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Shared Neural Circuits for Visuospatial Working
Memory and Arithmetic in Children and Adults

Anna A. Matejko1,2 and Daniel Ansari2

Abstract

■ Visuospatial working memory (VSWM) plays an important
role in arithmetic problem solving, and the relationship between
these two skills is thought to change over development. Even
though neuroimaging studies have demonstrated that VSWM
and arithmetic both recruit frontoparietal networks, inferences
about common neural substrates have largely been made by
comparisons across studies. Little work has examined how brain
activation for VSWM and arithmetic converge within the same
participants and whether there are age-related changes in the
overlap of these neural networks. In this study, we examined
howbrain activity for VSWMand arithmetic overlap in 38 children

and 26 adults. Although both children and adults recruited the
intraparietal sulcus (IPS) for VSWM and arithmetic, children
showedmore focal activation within the right IPS, whereas adults
recruited the bilateral IPS, superior frontal sulcus/middle frontal
gyrus, and right insula. A comparison of the two groups revealed
that adults recruited a more left-lateralized network of fronto-
parietal regions for VSWMand arithmetic comparedwith children.
Together, these findings suggest possible neurocognitive mecha-
nisms underlying the strong relationship between VSWM and
arithmetic and provide evidence that the association between
VSWM and arithmetic networks changes with age. ■

INTRODUCTION

Arithmetic is a complex skill that requires not only basic
number knowledge but also the ability to remember and
manipulate information. Working memory (the ability to
hold and manipulate task-relevant information for brief
periods of time) has been shown to be an important predic-
tor of mathematical skills in both children and adults (for a
review, see Menon, 2016; Raghubar, Barnes, & Hecht,
2010). Though working memory is found to correlate with
a range of mathematical skills, there has been particular
focus on how it relates to arithmetic (Peng, Namkung,
Barnes, & Sun, 2016). Individual differences in working
memory capacity are correlated with arithmetic proficiency
(Dumontheil & Klingberg, 2012; Alloway & Passolunghi,
2011), and longitudinal studies have shown that working
memory abilities predict later success in mathematics
(Bull, Espy, & Wiebe, 2008). Working memory is thought
to contribute to arithmetic by storing and processing inter-
mediate steps involved in finding a solution to a problem
(Peng et al., 2016). More difficult arithmetic problems that
have multiple intermediary steps are thought to be more
demanding of working memory resources (DeStefano &
LeFevre, 2004). These problems also tend to be solved
using calculation-based strategies as opposed to retrieval-
based strategies (where the solution is recalled from
memory). It has been argued that demands on working
memory may be greater when children are learning new

mathematical skills or when children are doing more
complex mathematical problems (Raghubar et al., 2010).
Therefore, working memory may be an essential compo-
nent of learning arithmetic and mathematical concepts at
all stages of development.

Working memory is thought to be composed of multiple
systems (for a review, seeBaddeley, 2003), andmany studies
make distinctions between working memory for verbal or
visuospatial information. Both visuospatial workingmemory
(VSWM) and verbal working memory have been shown to
predict mathematical abilities (Peng et al., 2016). However,
their relative contributions may depend on the task and the
age of the participants. Several studies, for instance, have
demonstrated developmental changes in how arithmetic
relates to these domains of working memory (Alloway &
Passolunghi, 2011; Rasmussen & Bisanz, 2005). Younger
children have been found to predominantly rely on
VSWM to solve arithmetic problems (McKenzie, Bull, &
Gray, 2003; Rasmussen & Bisanz, 2005), whereas older chil-
dren and adults use both verbal working memory and
VSWM (Clearman, Klinger, & Szűcs, 2017; McKenzie et al.,
2003). These age-related changes may be related to the
kinds of strategies children are using to solve the problems
and how familiar they are with the procedures and con-
cepts. The importance of VSWM in the development of
arithmetic has also been highlighted in literature examining
children with math learning disabilities (developmental
dyscalculia). Children with developmental dyscalculia
have marked impairments in VSWM and visuospatial
short-term memory (Mammarella, Caviola, Giofrè, & Szűcs,
2018; Szucs, Devine, Soltesz, Nobes, & Gabriel, 2013), which
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may be even more significant than their impairments in
magnitude processing skills (Szucs et al., 2013). The afore-
mentioned behavioral literature has suggested a strong
relationship between VSWM and arithmetic. It is possible
that the established behavioral relationship between
VSWM and arithmetic could be a product of overlapping
neural networks underlying these abilities. Neuroimaging
can therefore provide additional evidence to elucidate the
neural mechanisms underlying the relationship between
VSWM and arithmetic. Little work, however, has detailed
the neurocognitive processes by which VSWM and arith-
metic interact in adults and children and whether there
are age-related changes in the underlying neural networks.

Numerous investigations have examined the neural basis
of calculation and have revealed a bilateral frontoparietal
network of brain regions that are commonly activated
during arithmetic tasks (for a meta-analysis, see Arsalidou
& Taylor, 2011). Activation in the frontal cortex, particularly
in the bilateral middle and inferior frontal gyri (IFG), as
well as in the left superior frontal gyrus (SFG), is thought
to reflect more domain-general factors such as working
memory (Metcalfe, Ashkenazi, Rosenberg-Lee, & Menon,
2013; Arsalidou & Taylor, 2011; Ischebeck et al., 2006;
Delazer et al., 2005). Task difficulty has been shown to
increase the engagement of the inferior frontal cortex,
whereas calculation-specific skills engage the inferior parie-
tal cortex, particularly in the intraparietal sulcus (IPS) and
the angular and supramarginal gyri (Kong et al., 2005;
Menon, Mackenzie, Rivera, & Reiss, 2002; Gruber, Indefrey,
Steinmetz, & Kleinschmidt, 2001; Menon, Rivera, White,
Glover, & Reiss, 2000). Like arithmetic, VSWM has also been
shown to recruit a remarkably similar frontoparietal network
that includes superior frontal regions as well as the IPS
(Klingberg, 2006). This network shows increases in activa-
tion with age, and activity within the left superior frontal
sulcus (SFS) and IPS has been shown to correlate with
VSWM capacity (Klingberg, Forssberg, & Westerberg,
2002). Because both arithmetic and VSWM rely on a fron-
toparietal network of brain regions, theremay be consider-
able overlap in the neural circuitry that underlies these
abilities. Yet, VSWM and arithmetic are rarely studied in
the same sample of participants; therefore, any inferences
about the common neural substrates are largely inferred by
comparing across studies. Determining how these net-
works interact is important for understanding arithmetic
development; the development of arithmetic skills are
likely a product of interactions within and between large-
scale networks subserving multiple cognitive processes
(Fias, Menon, & Szucs, 2013; Bressler & Menon, 2010).

Though many studies have separately investigated the
brain networks involved in these abilities, little research
has simultaneously examined the VSWM and arithmetic net-
works in the same sample of participants. To our knowl-
edge, only one study to date has directly investigated the
distinct and overlapping networks for VSWMand arithmetic.
Zago et al. (2008) demonstrated that VSWM and arith-
metic were characterized by overlapping activation in the

bilateral IPS, right middle frontal gyrus (MFG)/SFS, left su-
pramarginal gyrus, and right superior parietal lobule in a
sample of adults. Because working memory may be partic-
ularly important when children are learning arithmetic skills
for the first time (and are using time-intensive calculation
strategies), using a developmental approach to understand
how VSWM and arithmetic neural networks relate to one
another could provide additional insights into their
relationship. However, to date only indirect evidence has
been provided to suggest a relationship between VSWM
and arithmetic at the neural level in children; Dumontheil
and Klingberg (2012) demonstrated that activation in the
left, but not right, IPS for a VSWM task significantly pre-
dicted individual differences in future arithmetic perfor-
mance. Individual differences in activation within frontal
and parietal regions during an arithmetic task have also been
found to correlate with behavioral measures of VSWM in
typically developing children (Demir, Prado, & Booth,
2014; Ashkenazi, Rosenberg-Lee, Metcalfe, Swigart, &
Menon, 2013; Metcalfe et al., 2013). These findings suggest
that individual differences in children’s VSWM capacities
can modulate the neural basis of arithmetic. Children with
math learning disabilities also seem to recruit VSWM
resources differently than typically developing children. In
the same regions that typically developing children show
correlations between VSWM capacity and brain activity
during arithmetic problem solving, children with math
learning disabilities fail to show such a relationship
(Ashkenazi et al., 2013). Children with dyscalculia also do
not engage the right IPS to the same degree as typically
developing children during a nonnumerical VSWM task
(Rotzer et al., 2009). These findings suggest there is a strong
relationship between VSWM and arithmetic and that chil-
dren with math learning disabilities do not appropriately
use VSWM resources. However, such data do not imply that
VSWM and arithmetic share an underlying neuronal basis.
To ascertain this, one needs to study the neural correlates
of VSWM and arithmetic concurrently.
This study aims to expand on the above-mentioned liter-

