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INTRODUCTION

Over the past two decades or so, studies from both psychology and
cognitive neuroscience have converged on the view that mathematical and
linguistic abilities are largely separated. For example, behavioral studies
have found that preverbal infants (Cordes & Brannon, 2008), as well as
individuals with very limited mathematical language (Pica, Lemer, Izard,
& Dehaene, 2004), can intuitively process numerical quantities when these
are presented in a nonsymbolic format (e.g., dot patterns). Because these
intuitions appear to be related to the acquisition of formal mathematical
skills later on (Feigenson, Libertus, & Halberda, 2013), it is increasingly
believed that these core numerical skills—rather than linguistic skills—
provide the foundation for the emergence of abstract mathematical con-
cepts (Dehaene & Cohen, 2007). In line with this idea, neuroimaging
studies in adults indicate that many numerical tasks consistently recruit a
brain system that is largely dissociated from regions involved in linguistic
computations (Nieder & Dehaene, 2009). This system, notably, includes
the intraparietal sulcus (IPS), a region that is believed to house a represen-
tation of numerical quantities (Nieder & Dehaene, 2009).

Therefore, one would think that the acquisition of mathematical skills
in children should be fairly independent from the acquisition of linguistic
skills. Yet, this does not appear to be the case, at least as far as two of the
most foundational mathematical and linguistic skills are concerned: learn-
ing arithmetic and learning to read. Indeed, two relatively independent
lines of evidence argue in favor of a relationship between the acquisition
of these skills. The first line of evidence comes from correlational stud-
ies. These studies show that there is a correlation between arithmetic and
reading abilities across children (Durand, Hulme, Larkin, & Snowling,
2005; Hart, Petrill, Thompson, & Plomin, 2009; Hecht, Torgesen, Wagner, &
Rashotte, 2001). For example, in a study conducted on 162 children from 7
to 10years of age, correlations between arithmetic skills and single-word
reading abilities ranged from .50 to .60 (Durand et al., 2005). Conversely,
studies have also found that mathematical abilities in children can predict
later reading outcomes, sometimes even better than early reading skills
(Duncan et al., 2007; Lerkkanen, Rasku-Puttonen, Aunola, & Nurmi, 2005).
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ARITHMETIC LEARNING AND VERBAL-PHONOLOGICAL PROCESSING 29

Therefore, correlational studies point to a relatively clear relationship
between the acquisition of arithmetic and reading skills in children.

The second line of evidence that suggests a relationship between learn-
ing math and learning to read comes from the study of learning difficulties.
Some children can show persistent difficulties acquiring basic arithmetic
skills, even though they may have average intelligence and benefit from
adequate schooling (Kaufmann & von Aster, 2012). This condition, called
developmental dyscalculia or math learning disability, affects from 5% to
10% of children worldwide (prevalence varies depending on diagnostic
criteria) (Kaufmann & von Aster, 2012). Although such prevalence rates are
similar to those observed with children who show persistent reading dif-
ficulties (i.e., developmental dyslexia), dyscalculia is much less researched
than dyslexia. Yet, both disabilities may be related because estimates of
the prevalence of one disability given the other (i.e., comorbidity rate) are
estimated at around 40% (Wilson et al., 2015). Therefore, many children
who show persistent struggles with learning math also show persistent
struggles with learning to read.

Overall, both (1) the correlation between arithmetic and reading scores
and (2) the comorbidity between dyscalculia and dyslexia suggest some
overlap between the acquisition of arithmetic and reading skills in chil-
dren. At first glance, this appears to somewhat conflict with the aforemen-
tioned evidence that the neural mechanisms supporting mathematical
skills in adults are largely independent from those supporting linguistic
skills. Against this background, the goal of this chapter is to review some
recent developmental cognitive neuroscience findings that are relevant
for understanding the observed relationship between the acquisition of
arithmetic and reading skills in children. First, we will evaluate whether
developmental neuroimaging studies support what is perhaps the most
popular explanation of the link between arithmetic and reading skills: the
idea that arithmetic learning in children involves phonological processing
mechanisms also involved in reading (Ashkenazi, Black, Abrams, Hoeft,
& Menon, 2013). Second, we will review the more recent proposal that the
relationship between arithmetic and reading skills may also be explained
by the fact that both rely on procedural memory and more specifically on
the ability to automatize procedural knowledge.

ARITHMETIC LEARNING AND
VERBAL-PHONOLOGICAL PROCESSING

Acquiring the ability to identify and manipulate the sound structure
(i.e., the phonology) of a word is a critical component of learning to read.
Early phonological processing skills are strong predictors of later reading
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30 2. THE INTERPLAY BETWEEN LEARNING ARITHMETIC AND LEARNING TO READ

performance in typically developing children (Melby-Lervag, Lyster, &
Hulme, 2012) and are impaired in dyslexia (Vellutino, Fletcher, Snowling,
& Scanlon, 2004). The neural mechanisms supporting phonological pro-
cessing have been thoroughly researched over the past decades. Taken
together, neuroimaging studies indicate that these mechanisms are located
in regions of the left temporoparietal cortex, including the left superior
and middle temporal gyri (STG and MTG, respectively) and the left angu-
lar gyrus (AG) (Vigneau et al., 2006) (see Fig. 2.1). Studies further indi-
cate that reading acquisition is associated with developmental decreases
of activity in left temporoparietal regions (Martin, Schurz, Kronbichler, &
Richlan, 2015). This suggests that children are more likely than adults to
rely on phonology-based reading. Critically, it has often been argued that
such verbal-phonological mechanisms in the left temporoparietal cortex
might also contribute to arithmetic learning (Prado, Mutreja, & Booth,
2014; Zamarian, Ischebeck, & Delazer, 2009). This idea mainly comes from
the triple-code model (Dehaene & Cohen, 1995), a popular neurocognitive
model of numerical processing, which is briefly described in the following.

The Triple-Code Model

One of the motivations for the triple-code model proposed by
Dehaene and Cohen (1995) was to account for task-specific patterns of
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FIGURE 2.1 Location of activation peaks in fMRI studies on phonological processing.
Peaks are plotted in blue on a 3D rendering of a left hemisphere. Reproduced from Vigneau,
M., Beaucousin, V., Herve, P. Y., Duffau, H., Crivello, F., Houde, O., et al. (2006). Meta-analyzing
left hemisphere language areas: Phonology, semantics, and sentence processing. Neuroimage, 30(4),
1414-1432.
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ARITHMETIC LEARNING AND VERBAL-PHONOLOGICAL PROCESSING 31

mathematical impairments (as well as dissociated patterns of impaired
performance in mathematical tasks) that are often observed in brain-
damaged patients (Cohen & Dehaene, 2000; Lemer, Dehaene, Spelke, &
Cohen, 2003; van Harskamp, Rudge, & Cipolotti, 2002, 2005). Dehaene
and Cohen hypothesized that numbers may be represented according to
three different codes in the adult brain: a visual-Arabic code that would
support the identification of visually presented (strings of) digits, a mag-
nitude code that would support semantic knowledge about numerical
quantities, and a verbal code that would support the representation of
numbers as sequences of written or spoken words. Because one code
could be impaired while the others would be spared, the triple-code
model constitutes a powerful framework for explaining dissociations in
patients (Dehaene, Molko, Cohen, & Wilson, 2004). Of particular interest
here is the verbal code, which is posited to be important when retriev-
ing answers of well-known arithmetic facts from memory. For instance,
Dehaene and Cohen argue that “arithmetic facts such as 2 x3 =6 cannot
be retrieved unless the problem is coded into a verbal code ‘two times
three...” which then triggers the retrieval of the result ‘six” in the same
verbal format” (Dehaene & Cohen, 1995, p. 87). Thus, although there are
bidirectional links between codes allowing for indirect routes, the model
proposes that arithmetic problems whose answers are well known are not
associated with any particular semantic access to underlying quantities.
Rather, these problems might be solved by directly retrieving the asso-
ciated answer from declarative memory. This may of course be case of
problems that are explicitly learned by rote in school, such as
single-digit multiplication problems. But it should be noted that the
verbal-phonological code is also thought to be used for problems that
are not necessarily explicitly learned by rote but are particularly well
practiced in school (and solved with no apparent difficulty by educated
adults). This is, for instance, the case of single-digit addition problems
(e.g., 2+3=5). Therefore, the triple-code model suggests that some arith-
metic skills might rely on the brain mechanisms underlying verbal-
phonological processing in the left temporoparietal cortex (as well as the
basal ganglia) (Dehaene, Piazza, Pinel, & Cohen, 2003).

