the remainder of this section.
Schneider et al. (2015) showed in their meta-analysis that the association between numerical
magnitude processing and mathematical competence was very strongly modulated by the type of
mathematical competence under investigation. Is symbolic numerical magnitude processing related
to arithmetic and its strategies? Vanbinst et al. (2012) investigated this question in typically
developing third graders by means of a cross-sectional design. They discovered that children with
more proficient symbolic numerical magnitude processing skills relied more frequently on facts for
solving single-digit additions and subtractions, and retrieved these facts faster and more accurately.
These associations remained when potential confounds, such as intellectual ability or the ability to
name digits, were taken into account. These data were cross-sectional and do not inform us about
the direction of the association between symbolic numerical magnitude processing and arithmetic.
Interestingly, Vanbinst, Ghesquiére, et al. (2015) investigated with a longitudinal design
whether symbolic numerical magnitude processing is a precursor of future individual differences and

developmental changes in children’s arithmetic fact mastery. Specifically, children’s symbolic
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numerical magnitude processing skills at primary school entrance were predictively related to their
future competence in single-digit arithmetic as well as their reliance on arithmetic fact retrieval.
Importantly, these longitudinal associations were not explained by children’s intellectual ability,
children’s general mathematical knowledge at the start of primary school, working memory or
processing speed. Importantly, these associations remained when children’s non-symbolic numerical
magnitude processing skills were controlled for. These longitudinal findings demonstrate that
proficient symbolic numerical magnitude processing skills provide an important and unique scaffold
for developing arithmetical facts.

Does symbolic numerical magnitude processing still play a role in more advanced stages of
learning single-digit arithmetic? To answer this question, Vanbinst, Ceulemans, et al. (2015) ran a
three-year longitudinal study, starting in third grade of primary school. By means of a model-based
clustering approach (Banfield & Raftery, 1993) they identified three profiles of arithmetic fact
development who were labelled as slow and variable, average, and efficient and whose performance
was marked by differences in arithmetic fact mastery from third to fifth grade. Crucially, these three
profiles differed in their symbolic numerical magnitude processing skills at each time point. These
differences were very persistent and were not accounted for by other confounds such as age, sex,
socioeconomic status, intellectual ability, general mathematics achievement, or reading ability.

Do children with dyscalculia also show deficits in symbolic numerical magnitude processing?
It is important to emphasize that one of the major characteristics of these children comprises
difficulties in learning arithmetic facts as well as performing accurate or fluent calculations, and,
crucially, these difficulties do not substantially improve throughout primary school (e.g., Berch &
Mazzocco, 2007; Geary, 2010; Geary et al., 2012), and even persist intensive instructional
interventions (e.g., Howell, Sidorenko, & Jurica, 1987). Various studies have shown that children with
dyscalculia show consistent deficits in symbolic numerical magnitude processing, although deficits in
nonsymbolic numerical magnitude processing have not always been observed (Andersson &
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Kolle, 2009; Mazzocco et al., 2011; Piazza et al., 2010; Rousselle & Noél, 2007; De Smedt et al., 2013,
for a review). One limitation of these studies is that they investigated numerical magnitude
processing at only one time point. Also, most of these studies considered only low achievement to
define dyscalculia and did not consider into detail the persistence of the mathematical difficulties. To
address these issues, Vanbinst, Ghesquiére and De Smedt (2014) conducted a two-year longitudinal
study (three time points) in which they compared a group of children with persistent dyscalculia with
a typically developing group of children, matched on 1Q, age, reading ability, sex and socioeconomic
status. The children with dyscalculia showed persistent deficits in arithmetic (i.e., less frequent fact
retrieval, slower performance in addition and subtraction) at all time points. Crucially, these
arithmetic difficulties coincided with persistent impairments in symbolic numerical magnitude
processing over time; no differences in nonsymbolic numerical magnitude processing were observed.