ature by examining whether there are common underlying
neural substrates for VSWM and arithmetic in children and
adults. Our sample of school-aged children (Grades 2–4)
was specifically selected to capture a developmental period
where children are learning and becomingmore fluent with
arithmetic facts (Ashcraft, 1982). We identified VSWM and
arithmetic networks in the same sample of participants to
identify how they overlap. Given the large body of literature
that has independently identified frontoparietal networks
for VSWM and arithmetic (e.g., Arsalidou & Taylor, 2011;
Klingberg, 2006), we predicted overlap in superior frontal
regions and the IPS. Because research has demonstrated
that the association between VSWMand arithmetic changes
with age, we also examined whether there are age-related
changes in the regions subserving arithmetic and VSWM.
Given the research that has shown a developmental shift
in the role of VSWM to verbal workingmemory in arithmetic
problem solving (Rasmussen & Bisanz, 2005; McKenzie
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et al., 2003), it is possible that the networks involved in
VSWM and arithmetic may become less associated over
time or their anatomical localization could shift. Literature
examining the developmental changes in the localization of
numerical processing and arithmetic has suggested that
there is a shift toward more left-lateralized activation within
the parietal cortex (Vogel, Goffin, & Ansari, 2015; Emerson
& Cantlon, 2014; Rivera, Reiss, Eckert, & Menon, 2005). On
the other hand, the bilateral dorsolateral prefrontal, supe-
rior fontal, and parietal cortex show age-related increases
for VSWM (Klingberg, 2006; Klingberg et al., 2002; Kwon,
Reiss, & Menon, 2002). Therefore, there may be a shift
from right or bilateral activation for VSWM and arithmetic
in children to greater left-lateralized activation in adults
because of the left lateralization of arithmetic and number
processing. Characterizing how these networks overlap
and change with age will further elucidate the neurocog-
nitive mechanisms by which VSWM and arithmetic inter-
act with one another.

METHODS

Participants

Twenty-six adults and 59 typically developing children were
recruited to participate in this fMRI experiment. Two of the
children did not complete the MRI session, and eight chil-
dren were removed from analyses because of head motion
that exceeded 1.5 mm between volumes or more than
3 mm over the entire scan. Ten additional children were
removed because of poor accuracy on the fMRI tasks (less
than 50% total accuracy on either of the fMRI tasks), and
one was removed because of a neural abnormality. No
adults were excluded from the analysis. The final sample
of participants included 26 adults (12 women, all right-
handed) and 38 children (17 girls, 2 left-handed). Adults
were undergraduate and graduate students between ages
19.5 and 26.3 years (M = 22.2 years), and children were
between ages 7.7 and 10.4 years (M= 9.2 years). All partic-
ipants were fluent English speakers and had normal or
corrected-to-normal vision. The Health Sciences Research
Ethics Board at the University of Western Ontario approved
all methods and procedures in this study, and participants
were reimbursed for their participation. All participants
(or children’s caregivers) gave informed consent. The par-
ticipants included in this study partly overlap with those
reported in Matejko and Ansari (2017, 2019) and Matejko,
Hutchison, and Ansari (2019); however, these publications
had different aims or tasks from this study.

Procedure

For this study, participants completed two testing ses-
sions. In the first session, a battery of behavioral measures
were collected, and children also completed a mock scan-
ning session to familiarize themwith theMRI environment
(i.e., practice staying still while doing a short arithmetic

task in the mock scanner). Between 1 and 9 weeks after
the first session (M = 15.3 days), participants returned
for the second session to complete the MRI. During the
MRI, participants completed arithmetic and VSWM tasks.
Children also completed an additional two to three tasks
in the scanner, and adults completed an additional four
tasks that are not discussed further here. To control for
possible task order effects, the task presentation order
was counterbalanced using a Latin square design.

Experimental Tasks and Design

Arithmetic Task

To isolate brain networks involved in arithmetic, partici-
pants completed two runs of a single-digit arithmetic ver-
ification task. Participants were presented with an addition
problem with two addends and a solution and were asked
to determine if the solution was correct or incorrect. The
arithmetic task had three conditions: (1) large problems,
(2) small problems, and (3) plus 1 problems. For the pur-
poses of this study, only the small and large problem con-
ditions were used (analyses discussed below), and the plus
1 condition is not discussed further. Large problems had a
solution that was greater than 10, whereas small problems
had a solution that was less than or equal to 10 (Figure 1A).
Tie problems (e.g., 2 + 2) and problems containing a zero
(e.g., 3 + 0) were not included in the arithmetic task. In
half of the trials, the solution presented was correct, and
in the other half of trials, the solution was incorrect. In tri-
als where the solutionwas incorrect, the solution presented
was +1 or +2 above the correct solution. Each run had 36
unique problems (12 problems per condition), resulting in
72 trials across both runs. The larger number was presented
on the left side in half of the trials (4+ 2) and on the right in
the other half of the trials (2 + 4); if the larger number was
presented on the right in Run 1, it was presented on the left
in the second run (e.g., Run 1 [2 + 4], Run 2 [4 + 2]). All
adults and most children had above chance performance
and good motion on the two arithmetic runs (30/38 chil-
dren had two usable arithmetic runs). If a child did not pass
our selection criteria for either motion or accuracy on one
of the runs, it was excluded from the analysis, and the other
run was included.

Visuospatial Working Memory Task

To isolate networks involved in VSWM, we adapted a dot
matrix task fromKlingberg et al. (2002).1 This task was spe-
cifically selected because it does not include any symbolic
numbers (for an example of a VSWM task that uses sym-
bolic numbers, see Dumontheil & Klingberg, 2012).
Therefore, any overlap in the arithmetic and VSWM net-
works cannot be attributed to the processing of symbolic
numbers. The VSWM task consisted of a VSWM condition
and a control condition. In the VSWM condition, the par-
ticipant was instructed to remember which squares the
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red dots passed through in a 4 × 4 grid (Figure 1B). Once
the target stimulus was presented (an empty red circle),
the participant was asked to identify if this was where
one of the previous dots had appeared. On half the trials,
the dot was in a correct location that corresponded to one
of the dots in the prior sequence, and on the other half of
the trials, the dot was in an incorrect location. If the target
was presented in an incorrect location, it was presented in
a square adjacent to a potentially correct solution. Either
two or four dots were presented, with six trials for each
load. For all analyses, we collapsed across both loads result-
ing in 12 trials for theworkingmemory condition. The con-
trol condition was identical to the VSWM condition, except
that the dots were blue, and participants were instructed to
watch the dots and did not need to remember their loca-
tions. When the target stimulus appeared (an empty blue
circle), the participants always responded with their index
finger regardless of where the circle was located.
Consequently, the VSWM condition and the control condi-
tion were identical in the stimulus presentation, except
that participants were instructed to remember the spatial
locations in the VSWM condition and to watch the dots
and wait for the target in the control condition. The con-
trol condition also had two or four dots, which we col-
lapsed across in the analyses, resulting in 12 trials in
total for the control condition (six trials for each load).

Task Design

Both arithmetic and VSWM tasks were presented using a
block design with an initial fixation of 6500 msec and an
end fixation of 12,000 msec (Figure 1C). Each block con-
sisted of six trials, and the duration of each trial and the
number of blocks per run depended on the task. For both

tasks, the intertrial interval was 1500 msec on average (du-
ration: 1000, 1500, and 2000 msec), and the interblock in-
terval was 9 sec on average. Each trial within a block was
randomly presented, and the condition order (i.e., block
order) was also random.
For the arithmetic task, each problemwas presented for

4500 msec, and responses were also recorded during the
subsequent intertrial interval. For the working memory
task, the duration of the trial depended on the load.
Each dot was presented for 500 msec, followed by a blank
grid of 500 msec. After all dots had been presented, a wait
screen appeared for 1500 msec, followed by the target
screen, which appeared for 1500 msec. The trial duration
for a two-dot trial was therefore 5000 msec, whereas a
four-dot trial was 7000 msec.

