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The literature examining the neural correlates of arithmetic has shown that brain
activity is modulated by a number of factors including the difficulty of the problem, the
type of arithmetic operation, the kind of strategy used, and experience. Research has
moved beyond localizing regions related to calculation and has now provided several
insights into how different components of the network are related to the cognitive
demands underpinning arithmetic problem solving. Below, I provide an overview of how
the arithmetic network changes with experience and development, and how different
arithmetic strategies are reflected in the brain. I will also provide a more detailed account
of how domain specific (e.g., basic number processing) and domain general (e.g.,
VSWM) abilities are related to the arithmetic network. This research has informed the
present thesis by providing insights into how the neural networks for arithmetic develop
and how different components of this network might be related to different cognitive

demands.
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Figure 1.1 Brain activity during number processing (a), overall arithmetic (b), and
different arithmetic operations (c). This figure is adapted from Arsalidou and Taylor
(2011)

1.2.1 Developmental Changes in the Arithmetic Network

The cognitive demands of arithmetic problem solving change over development
(e.g., McKenzie et al., 2003; Rasmussen & Bisanz, 2005; Alloway & Passolunghi, 2011),
and this is thought to be related to a fronto-parietal shift in brain activation as children get
older. Several studies have shown increasing engagement of brain regions related to
number processing and decreases in brain regions related to domain general processes
(Kucian, Von Aster, Loenneker, Dietrich, & Martin, 2008; Rivera, Reiss, Eckert, &
Menon, 2005; Rosenberg-Lee, Barth, & Menon, 2011). In a seminal paper, Rivera et al.
(2005) found that brain activity during an arithmetic verification task was positively
correlated with age in the left supramarginal gyrus, anterior IPS, and lateral
occipitotemporal cortex. In contrast, brain activity was negatively correlated with age in
the dorsolateral and ventrolateral prefrontal cortex, as well as the basal ganglia and
hippocampus. These findings indicate that younger children rely on prefrontal brain
regions to a greater degree than older children. Furthermore, they also suggest that the
left inferior parietal cortex becomes increasingly specialized for mental arithmetic over
developmental time. Other research has largely confirmed these findings. Similar age-
related changes have been documented when comparing arithmetic networks in children
and adults (Kucian et al., 2008), and when comparing children who are one year apart
(Rosenberg-Lee et al., 2011). During an arithmetic task, third grade students showed
greater activity when compared to second grade students in the superior parietal lobule,
IPS, angular gyrus, ventral visual areas, and the dorsolateral prefrontal cortex. In contrast,
second grade students only showed greater activity in the right ventromedial prefrontal
cortex when compared to third grade students (Rosenberg-Lee et al., 2011). This
literature converges to suggest a dynamic fronto-parietal shift in the arithmetic network
over development that has been largely attributed to decreasing demands on cognitive
control during arithmetic. Learning arithmetic is therefore similar to how other skills are
acquired: a change from more general-purpose (domain general) to task-specific (domain

specific) processing (Poldrack, 2000). However, developmental changes in strategy use
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likely also contribute to the fronto-parietal shift and to the brain regions used to solve

arithmetic problems.
1.2.2 How Strategies Impact the Calculating Brain

Different cognitive strategies are implemented depending on the type of arithmetic
problem (i.e., addition vs. subtraction) and the difficulty of the problem. Some problems
are solved by retrieving the solution from memory, whereas others are solved by using
more procedural and time intensive strategies such as counting or decomposing the
problem into smaller parts. The problem size effect refers to the phenomenon where
problems with smaller operands are more likely to be retrieved (sums < 10), whereas
problems with larger operands (sums > 10) are more likely to be solved by calculation,
resulting in longer response times for large compared to small problems (Campbell &
Xue, 2001; LeFevre et al., 1996). Verbal strategy reports or manipulations of problem
size have been used to investigate the functional correlates of arithmetic strategies.
Smaller problems, or problems that are solved using retrieval, have been shown to
activate perisylvian language regions in the left hemisphere, particularly the left angular
and supramarginal gyri (Grabner et al., 2009; Kong et al., 2005). In contrast, larger
problems, or problems solved using calculation, tend to activate a large fronto-parietal

network including the IPS (Grabner et al., 2009).