From the studies reviewed above, it appears that the ability to process symbolic numerical
magnitudes plays an especially important role in subject variability in children’s ability to acquire and
retrieve arithmetic facts, potentially over the entire primary school period. In 1999, Gersten and
Chard already theoretically suggested that children’s ability to understand the meaning of Arabic
digits (i.e., that they represent quantity), might be “an analog as important to mathematics learning
as phonemic awareness has been to the reading research field” (p. 18). Indeed, in the fare more
extensive reading literature, it is established that phonological awareness, or the conscious
sensitivity to the sound structure of language, underlies individual differences in learning to read (see
Melby-Lervag, Lyster, & Hulme, 2012 and Swanson, Trainin, Necoechea, & Hammill, 2003, for a meta-
analysis). Is the association between symbolic numerical magnitude processing and arithmetic of a
similar nature? Vanbinst et al. (submitted) empirically tested this prediction by contrasting the
strength of the association between symbolic numerical magnitude processing and arithmetic with
the well-established phonological awareness-reading association. A direct comparison of these

associations revealed that they were not significantly different from each other, both cross-
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sectionally and longitudinally. These data indicate that symbolic numerical magnitude processing is
as important to arithmetic development as phonological awareness is to the acquisition of reading.

The consistent association between symbolic numerical magnitude processing and arithmetic
leads to the suggestion that screening symbolic numerical magnitude processing (early in children’s
academic career) might be helpful to identify at-risk children. Interestingly, measures that allow one
to quickly and easily assess symbolic numerical magnitude processing in classroom settings have
been developed and validated (Nosworthy et al., 2013). On a related note, remedial interventions
should focus on these symbolic skills, for example by providing a variety of opportunities in which
children are stimulated to connect Arabic symbols and their meaning (e.g., Brankaer et al., 2015;
Dyson et al., 2011; Ramani & Siegler, 2008; Obersteiner et al., 2013; Wilson et al., 2006). From a
scientific point of view, intervention studies will allow us to establish whether the association
between symbolic numerical magnitude processing and arithmetic is causal or not. Indeed, the
studies reviewed above are all correlational in nature and do not allow us to draw causal conclusions.
This would require carefully controlled interventions in which only symbolic numerical magnitude
processing is trained and in which the transfer to arithmetic performance is investigated, and this
clearly represents an agenda for future research.

At the theoretical level, it remains an open question why symbolic numerical magnitude
processing skills are so important for children’s arithmetic (fact) development. One reason might be
that understanding symbolic magnitudes provides an important scaffold to develop advanced
counting strategies. For example, children gradually progress in their arithmetic development from
counting-all to counting-on-from-larger, asin 5, 6, 7 to solve 2 + 5 (Geary et al., 1992). This latter
advanced strategy requires children to select the larger of two Arabic symbols, which in turn might
speed on the memorization of arithmetic facts. Furthermore, it is possible that arithmetic facts are
stored in long-term memory in a meaningful way, i.e., according to their magnitude (e.g.,
Butterworth, Zorzi, Girelli, & Jonckheere, 2001; Robinson, Menchetti, & Torgesen, 2002). It also

might be the case that this association reflects a common mapping process between numerical
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symbols and their semantic referents, i.e. Arabic digits and their quantity or arithmetic expressions
and their solution. Finally, it is not unlikely that symbolic numerical magnitude processing in itself is
affected by children’s arithmetic development. Indeed, there might be a bi-directional association
between children’s symbolic numerical magnitude processing skills and their arithmetic abilities, and
future studies should consider this possibility.