MRI Data Acquisition

MRI data were collected using a 3T Siemens Prisma Fit
whole-body scanner, with a 32-channel receive-only head-
coil (Siemens). fMRI data were acquired during the arith-
metic and VSWM tasks using a T2* weighted single-shot
gradient echo-planar sequence using the following param-
eters: repetition time = 2000 msec, echo time = 30 msec,
field of view = 210 × 210 mm, matrix size =70 × 70, flip
angle = 78°. Thirty-five slices were obtained in an inter-
leaved ascending order, with an in-plane resolution of
3 × 3 mm, 3 mm slice thickness, and 0.75 mm gap. There
were two runs of the arithmetic task with 144 volumes and
one run of the VSWM task with 117 volumes. A whole-brain
high-resolution T1-weighted anatomical scan was collected
using an MPRAGE sequence with 192 slices, a resolution of
1 × 1 × 1 mm voxels, and an in-plane resolution of 256 ×
256 pixels (repetition time = 2300 msec, echo time =

Figure 1. Tasks performed
during the scanning session.
(A) Examples of the large and
small problem conditions in
the arithmetic verification
task. Participants were asked
to identify if the solution
was correct or incorrect.
(B) Examples of the VSWM
condition and the control
condition. Participants were
instructed to remember the
spatial locations in the VSWM
condition and identify if the
target was in the same spatial
location as one of the previous
dots. The control condition
was identical, except that the
participants did not need to
remember the spatial locations
of the dots and responded to
the target stimulus in the same
way regardless of where it was
located. (C) Schematic of the
timing in the block design for
both tasks.
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2.98msec, inversion time= 900msec, flip angle = 9°). The
MPRAGE scan duration was 5 min 21 sec. Foam padding
was used around the head to reducemotion. The total scan
duration for all functional and anatomical data was approx-
imately 40 min for children and 1.5 hr for adults. In each
scanning session, additional number processing tasks were
obtained that are not discussed here; however, task order
was counterbalanced across participants to control for pos-
sible task order effects. These tasks are discussed in other
articles (Matejko & Ansari, 2019; Matejko et al., 2019), and
only the VSWM task and arithmetic tasks are analyzed in
this study.

Analyses

Brain Voyager QX 2.8.4 (Brain Innovation) was used to pre-
process and analyze the fMRI data. Functional data were cor-
rected for differences in slice-time acquisition, headmotion,
linear trends, and low-frequency noise. Functional images
were coregistered to each participant’s T1 weighted ana-
tomical image and normalized to Talairach Space
(Talairach & Tournoux, 1988) and then spatially smoothed
with a 6-mm FWHM Gaussian smoothing kernel. Though
using an adult template to spatially normalize pediatric pop-
ulations can lead to systematic differences in anatomy and
anatomical variability in children, such methods do not re-
sult in spurious findings when comparing fMRI data across
groups (Burgund et al., 2002). A 2-gamma hemodynamic re-
sponse function was used to model the expected BOLD sig-
nal for each trial in each condition (arithmetic task: large
problems and small problem conditions, which are dis-
cussed in this study, as well as plus 1 problems, which are
not discussed in this study; VSWM task: VSWM condition,
control condition). A random-effects general linear model
was then performed on the data. Whole-brain analyses were
first thresholded at a voxelwise p value of .005, uncorrected,
and then corrected for multiple comparisons using the
MonteCarlo simulation procedure to determine aminimum
cluster threshold (Goebel, Esposito, & Formisano, 2006),
resulting in an overall α < .05. This method of cluster
thresholding estimates and accounts for spatial smooth-
ness and spatial correlations within the data (see Forman
et al., 1995, for more details).
First, we separately investigated arithmetic and VSWM

networks in adults and children. We isolated regions associ-
ated with calculation using the neural problem size effect
(Large problems > Small problems). This comparison has
been used by numerous studies to identify regions in-
volved in calculation (e.g., De Smedt, Holloway, & Ansari,
2010; Grabner et al., 2007; Stanescu-Cosson et al., 2000).
Investigating the problem size effect is particularly impor-
tant in relation to VSWM because large problems are more
likely to rely on VSWM resources (DeStefano & LeFevre,
2004). To identify regions recruited for VSWM,we compared
the VSWM condition to its control condition (VSWM >
Control), which is a contrast that has commonly been used
in previous research (e.g., Dumontheil & Klingberg, 2012;

Klingberg et al., 2002). To investigate regions that are
common to both tasks, we conducted a conjunction of
random effects analysis between the arithmetic and VSWM
tasks [(Large problems > Small problems) ∩ (VSWM >
Control)] (Note that Brain Voyager software uses methods
recommended by Nichols, Brett, Andersson, Wager, &
Poline, 2005, for conjunction analyses). To determine how
the overlapping networks for arithmetic and VSWM differ
between adults and children, a fixed effects general linear
model was conducted for each participant, and individual
conjunctionmaps were calculated. These individual conjunc-
tion maps were then combined into two group-average
maps, one for adults and one for children. A random-
effects t-test comparison determined differences in the
conjunction between the two groups.

RESULTS

Behavioral Performance

Two separate mixed-design ANOVAs were conducted on
RT and accuracy data, with Task (arithmetic, VSWM) and
Condition (large/small problems, VSWM/VSWM control)
as within-subject factors and Group (children, adults) as
a between-subject factor (see Figure 2 for RT and accuracy
data).

The 2 × 2 × 2 mixed ANOVA with RT as the dependent
variable revealed a main effect of Group, where adults were
significantly faster than children, F(1, 62) = 125.0, p <
.001, and a main effect of Task, indicating that participants
were significantly faster on the VSWM task F(1, 62) =
443.8, p < .001. This analysis also revealed a main effect
of Condition, where participants were slower on the large
arithmetic problems and VSWM problems compared with
the small arithmetic problems and VSWM control prob-
lems, F(1, 62) = 155.4, p< .001. We found an interaction
of Task × Group, F(1, 62) = 84.2 < .001, suggesting that
while both adults and children had longer RTs on
arithmetic problems compared with VSWM problems,
children had greater differences in RT between the arith-
metic and VSWM tasks than adults, t(60.8) = 10.1, p <
.001. We also observed an interaction of Condition ×
Group, F(1, 62) = 6.43, p = .014, where the differences
between conditions (large problems vs. small problems,
and VSWM vs. VSWM control) were greater in children
than in adults, t(62) = 2.5, p = .014. Finally, the mixed
ANOVA also revealed a Task × Condition × Group inter-
action, F(1, 62) = 4.13, p = .046. Post hoc analyses re-
vealed that the magnitude of the difference between the
VSWM and control conditions was greater for children
than for adults, t(62) = 5.3, p < .001, but the difference
between the large and small arithmetic problems was
equivalent across groups, t(62) = 0.12, p = .896.

The 2× 2× 2mixed ANOVAwith accuracy as the depen-
dent variable revealed a similar pattern of findings. There
was a main effect of Group, with adults performing better
on the tasks than children, F(1, 62) = 8090.1, p < .001; a
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main effect of Task that showed participants were more ac-
curate on the VSWM task than the arithmetic task, F(1,
62) = 26.2, p < .001; and a main effect of Condition,
where participants were less accurate on the large arith-
metic problems and VSWM problems, F(1, 62) = 18.1,
p < .001. We also found an interaction of Task ×
Group, F(1, 62) =15.2, p< .001, where children performed

better on the VSWM task than the arithmetic task, t(37) =
6.0, p< .001; however, adults showed no significant differ-
ences in performance between the two tasks, t(25) = 1.2,
p = .24. We also observed an interaction of Group ×
Condition, F(1, 62) = 11.7, p < .001, with post hoc tests
revealing that children showed significant differences in
the conditions for both tasks, t(37) = −5.1, p < .001;

Figure 2. (A) RT and (B)
accuracy on the arithmetic and
VSWM tasks between adults and
children.