Individual differences in math proficiency also modulate the recruitment of these
regions; individuals who are higher performers on standardized tests of arithmetic
recruited the left angular gyrus more than lower performers during a multiplication task
(Grabner et al., 2007). These findings indicate that individuals who are more proficient in
mathematics may rely on fact-retrieval and automatic verbally-mediated strategies.
Converging evidence from Price, Mazzocco, and Ansari (2013) also highlights how
individual differences in math proficiency can have an impact on the regions that are
recruited during simple arithmetic. They found that individuals with lower high-school
math scores had greater activity in right IPS during an arithmetic task, potentially

indicating the use of more procedural based strategies. In contrast, higher math
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performers recruited brain regions that are more commonly associated with retrieval-

based strategies including the left supramarginal gyrus and anterior cingulate cortex.

Children also exhibit a neural problem size effect when solving arithmetic
problems. In a study with 10-12 year old children, De Smedt and colleagues (2010) found
that large problems activated a fronto-parietal network more than small problems,
suggesting that difficult problems are associated with greater use of the fronto-parietal
network. The authors also found that subtraction problems elicited more activity within
the fronto-parietal network than addition problems, which might be related to subtraction
problems relying more procedural strategies than addition (Campbell & Xue, 2001).
Training studies have also indicated that experience and practice with arithmetic changes
the types of strategies that are utilized, and this is reflected in the underlying neural
networks (for a review see Zamarian, Ischebeck, & Delazer, 2009). These studies have
pointed to a shift in activation from the IPS to the angular and supramarginal gyri
following training of arithmetic problems (Delazer et al., 2003, 2005; Ischebeck et al.,
2006). Therefore, as adults or children become more familiar with arithmetic problems,
they increasingly rely on retrieval strategies, which is related to a shift in brain activity
from the IPS to the angular and supramarginal gyri. Together, these findings provide
evidence that the cognitive operations being performed on arithmetic problems modulate
brain activity within the arithmetic network. Greater fluency with arithmetic is also
reflected in a shift from regions that are commonly associated with effortful calculation
(IPS) to regions that support verbally-mediated retrieval strategies (angular and

supramarginal gyri).

1.2.3  The Role of Domain General and Domain Specific Abilities in
the Arithmetic Network

Even though many studies have made the distinction between domain general
processes in the frontal cortex versus domain specific processes in the parietal cortex,
most of this work has relied on reverse inferences, comparisons across studies, or brain-
behaviour correlation to understand these associations. For example, a common reverse

inference in the literature is that activation in the parietal cortex arithmetic is related to
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numerical magnitude processing. This is assumed because other literature has found that
number processing tasks elicit brain activity within this region (Arsalidou & Taylor,
2011; Dehaene, Piazza, Pinel, & Cohen, 2003). Such assumptions are problematic
because different functions can be attributed to the same brain structures (Poldrack,
2012), and it is likely that a more complex picture exists of how domain general and
domain specific skills relate to arithmetic. With this caveat in mind, I provide an
overview of the literature on how arithmetic brain networks overlap with those for
domain specific and domain general processes. In particular, I focus on basic number
processing skills (such as number comparison) and VSWM due to their strong association

with arithmetic in the behavioural literature.