Working memory

While research on the role of numerical magnitude processing in individual differences in
arithmetic is a fairly recent endeavor, studies on the influence of working memory on mathematical
performance have a much more long-standing tradition (e.g., Bull & Scerif, 2001; DeStefano &
LeFevre, 2004; Mazzocco & Kover, 2007; Raghubar et al., 2010, for reviews; Friso-van den Bos et al.,
2013; Peng et al., 2015; Swanson & Jerman, 2006 for meta-analyses). The majority of this research
adopted Baddeley’s multi-component model of working memory (Baddeley, 1986, 2003) as their
theoretical framework. At the core of this model is the central executive, which is responsible for the
attention-driven control, regulation, and monitoring of complex cognitive processes. This central
executive is sometimes fractionated into related executive functions, including updating, inhibition
and shifting (Baddeley, 1986; see also Friso-van den Bos et al., 2013). The model additionally
encompasses two slave systems of limited capacity, which are used for the temporary storage of
visual and spatial information, the visuo-spatial sketchpad, as well as verbal information, the
phonological loop. The flow of information in these slave systems is further orchestrated by the
central executive.

Many studies have investigated the predictive value of working memory, specifically for
learning arithmetic (e.g., Andersson, 2008; Andersson & Lyxell, 2007; Bull et al., 2008; De Smedt et
al., 2009; Geary et al., 2007; Geary et al., 2012; Jarvis & Gathercole, 2003; Krajewski & Schneider,
2009; Mazzocco & Kover, 2007; Sziics et al., 2013; Rasmussen & Bisanz, 2005; St Clair-Thompson &
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of the components of Baddeley’s working memory model explains individual differences in
arithmetic fact retrieval.

The most consistent findings have been observed for the central executive, which is typically
measured by means of complex span tasks during which individuals have to simultaneously store and
process information, as is the case in the backward digit span. For example, associations have been
reported between measures of the central executive and children’s development of arithmetic facts
(e.g., Bailey et al., 2012; Hitch & McAuley, 1991). It also has been shown that children with poor
central executive capacities rely longer on immature calculation strategies, such as finger counting,
and commit more counting errors (Geary et al., 2004) as well as that they rely less frequently on
arithmetic fact retrieval compared with their peers with high central executive capacities (Barrouillet
& Lépine, 2005).

The involvement of both slave systems, i.e. the visuo-spatial sketchpad and the phonological
loop, remains, however, much less clear and it has been suggested that both have a time-limited role
in predicting arithmetic, depending on children’s dominant strategy to solve these problems (e.g., De
Smedt et al., 2009; McKenzie et al., 2003). Specifically, the visuo-spatial sketchpad may be a
particularly important correlate in young children during the early stages of learning single-digit
arithmetic, during which children rely heavily on finger counting, which may be visuospatial in nature
(e.g., McKenzie et al., 2003; Raghubar et al., 2010; Rasmussen & Bisanz, 2005). With increasing age,
children develop a reliance on fact retrieval, during which the phonological loop plays a more
prominent role and the impact of the visuospatial sketchpad decreases (e.g., Barrouillet & Lépine,
2005; Geary et al., 2007; Geary et al., 2012; Noél et al., 2004; Raghubar et al., 2010; see also the next
section on phonological processing). This is in line with earlier accounts of the phonological loop
being involved in the process of accurately memorizing arithmetic facts (Bull & Johnston, 1997) and
related suggestions that an impaired phonological loop might prevent children from changing
towards arithmetic fact retrieval (Noél et al., 2004). While these studies suggest a role of working
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not been able to replicate this (e.g., Andersson & Lyxell, 2007; Bull et al., 2008; Szlics et al., 2013;
Vanbinst, Ghesquiére et al., 2015; Wu et al., 2008).

In order to make headway in understanding the association between working memory and
arithmetic, a meta-analysis that statistically summarizes the existing findings and investigates
potential moderators of the working memory — arithmetic association is needed. Such analysis was
recently provided by Peng et al. (2015), who summarized the data of 110 studies (829 effect sizes),
yet only focused on tasks that involved the simultaneous processing and storage of information,
hence only involved the central executive. Their analysis revealed a significant medium association
between working memory and mathematics (r = .35, 95%Cl = [0.32, 0.37]) and it is interesting to note
that these confidence intervals overlap with the confidence intervals of the association between
symbolic numerical magnitude processing and mathematics, but not with non-symbolic numerical
magnitude processing and mathematics, whose association is much smaller (Schneider et al., 2015).
As is the case for the numerical magnitude processing — mathematics association, the association
between working memory and mathematics was significantly moderated by the mathematical skill
under investigation, with the highest associations observed for word-problem solving and whole
number arithmetic.