Figure 3. Statistical maps
illustrating networks for
arithmetic and VSWM in
(A) adults and (B) children.
The arithmetic network
(Large > Small problems) is
displayed in cold colors, and
the VSWM network (VSWM >
Control) is shown in hot colors.
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Table 1. Anatomical Regions, Talairach Coordinates (Center of Gravity Reported), Mean t Scores, and Number of Voxels for Each
Cluster in Comparisons of Interest

Anatomical Region TAL Coordinates (x, y, z) Mean t Score Number of Voxels

Adults: Large Problems > Small Problems

R IPS/postcentral sulcus 36.83 −37.52 38.14 3.69 1419

R insula 28.54 21.59 6.52 4.11 2081

R MFG 23.81 −2.82 42.02 3.40 1430

Bilateral SFG −4.58 14.04 44.12 3.82 3630

Cerebellum 1.18 −68.29 −24.51 3.49 1432

L lingual gyrus −8.54 −80.11 0.50 3.44 1449

L IPS −31.06 −48.11 37.16 3.87 7844

L lingual gyrus/cerebellum −31.28 −58.94 −26.42 3.78 2219

L MFG/IFG −30.19 −3.19 42.65 3.65 4413

L IFG −40.45 34.49 20.77 3.56 2781

Adults: VSWM > Control

Bilateral IPS/SPL/IPL/inferior,
superior, middle occipital gyri

0.06 −60.76 21.97 4.21 109562

R IFG 38.99 1.22 25.76 3.31 1485

R MFG/precentral gyrus 26.52 −7.78 54.14 3.92 6536

R insula 29.48 18.08 7.39 3.95 2074

L MFG/precentral gyrus/SFG −29.57 −6.48 46.74 3.95 11469

Adults: Conjunction [(Large problems > Small problems) ∩ (VSWM > Control)]

R IPS/superior parietal lobule 36.91 −37.32 38.31 3.62 1292

R insula 30.00 19.64 6.28 3.77 1115

L IPS −30.47 −45.83 37.93 3.54 4592

L SFS/MFG −26.98 −6.10 50.42 3.53 1307

Children: Large Problems > Small Problems

R IPS 32.36 −47.17 41.38 3.20 3104

R insula 27.67 19.84 8.58 3.36 1232

Bilateral SFG −1.91 19.93 44.11 3.27 1885

L IPS −39.43 −47.05 41.85 3.28 4252

Children: VSWM > Control

R IPS/SPL/IPL/superior, middle,
inferior occipital gyri

27.85 −60.82 30.94 3.83 35343

R precentral gyrus/IFG 45.73 4.22 30.09 3.42 2920

R SFS/MFG 26.05 −5.50 54.04 3.58 3964

Bilateral lingual gyrus 4.40 −67.06 −17.72 3.21 1880

R thalamus 12.73 −18.06 11.00 3.47 1797
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however, adults performed equally well in both condi-
tions, t(25) = −0.835, p =.44. We did not find a Task ×
Condition × Group interaction.

Brain Imaging

Adults

To isolate regions involved in calculation, we contrasted
large problems with small problems (Large problems >
Small problems). This revealed a largely frontoparietal
network that included regions such as the bilateral IPS,
SFG, MFG, left IFG, and right insula (see regions in cold
colors in Figure 3A and Table 1). Similarly, a frontoparietal
network was also identified when comparing the VSWM
task to its control (VSWM > Control; see regions in hot
colors in Figure 3A and Table 1). This included regions
such as the bilateral IPS, superior and inferior parietal
lobules (SPL/IPL), MFG, precentral gyri, right insula, and
left SFG. We superimposed these networks in Figure 3A,
which illustrates considerable overlap including the bilat-
eral IPS, left MFG, and postcentral gyrus, and left insula.

To statistically examine whether VSWM and arithmetic
activate the same brain regions, we conducted a conjunc-
tion analysis with the two contrasts used to identify the
VSWM and arithmetic networks [(Large problems >
Small problems)∩ (VSWM>Control)]. Adult participants
showed activation for both arithmetic and VSWM in the
bilateral IPS, right SPL, right insula, left MFG, and SFS
(see Figure 4A and Table 1).

Children

The arithmetic network (identified by the Large problems>
Small problems contrast) also consisted of frontoparietal
regions in children. This included the bilateral IPS, SFG,
and right insula (see cold colors in Figure 3B and Table 1
for a full list of regions). The VSWM task (VSWM >
Control) elicited activation in a similar set of regions. This
networkwas composedof regions that included the bilateral
IPS, SPL, IPL, MFG, precentral sulci, SFS, right IFG, and re-
gions within the occipital cortex (see hot colors in Figure 3B
and Table 1 for a full list of regions).

Table 1. (continued )

Anatomical Region TAL Coordinates (x, y, z) Mean t Score Number of Voxels

L MFG/precentral gyrus/SFG/SFS −18.27 −4.71 48.15 3.74 5405

L IPS/SPL/IPL −22.00 −58.12 43.60 3.75 15454

L thalamus −18.38 −27.22 9.42 3.62 1217

L middle occipital gyrus −32.34 −77.54 3.91 3.18 2039

L precentral sulcus/precentral gyrus −44.96 −3.15 33.42 3.42 2165

L inferior occipital gyrus −43.92 −62.15 −3.67 3.30 2152

Children: Conjunction [(Large problems > Small problems) ∩ (VSWM > Control)]

R IPS 31.5 −47.47 41.09 3.20 2722

Age-related changes in the conjunction of arithmetic and VSWM: Adults–Children

R anterior middle temporal
gyrus/supramarginal gyrus

62.54 −31.99 13.31 −3.20 673

R posterior middle temporal
gyrus/supramarginal gyrus

49.35 −54.45 18.04 −3.10 602

R inferior occipital gyrus 35.69 −75.86 −5.78 3.27 1666

Cerebellum 0.22 −65.21 −30.23 3.24 914

L anterior IPS −23.55 −46.30 35.18 3.16 580

L posterior IPS/IPL −24.83 −69.36 24.01 3.48 1846

L inferior occipital gyrus −36.70 −76.36 −9.44 3.10 1255

L SFS/MFG −26.71 −8.02 47.61 3.28 584

Cluster size is reported in 1 × 1 ×1 mm voxel size resolution. L = left; R = right.
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Similar to the adults, children had considerable overlap
in their arithmetic and VSWMnetworks. We also conducted
a conjunction analysis to statistically examine whether the
VSWM and arithmetic tasks activated the same neuroana-
tomical regions [(Large problems > Small problems) ∩
(VSWM > Control)]. Only the right IPS was found to be
active for both VSWM and arithmetic tasks in children
(see Figure 4B and Table 1).

Age-related Changes

Both arithmetic and VSWM tasks were found to rely on
frontoparietal networks in adults and children. However,
the conjunction analyses (conducted separately in each
group) suggested that there might be relative differences
in the regions that children and adults recruit. In adults,
for instance, a number of regions were coactivated for

VSWM and arithmetic, whereas children only showed
coactivation in the right IPS. To further investigate these
age-related changes, we tested whether there were group
differences in the conjunction between the arithmetic and
VSWM tasks. The group comparison of the conjunctions
revealed that adults recruited the left IPS, IPL, MFG, SFS,
and bilateral middle occipital gyri for arithmetic and VSWM
to a greater degree than children. In contrast, children re-
cruited the right middle temporal and supramarginal gyri
more than adults (see Figure 5 and Table 1 for a list of re-
gions and beta values). An examination of the beta values
from this region (Figure 5B) revealed that the age-related
changes were driven by relatively less deactivation in this
region for children. These findings indicate that, though
both adults and children recruit similar networks for
arithmetic and VSWM, there are age-related changes in
the engagement of these regions.