Evidence From Studies in Adults

Looking over two decades of neuroimaging research, there seems to
be converging support for the triple-code model’s assumption that left
temporoparietal areas are involved in processing well-learned arithme-
tic facts in adults. For example, studies that have contrasted the solving
of multiplication problems to various control tasks (e.g., number com-
parison, letter or digit matching, number storage in working memory)
have consistently found multiplication-specific activity in regions of the
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32 2. THE INTERPLAY BETWEEN LEARNING ARITHMETIC AND LEARNING TO READ

left temporoparietal cortex, including the left AG (Chochon, Cohen, van
de Moortele, & Dehaene, 1999; Fulbright, Manson, Skudlarski, Lacadie,
& Gore, 2003; Gruber, Indefrey, Steinmetz, & Kleinschmidt, 2001; Jost,
Khader, Burke, Bien, & Rosler, 2009). Other studies have found that mul-
tiplication is also associated with greater activity than subtraction (i.e.,
an operation that is thought to rely to a lesser extent on rote memoriza-
tion than multiplication, Campbell & Xue, 2001) in the left AG (Lee, 2000)
and left STG/MTG (Andres, Michaux, & Pesenti, 2012; Andres, Pelgrims,
Michaux, Olivier, & Pesenti, 2011; Prado et al., 2011). Activity in the left
MTG and the left AG has also been shown to increase as fluency with mul-
tiplication problems increases (Ischebeck, Zamarian, Egger, Schocke, &
Delazer, 2007). Finally, the left MTG has been found to be more responsive
to single-digit multiplication than to single-digit addition problems (Zhou
etal., 2007), perhaps because single-digit multiplication problems are even
more likely to be directly retrieved from memory than single-digit addi-
tion problems (Campbell & Xue, 2001). Finally, the involvement of the left
temporoparietal cortex in processing well-known arithmetic facts is also
supported by studies that (1) explicitly linked brain activity to self-report
of strategies (problems reported to be retrieved vs. calculated) (Grabner
etal., 2009) and (2) compared simple with more complex arithmetic prob-
lem solving (Grabner et al., 2007; Stanescu-Cosson et al., 2000). Overall,
then, there is converging support for the idea that well-known arithmetic
facts activate regions of the left temporoparietal cortex in adults.
However, there is at least one important issue with the aforemen-
tioned studies: none of these studies have independently localized the
brain mechanisms supporting verbal-phonological processing in the
left temporoparietal cortex. This issue is particularly problematic with
the AG, which has consistently been found to be a component of the
default mode network (DMN) (Raichle, 2015; Seghier, 2013). The DMN
is a network of regions that contribute to internal modes of cognition
and are typically less deactivated (with respect to some low-level base-
line) when a condition is not attention demanding (and therefore rela-
tively easy) than when it is attention demanding (and therefore more
difficult) (Raichle, 2015). It is thus worrisome that most of the studies
that have identified the left AG in arithmetic tasks precisely report less
deactivation in this region for contrasts that systematically involve a com-
parison between a relatively easy and a relatively difficult condition.
This is, for example, almost systematically the case when comparing
simple with complex problems (Grabner et al., 2007; Stanescu-Cosson
et al.,, 2000), well-known multiplication problems with lesser-known
subtraction problems (Lee, 2000), trained problems with untrained prob-
lems (Ischebeck et al., 2007), or problems reported to be retrieved from
memory with problems reported to be calculated (Grabner et al., 2009).
In other words, differences in levels of deactivation in the left AG
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ARITHMETIC LEARNING AND VERBAL-PHONOLOGICAL PROCESSING 33

during arithmetic problem solving are often correlated with differences
in behavioral performance. Therefore, the activation of the left tempo-
roparietal cortex in arithmetic tasks may be an artifact of a difference in
difficulty between conditions.!

To directly investigate whether phonological processing mechanisms of
the left temporoparietal cortex specifically contribute to arithmetic prob-
lem solving, Prado et al. (2011) asked the same group of adult participants
to perform both a word-rhyming task and an arithmetic task in an MRI
scanner. The rhyming task was associated with activity in the left MTG.
Brain activity was then measured in this specific cluster when participants
were asked to evaluate the validity of either single-digit multiplication
or subtraction problems. Not only was the MTG cluster activated in the
multiplication condition (rather than deactivated) but also activity was sig-
nificantly higher in the multiplication than in the subtraction condition.
Thus, processing multiplication facts does involve a brain region involved
in verbal-phonological processing in adults and more so than processing
subtraction problems. This may be because unlike subtraction problems,
multiplication problems are learned by rote in school and more likely
to systematically be associated with fact retrieval rather than numerical
manipulation (Campbell & Xue, 2001).

It is important to consider, however, that evidence coming from adult
studies mainly provides an indirect understanding of the brain sys-
tems that underlie simple arithmetic learning. First, simple arithmetic
is learned in elementary school and adults can be considered experts in
those tasks. Therefore, such studies may not inform on the mechanisms
enabling learning per se. Second, although training studies in adults
(e.g., Bloechle et al., 2016; Ischebeck et al., 2007) can provide valuable
information regarding such learning mechanisms, it is unclear to what
extent the neural changes observed in a mature brain mimic the neu-
ral changes that occur during initial learning in children. Therefore, it is
critical to study in what respect brain activity changes during arithmetic
learning in children.

'In a recent study, Bloechle et al. (2016) also speculated that the activation of the left
temporoparietal cortex (particularly at the level of the AG) during arithmetic tasks
might be explained by the involvement of this region in attention to memory (Cabeza,
Ciaramelli, & Moscovitch, 2012). That is, solutions of well-known problems encoded
in long-term memory may enter working memory during arithmetic tasks and
capture bottom-up attention. Although this proposal differs from the DMN account
because it posits that left temporoparietal activity specifically reflects a switch in
attentional demands, both accounts are similar in that they assume that this region
may not be involved in fact retrieval per se.
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34 2. THE INTERPLAY BETWEEN LEARNING ARITHMETIC AND LEARNING TO READ

Evidence From Studies in Children

Several longitudinal or cross-sectional neuroimaging studies of arith-
metic learning in children have been performed over the past few years.
Somewhat surprisingly, these studies have provided very little support for
age-related (or fluency-related) increases of activity in the left temporopa-
rietal cortex. In a seminal cross-sectional study, Rivera, Reiss, Eckert, and
Menon (2005) used a single-digit addition and subtraction task to inves-
tigate the neural changes associated with arithmetic learning in children
and adults. They found age-related increases of activity in the left anterior
IPS but not in the left AG or around the regions of the STG/MTG, which
are typically associated with verbal-phonological processing. Rosenberg-
Lee, Barth, and Menon (2011) further found greater activity in third than
second graders for single-digit addition in the right but not left AG and no
change of activity in either the left STG or the left MTG. Kucian, von Aster,
Loenneker, Dietrich, and Martin (2008) found greater activity in adults
than children in the left IPS but not in the left temporoparietal cortex in a
single-digit addition task. In yet another study using a single-digit addi-
tion task in children, Cho et al. (2012) found that the only region in which
there was an age-related increase of activity was the right superior parietal
cortex. Finally, Qin et al. (2015) found longitudinal increases of activity in
prefrontal, posterior parietal, and occipital cortex in an addition task but
again not in left temporoparietal cortex.