Peng et al. (2015) observed that the association between working memory and whole
number arithmetic was significantly moderated by age, such that the association was significantly
stronger in younger than in older children. It is, however, important to emphasize that the load
placed on working memory resources depends on the complexity and novelty of the task to be
performed (Ackerman, 1988; Raghubar et al., 2010) and in the context of whole number arithmetic,
working memory might be specifically important in the early learning stages, when new skills are
acquired. Such effect would be independent of age, and the observed age effects might simply
reflect artefacts due to experience or familiarity with a particular concept or arithmetic procedure
(Raghubar et al., 2010). In arithmetic, the association between single-digit arithmetic and working

memory might decrease quickly over time, but such association might continue to exist longer for

16



multi-digit arithmetic. If then, more studies are focusing on single-digit arithmetic compared to multi-
digit arithmetic, this might appear that the association with working memory is stronger in younger
children (as observed by Peng et al., 2015), but this might simply be driven to the type of arithmetic
skill (and its novelty) under investigation.

Another important moderator of the working memory — arithmetic association are the
stimuli that are used to measure working memory (Peng et al., 2015). Indeed, various numerical tasks
have been used, such as the backward digit span task (in which children are presented with a
sequence of numbers and are asked to reproduce the sequence in the reversed order), the counting
span task (in which children have to count sets of dots and to remember the totals in the order as
presented), or the operation span task (during which children have to perform series of calculations
and remember the totals in the order as presented). It is not unlikely that variability numerical,
counting, and arithmetic performance contributes to span performances observed in the backward
digit recall, counting span and operation span tasks, which makes an association between these tasks
and arithmetic difficult to interpret, given their overlap in mathematical processes. In order to more
precisely estimate the association between working memory and arithmetic, some researchers have
therefore restricted their investigations to working memory tasks without numerical processing
requirements (e.g., Vanbinst et al., 2015).

At a theoretical level, this issue touches on the debate of the domain-specificity of working
memory. In Baddeley’s model (1986), working memory is conceptualized as a domain-general
construct and associations with other cognitive skills, such as arithmetic, are not expected to be
affected by the way working memory is measured. On the other hand, there are domain-specific
models of working memory (e.g. Ericsson & Kintsch, 1995), which posit that working memory is not a
general purpose mechanism, but a workspace for integrating domain-specific skills, procedures and
knowledge that are needed to meet the cognitive demands of a task in a particular domain. Such
domain-specific models predict that the associations between mathematics and working memory

would be higher for numerical measures of working memory. Peng et al. (2015) investigated the
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effect of working memory measures on the working memory — mathematics association, but
observed no moderating effect of working memory measure, supporting the domain-general
influence of working memory in mathematical performance.

An association between working memory and mathematical performance has also been
observed in the context of atypical development, as many studies have shown that working memory
difficulties occur in children with dyscalculia (Swanson & Jerman, 2006, for a meta-analysis), but not
all studies have been consistent with this (e.g., Landerl et al., 2004; Szucs et al, 2013; Vanbinst et al.
2014). Raghubar et al. (2010) argued that this might have been explained by the working memory
under investigation, and that difficulties in working memory are only observed in these children
when numerical but not non-numerical working memory tasks are used (see for example,
Passolunghi & Cornoldi, 2008; Passolunghi & Siegel, 2001, 2004; Siegel & Ryan, 1989; van der Sluis,
van der Leij, & de Jong, 2005). On the other hand, it needs to be emphasized that studies on children
with dyscalculia (sometimes) include children with and without comorbid difficulties (e.g., reading
disorders, ADHD, genetic disorders, prematurity), the latter of which also are all associated with
deficits in working memory (Peng et al., 2015). To better understand this issue, one needs to
carefully compare children with dyscalculia without any other cognitive disorders to those that have
dyscalculia and other cognitive deficits. In their meta-analysis, Peng et al. (2015) compared typically
developing children, children with only dyscalculia, and children with dyscalculia and other cognitive
disorders. Their data revealed that the association between working memory and mathematics was
similar in typically developing children and children with dyscalculia. However, significantly stronger
associations were observed in the sample with dyscalculia and other cognitive disorders.