Figure 4. Statistical maps
illustrating the conjunction
between arithmetic and VSWM
in (A) adults and (B) children.
Also shown are beta values
corresponding to each
statistically significant cluster of
activation where clusters
extracted from adults are shown
in blue and clusters extracted
from children are shown in red.
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Control Analyses

To determine whether the previous findings were related
to performance differences between adults and children
(the main focus of the reported control analyses), we
conducted several control analyses. To account for perfor-
mance differences between the two groups, we selected 26
children who had the highest accuracy on the arithmetic
task (large and small problem conditions). Performance
was matched on the arithmetic task because children
generally had poorer performance on this task compared
with the VSWM task. We conducted the same conjunction
analyses and group comparisons as described above using
this sample of 26 children. Though adults still performed
better (in accuracy and RT) on both tasks than children,
there was no longer a Task × Group × Condition interac-
tion (three-way interaction for RT), F(1, 50) = 0.001, p =
.97, suggesting that relative differences in task difficulty for
the two tasks were comparable across groups. The con-
junction analysis between VSWM and the problem size
effect remained identical in the group of 26 children, with
the right IPS remaining significantly active for both tasks
( p< .05 corrected). We also examined whether the group
comparison of the conjunction was affected when we com-
pared adults to this higher performing sample of children.
Similar to the analysis with the full sample, the left IPS/IPL

and right inferior occipital gyrus were more active in adults
than in children for both VSWMand arithmetic ( p< .05 cor-
rected). At uncorrected levels ( p < .005 uncorrected), the
other clusters also emerged, including the two regions in
the right middle temporal gyrus that were more active for
children than adults, as well as the cluster in the left MFG/SFS
that was more active for adults than children. Though these
children still differed in their performance on these tasks,
these control analyses indicate that the age-related changes
remained very similar even with a sample of higher per-
forming children, indicating that the findings are likely
not entirely driven by group differences in performance.
Moreover, because we did not observe a significant three-
way interaction (Condition× Task×Group) in this sample
of 26 children and 26 adults, we can be more certain that
relative difference in task difficulty between the groups
likely did not affect the fMRI findings in the full sample.

DISCUSSION

Despite numerous studies showing correlations between
VSWM and arithmetic at both the behavioral and brain-
imaging levels of analyses (Peng et al., 2016; Demir et al.,
2014; Ashkenazi et al., 2013; Metcalfe et al., 2013;
Dumontheil & Klingberg, 2012; Alloway & Passolunghi,

Figure 5. (A) Statistical map
showing age-related changes in
regions associated with both
arithmetic and VSWM. Regions
that are more active in children
than adults for the conjunction
of VSWM and arithmetic are
displayed in blue. Regions that
are more active in adults than
children are displayed in
orange. (B) Beta values from
each statistically significant
cluster are also shown, where
adults are displayed in blue and
children are displayed in red.
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2011), the literature to date has largely investigated the
VSWM and arithmetic networks in isolation of one another.
Research has also independently examined how these
networks change with age (Rivera et al., 2005; Klingberg
et al., 2002). However, the literature is limited in two major
ways. First, no research to date has studied how VSWM and
arithmetic networks overlap in children. Investigating this
relationship in children is critical because VSWM could be
particularly importantwhile children are learning arithmetic
skills and are using time-intensive calculation strategies that
may be more demanding of VSWM (Raghubar et al., 2010).
Specifically, it has been thought that VSWM is neededduring
arithmetic to store and manipulate visual information in the
visuospatial sketchpad while generating a solution, and this
may be especially important during visually presented arith-
metic problems (Raghubar et al., 2010). In contrast, VSWM
may be less critical in adults who are more likely to solve arith-
metic problems by retrieving the solution from memory
(Barrouillet & Fayol, 1998), which does not require the storage
and manipulation of numerical or visual information. Second,
research has not yet examined whether there are age-related
changes in these overlapping networks. This study aimed to
address these outstanding questions by examining the
VSWM and arithmetic networks in both children and adults.
We provide evidence that VSWM and arithmetic are associated
with fMRI activation within some of the same regions.
Importantly, we also revealed that there are age-related
changes in these shared circuits.
We demonstrated that adults recruit a bilateral fronto-

parietal network for both VSWM and arithmetic that in-
cluded the bilateral IPS, right SPL, left MFG/SFS, and
right insula. This is consistent with previous literature that
has shown significant overlap in the IPS, as well as superior
parietal and frontal regions for visuospatial tasks and arith-
metic problem solving (Hawes, Sokolowski, Ononye, &
Ansari, 2019; Zago et al., 2008; Zago & Tzourio-Mazoyer,
2002). As opposed to simply superimposing the VSWM
and arithmetic networks, which was the case in many of
the previous studies with adults, our analyses provide a
more stringent test of the common underlying circuits
by using conjunction analyses to identify regions that show
significant activation for both VSWM and arithmetic. These
findings also suggest that VSWM and arithmetic networks
overlap in adults, even though they were solving single-
digit addition problems that are likely less demanding of
VSWM resources. Despite the fact that adults were given
simple arithmetic and VSWM tasks, these findings are
consistent with those from Zago et al. (2008), who used
significantly more difficult tasks.
We also provide novel evidence that demonstrates how

the VSWM and arithmetic networks overlap in children.
Though arithmetic and working memory have been found
to be correlated in children and adults, working memory
may be particularly critical while children are using cogni-
tively demanding strategies to solve arithmetic problems
(Raghubar et al., 2010). Consequently, it is important to
investigate how these networks relate to one another in

children. Our findings indicate that the only region to
demonstrate overlapping activation for the two tasks was
the right IPS. This is consistent with other developmental
literature that shows individual differences in VSWM per-
formance are correlated with greater activation in the right
IPS during the solution of arithmetic problems (Demir
et al., 2014; Metcalfe et al., 2013). However, these data
go beyond such correlational evidence by showing that
children recruit the same brain region for both VSWM
and arithmetic. Adults also demonstrated overlap between
VSWM and arithmetic in the right IPS, suggesting that the
right IPS may exhibit age-invariant activity for both VSWM
and arithmetic. The findings in this study are also notewor-
thy because some of the previous research examining the
relationship between VSWMand arithmetic has used a task
with symbolic numbers to identify brain regions involved
in VSWM (Dumontheil & Klingberg, 2012). It was there-
fore unclear from this work whether VSWM processes or
symbolic number processing within the IPS were related
to individual differences in arithmetic. Our results suggest
an association between VSWM and arithmetic within the
IPS, even though our VSWM task did not include any nu-
merical processing.

Overlapping neural substrates for VSWM and arithmetic
in children and adults may be related to the need to store
and manipulate visuospatial information when calculating
arithmetic problems. Specifically, the IPS is thought to be
involved in shifts in spatial attention as well as spatial mental
imagery (Hawes et al., 2019; Silk, Bellgrove, Wrafter,
Mattingley, & Cunnington, 2010). Thus, overlapping activa-
tion within this region could be related to shared demands
for these processes during both VSWM and arithmetic tasks.
An alternative account is that VSWM and arithmetic may be
related to each other through ordinal processing (Attout,
Noël, & Majerus, 2014). Ordinal processing skills have not
only been found to be related to working memory (Attout,
Noël, et al., 2014; Lyons & Beilock, 2009), but also to arith-
metic ability (Lyons & Ansari, 2015; Attout, Noël, et al., 2014;
Lyons, Price, Vaessen, Blomert, & Ansari, 2014). These pro-
cesses also rely on similar neural substrates, where ordering
tasks have been found to recruit the IPS (Matejko et al.,
2019), and the IPS may serve as an important locus for both
ordinal processing and short-term memory (Attout, Fias,
Salmon, & Majerus, 2014; Majerus et al., 2006). These be-
havioral and neuroimaging findings indicate that serial
ordering abilities (which are likely important in the VSWM
task administered in this study) may play an important role in
mediating the relationship between VSWM and arithmetic.
However, future work will need to explore the precise
mechanisms linking VSWM, ordering, and arithmetic skills.

Age-related Changes in the Parietal Cortex for
VSWM and Arithmetic

Our findings also demonstrate that there are age-related
changes in the brain regions correlated with both VSWM
and arithmetic. We found that a number of regions were
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more active in adults than in children for the conjunction
of VSWM and arithmetic. This included the left IPS, IPL,
MFG/precentral sulcus, bilateral inferior occipital gyrus,
and cerebellum. Furthermore, children showed greater ac-
tivation than adults in the right middle temporal and
supramarginal gyri for the conjunction between VSWM
and arithmetic. These findings indicate that the VSWM and
arithmetic undergo developmental changes together and
become relatively more left-lateralized in adults.