How can one make sense of the discrepancy between adult stud-
ies showing activation of left temporoparietal regions during arithme-
tic tasks on the one hand and developmental studies showing a lack
of age-related changes of activity in these regions on the other hand?
There might be at least two ways to explain this discrepancy. First, it is
clear from the review of adult neuroimaging studies that not all arith-
metic tasks recruit left temporoparietal mechanisms. For example, these
regions appear to be more activated in single-digit multiplication tasks
than in single-digit addition and subtraction tasks (Lee, 2000; Prado et al.,
2011; Zhou et al., 2007). This is also consistent with a study by Delazer
et al. (2005), showing that only facts that are learned by drill might lead
to increased activity in the left AG. It is thus interesting to note that
all of the developmental studies described earlier have used tasks that
involve arithmetic skills that are (largely) never drilled in school, such as
single-digit addition and subtraction problems. Rather, such problems
are mastered in adults because they are repeatedly practiced over the
years. Therefore, it remains possible that age-related increases of activ-
ity would be observed in the left temporoparietal cortex for problems
that are drilled, i.e., single-digit multiplication problems. Second, it is
also possible that studies might have missed developmental changes
of activity in the left temporoparietal cortex because these changes are
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subtle and require substantial power to be detected with whole-brain
analyses of brain imaging data (with larger sample sizes needed to
detect relatively small effects).

Prado et al. (2014) attempted to shed light on these two assumptions by
investigating the neural bases of single-digit multiplication problem solv-
ing in a cross-sectional study of 34 children from second to seventh grade.
Critically, brain activity was measured in the whole brain and in a spe-
cific region of the left MTG that was localized using a word-rhyming task.
Multiplication problems were found to be associated with a developmen-
tal increase of activity in that specific MTG cluster. This increase of activ-
ity, however, was absent in a single-digit subtraction task. Therefore, at
least as far as single-digit multiplication problems are concerned, greater
involvement of mechanisms supporting verbal-phonological processing
can be observed. This is not to say that learning other types of arithmetic
facts cannot engage left temporoparietal regions in children. For example,
recent studies in 9- to 12-year-olds have found greater activity in the left AG
for (1) small versus large addition and subtraction (De Smedt, Holloway,
& Ansari, 2011) and (2) symbolic versus nonsymbolic subtraction across
participants (Peters, Polspoel, Op de Beeck, & De Smedt, 2016). Therefore,
learning addition facts might also rely to some extent on verbal-phonolog-
ical mechanisms, albeit perhaps less uniformly than multiplication facts.

Overall, the evidence reviewed earlier suggests that integrity of the
phonological processing mechanisms supporting the acquisition of read-
ing might influence at least some aspects of the neural mechanisms that
support arithmetic learning. This hypothesis has been recently tested
in a study by Evans, Flowers, Napoliello, Olulade, and Eden (2014).
The authors investigated the neural bases of arithmetic processing in
14 children with developmental dyslexia (compared with 14 typically
developing children). Previous neuroimaging studies have found that
individuals with dyslexia have anatomic and functional impairments
in brain regions supporting phonological processing in the left tempo-
roparietal cortex (Richlan, Kronbichler, & Wimmer, 2009). Behavioral
studies have also identified arithmetic difficulties in children with dys-
lexia (Simmons & Singleton, 2008). Therefore, it is possible that these
difficulties lead to abnormal processing of arithmetic facts in left tempo-
roparietal regions. In line with this hypothesis, less activity was found
in the left supramarginal gyrus, a region adjacent to both the left STG
and the left AG, in response to single-digit addition and subtraction in
dyslexic compared with typically developing children. Thus, it is pos-
sible that anatomic and functional impairments in left temporoparietal
phonological mechanisms might affect at least some aspects of arithme-
tic processing in dyslexic children. However, as we have seen here, the
involvement of temporoparietal mechanisms in arithmetic learning is
very task specific. It is thus unlikely to account in itself for the strong
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relationship between arithmetic learning and reading acquisition in
children. Other explanations might then need to be considered. In the
following, we discuss the recent proposal that learning arithmetic and
learning to read may both require the skill to automatize procedures
until complete fluency.

PROCEDURAL AUTOMATIZATION: A COMMON
DENOMINATOR BETWEEN LEARNING TO READ
AND LEARNING ARITHMETIC?

Perhaps the most striking and intuitive similarity between learning to
read and learning arithmetic is that they arguably share a similar goal:
both involve automatizing a skill until complete fluency. By the end of
elementary school, children are expected to read and understand com-
mon words with no apparent effort in much the same way as they should
quickly respond 5 when faced with 2+3. Interestingly, it has long been
proposed that a domain-general deficit in procedural automatization may
be at the source of dyslexia in children (Lum, Ullman, & Conti-Ramsden,
2013; Nicolson & Fawecett, 2007), and this hypothesis has been recently
extended to dyscalculia (Evans & Ullman, 2016). This raises the possibil-
ity that at least some aspects of arithmetic learning and reading acquisi-
tion both rely on the memory system that supports the automatization of
procedures through practice, i.e., procedural memory. This hypothesis is
interesting for the current purpose of this chapter because it may explain
some of the interactions between learning to read and learning arithme-
tic. In the following, we describe how theories have explained dyslexia
in terms of impaired automatization of procedures and how these theo-
ries have been recently extended to dyscalculia. We then examine to what
extent this idea is supported by developmental behavioral and neuroim-
aging research.

The Procedural Learning View of Dyslexia and Dyscalculia

Clearly, the most popular explanation of dyslexia is that it is caused
by a deficit in accessing and manipulating phonological information
(Vellutino et al., 2004). This phonological deficit view is widely sup-
ported by studies showing that children with dyslexia do have impair-
ments in phonological processing, including phonological awareness
(sensitivity to the sound structure of oral language) (Vellutino et al.,
2004). Yet, studies also show that children with dyslexia often exhibit
impairments in other domains, such as attention (Facoetti, Paganoni,
Turatto, Marzola, & Mascetti, 2000; Varvara, Varuzza, Sorrentino,
Vicari, & Menghini, 2014), motor control (Fawcett & Nicolson, 1995;
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Nicolson & Fawcett, 1994), and implicit sequence learning (Gabay,
Thiessen, & Holt, 2015; Hedenius et al., 2013; Kelly, Griffiths, & Frith,
2002). Because these impairments are not easily explained by a phono-
logical deficit account, several researchers have argued that dyslexia
may also arise from a more general learning disorder (Lum et al., 2013;
Nicolson & Fawcett, 2007; Nicolson, Fawcett, & Dean, 2001; Ullman,
2004). Specifically, it has been proposed that dyslexia may stem from
a general impairment in the learning and memory system that sup-
ports the acquisition of skills and habits through repeated practice,
i.e., procedural memory (Ullman, 2016, pp. 953-968). Not only can this
hypothesis explain the range of nonreading deficits observed in dys-
lexic children but also it can account for the reading deficits. That is,
impairments in the procedural memory system may disrupt “automati-
zation of skill and knowledge, which may potentially affect grapheme-
phoneme conversion, word recognition, verbal working memory, and
learning orthographic regularities, thereby contributing to reading
impairment” (Gabay et al., 2015, p. 935). The brain system supporting
procedural memory has been documented in the literature. It relies on
a network of brain regions, which includes the basal ganglia, the pre-
motor cortex, the cerebellum, and parts of the inferior parietal cortex
(Ullman, 2016, pp. 953-968). Interestingly, brain imaging studies have
found that children with dyslexia do exhibit anatomic and functional
impairments in several of these regions, including the basal ganglia
(Brunswick, McCrory, Price, Frith, & Frith, 1999; Kita et al., 2013), cere-
bellum (Eckert et al., 2003; Pernet, Poline, Demonet, & Rousselet, 2009;
Rae et al., 2002), frontal cortex (Eckert et al., 2003; Richlan et al., 2009),
and parietal cortex (Richlan et al., 2009).