It is important to emphasize that working memory has also been related to individual
differences in children’s numerical magnitude processing, but again the evidence appears to be
mixed (Peng et al., 2015). For example, Simmons, Willis and Adams observed that the visuo-spatial
sketchpad predicted unique variance in children’s performance on a symbolic magnitude judgment

test, in which children had to choose the largest symbolic number from a choice of three. Xenidou-
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Dervou et al. (2013) observed significant associations between working memory and measures of
symbolic and non-symbolic numerical magnitude processing, even though these were small and were
not observed for all numerical measures. Others have failed to observe such association in typically
developing children (e.g. Andersson & Ostergren, 2012). These differences might again, as
highlighted above, be explained by children’s expertise with numbers. On the other hand, the above
mentioned association between symbolic numerical magnitude processing and arithmetic remains to
be significant when measures of working memory have been taken into account (e.g., Vanbinst et al.,
2015; Vanbinst, Ceulemans et al., 2015). Chen and Li (2014) revealed in their meta-analysis that the
association between non-symbolic numerical magnitude processing and mathematics significantly
dropped when domain-general cognitive factors, potentially including working memory, were taken
into account, although they did not specify which domain-general cognitive factors were considered.
Against this background, it remains to be determined to which extend working memory affects the
association between numerical magnitude processing and mathematics, whether this might differ
between non-symbolic and symbolic numerical magnitude processing, and this should be considered
in future meta-analyses.

While above-reviewed studies indicate that the association between working memory and
arithmetic is highly complex, it must be noted that the majority of these studies used a correlational
approach to study the role of working memory in arithmetic. On the other hand, there are
experimental approaches, such as dual-task studies, during which individuals have to simultaneously
perform a criterion task (e.g. arithmetic) and a secondary task that taps into one component of
working memory, to more directly investigate this connection (DeStefano & Lefevre, 2004; Raghubar
et al., 2010, for reviews). These approaches are particularly fruitful, because they allow to investigate
the online effect of working memory during arithmetic processing itself. Dual-task studies in
arithmetic have a long-standing tradition (Hitch, 1978) but the majority of them have been
conducted with adults. Only but a few studies have been executed in children (McKenzie et al., 2003;

Imbo & Vandierendonck, 2008), showing the direct effects of different working memory components
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on arithmetic performance. These studies clearly show the influence of working memory on
arithmetic performance, yet, this does not necessarily imply that variation in working memory
abilities contributes to variability in arithmetic performance.

Taken together, the abovementioned review suggests that working memory clearly plays a
role in learning arithmetic, but that the precise associations between these two abilities are very
complex, even when one narrows down mathematical performance to the study of one particular
type of skill, such as arithmetic. It is evident that these associations are dependent on the type of
working memory task, but even more crucially, on the skill level (early vs. advanced) and strategies
(procedural vs. retrieval) children apply. This necessitates the use of developmental designs in order
to understand the working memory — arithmetic associations in which the skill level and strategies of
children need to be specified.