A particularly notable finding is that the left IPS showed
age-related increases in activation for VSWM and arithmetic
whereas the right IPS was related to both tasks in adults in
children. The left IPS may thus be undergoing more pro-
tracted developmental changes compared with the right
IPS. Literature examining longitudinal changes in the IPS
in response to numbers is consistent with this finding;
the right IPS has been shown to have greater continuity,
whereas the left IPS shows greater developmental changes
during number processing (Emerson & Cantlon, 2014).
Other research has also found longitudinal relationships
between VSWM activity in the left IPS and arithmetic abil-
ities 2 years later, but brain activity in the right IPS did not
predict later arithmetic skills (Dumontheil & Klingberg,
2012). This relationship between activation in the left
IPS during VSWM processing and later arithmetic may be
related to more “adult-like” VSWM activity in the left IPS
for higher achieving children. Our cross-sectional findings
converge with the longitudinal evidence above to suggest
that the left IPS plays an important role in the developing
relationship between VSWM and arithmetic.

Increasingly left-lateralized activation with age has been
found in studies of number processing, arithmetic, and
VSWM. Specifically, prior research has shown that arithmetic
and the processing of numbers becomes left-lateralized over
development and that the left parietal cortex becomes in-
creasingly specialized to process symbolic numbers (Vogel
et al., 2015; Emerson & Cantlon, 2014; Rivera et al., 2005).
Moreover, a large body of literature has also demonstrated
that the VSWM network undergoes age-related changes, in-
cluding the left parietal cortex (Klingberg et al., 2002; Kwon
et al., 2002). The data in this study demonstrate, for the first
time, that the specialization of the left parietal cortex for
symbolic numbers and arithmeticmaynot necessarily reflect
domain-specific change, but rather may reflect other more
domain-general constraints on the way information is
processed. It is possible that a more general, developmental
process of cortical organization is driving the age-related in-
creases in left-lateralizedprocessing of VSWMand arithmetic
in the parietal cortex. For instance, the cortex undergoes de-
velopmental changes where some aspects of brain structure
and function become more asymmetrical and lateralized
(for a review, see Duboc, Dufourcq, Blader, & Roussigné,
2015; Toga & Thompson, 2003). Functions such as face or
word processing become more lateralized with develop-
ment, and individuals with more lateralized processing of
one function tend to have more lateralized processing of
the other function in the opposite hemisphere (Pinel

et al., 2015). Lateralization of function may have cognitive
advantages by allowing the brain to process information in
parallel (Duboc et al., 2015). Asymmetrical development of
brain architecture is also shown in structural brain networks,
where the left hemisphere shows greater developmental
increases in network efficiencies, while brain architecture
in the right hemisphere remains relatively stable from ado-
lescence to adulthood (Zhong, He, Shu, & Gong, 2017).
Together, this literature indicates that the brain undergoes
large-scale changes in structure and function, with increas-
ing lateralization of function over developmental time.
Therefore, the shared developmental specialization of the
left IPS for both VSWM and arithmetic may reflect matura-
tional changes in cortical processing that constrain the
development of both domains. As a result, the present
findings raise doubts about claims that age-related increases
in left parietal activation during arithmetic and symbolic
number processing are domain specific.
It is also possible that more left-lateralized activation could

be related to the development of language and reading
skills imposing constraints on the processing of visuospatial
information as well as arithmetic. For example, literacy has
been shown to impact other networks beyond those directly
involved in reading (Dehaene et al., 2010). Moreover, there is
indirect evidence to suggest that, as children get older, they
increasingly use verbal rehearsal or verbal recoding for visuo-
spatial information (Pickering et al., 2001; Hitch, Halliday,
Schaafstal, & Schraagen, 1988). Though speculative, it is pos-
sible that both VSWM and arithmetic are relying onmore ver-
bally mediated strategies and that language systems may be
shaping these networks over development, resulting inmore
left-lateralized activation for both VSWM and arithmetic.
When investigating age-related changes in the VSWM and

arithmetic networks, we also found that children are recruit-
ing the right middle temporal and supramarginal gyri more
than adults. Other research has also found overlap between
VSWM and arithmetic in adults in the right supramarginal
gyrus (Zago & Tzourio-Mazoyer, 2002). The supramarginal
gyrus (typically in the left hemisphere) is thought to be
involved in verbally mediated strategies, such as fact retrieval
during the solution of arithmetic problems (Price, Mazzocco,
& Ansari, 2013; Rivera et al., 2005), and becomes increasingly
recruited with age (Rivera et al., 2005). However, the right
supamarginal gyrus has been found to be active during
VSWM tasks (Smith, Jonides, & Koeppe, 1996), and the en-
gagement of this region is positively correlated with age
(Scherf, Sweeney,& Luna, 2006; Kwon et al., 2002). An exam-
ination of the beta values from these regions indicated that
the age-related differences were related to less deactivation
in the middle temporal gyrus and supramarginal gyrus.
Therefore, it is also possible that group differences could
be related to developmental changes in the default mode
network, which the middle temporal and supramarginal gyri
are part of (Laird et al., 2009). Future research will need to
examine the role of the right middle temporal gyrus and
supramaginal gyrus to further clarify its role in the develop-
ment of arithmetic skills.
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Relationships Between Visuospatial Processing
and Arithmetic

The numerical cognition literature has traditionally focused
on the role of the IPS in the processing of quantities (Ansari,
2008; Dehaene, Piazza, Pinel, & Cohen, 2003). Arithmetic
is thought to recruit the IPS because individuals need to
manipulate and combine quantities to find a solution. This
is particularly true of problems that are solved with more
effortful calculation-based strategies (De Smedt et al.,
2010; Zamarian, Ischebeck, & Delazer, 2009; Ischebeck
et al., 2006; Delazer et al., 2005). Because these types of
problems are also more demanding of VSWM, it is possible
that IPS activity during calculation is also somewhat attrib-
uted to the VSWM demands of the task. In other words,
IPS activity during calculation could be a result of manip-
ulating quantities, VSWM demands, or a combination of
the two. Indeed, others have argued that activation in
the IPS is likely not solely related to processing quantities
and that there needs to be a new framework to account for
how arithmetic and working memory networks interact
(Fias et al., 2013). At the very least, the present findings
significantly question the extent to which any develop-
mental changes in IPS activity during arithmetic tasks are
domain specific and instead suggest that these reflect
changing neuronal mechanisms that underpin both calcu-
lation and VSWM.
The overlap of VSWM and arithmetic in the IPS in this

study and in others (Zago et al., 2008) also highlights the
close relationship between visuospatial processing and
numerical processing. Compelling neuropsychological
and neuroimaging evidence has been provided to suggest
that number and space are closely related to one another
(Hubbard, Piazza, Pinel, & Dehaene, 2005) and, more
importantly, that visuospatial processing is important for
calculation (de Hevia, Vallar, & Girelli, 2008). Memory
for visuospatial information has been shown to have reti-
notopic organization in the IPS (Silver & Kastner, 2009;
Konen & Kastner, 2008). Similar brain regions have been
hypothesized to be involved in the spatial organization of
number in the form of a mental number line (Dehaene
et al., 2003; Dehaene & Changeux, 1993). Indeed, it has
been proposed that number and space share a frontopa-
rietal network (Hawes et al., 2019; Hubbard et al., 2005).
Spatial maps localized in the intraparietal cortex could be
utilized for spatial representations of number, which could
play a significant role in the relationship between VSWM in
arithmetic (Dumontheil & Klingberg, 2012). Our findings
provide converging evidence that visuospatial processing
and arithmetic likely show a strong relationship because
of common underlying networks.
The commonunderlying neural substrates for VSWMand

arithmetic in the right IPS in children also have implications
for childrenwith developmental dyscalculia. These children
often have poor performance on measures of arithmetic
fluency as well as VSWM (Mammarella et al., 2018; Szucs
et al., 2013). Neuroimaging studies have demonstrated that

children with dyscalculia have impaired processing in right
IPS for both magnitude comparison tasks and VSWM tasks
(Rotzer et al., 2009; Price, Holloway, Räsänen, Vesterinen, &
Ansari, 2007). Here, we demonstrate, for the first time, that
there is colocalization of activity in the right IPS for both
VSWM and arithmetic in children. It is therefore possible
that impairments in the right parietal circuits could be the
cause of both VSWM and arithmetic impairments. This
challenges the notion that dyscalculia is caused solely by a
domain-specific impairment in the processing of numerical
magnitude (Butterworth, Varma, & Laurillard, 2011;
Butterworth, 2005, 2010) and instead might suggest that
neuronal processes recruited during both mental arith-
metic and VSWM are impaired in this learning disorder. It
may be that a vulnerability to the shared neural circuitry
leads to deficits in both domains. Future research will need
to further investigate whether VSWM, numerical magni-
tude processing, and arithmetic impairments in dyscalculia
stem from common neurobiological origins in the right IPS.