1.2.3.1  Arithmetic and basic number processing

Several key pieces of evidence from behavioural and neuroimaging literature
point to arithmetic skills being scaffolded on earlier basic numerical competencies, and
indicate that they may have shared neural circuits within the IPS. In an fMRI meta-
analysis that included studies on both number processing and arithmetic tasks,
overlapping activity was observed in the superior and inferior parietal lobules in addition
to a number of other regions (Figure 1.1a) (Arsalidou & Taylor, 2011). Regions that are
activated for both basic number processing (such as number comparison) and calculation
may serve as a neuroanatomical scaffold, where basic number processing skills form the
basis from which arithmetic skills are learned. Though few studies have simultaneously
examined the overlapping activation for basic numerical tasks and arithmetic in the same
sample of participants, some evidence points to common neural substrates. For instance,
Knops and Willmes (2014) examined the neural overlap between symbolic ordering and
addition and subtraction. They found that ordering and arithmetic had shared neural
substrates in a network of regions including the bilateral IPS, however, they found that
brain activity between ordering and arithmetic was most similar in the right IPS. They
further hypothesized that subtraction might rely more on symbolic ordering than addition
due to its greater demand on basic number concepts. Indeed, they found that the spatial
patterns of activation were more similar in the right IPS between ordering and subtraction

than with addition. This provides strong evidence that basic number processing and
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arithmetic share common neural substrates localized within the IPS, and this relationship

may depend on the cognitive demands of the arithmetic problem.

Similar research has explored how magnitude processing skills overlap with
networks involved in arithmetic in adults. Number comparison and multiplication were
found to have shared neural circuits in the bilateral occipital cortices, left precentral
gyrus, and supplementary motor area, but not in the parietal cortex (Dehaene et al., 1996;
Rickard et al., 2000). This lack of overlap in the parietal cortex, particularly in the IPS,
may largely be due to the kinds of strategies that are used to solve multiplication
problems: single digit multiplication problems are predominantly solved by retrieval and
are therefore not highly demanding of strategies that rely on the manipulation of
quantities (for a more detailed discussion of how strategies modulate the arithmetic
network see section 1.2.2 above). Operations such as subtraction, which are more often
calculated and require a greater manipulation of quantities, may show greater overlap
with magnitude processing skills. Therefore, the literature that has concurrently examined
brain networks involved in basic number processing tasks and arithmetic is mixed, and no

studies to date have simultaneously examined these processes in children.

Brain-behaviour correlations have also been used to infer relationships between
basic number processing tasks and arithmetic, and several studies have documented
relationships between parietal brain activity during number comparison tasks and
measures of arithmetic proficiency. For instance, Bugden et al. (2012) found that children
who recruited the left IPS more during a symbolic number comparison task had higher
scores on a standardized test of arithmetic. Similarly, Haist and colleagues (2014)
demonstrated that the neural response to a nonsymbolic comparison task was related to
measures of arithmetic and math achievement in a number of brain regions. This
included, but was not limited to, the right superior, inferior, and intraparietal cortex.
Studies have also indicated that arithmetic proficiency is not only associated with activity
in isolated brain regions, but is also related to the connectivity between those regions.
Emerson and Cantlon (2012) found that brain connectivity in neural networks associated
with symbolic-to-nonsymbolic mapping predicted children’s math performance. These

findings suggest that individual differences in children’s arithmetic proficiency are
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related to basic number processing skills, and that the parietal cortex may be a
particularly critical region for this relationship. They also provide some converging
evidence that the parietal cortex, particularly the IPS, is related to both basic numerical
processes and arithmetic. However, this has largely been inferred by making comparisons
across studies or by using brain-behaviour correlations, hence this literature cannot
directly determine whether arithmetic and number processing have the same neural basis

within the IPS.
1.2.3.2 Arithmetic and visuospatial working memory skills

VSWM recruits a distinctly similar fronto-parietal network to arithmetic which
includes superior frontal brain regions and parietal regions, such as the intraparietal
sulcus (IPS) (see Figure 1.2). Both adults and children recruit a front-parietal network for
VSWM (Scherf, Sweeney, & Luna, 2006), and there are linear increases in the
recruitment of these regions with age (Klingberg, Forssberg, & Westerberg, 2002; Kwon,
Reiss, & Menon, 2002; Scherf et al., 2006). VSWM capacity has been correlated with the
recruitment of the left superior frontal sulcus and the IPS within this network (Klingberg
et al., 2002). Because arithmetic and VSWM rely on a fronto-parietal network of brain
regions, there may be considerable overlap in the neural circuitry that underlies these
abilities. The shared neural substrates for arithmetic and VSWM may provide a
neurobiologically plausible explanation for the close relationship between the two skills,

especially if they are correlated with activity in the same neuronal populations.
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Figure 1.2 Brain regions associated with VSWM. Figure adapted from Constantinidis and
Klingberg (2016).