Recently, Evans and Ullman (2016) have proposed an extension of the
procedural learning deficit theory to dyscalculia (Evans & Ullman, 2016).
This extension is partly motivated by the observed comorbidity between
dyslexia and dyscalculia, estimated at around 40% (Wilson et al., 2015).
Evans and Ullman (2016) proposed that this comorbidity may be explained
by the fact that (at least) some children may have a general learning def-
icit that would affect both reading and arithmetic learning. This deficit
may stem from impaired procedural memory. The proposal relies on the
assumption that, much like learning to read, acquiring arithmetic skills
involves using increasingly efficient procedures that need to be autom-
atized by the end of the learning process. Impairments in procedural
memory may hinder this progressive automatization of procedures, lead-
ing to both dyslexia and dyscalculia. Although that specific hypothesis
remains to be thoroughly explored, we will see in the following that there
is growing support for the idea that automatized procedures may indeed
underlie at least some aspects of arithmetic skills in typically developing
children and educated adults.
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38 2. THE INTERPLAY BETWEEN LEARNING ARITHMETIC AND LEARNING TO READ

Arithmetic Learning and the Use of Increasingly
Efficient Procedures

A defining feature of arithmetic acquisition in children is the use of
increasingly efficient procedures over the course of learning. This has
been consistently demonstrated in studies in which children are asked
to report the strategies they use when solving problems (Baroody &
Tiilikainen, 2003; Carpenter & Moser, 1984). Consider, for example, the
strategies that young children report relying on in simple addition tasks.
Using external aids such as fingers or objects, young children may first
use what is often called the counting-all procedure: they count out two
sets of objects before combining them and counting the newly formed set.
Older children may then realize that objects can be replaced by counting
words. This realization is often accompanied by the appearance of the
more sophisticated counting-on procedure, according to which children
start to count from one of the two number words. In using this counting-
on procedure, many children will also realize that starting from the larg-
est number (minimum strategy) is more efficient than starting from the
smaller number (maximum strategy).

In many ways, this use of increasingly efficient procedures over devel-
opment parallels what is observed when children learn to read. That is,
becoming an efficient reader also involves a refinement of procedures
underlying word decoding (Farrington-Flint, Coyne, Stiller, & Heath,
2008). For example, young children typically start by identifying words
using a sounding out strategy, in which graphemes are matched onto pho-
nemes. This sounding out strategy can be far from accurate because in
many languages (but not all) words may have irregular mappings from
orthography to phonology (Farrington-Flint et al., 2008). With reading
practice, the sounding out strategy will be gradually replaced by more
sophisticated (and more efficient) procedures. For instance, a more elabo-
rate procedure might involve making an analogy from the spelling sound
pattern of a familiar word to an unfamiliar one. An even more efficient
procedure might involve using morphological rules (Farrington-Flint
et al., 2008). Therefore, both learning to read and learning arithmetic are
characterized by the use of increasingly efficient procedures with age.

Procedural Automatization as a Critical Element
of Arithmetic Fluency

Of course, the end product of both learning to read and learning
arithmetic ought to be fluency. For instance, educated adults must be
able to very quickly recognize a written word. They must also be able
to quickly come up with the answer of a single-digit addition problem.
Over the past decades, the dominant view has been that procedures

1. LANGUAGE

Heterogeneity of Function in Numerical Cognition, First Edition, 2018, 27-49



PROCEDURAL AUTOMATIZATION 39

can never be efficient enough to attain arithmetic fluency and that
there is necessarily a shift from procedural to retrieval-based strategies
over development (Barrouillet & Fayol, 1998; Groen & Parkman, 1972).
That is, the repetitive use of counting procedures over the course learn-
ing is thought to lead to the repetitive co-occurrence of operands and
answers in working memory, which would result in the emergence of
associations between numbers (Logan, 1988). Eventually, adults and
educated children might then directly retrieve these associations from
declarative memory when faced with simple arithmetic problems—
without relying on procedural knowledge (Siegler & Shipley, 1995, pp.
31-76).

More recently, however, several studies have suggested that count-
ing procedures might be so practiced over the course of learning that
they might actually be executed automatically and unconsciously in
adults and educated children. These automatized procedures may then
be very efficient and also account for basic arithmetic skills of fluent
individuals. Evidence for this alternative view comes from behavioral
studies showing that adults systematically show a problem size effect
when they solve even very simple addition problems (i.e., problems
with operands smaller than 4) (Barrouillet & Thevenot, 2013; Thevenot,
Barrouillet, Castel, & Uittenhove, 2015, Uittenhove, Thevenot, &
Barrouillet, 2015). Specifically, the time it takes to solve these prob-
lems increases linearly with the distance between the original operand
and the sum (i.e., adults take 20 ms longer to solve 1+3 than 1+2 and
20ms longer to solve 1+4 than 1+3) (Barrouillet & Thevenot, 2013;
Uittenhove et al., 2015) (see Fig. 2.2). This pattern is difficult to explain
with the view that associations are retrieved from a network of facts.
Rather, it suggests that, without being aware of it, adults might solve
these problems by using an automatized counting procedure that may
involve scanning a sequence of numbers oriented from left to right (i.e.,
the so-called mental number line or MNL) (Barrouillet & Thevenot,
2013; Mathieu, Gourjon, Couderc, Thevenot, & Prado, 2016). Solving
time would then depend on the distance between the original operand
and the target sum to be reached. In support for this view, Mathieu
et al. (2016) have recently found that solving addition and subtraction
problems is associated with rightward and leftward shifts of attention
(respectively) in adults. Such an automatized procedure may be the
result of extensive practice with counting in children, in line with the
long-standing idea that the repetitive practice of a procedure can lead
to its automatization (Baroody, 1983). Therefore, without denying that
retrieval from memory might occur in some instances, it is conceivable
that learning arithmetic might also rely on the progressive automatiza-
tion of procedures and therefore involve to a significant extent proce-
dural memory.
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FIGURE 2.2 Mean resolution times of simple addition problems (with operands from 1 to
4 but not including tie problems) as a function of the magnitude of the first and second oper-
ands in adults. Reproduced from Barrouillet, P., & Thevenot, C. (2013). On the problem-size effect
in small additions: Can we really discard any counting-based account? Cognition, 128(1), 35—44.

Developmental Neuroimaging Evidence for Procedural
Automatization

The idea that arithmetic learning and reading acquisition gradually
involves an automatization of procedural knowledge makes at least three
interesting neural predictions. First, if procedures become automatic with
expertise, they should require fewer and fewer executive resources. This
should translate into decreases of activity in brain regions that support exec-
utive control and working memory. This idea is fairly well supported by
developmental neuroimaging studies of arithmetic learning. Indeed, stud-
ies have consistently demonstrated decreases of activity in regions of the
frontal cortex with age in arithmetic tasks. For example, this developmental
pattern was first observed in the seminal cross-sectional study by Rivera
et al. (2005). There, the development of skills for solving addition problems
from ages 8 to 19 was related to decreases of activity in several regions of
the inferior, middle, and superior frontal gyri. Rosenberg-Lee, Barth, et al.
(2011) similarly found less activity in the ventral medial prefrontal cortex in
third graders compared with second graders in an addition task. Recently,
longitudinal decreases of activity were found in the bilateral dorsolateral
prefrontal cortex as children in elementary school become increasingly

1. LANGUAGE

Heterogeneity of Function in Numerical Cognition, First Edition, 2018, 27-49



PROCEDURAL AUTOMATIZATION 41

proficient in solving addition problems (Qin et al., 2015). Decreases of activ-
ity in prefrontal cortex were also noticed in subtraction and multiplication
problem solving in a cross-sectional study of children from second to sev-
enth grade (Prado et al., 2014). Finally, differences in prefrontal activity are
also observed between adults and children in arithmetic tasks (with less
activity in adults than children) (Kucian et al., 2008).

Second, if children increasingly rely on procedures that involve autom-
atized shifts of attention along the MNL (Barrouillet & Thevenot, 2013;
Mathieu et al., 2016; Thevenot et al., 2015; Uittenhove et al., 2015), one
should observe developmental increases of arithmetic-related activity
in the posterior superior parietal lobule, the main region that is thought
to support attentional orientation along the MNL (Dehaene et al., 2003).
This is exactly what we observed in a recent cross-sectional study in
which fMRI activity of children from second to seventh grade was mea-
sured while they were solving single-digit problems (Prado et al., 2014).
Importantly, these changes were operation specific as they were observed
for subtraction problems (a type of operation that is not learned by rote
in school) but not for multiplication problems (which are mostly learned
by rote). More generally, these results are consistent with studies show-
ing that age-related decreases of prefrontal activity in arithmetic tasks are
often accompanied by age-related increases of activity in regions of the
parietal cortex (Prado et al., 2014; Rivera et al., 2005; Rosenberg-Lee, Barth,
et al., 2011). This has led several researchers to propose that arithmetic
learning may be characterized by a frontal-to-parietal developmental shift
of activity, with parietal regions becoming progressively specialized for
arithmetic tasks (Ansari, 2008). This increase in specialization of the pari-
etal cortex for arithmetic tasks is broadly consistent with the claim that
parietal regions might increasingly support automatized numerical-based
procedures with development (Prado et al., 2014).