Limitations

It is possible that the age-related differences we observed in
this study could be attributed to differences in overall perfor-
mance between the two groups. To ensure that the same
task was used across groups, the tasks needed to be child-
friendly. This also resulted in performance differences be-
tween the groups where adults had higher accuracy than
children on both tasks, and the tasks could consequently
be less demanding of arithmetic and VSWM systems in
adults. However, in our control analyses, we determined
that the findings were relatively consistent even when com-
paring the adults to a sample of the highest performing chil-
dren. Furthermore, our adult findings closely resemble
those of Zago et al. (2008), who used much more difficult
tasks to examine VSWM and arithmetic abilities. This
suggests that, even though the tasks used in this study are
easier, they are still engaging networks typically associated
with arithmetic and VSWM in adults. Another potential
explanation for the age-related differences observed in this
study is that the groupof childrenmay have been composed
of a more heterogeneous sample (e.g., greater range of
academic ability or socioeconomic status). Therefore, it is
possible that we had less statistical power in the group of
children to detect shared neural substrates for VSWM and
arithmetic. Though we tried to mitigate the frequent issue
of less statistical power in child samples by including a
greater number of children compared with adults, it is im-
portant to acknowledge heterogeneity as a possible expla-
nation for the findings described in this study.

A second limitation is that our arithmetic task consisted
of only single-digit addition problems. It is possible that
operation-specific (or strategy specific) differences exist in
the overlap between VSWM and arithmetic. For instance,
subtraction may rely more on working memory resources
than addition because of a greater reliance on calculation-
based strategies, which could subsequently reveal different
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overlapping circuits. Future research will need to examine
how arithmetic strategies (calculation vs. fact retrieval) and
arithmetic operations affect the relationship with different
components of working memory.

Third, demonstrating overlap between VSWM and arith-
metic using a conjunction analysis does not necessarily indi-
cate that the tasks are relying on the same underlying
processes. Other multivariate methods are needed to help
determinewhether VSWMand arithmetic have similar repre-
sentations at the neuronal level. It will also be important for
future research examining the similarities between VSWM
and arithmetic to use analyses such as representational
similarity analyses (Kriegeskorte, Mur, & Bandettini, 2008).

Finally, this study aimed to examine the overlapping rather
than the distinct neural circuits involved in VSWM and arith-
metic. This focuswasmotivated by the overwhelming behav-
ioral literature that has demonstrated strong relationships
between these two abilities (Peng et al., 2016; Raghubar
et al., 2010). How VSWM and arithmetic are interrelated at
the neural level has been poorly documented, particularly
in children. Therefore, an investigation into which regions
are shared among these networks provides additional evi-
dence into their behavioral association. It is evident from
the basic contrasts that VSWM and arithmetic also have
distinct and nonoverlapping regions of activation that
are likely related to different cognitive demands of each
task. However, a discussion of these regions and how they
develop fell beyond the scope of this study.

Conclusions

Previous neuroimaging research has largely used brain–
behavior correlations to examine how VSWM and arith-
metic are related to one another, and no studies have
examined whether VSWM and arithmetic have the same
neural basis in children. The findings presented within this
study expand on this literature by empirically examining
whether VSWM and arithmetic recruit the same brain re-
gions within the same sample of children and adults. In this
study, we provided novel evidence that VSWM and arith-
metic have common underlying neural substrates in both
children and adults. We also found that the overlap be-
tween VSWM and arithmetic is localized in the right IPS
in children but becomes increasingly left-lateralized in
adults. These findings provide evidence for the possible
neurocognitive mechanisms underlying the strong rela-
tionship between VSWM and arithmetic that has been
documented in the behavioral literature.
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Diversity in Citation Practices

A retrospective analysis of the citations in every article
published in this journal from 2010 to 2020 has revealed a
persistent pattern of gender imbalance: Although the pro-
portions of authorship teams (categorized by estimated
gender identification of first author/last author) publishing
in the Journal of Cognitive Neuroscience ( JoCN) during
this period were M(an)/M = .408, W(oman)/M = .335,
M/W = .108, and W/W= .149, the comparable proportions
for the articles that these authorship teams cited were
M/M = .579, W/M = .243, M/W = .102, and W/W = .076
(Fulvio et al., JoCN, 33:1, pp. 3–7). Consequently, JoCN
encourages all authors to consider gender balance explicitly
when selecting which articles to cite and gives them the
opportunity to report their article’s gender citation balance.

Note

1. It is important to acknowledge that there are terminological
inconsistencies for the dot matrix task in the literature. Some
studies refer to the dot matrix task as a visuospatial short-term
memory, whereas others refer to it as a visuospatial working
memory task. To remain consistent with the fMRI literature, we
refer to this task as a visuospatial working memory task through-
out this paper. Though there are likely to be distinctions be-
tween the two, both visuospatial short-term memory and
working memory measures load onto the same factor in a factor
analysis (Miyake, Friedman, Rettinger, Shah, & Hegarty 2001),
and they are both related to individual differences in arithmetic
(Szucs, Devine, Soltesz, Nobes, & Gabriel, 2014).

REFERENCES

Alloway, T. P., & Passolunghi, M. C. (2011). The relationship
between working memory, IQ, and mathematical skills in
children. Learning and Individual Differences, 21, 133–137.
DOI: https://doi.org/10.1016/j.lindif.2010.09.013

Ansari, D. (2008). Effects of development and enculturation
on number representation in the brain. Nature Reviews
Neuroscience, 9, 278–291. DOI: https://doi.org/10.1038
/nrn2334, PMID: 18334999

Arsalidou, M., & Taylor, M. J. (2011). Is 2+ 2= 4?Meta-analyses of
brain areas needed for numbers and calculations.Neuroimage,
54, 2382–2393. DOI: https://doi.org/10.1016/j.neuroimage
.2010.10.009, PMID: 20946958

Ashcraft, M. H. (1982). The development of mental arithmetic: A
chronometric approach. Developmental Review, 2, 213–236.
DOI: https://doi.org/10.1016/0273-2297(82)90012-0

Ashkenazi, S., Rosenberg-Lee, M., Metcalfe, A. W. S., Swigart, A. G.,
& Menon, V. (2013). Visuo–spatial working memory is an
important source of domain-general vulnerability in the
development of arithmetic cognition. Neuropsychologia, 51,
3205–2317. DOI: https://doi.org/10.1016/j.neuropsychologia
.2013.06.031, PMID: 23896444, PMCID: PMC4136716

Attout, L., Fias, W., Salmon, E., & Majerus, S. (2014). Common
neural substrates for ordinal representation in short-term
memory, numerical and alphabetical cognition. PLoS One, 9,
e92049. DOI: https://doi.org/10.1371/journal.pone.0092049,
PMID: 24632823, PMCID: PMC3954845

1016 Journal of Cognitive Neuroscience Volume 33, Number 6

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/33/6/1003/1913601/jocn_a_01695.pdf?casa_token=N
O

uH
u2-YVicAAAAA:vC

nSgN
elsR

C
24P_H

7C
D

V0tM
q1D

kpKU
TW

c5BBy77qucocQ
zFQ

M
d-Fq5z-TLm

jhzrN
W

6gxxJqz by W
estern U

niversity user on 20 D
ecem

ber 2021

http://dx.doi.org/10.13039/501100000024
http://dx.doi.org/10.13039/501100000038
https://doi.org/10.1016/j.lindif.2010.09.013
https://doi.org/10.1038/nrn2334
https://doi.org/10.1038/nrn2334
https://europepmc.org/article/MED/18334999
https://doi.org/10.1016/j.neuroimage.2010.10.009
https://doi.org/10.1016/j.neuroimage.2010.10.009
https://europepmc.org/article/MED/20946958
https://doi.org/10.1016/j.neuropsychologia.2013.06.031
https://doi.org/10.1016/j.neuropsychologia.2013.06.031
https://europepmc.org/article/MED/23896444
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4136716
https://doi.org/10.1371/journal.pone.0092049
https://europepmc.org/article/MED/24632823
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3954845
mailto:anna.matejko@georgetown.edu
mailto:anna.matejko@georgetown.edu