Phonological processing

The most influential neurocognitive model of number processing, the triple code model
(Dehaene, 1992; Dehaene & Cohen, 1995) already postulated, against the background of
neuropsychological case study data, an association between phonological processing and arithmetic.
Specifically, the model stated that numbers can be represented in a verbal-phonological code and
that this code is activated during the (rote) retrieval of arithmetic facts from semantic memory,
particularly in multiplication. Phonological processing has been highlighted as a key factor in reading
ability and reading impairments or dyslexia (Melby-Lervag et al., 2012; Snowling, 2000; Vellutino et
al., 2004). On the other hand, consistent associations between reading ability and arithmetic have
been reported (e.g., Fuchs et al., 2005; Fuchs et al., 2006; Hecht et al., 2001; Jordan et al., 2003) and
disorders of learning to read (dyslexia) and learning to calculate (dyslexia) often co-occur (Landerl &
Moll, 2010). Cognitive neuroimaging studies have pointed to shared neural correlates for reading and
arithmetic in the left temporo-parietal cortex (see De Smedt et al., 2010, for a discussion).
Specifically, developmental studies of reading have revealed that the temporoparietal cortex is

consistently activated during phonological processing tasks and phonological reading strategies,
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which require children to convert letters into sounds, as is the case during the initial stages of
reading and the reading of nonwords (e.g. Eden et al., 2015; Schlaggar & McCandliss, 2007). At the
same time, studies in arithmetic have shown that the left temporo-parietal cortex is particularly
active during fact retrieval (Grabner et al., 2007). Furthermore, recent connectivity data acquired by
means of diffusion tensor imaging (Van Beek et al., 2014) have revealed that individual differences in
the arcuate fasciculus — a white matter pathway that connects the frontal and parietal lobes, the
quality of which has been related to individual differences in language and reading ability
(Vandermosten et al., 2012) — were also related to individual differences in fact retrieval in 12-year-
old children (Van Beek et al., 2014). This neural overlap between reading and arithmetic might
therefore predict an association between phonological processing and arithmetic fact retrieval, due
to their potential common reliance on phonological codes (see also Simmons and Singleton, 2008, for
a similar discussion).

Studies on phonological processing have typically distinguished three types of phonological
processing skills (e.g., Hecht et al., 2001; Wagner & Torgesen, 1987): (1) phonological awareness,
which refers to the conscious sensitivity to the phonological structure of oral language (2) children’s
rate of access to phonological information in long-term memory and (3) phonological working
memory (analogous to the phonological loop of Baddeley’s working memory model), referring to the
short-term storage of phonological information. Each of these phonological processing skills has been
related to individual differences in calculation (e.g., Hecht et al., 2001; Koponen et al., 2007; Lefevre
et al., 2010; Vukovic & Lesaux, 2013), but not all studies have focused specifically on the association
with arithmetic fact retrieval.

De Smedt et al. (2010) tested this association in typically developing 9-11-year-olds.
Specifically, they administered a phoneme deletion task, a classic measure of phonological
awareness in which children are asked to indicate what a word would be if a specified phoneme in
the word were to be deleted (e.g., saying cup without the phoneme /k/) and different types of single-

digit arithmetic problems, i.e. those that are likely to be solved by means of fact retrieval (i.e. small
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additions and subtractions as well as multiplications) and those that are typically solved with
procedural strategies (i.e. large additions and subtractions). They observed that phonological
awareness was uniquely, i.e. independent of reading ability, related to performance on the

|”

“retrieval” problems, but not to performance on the “procedural problems”. Other studies have
observed associations between the rate of access to phonologically coded information in long-term
memory and individual differences in efficient (i.e. fast and accurate) retrieval of arithmetic facts
(e.g., Bull & Johnston, 1997; Hecht et al., 2001; Koponen, Aunola, Ahonen, & Nurmi, 2007). As
reviewed above, the evidence for associations between phonological working memory and
arithmetic remains to be mixed (see section working memory).

In their study of different profiles of arithmetic fact development, Vanbinst et al. (2015) also
investigated whether these profiles differed in their phonological processing abilities. While the
efficient and average groups did not differ in their phonological abilities, the slow and variable group,
who relied less frequently on fact retrieval, showed poorer performance in phonological processing.
These differences, however, disappeared when individual differences in reading ability were taken
into account, although it needs to be emphasized that the children in the slow and variable group did
not reflect a subgroup of children with reading learning difficulties or dyslexia. It is also important to
note that this study only focused on addition and subtraction, and that an association with
phonological processing might be particularly observed in other operations, such as multiplication.