Some limited research has examined whether VSWM and arithmetic have
common neuronal circuits adults. VSWM and arithmetic have been found to have
overlapping activation in the bilateral IPS, right middle frontal gyrus/superior frontal
sulcus, right superior parietal lobule, and the left supramarginal gyrus (Zago et al., 2008).
Similar patterns have been observed by comparing tasks across participants as well (Zago
& Tzourio-Mazoyer, 2002). Though no research has simultaneously investigated these
processes in children, some studies have examined how brain activity is associated with
behavioural performance on either VSWM or arithmetic tasks. For instance, one study
demonstrated that greater recruitment of the left, but not the right, IPS during VSWM
predicted children’s arithmetic scores 2 years later (Dumontheil & Klingberg, 2012).
Children with dyscalculia have also been found to recruit the right IPS, insula, and
inferior frontal cortex for VSWM less than typically developing children (Rotzer et al.,
2009). Together, these findings suggest a link between the recruitment of VSWM

networks and individual differences in arithmetic proficiency. Other studies have also
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demonstrated that the recruitment of the arithmetic network is related to behavioural
measures of VSWM. Children with higher VSWM scores recruited several frontal and
parietal brain regions more during an arithmetic task (Ashkenazi, Rosenberg-Lee,
Metcalfe, Swigart, & Menon, 2013; Demir, Prado, & Booth, 2014; Metcalfe et al., 2013),
indicating that the neural basis of arithmetic is modulated by children’s VSWM
capacities. However, the relationship between individual differences in VSWM abilities
and brain activity during arithmetic is not observed in children with dyscalculia, even in
the same regions where relationships are observed in typically developing children
(Ashkenazi et al., 2013). This indicates that children with poor math skills seem to recruit
VSWM resources differently than typically developing children (Ashkenazi et al., 2013).
As a whole, the literature examining brain-behaviour correlations in children has
demonstrated a close relationship between VSWM and arithmetic performance within
fronto-parietal brain regions and has consistently demonstrated these relationships within

the IPS.

When surveying the neuroimaging literature on VSWM and arithmetic, the role of
the parietal cortex in arithmetic is unclear. VSWM elicits brain activity in the parietal
cortex, including the IPS (e.g., Klingberg, 2006), and brain-behaviour relationships have
shown associations between these skills within this region. Therefore, the recruitment of
the IPS during calculation could be associated with domain specific processes related to
number representations, but it could also be elicited by the activation of domain general
processes such VSWM. A within-subjects approach is thus necessary to determine
whether arithmetic and VSWM have common underlying neural substrates in adults and
children, and to disentangle the precise cognitive origins of brain activity within IPS
during arithmetic. The present thesis uses such an approach by examining VSWM,
number processing, and arithmetic in the same sample of participants to explicitly test

whether they have a common neural basis.
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1.3 Summary, Outstanding Questions, and Overview

of the Current Thesis

The literature reviewed above reveals an incomplete picture of the neurocognitive
underpinnings of arithmetic and how they change over development. Though the
behavioural literature has provided some consensus on the domain specific and domain
general predictors of arithmetic abilities in children, our understanding of how these
skills are interrelated at the neural level is still poor. Neuroimaging can help disentangle
the relationships between arithmetic, domain general, and domain specific skills, and
further clarify some of the relationships observed in the behavioural literature by
providing evidence for similarities and differences in processing at the neurobiological

level.

Several assumptions have been made about the role of domain specific and
domain general factors in the arithmetic network. First, it is often assumed that that the
IPS is recruited during the solution of arithmetic problems due to its role in manipulating
quantities. However, very few studies have empirically tested this hypothesis in the same
sample of participants. The studies that have examined these relationships have only
examined them in adults and have often used arithmetic tasks that are unlikely to be
demanding on magnitude systems (e.g., multiplication). The overlap between basic
number processing networks and arithmetic is likely to be strongest in childhood, when
children have not yet mastered arithmetic and are using computationally intensive

strategies such as calculation.