Interestingly, a similar shift from prefrontal to posterior brain regions
can be observed during reading acquisition. For example, Martin et al.
(2015) recently compared in a metaanalysis the results of 20 adult neuro-
imaging studies on reading with the results of 20 neuroimaging studies
performed with children. They only found two brain regions that were
more consistently activated across children studies than across adult
studies: the left STG and the medial prefrontal cortex. This is consistent
with the idea that, compared with adults, children might use phonology-
based strategies that might be more effortful and require executive con-
trol mechanisms in the prefrontal cortex (as well as access to phonological
representation in the STG). In contrast, compared with children studies,
adult studies more consistently activated posterior regions, such as the
ventral occipital cortex and the cerebellum. This latter finding points to
an anterior-to-posterior shift of activity for reading with development,
echoing the frontal-to-parietal shift observed during arithmetic learning.
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A third hypothesis, related to the idea that both arithmetic learning
and reading acquisition involve an automatization of procedural knowl-
edge, is that arithmetic and reading disabilities should be related to
impairments in brain structures that underlie procedural memory. These
may include the posterior parietal cortex, the cerebellum, and subcorti-
cal structures such as the basal ganglia (Evans & Ullman, 2016). All of
these regions are known to be affected in dyslexia (Richlan et al., 2009).
Research on dyscalculia also suggests impairments in regions that sup-
port procedural memory. Arguably the most consistent locus of anatomic
and functional impairments in dyscalculia is the posterior parietal cortex
(Ashkenazi, Rosenberg-Lee, Tenison, & Menon, 2012; Iuculano et al., 2015;
Molko et al., 2003; Rosenberg-Lee et al., 2015; Rotzer et al., 2008, 2009;
Rykhlevskaia, Uddin, Kondos, & Menon, 2009). However, abnormalities
have also been observed in the basal ganglia (Molko et al., 2003) and the
cerebellum (Rykhlevskaia et al., 2009). Therefore, although more studies
are needed, the available evidence suggests that at least some structures
supporting procedural memory may be impaired in dyscalculia.

CONCLUSION AND FUTURE DIRECTIONS

Cognitive neuroscience studies largely indicate that human mathe-
matical skills are rooted in nonverbal mechanisms. It is thus somewhat
paradoxical that there appears to be a link between the development of
arithmetic and reading skills in children (Durand et al., 2005; Hart et al.,
2009; Hecht et al., 2001; Wilson et al., 2015). The goal of this chapter was
to provide an overview of two possible explanations for this link and con-
front these explanations to available evidence from developmental cogni-
tive neuroscience.

First, the triple-code model suggests that answers of the most familiar
arithmetic facts may be increasingly retrieved from verbal-phonological
codes as individuals become fluent (Dehaene et al., 2003). Yet, develop-
mental cognitive neuroscience studies provide limited evidence for this
assumption (Cho et al., 2012; Rivera et al., 2005; Rosenberg-Lee, Chang,
Young, Wu, & Menon, 2011). One study suggests that increases of activity
may be observed in the left temporal cortex as children become increas-
ingly proficient with single-digit multiplication problems (Prado et al.,
2014), but this effect appears to be task dependent. The contribution of
verbal-phonological mechanisms to arithmetic learning may thus be
restricted to facts that are explicitly learned by rote in school.

Second, it has been proposed that learning arithmetic and learning
to read may both rely on the automatization of rules and procedures
(Barrouillet & Thevenot, 2013; Thevenot et al., 2015; Uittenhove et al.,
2015). Procedural memory systems may thus be critical to the acquisition
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of both skills, and impairments in procedural memory may be at the
source of both dyscalculia and dyslexia. Not only does that hypothesis
explain why one of the most consistent results obtained in developmen-
tal neuroimaging studies is an increase of activity in the parietal cortex
(rather than in the left temporoparietal cortex) but also it highlights the
importance of procedural memory for arithmetic learning. Because pro-
cedural memory has long been hypothesized to also be central to read-
ing acquisition (Ullman, 2016, pp. 953-968), this idea may explain the link
between arithmetic and reading acquisition and the comorbidity between
dyslexia and dyscalculia (Wilson et al., 2015).

Overall, given the limited neurodevelopmental support for the idea
that verbal-phonological processing underlies arithmetic learning in chil-
dren, the procedural hypothesis is an interesting explanation for the link
between arithmetic and reading skills. Of course, this does not mean that
other domain-general factors cannot also account for that link in some
children. For example, it is clear that both arithmetic and reading tasks
involve working memory, attention, or cognitive control (Ashkenazi et al.,
2013). It is possible that disruptions in these domain-general mechanisms
may also lead to both reading and arithmetic impairments in children
(as well as impairments in other skills). This is generally consistent with
the idea that arithmetic learning involves a wide range of skills and that
dyscalculia may be a heterogeneous disorder (Fias, Menon, & Szucs,
2013). Nevertheless, learning to read and learning arithmetic may both
place important demands on procedural memory and automatization of
skills, a factor that may explain a large part of the relationship between
arithmetic and reading performance in children.

Acknowledgments

I am grateful to Pr. Avishai Henik and Pr. Klaus Willmes for their insightful comments on
an earlier version of this chapter. I am supported by grants from the Agence Nationale pour
la Recherche (ANR-14-CE30-0002-01) and the European Commission (Marie-Curie Carreer
Integration Grant PCIG12-GA-2012-333602).

References

Andres, M., Michaux, N., & Pesenti, M. (2012). Common substrate for mental
arithmetic and finger representation in the parietal cortex. Neuroimage, 62(3),
1520-1528. https:/ /doi.org/10.1016/j.neuroimage.2012.05.047.

Andres, M., Pelgrims, B., Michaux, N., Olivier, E., & Pesenti, M. (2011). Role of
distinct parietal areas in arithmetic: An fMRI-guided TMS study. Neuroimage,
54(4), 3048-3056. https:/ /doi.org/10.1016 /j.neuroimage.2010.11.009.

Ansari, D. (2008). Effects of development and enculturation on number represen-
tation in the brain. Nature Reviews Neuroscience, 9(4), 278-291. https:/ /doi.org/
10.1038/nrn2334.

I. LANGUAGE

Heterogeneity of Function in Numerical Cognition, First Edition, 2018, 27-49


https://doi.org/10.1016/j.neuroimage.2012.05.047
https://doi.org/10.1016/j.neuroimage.2010.11.009

44 2. THE INTERPLAY BETWEEN LEARNING ARITHMETIC AND LEARNING TO READ

Ashkenazi, S., Black, J. M., Abrams, D. A., Hoeft, F, & Menon, V. (2013).
Neurobiological underpinnings of math and reading learning disabilities.
Journal of Learning Disabilities, 46(6), 549-569.

Ashkenazi, S., Rosenberg-Lee, M., Tenison, C., & Menon, V. (2012). Weak task-
related modulation and stimulus representations during arithmetic problem
solving in children with developmental dyscalculia. Developmental Cognitive
Neuroscience, 2(Suppl. 1), 5152-5166. https:/ /doi.org /10.1016 /j.dcn.2011.09.006.

Baroody, A. J. (1983). The development of procedural knowledge: An alterna-
tive explanation for chronometric trends of mental arithmetic. Developmental
Review, 3, 225-230.

Baroody, A. J., & Tiilikainen, S. H. (2003). Two perspectives on addition development.
In A.J. Baroody, & A. Dowker (Eds.), The development of arithmetic concepts and skills:
Constructive adaptive expertise. London, UK: Lawrence Elbaum Associates.

Barrouillet, P., & Fayol, M. (1998). From algorithmic computing to direct retrieval:
Evidence from number and alphabetic arithmetic in children and adults.
Memory and Cognition, 26, 355-368.