Studies in children with dyscalculia have indicated that these children show poorer
performance in all areas of phonological processing compared to typically developing children
(Chong & Siegel, 2013; Murphy et al., 2007; Vukovic & Siegel, 2010). In view of the comorbidity
between dyscalculia and dyslexia (Landerl & Moll, 2010), the co-occurrence of reading difficulties
might explain the phonological processing difficulties in these samples with dyscalculia, although
others have argued that these difficulties in phonological processing are independent of co-morbid
dyslexia (Simmons & Singleton, 2008; Vukovic & Lesaux, 2013). To further understand this issue,

Vanbinst et al. (2014) selected a sample of children with dyscalculia who had persistent impairments
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in mathematical performance and arithmetic fact retrieval but without difficulties in reading ability.
The performance of these children was compared to a group of typically developing children,
matched on IQ and reading ability. This specific group of children with persistent dyscalculia
performed significantly more poorly than controls on all domains of phonological processing. On the
other hand, data in children (Boets & De Smedt, 2010) as well as adults (De Smedt & Boets, 2010)
with dyslexia who showed no difficulties in mathematical performance showed that they had specific
impairments in retrieving arithmetic facts, particularly multiplication. De Smedt and Boets (2010)
further showed that in healthy adults as well as adults with dyslexia, fact retrieval ability was related
to their phonological skills, in particular phonological awareness. Interestingly, Evans et al. (2014)
investigated this issue at the neural level by studying the brain activity during arithmetic in children
with dyslexia. Their data revealed less activity in the left perisylvian language regions, including the
supramarginal gyrus, in children with dyslexia during fact retrieval, confirming the link between
language deficits and poor arithmetic fact retrieval in dyslexia.

The above reviewed studies focused specifically on phonological processing but did not
examine its unique role when an important domain-specific factor, i.e. symbolic numerical
magnitude processing, was also taken into account to predict arithmetic ability. Vanbinst et al.
(submitted) tested this issue in typically developing children. This data revealed cross-sectional but
not longitudinal associations between phonological awareness and arithmetic. Follow-up regression
analyses and analyses of Bayes factors revealed a far less prominent role of phonological awareness
in children’s arithmetic development compared to simultaneously considered symbolic numerical
magnitude processing skills.

From the literature reviewed above, it appears that weak phonological processing might
constitute a risk factor for poor arithmetic fact retrieval, although such association might not always
be consistently observed in the typical population, particularly not when domain-specific factors,
such as symbolic numerical magnitude processing, are considered. It also needs to be emphasized

that much of the available evidence is cross-sectional and not all studies have considered all factors
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of phonological processing. It remains to be determined at which point in the developmental
trajectory of arithmetic fact learning, phonological processing plays the most prominent role. This
requires longitudinal research to determine whether phonological processing plays a role in the
transition from procedural to retrieval strategies or whether it affects the subsequent consolidation
of arithmetic facts, or both.

Conclusions and future directions

Well-developed mathematical skills are crucial to life success in modern Western society and
the ability to acquire and retrieve arithmetic facts is a major building block for the successful
development of mathematical skills (Kilpatrick et al., 2001). The goal of this chapter was to review
the available evidence on the domain-specific and domain-general neurocognitive determinants of
individual differences in children’s arithmetic development, other than the factor non-symbolic
numerical magnitude processing, which might have been overemphasized as the primary
determinant of individual differences in mathematics and of dyscalculia. We focused on the
contributions of symbolic numerical magnitude processing, working memory and phonological
processing, as these cognitive determinants have received the most attention so far and their roles in
arithmetic can be predicted against the background of existing brain imaging data.