A second common assumption relates to the role of domain general processes in
the arithmetic network. Previous literature has demonstrated that brain networks involved
in arithmetic undergo a fronto-parietal shift in brain activity over development (Rivera et
al., 2005). This has been interpreted as evidence for reductions in the frontally-mediated,
domain general processes of arithmetic over time. However, skills such as VSWM rely
on a superior fronto-parietal network that has been found to overlap with arithmetic in the
bilateral IPS and in superior frontal brain regions in adults (Zago & Tzourio-Mazoyer,

2002; Zago et al., 2008). Therefore, domain general processes likely exert an influence
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on arithmetic outside of the frontal cortex. Brain activity in the IPS may not exclusively
be related to basic number processes alone, but could also be related to VSWM. Using a
developmental approach will be imperative to understanding how VSWM are related to
one another, particularly while children are actively acquiring arithmetic skills and are

still using cognitively demanding calculation strategies.

In summary, our understanding of the neural relationships between arithmetic,
and domain specific and domain general skills has predominantly been based on reverse
inferences, comparisons across studies, and brain-behaviour correlations. Moreover, we
have a poor understanding of how these processes are related at the neural level in
children, when some of these relationships might be expected to be the strongest. The
present thesis aims to address these outstanding questions by using a developmental
within-subjects approach to investigate the role of VSWM and basic number processing

skills in the neural basis of arithmetic. The structure of this thesis is described below.

In Chapter 2, I present a study that examines the common neural substrates of
VSWM and arithmetic in children and adults. The objectives were to: (1) examine how
VSWM and arithmetic brain networks overlap in the same sample of children and adults;
and (2) determine whether there are age-related changes in the neural association between
VSWM and arithmetic. For this chapter (and the following chapters) I selected a sample
of 7-10 year old children (Canadian Grades 2-4) who are in the process of becoming
fluent in arithmetic, but have not yet fully mastered it. This study, therefore, captures an

important developmental period in which VSWM and arithmetic may be closely related.

Chapter 3 of this thesis describes a second study that investigates how basic
number processing and arithmetic brain networks overlap. The objectives for this study
were to: (1) determine whether the parietal cortex is recruited for both symbol-quantity
associations and arithmetic within the same sample of children and adults; (2) examine
whether the neural association between basic number processing and arithmetic is
modulated by the cognitive demands of the arithmetic problem (i.e., problems that are
predominantly calculated versus retrieved); and (3) whether adults and children show

similar patterns of activation for arithmetic and number processing when the cognitive



20

demands of the arithmetic task are comparable. This study directly tests whether the IPS
is involved in the processing of both symbol-quantity associations and arithmetic, and
how this relationship changes depending on how demanding the arithmetic problems are

of procedural problem solving strategies.

Finally, in Chapter 4 of this thesis, I describe a study that explores how individual
differences in domain general and domain specific competencies are related to brain
activity in the IPS. Previous studies examining brain-behaviour associations have been
somewhat fragmented and have only investigated one domain general or domain specific
measure at a time. These studies have revealed that the bilateral IPS is related to VSWM,
basic number processing, and arithmetic. To expand on this literature, this study
simultaneously examined multiple domain general (verbal & non-verbal skills, and
VSWM) and domain specific measures (nonsymbolic & symbolic comparison, and
symbolic ordering) to determine how they are related to the recruitment of the IPS during
arithmetic in children. The goals of this chapter were to: (1) examine which domain
specific and domain general measures are related to the recruitment of the IPS during
arithmetic problem solving; and (2) determine whether the nature of these relationships
differ depending on which index is used to assess brain activity (e.g., the neural problem

size effect).

Together, this thesis uncovers how domain general and domain specific abilities
contribute to the neural basis of arithmetic in adults and in children. It specifically tests
several long-held assumptions within the literature by using a developmental within-

subjects approach to probe the nature of the relationships between these competencies.