Barrouillet, P., & Thevenot, C. (2013). On the problem-size effect in small additions:
Can we really discard any counting-based account? Cognition, 128(1), 35-44.
https://doi.org/10.1016/j.cognition.2013.02.018.

Bloechle, J., Huber, S., Bahnmueller, J., Rennig, J., Willmes, K., Cavdaroglu, S., et al.
(2016). Fact learning in complex arithmetic—the role of the angular gyrus revis-
ited. Human Brain Mapping, 37(9), 3061-3079.

Brunswick, N., McCrory, E., Price, C.]., Frith, C. D., & Frith, U. (1999). Explicit and
implicit processing of words and pseudowords by adult developmental dyslex-
ics: A search for Wernicke’s Wortschatz? Brain, 122(Pt 10), 1901-1917.

Cabeza, R., Ciaramelli, E., & Moscovitch, M. (2012). Cognitive contributions of the
ventral parietal cortex: An integrative theoretical account. Trends in Cognitive
Sciences, 16, 338-352.

Campbell, J. L., & Xue, Q. (2001). Cognitive arithmetic across cultures. Journal of
Experimental Psychology: General, 130(2), 299-315.

Carpenter, T., & Moser, J. M. (1984). The acquisition of addition and subtrac-
tion concepts in grades one through three. Journal for Research in Mathematics
Education, 15, 179-202.

Chochon, F., Cohen, L., van de Moortele, P. F,, & Dehaene, S. (1999). Differential
contributions of the left and right inferior parietal lobules to number process-
ing. Journal of Cognitive Neuroscience, 11(6), 617-630.

Cho, S., Metcalfe, A. W,, Young, C. B,, Ryali, S., Geary, D. C., & Menon, V. (2012).
Hippocampal-prefrontal engagement and dynamic causal interactions in the
maturation of children’s fact retrieval. Journal of Cognitive Neuroscience, 24(9),
1849-1866. https:/ /doi.org/10.1162 /jocn_a_00246.

Cohen, L., & Dehaene, S. (2000). Calculating without reading: Unsuspected
residual abilities in pure alexia. Cognitive Neuropsychology, 17(6), 563-583.
https:/ /doi.org/10.1080/02643290050110656.

Cordes, S., & Brannon, E. M. (2008). Quantitative competencies in infancy. Develop-
mental Science, 11(6), 803-808. https:/ /doi.org/10.1111/].1467-7687.2008.00770.x.
De Smedt, B., Holloway, I. D., & Ansari, D. (2011). Effects of problem size and arith-
metic operation on brain activation during calculation in children with vary-
ing levels of arithmetical fluency. Neuroimage, 57(3), 771-781. https:/ /doi.org/

10.1016/j.neuroimage.2010.12.037.

1. LANGUAGE

Heterogeneity of Function in Numerical Cognition, First Edition, 2018, 27-49


https://doi.org/10.1016/j.dcn.2011.09.006
https://doi.org/10.1016/j.cognition.2013.02.018
https://doi.org/10.1162/jocn_a_00246
https://doi.org/10.1080/02643290050110656
https://doi.org/10.1111/j.1467-7687.2008.00770.x

REFERENCES 45

Dehaene, S., & Cohen, D. (1995). Towards an anatomical and functional model of
number processing. Mathematical Cognition, 1, 83-120.

Dehaene, S., & Cohen, L. (2007). Cultural recycling of cortical maps. Neuron, 56(2),
384-398. https://doi.org/10.1016 /j.neuron.2007.10.004.

Dehaene, S., Molko, N., Cohen, L., & Wilson, A.J. (2004). Arithmetic and the brain.
Current Opinion in Neurobiology, 14(2), 218-224. https://doi.org/10.1016/
j-.conb.2004.03.008.

Dehaene, S., Piazza, M., Pinel, P., & Cohen, L. (2003). Three parietal circuits for
number processing. Cognitive Neuropsychology, 20(3), 487-506. https:/ /doi.org/
10.1080/02643290244000239.

Delazer, M., Ischebeck, A., Domahs, F, Zamarian, L., Koppelstaetter, E,
Siedentopf, C. M., et al. (2005). Learning by strategies and learning by drill-
evidence from an fMRI study. Neuroimage, 25(3), 838-849. https://doi.org/
10.1016/j.neuroimage.2004.12.009.

Duncan, G. J., Dowsett, C. J., Claessens, A., Magnuson, K., Huston, A. C., Pagani,
L. S., et al. (2007). School readiness and later achievement. Developmental
Psychology, 43(6), 1428-1446.

Durand, M., Hulme, C., Larkin, R., & Snowling, M. (2005). The cognitive founda-
tions of reading and arithmetic skills in 7-to 10-year-olds. Journal of Experimental
Child Psychology, 91(2), 113-136.

Eckert, M. A., Leonard, C. M., Richards, T. L., Aylward, E. H., Thomson, J., &
Berninger, V. W. (2003). Anatomical correlates of dyslexia: Frontal and cerebel-
lar findings. Brain, 126(Pt 2), 482-494.

Evans, T. M., Flowers, D. L., Napoliello, E. M. Olulade, O. A, &
Eden, G. F (2014). The functional anatomy of single-digit arithme-
tic in children with developmental dyslexia. Neuroimage, 101, 644-652.
https://doi.org/10.1016 /j.neuroimage.2014.07.028.

Evans, T. M., & Ullman, M. T. (2016). An extension of the procedural deficit
hypothesis from developmental language disorders to mathematical dis-
ability. Frontiers in Psychology, 7, 1318. https://doi.org/10.3389/fpsyg.2016.
01318.

Facoetti, A., Paganoni, P., Turatto, M., Marzola, V., & Mascetti, G. G. (2000). Visual-
spatial attention in developmental dyslexia. Cortex, 36(1), 109-123.

Farrington-Flint, L., Coyne, E., Stiller, J., & Heath, E. (2008). Variability in chil-
dren’s early reading strategies. Educational Psychology, 28(6), 643-661.

Fawcett, A.J., & Nicolson, R. I. (1995). Persistent deficits in motor skill of children
with dyslexia. Journal of Motor Behavior, 27, 235-240.

Feigenson, L., Libertus, M. E., & Halberda, J. (2013). Links between the intuitive
sense of number and formal mathematics ability. Child Development Perspectives,
7(2), 74-79.

Fias, W., Menon, V., & Szucs, D. (2013). Multiple components of developmental
dyscalculia. Trends in Neuroscience and Education, 2(2), 43-47.

Fulbright, R., Manson, S., Skudlarski, P., Lacadie, C., & Gore, J. (2003). Quantity
determination and the distance effect with letters, numbers, and shapes:
A functional MR imaging study of number processing. American Journal of
Neuroradiology, 24(2), 193-200.

Gabay, Y., Thiessen, E. D., & Holt, L. L. (2015). Impaired statistical learning in
developmental dyslexia. Journal of Speech, Language, and Hearing Research:
JSLHR, 58(3), 934-945. https:/ /doi.org/10.1044 /2015_JSLHR-L-14-0324.

I. LANGUAGE

Heterogeneity of Function in Numerical Cognition, First Edition, 2018, 27-49


https://doi.org/10.1016/j.neuron.2007.10.004
https://doi.org/10.1016/j.neuroimage.2014.07.028
https://doi.org/10.1044/2015_JSLHR-L-14-0324

46 2. THE INTERPLAY BETWEEN LEARNING ARITHMETIC AND LEARNING TO READ

Grabner, R. H., Ansari, D., Koschutnig, K., Reishofer, G., Ebner, F., & Neuper, C.
(2009). To retrieve or to calculate? Left angular gyrus mediates the retrieval
of arithmetic facts during problem solving. Neuropsychologia, 47(2), 604-608.
https://doi.org/10.1016 /j.neuropsychologia.2008.10.013.

Grabner, R. H., Ansari, D., Reishofer, G., Stern, E., Ebner, F, & Neuper, C.
(2007). Individual differences in mathematical competence predict pari-
etal brain activation during mental calculation. Neuroimage, 38(2), 346-356.
https://doi.org/10.1016 /j.neuroimage.2007.07.041.

Groen, G. J., & Parkman, J. M. (1972). A chronometric analysis of simple addition.
Psychological Review, 79, 329-343.