It is evident from the studies reviewed above that symbolic numerical magnitude processing
is a major determinant of individual differences in arithmetic, even across primary school. Working
memory, particularly the central executive, plays a role in learning arithmetic, but its influence
appears to be dependent on the learning stage and the experience of children, which need to be
taken into account in future research on the associations between working memory and
mathematics. The available evidence on phonological processing, although more limited in nature,
suggests that it plays a more subtle role in children’s acquisition of arithmetic facts.

The above reviewed studies also highlight that it is crucial to investigate the roles of domain-
specific and domain-general cognitive factors in concert. This requires longitudinal studies in which

each of these factors is investigated, in order to understand its relative contribution as well as the
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mediating and moderating roles of these cognitive factors in children’s arithmetic development. It is
highly likely that different pathways contribute to individual differences in children arithmetic (see
LeFevre et al., 2010, for a similar rationale), which are to be determined in future work. Importantly,
such research should carefully characterize the dependent variable, i.e. the arithmetic strategies, skill
level and expertise. The same accounts for the independent variables under investigation. Such
characterization is needed in order to determine potential pathways as well as time points during
which a particular cognitive factor may exert its largest effects. On a related note, impairments in the
above reviewed cognitive factors all constitute risk factors for developing deficits in arithmetic, and
consequently dyscalculia. As has been argued by Pennington (2006) on the origins of developmental
disorders, it is unlikely that one single deficit accounts for the emergence of such a disorder. This
requires future studies on dyscalculia to consider the relative contribution of these risk factors.

We would like to emphasize that in addition to the determinants reviewed in this chapter,
other cognitive factors have been related to individual differences, which were not discussed into
detail. One such factor, that has received some recent interest, is inhibitory control (Cragg & Gilmore,
2014, for a review). For example, it has been suggested that difficulties in arithmetic fact
development might be related to difficulties in suppressing irrelevant information during the fact
retrieval process (e.g., Barrioullet & Lépine, 2005; Geary et al., 2012; Verguts & Fias, 2005), although
not all studies have found consistent associations between inhibitory control and arithmetic fact
retrieval (e.g., Censabella & Noél, 2007). Another factor, recently proposed by De Visscher and Noél
(2014), is an individual’s (hyper)sensitivity to interference in memory. Specifically, these authors
argued that during the arithmetic fact learning process, the storage of problem-answer associations
in long-term memory might be hindered through interference, provoked by feature overlap of the to
be learned problem-answer associations or arithmetic facts. These authors showed that individual
differences in the sensitivity to this interference is related to individual differences in arithmetic fact

retrieval in children and adults (De Visscher & Noél, 2014a, 2014b). Future studies should investigate
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the relative importance of these domain-general cognitive factors by also including domain-specific
factors, such as symbolic numerical magnitude processing in their designs.

Another area in need of exploration is how non-cognitive factors interact with the cognitive
factors reviewed above in their prediction of individual differences in arithmetic. These factors
include mathematics anxiety (e.g., Ma, 1999; Maloney & Beilock, 2012; Ramirez et al., 2013),
parental involvement (Fan, & Chen, 2001, for a meta-analysis) or attitudes towards mathematics (Ma
& Kishor, 1997, for a meta-analysis). Mathematics anxiety is particularly relevant in this context, as it
might affect children’s strategic behavior in arithmetic: children with high math anxiety might feel
not confident enough to retrieve arithmetic facts from memory and as a consequence, rely more on
procedural strategies (i.e. counting and decomposition), which are slower and more error prone and
put a high demand on working memory resources (e.g., Ashcraft & Krause, 2007).

It is also important to point out that the development of arithmetic does not occur in
isolation but is dependent on the educational environment in general and the degree to which a
mathematics curriculum emphasizes the acquisition of this skill and the use of specific strategies in
particular. For example, cross-cultural studies have highlighted substantial differences between
Chinese and U.S. children (Campbell & Xue, 2001; Geary et al., 1996), which might be explained by
the extent to which curricular programs place an emphasis on fact retrieval. It therefore would be
interesting to explore how determinants of individual differences in arithmetic vary as a function of

the type of mathematics education.
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