Gruber, O., Indefrey, P., Steinmetz, H., & Kleinschmidt, A. (2001). Dissociating
neural correlates of cognitive components in mental calculation. Cerebral Cortex,
11(4), 350-359.

Hart, S. A, Petrill, S. A., Thompson, L. A., & Plomin, R. (2009). The ABCs of math:
A genetic analysis of mathematics and its links with reading ability and general
cognitive ability. Journal of educational psychology, 101(2), 388—402.

Hecht, S. A., Torgesen, J. K., Wagner, R. K., & Rashotte, C. A. (2001). The relations
between phonological processing abilities and emerging individual differences
in mathematical computation skills: A longitudinal study from second to fifth
grades. Journal of Experimental Child Psychology, 79(2), 192-227.

Hedenius, M., Persson, J., Alm, P. A., Ullman, M. T., Howard, J. H., Howard, D. V.,
et al. (2013). Impaired implicit sequence learning in children with developmen-
tal dyslexia. Research in Developmental Disabilities, 34(11), 3924-3935.

Ischebeck, A., Zamarian, L., Egger, K., Schocke, M., & Delazer, M. (2007).
Imaging early practice effects in arithmetic. Neuroimage, 36(3), 993-1003.
https://doi.org/10.1016 /j.neuroimage.2007.03.051.

Iuculano, T., Rosenberg-Lee, M., Richardson, J., Tenison, C., Fuchs, L., Supekar, K.,
et al. (2015). Cognitive tutoring induces widespread neuroplasticity and reme-
diates brain function in children with mathematical learning disabilities. Nature
Communications, 6, 8453. https:/ /doi.org/10.1038 /ncomms9453.

Jost, K., Khader, P.,, Burke, M., Bien, S., & Rosler, F. (2009). Dissociating the solu-
tion processes of small, large, and zero multiplications by means of fMRI.
Neuroimage, 46(1), 308-318. https:/ /doi.org/10.1016/j.neuroimage.2009.01.044.

Kaufmann, L., & von Aster, M. (2012). The diagnosis and management of dyscal-
culia. Deutsches Arzteblatt International, 109(45), 767-778.

Kelly, S. W., Griffiths, S., & Frith, U. (2002). Evidence for implicit sequence learning
in dyslexia. Dyslexia, 8(1), 43-52.

Kita, Y., Yamamoto, H., Oba, K., Terasawa, Y., Moriguchi, Y., Uchiyama, H., et al.
(2013). Altered brain activity for phonological manipulation in dyslexic Japanese
children. Brain, 136(Pt 12), 3696-3708. https://doi.org/10.1093 /brain /awt248.

Kucian, K., von Aster, M., Loenneker, T., Dietrich, T., & Martin, E. (2008).
Development of neural networks for exact and approximate calculation: A
fMRI study. Developmental Neuropsychology, 33(4), 447-473.

Lee, K. M. (2000). Cortical areas differentially involved in multiplication and sub-
traction: A functional magnetic resonance imaging study and correlation with a
case of selective acalculia. Annals of Neurology, 48(4), 657-661.

Lemer, C., Dehaene, S., Spelke, E., & Cohen, L. (2003). Approximate quantities and
exact number words: Dissociable systems. Neuropsychologia, 41(14), 1942-1958.

1. LANGUAGE

Heterogeneity of Function in Numerical Cognition, First Edition, 2018, 27-49


https://doi.org/10.1016/j.neuropsychologia.2008.10.013
https://doi.org/10.1016/j.neuroimage.2007.07.041
https://doi.org/10.1016/j.neuroimage.2007.03.051
https://doi.org/10.1038/ncomms9453
https://doi.org/10.1016/j.neuroimage.2009.01.044
https://doi.org/10.1093/brain/awt248

REFERENCES 47

Lerkkanen, M.-K., Rasku-Puttonen, H., Aunola, K., & Nurmi, J.-E. (2005).
Mathematical performance predicts progress in reading comprehension among
7-year-olds. European Journal of Psychology of Education, 20(121).

Logan, G. D. (1988). Toward an instance theory of automatization. Psychological
Review, 95, 492-527.

Lum, J. A. G, Ullman, M. T.,, & Conti-Ramsden, G. (2013). Procedural learning
is impaired in dyslexia: Evidence from a meta-analysis of serial reaction time
studies. Research in Developmental Disabilities, 34, 3460-3476.

Martin, A., Schurz, M., Kronbichler, M., & Richlan, E (2015). Reading in
the brain of children and adults: A meta-analysis of 40 functional mag-
netic resonance imaging studies. Human Brain Mapping, 36(5), 1963-1981.
https:/ /doi.org/10.1002 /hbm.22749.

Mathieu, R., Gourjon, A., Couderc, A., Thevenot, C., & Prado, ]J. (2016). Running
the number line: Rapid shifts of attention in single-digit arithmetic. Cognition,
146, 229-239. https:/ /doi.org/10.1016 /j.cognition.2015.10.002.

Melby-Lervag, M., Lyster, S. A. H., & Hulme, C. (2012). Phonological skills and
their role in learning to read: A meta-analytic review. Psychological Bulletin,
132(2), 322-352.

Molko, N., Cachia, A., Riviere, D., Mangin, J. E,, Bruandet, M., Le Bihan, D., et al.
(2003). Functional and structural alterations of the intraparietal sulcus in a
developmental dyscalculia of genetic origin. Neuron, 40(4), 847-858.

Nicolson, R. I., & Fawcett, A. J. (1994). Comparison of deficits in cognitive and
motor skills among children with dyslexia. Annals of Dyslexia, 44(1), 147-164.
Nicolson, R. L., & Fawcett, A. ]. (2007). Procedural learning difficulties: Reuniting
the developmental disorders? Trends in Neurosciences, 30(4), 135-141.

https://doi.org/10.1016/j.tins.2007.02.003.

Nicolson, R. I., Fawcett, A. J., & Dean, P. (2001). Developmental dyslexia: The cer-
ebellar deficit hypothesis. Trends in Neurosciences, 24(9), 508-511.

Nieder, A., & Dehaene, S. (2009). Representation of number in the brain. Annual
Review of Neuroscience, 32, 185-208. https://doi.org/10.1146/annurev.
neuro.051508.135550.

Pernet, C. R., Poline, J. B., Demonet, J. F,, & Rousselet, G. A. (2009). Brain clas-
sification reveals the right cerebellum as the best biomarker of dyslexia. BMC
Neuroscience, 10, 67. https:/ /doi.org/10.1186/1471-2202-10-67.

Peters, L., Polspoel, B., Op de Beeck, H., & De Smedt, B. (2016). Brain activ-
ity during arithmetic in symbolic and non-symbolic formats in 9-12
year old children. Neuropsychologia, 86, 19-28. https://doi.org/10.1016/
jneuropsychologia.2016.04.001.

Pica, P., Lemer, C., Izard, V., & Dehaene, S. (2004). Exact and approximate
arithmetic in an Amazonian indigene group. Science, 306(5695), 499-503.
https://doi.org/10.1126 /science.1102085.

Prado, J., Mutreja, R., & Booth, J. R. (2014). Developmental dissociation in the neu-
ral responses to simple multiplication and subtraction problems. Developmental
Science, 17(4), 537-552.

Prado, J., Mutreja, R., Zhang, H., Mehta, R., Desroches, A. S., Minas, J. E., et al.
(2011). Distinct representations of subtraction and multiplication in the neural
systems for numerosity and language. Human Brain Mapping, 32(11), 1932-1947.
https:/ /doi.org/10.1002 /hbm.21159.

I. LANGUAGE

Heterogeneity of Function in Numerical Cognition, First Edition, 2018, 27-49


https://doi.org/10.1002/hbm.22749
https://doi.org/10.1016/j.cognition.2015.10.002
https://doi.org/10.1016/j.tins.2007.02.003
https://doi.org/10.1186/1471-2202-10-67
https://doi.org/10.1126/science.1102085
https://doi.org/10.1002/hbm.21159

48 2. THE INTERPLAY BETWEEN LEARNING ARITHMETIC AND LEARNING TO READ

Qin, S., Cho, S.,, Chen, T. Rosenberg-Lee, M., Geary, D. C., & Menon, V.
(2015). Hippocampal-neocortical functional reorganization underlies chil-
dren’s cognitive development. Nature Neuroscience, 17(9), 1263-1269.
https://doi.org/10.1038 /nn.3788.

Rae, C., Harasty, J. A., Dzendrowskyj, T. E., Talcott, J. B., Simpson, J. M., Blamire,
A. M., et al. (2002). Cerebellar morphology in developmental dyslexia.
Neuropsychologia, 40(8), 1285-1292.

Raichle,M.E.(2015). Thebrain’sdefaultmodenetwork. Annual Reviewof Neuroscience,
38, 433-447. https:/ /doi.org/10.1146 /annurev-neuro-071013-014030.

Richlan, E.,, Kronbichler, M., & Wimmer, H. (2009). Functional abnormalities in the
dyslexic brain: A quantitative meta-analysis of neuroimaging studies. Human
Brain Mapping, 30(10), 3299-3308. https:/ /doi.org/10.1002 /hbm.20752.

Rivera, S. M., Reiss, A. L., Eckert, M. A., & Menon, V. (2005). Developmental
changes in mental arithmetic: Evidence for increased functional specializa-
tion in the left inferior parietal cortex. Cerebral Cortex, 15(11), 1779-1790.
https://doi.org/10.1093 / cercor /bhi055.

Rosenberg-Lee, M., Ashkenazi, S., Chen, T., Young, C. B., Geary, D. C., & Menon, V.
(2015). Brain hyper-connectivity and operation-specific deficits during arithme-
tic problem solving in children with developmental dyscalculia. Developmental
Science, 18(3), 351-372. https:/ /doi.org/10.1111/desc.12216.

Rosenberg-Lee, M., Barth, M., & Menon, V. (2011). What difference does a year of
schooling make? Maturation of brain response and connectivity between 2nd
and 3rd grades during arithmetic problem solving. Neuroimage, 57(3), 796-808.
https:/ /doi.org/10.1016 /j.neuroimage.2011.05.013.

Rosenberg-Lee, M., Chang, T. T., Young, C. B.,, Wu, S., & Menon, V. (2011).
Functional dissociations between four basic arithmetic operations in the human
posterior parietal cortex: A cytoarchitectonic mapping study. Neuropsychologia,
49(9), 2592-2608. https:/ /doi.org/10.1016 /j.neuropsychologia.2011.04.035.

Rotzer, S., Kucian, K., Martin, E., Von Aster, M., Klaver, P., & Loenneker, T. (2008).
Optimized voxel-based morphometry in children with developmental dyscal-
culia. Neuroimage, 39, 417-422.

Rotzer, S., Loenneker, T., Kucian, K., Martin, E., Klaver, P., & von Aster, M.
(2009). Dysfunctional neural network of spatial working memory contrib-
utes to developmental dyscalculia. Neuropsychologia, 47(13), 2859-2865.
https://doi.org/10.1016 /j.neuropsychologia.2009.06.009.

Rykhlevskaia, E., Uddin, L. Q., Kondos, L., & Menon, V. (2009). Neuroanatomical
correlates of developmental dyscalculia: Combined evidence from morphom-
etry and tractography. Frontiers in Human Neuroscience, 3, 51. https:/ /doi.org/
10.3389 /neuro.09.051.2009.

Seghier, M. L. (2013). The angular gyrus: Multiple functions and multiple
subdivisions. The Neuroscientist, 19(1), 43-61. https://doi.org/10.1177/
1073858412440596.

Siegler, R. S., & Shipley, C. (1995). Variation, selection, and cognitive change. In G.
Halford, & T. Simon (Eds.), Developing cognitive competence: New approaches to
process modeling. Hillsdale, NJ: Erlbaum.

Simmons, F. R., & Singleton, C. (2008). Do weak phonological representations
impact on arithmetic development? A review of research into arithmetic and
dyslexia. Dyslexia, 14(2), 77-94.

1. LANGUAGE

Heterogeneity of Function in Numerical Cognition, First Edition, 2018, 27-49


https://doi.org/10.1038/nn.3788
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1002/hbm.20752
https://doi.org/10.1093/cercor/bhi055
https://doi.org/10.1111/desc.12216
https://doi.org/10.1016/j.neuroimage.2011.05.013
https://doi.org/10.1016/j.neuropsychologia.2011.04.035

REFERENCES 49

Stanescu-Cosson, R., Pinel, P.,, van De Moortele, P., Le Bihan, D., Cohen, L., &
Dehaene, S. (2000). Understanding dissociations in dyscalculia: A brain imag-
ing study of the impact of number size on the cerebral networks for exact and
approximate calculation. Brain, 123(Pt 11), 2240-2255.

Thevenot, C., Barrouillet, P, Castel, C., & Uittenhove, K. (2015). Ten-year-old chil-
dren strategies in mental addition: A counting model account. Cognition, 146,
48-57. https:/ /doi.org/10.1016 /j.cognition.2015.09.003.

Uittenhove, K., Thevenot, C., & Barrouillet, P. (2015). Fast automated counting
procedures in addition problem solving: When are they used and why are
they mistaken for retrieval? Cognition, 146, 289-303. https://doi.org/10.1016/
j-cognition.2015.10.008.

Ullman, M. T. (2004). Contributions of memory circuits to language:
The  declarative/procedural model.  Cognition,  92(1-2),  231-270.
https://doi.org/10.1016 /j.cognition.2003.10.008.

Ullman, M. T. (2016). The declarative/procedural model: A neurobiological model
of language learning, knowledge, and use. In G. Hickok, & S. A. Small (Eds.),
Neurobiology of language. Amsterdam, Netherlands: Elsevier.

van Harskamp, N. J., Rudge, P, & Cipolotti, L. (2002). Are multiplication facts
implemented by the left supramarginal and angular gyri? Neuropsychologia,
40(11), 1786-1793.

van Harskamp, N. J., Rudge, P, & Cipolotti, L. (2005). Does the left inferior parietal
lobule contribute to multiplication facts? Cortex, 41(6), 742-752.

Varvara, P, Varuzza, C., Sorrentino, A. C., Vicari, S., & Menghini, D. (2014).
Executive functions in developmental dyslexia. Frontiers in Human Neuroscience,
8, 120. https:/ /doi.org/10.3389/fnhum.2014.00120.

Vellutino, F. R., Fletcher, J. M., Snowling, M. J., & Scanlon, D. M. (2004). Specific
reading disability (dyslexia): What have we learned in the past four decades?
Journal of Child Psychology and Psychiatry, 45(1), 2—40.

Vigneau, M., Beaucousin, V., Herve, P. Y., Duffau, H., Crivello, F,, Houde, O., et al.
(2006). Meta-analyzing left hemisphere language areas: Phonology, seman-
tics, and sentence processing. Neuroimage, 30(4), 1414-1432. https:/ /doi.org/
10.1016/j.neuroimage.2005.11.002.

Wilson, A.]., Andrewes, S. G., Struthers, H., Rowe, V. M., Bogdanovic, R., & Waldie,
K. E. (2015). Dyscalculia and dyslexia in adults: Cognitive bases of comorbidity.
Learning and Individual Differences, 37, 118-132.

Zamarian, L., Ischebeck, A., & Delazer, M. (2009). Neuroscience of learning arith-
metic—evidence from brain imaging studies. Neuroscience and Biobehavioral
Reviews, 33(6), 909-925. https:/ /doi.org/10.1016/j.neubiorev.2009.03.005.

Zhou, X., Chen, C., Zang, Y., Dong, Q., Chen, C., Qiao, S., et al. (2007). Dissociated
brain organization for single-digit addition and multiplication. Neuroimage,
35(2), 871-880. https://doi.org/10.1016 /j.neuroimage.2006.12.017.

I. LANGUAGE

Heterogeneity of Function in Numerical Cognition, First Edition, 2018, 27-49


https://doi.org/10.1016/j.cognition.2015.09.003
https://doi.org/10.3389/fnhum.2014.00120
https://doi.org/10.1016/j.neubiorev.2009.03.005
https://doi.org/10.1016/j.neuroimage.2006.12.017