Attout, L., Noël, M.-P., & Majerus, S. (2014). The relationship
between working memory for serial order and numerical
development: A longitudinal study.Developmental Psychology,
50, 1667–1679. DOI: https://doi.org/10.1037/a0036496, PMID:
24684717

Baddeley, A. (2003). Working memory: Looking back and
looking forward. Nature Reviews Neuroscience, 4, 829–839.
DOI: https://doi.org/10.1038/nrn1201, PMID: 14523382

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. DOI: https://doi.org/10.3758/BF03201146,
PMID: 9584442

Bressler, S. L., & Menon, V. (2010). Large-scale brain networks
in cognition: Emerging methods and principles. Trends in
Cognitive Sciences, 14, 277–290. DOI: https://doi.org/10
.1016/j.tics.2010.04.004, PMID: 20493761

Bull, R., Espy, K. A., & Wiebe, S. A. (2008). Short-term memory,
working memory, and executive functioning in preschoolers:
Longitudinal predictors of mathematical achievement at age
7 years. Developmental Neuropsychology, 33, 205–228.
DOI: https://doi.org/10.1080/87565640801982312, PMID:
18473197, PMCID: PMC2729141

Burgund, E. D., Kang, H. C., Kelly, J. E., Buckner, R. L., Snyder,
A. Z., Petersen, S. E., et al. (2002). The feasibility of a
common stereotactic space for children and adults in fMRI
studies of development. Neuroimage, 17, 184–200. DOI:
https://doi.org/10.1006/nimg.2002.1174

Butterworth, B. (2005). The development of arithmetical
abilities. Journal of Child Psychology and Psychiatry and
Allied Disciplines, 46, 3–18. DOI: https://doi.org/10.1111
/j.1469-7610.2004.00374.x, PMID: 15660640

Butterworth, B. (2010). Foundational numerical capacities and the
origins of dyscalculia. Trends in Cognitive Sciences, 14, 534–541.
DOI:https://doi.org/10.1016/j.tics.2010.09.007,PMID: 20971676.

Butterworth, B., Varma, S., & Laurillard, D. (2011). Dyscalculia:
From brain to education. Science, 332, 1049–1053. DOI:
https://doi.org/10.1126/science.1201536, PMID: 21617068

Clearman, J., Klinger, V., & Szűcs, D. (2017). Visuospatial and
verbal memory in mental arithmetic. Quarterly Journal of
Experimental Psychology, 70, 1837–1855. DOI: https://doi
.org/10.1080/17470218.2016.1209534, PMID: 27379460

de Hevia, M. D., Vallar, G., & Girelli, L. (2008). Visualizing
numbers in the mind’s eye: The role of visuo-spatial
processes in numerical abilities. Neuroscience and
Biobehavioral Reviews, 32, 1361–1372. DOI: https://doi
.org/10.1016/j.neubiorev.2008.05.015, PMID: 18584868

De Smedt, B., Holloway, I. D., & Ansari, D. (2010). Effects of
problem size and arithmetic operation on brain activation
during calculation in children with varying levels of arithmetical
fluency. Neuroimage, 57, 771–781. DOI: https://doi.org/10
.1016/j.neuroimage.2010.12.037, PMID: 21182966

Dehaene, S., & Changeux, J. (1993). Development of elementary
numerical abilities: A neuronal model. Journal of Cognitive
Neuroscience, 5, 390–407. DOI: https://doi.org/10.1162/jocn
.1993.5.4.390, PMID: 23964915

Dehaene, S., Pegado, F., Braga, L. W., Ventura, P., Nunes Filho,
G., Jobert, A., et al. (2010). How learning to read changes the
cortical networks for vision and language. Science, 330,
1359–1364. DOI: https://doi.org/10.1126/science.1194140,
PMID: 21071632

Dehaene, S., Piazza,M., Pinel, P., & Cohen, L. (2003). Three parietal
circuits for number processing. Cognitive Neuropsychology, 20,
487–506. DOI: https://doi.org/10.1080/02643290244000239,
PMID: 20957581

Delazer,M., Ischebeck, A., Domahs, F., Zamarian, L., Koppelstaetter,
F., Siedentopf, C. M., et al. (2005). Learning by strategies and
learning by drill—Evidence from an fMRI study. Neuroimage,

25, 838–849. DOI: https://doi.org/10.1016/j.neuroimage.2004
.12.009, PMID: 15808984

Demir, Ö. E., Prado, J., & Booth, J. R. (2014). The differential
role of verbal and spatial working memory in the neural basis
of arithmetic. Developmental Neuropsychology, 39, 440–458.
DOI: https://doi.org/10.1080/87565641.2014.939182, PMID:
25144257, PMCID: PMC4142562

DeStefano, D., & LeFevre, J. (2004). The role of working
memory in mental arithmetic. European Journal of Cognitive
Psychology, 16, 353–386. DOI: https://doi.org/10.1080
/09541440244000328

Duboc, V., Dufourcq, P., Blader, P., & Roussigné, M. (2015).
Asymmetry of the brain: Development and implications.
Annual Review of Genetics, 49, 647–672.DOI: https://doi.org
/10.1146/annurev-genet-112414-055322, PMID: 26442849

Dumontheil, I., & Klingberg, T. (2012). Brain activity during
a visuospatial working memory task predicts arithmetical
performance 2 years later. Cerebral Cortex, 22, 1078–1085.
DOI: https://doi.org/10.1093/cercor/bhr175, PMID: 21768226

Emerson, R. W., & Cantlon, J. F. (2014). Continuity and change
in children’s longitudinal neural responses to numbers.
Developmental Science, 18, 314–326. DOI: https://doi.org/10
.1111/desc.12215, PMID: 25051893, PMCID: PMC4303560

Fias, W., Menon, V., & Szucs, D. (2013). Multiple components
of developmental dyscalculia. Trends in Neuroscience and
Education, 2, 43–47. DOI: https://doi.org/10.1016/j.tine.2013
.06.006

Forman, S. D., Cohen, J. D., Fitzgerald, M., Eddy, W. F., Mintun,
M. A., & Noll, D. C. (1995). Improved assessment of
significant activation in functional magnetic resonance
imaging (fMRI): Use of a cluster-size threshold. Magnetic
Resonance in Medicine, 33, 636–647. DOI: https://doi.org
/10.1002/mrm.1910330508

Goebel, R., Esposito, F., & Formisano, E. (2006). Analysis of
functional image analysis contest (FIAC) data with brainvoyager
QX: From single-subject to cortically aligned group general
linear model analysis and self-organizing group independent
component analysis. Human Brain Mapping, 27, 392–401.
DOI: https://doi.org/10.1002/hbm.20249, PMID: 16596654,
PMCID: PMC6871277

Grabner, R. H., Ansari, D., Reishofer, G., Stern, E., Ebner, F., &
Neuper, C. (2007). Individual differences in mathematical
competence predict parietal brain activation during mental
calculation. Neuroimage, 38, 346–356. DOI: https://doi.org
/10.1016/j.neuroimage.2007.07.041, PMID: 17851092

Gruber, O., Indefrey, P., Steinmetz, H., & Kleinschmidt, A. (2001).
Dissociating neural correlates of cognitive components in
mental calculation.Cerebral Cortex, 11, 350–359.DOI: https://
doi.org/10.1093/cercor/11.4.350, PMID: 11278198

Hawes, Z., Sokolowski, H. M., Ononye, C. B., & Ansari, D. (2019).
Neural underpinnings of numerical and spatial cognition: An
fMRI meta-analysis of brain regions associated with symbolic
number, arithmetic, and mental rotation. Neuroscience and
Biobehavioral Reviews, 103, 316–336. DOI: https://doi.org/10
.1016/j.neubiorev.2019.05.007, PMID: 31082407

Hitch, G. J., Halliday, S., Schaafstal, A. M., & Schraagen, J. M. C.
(1988). Visual working memory in young children. Memory
and Cognition, 16, 120–132. DOI: https://doi.org/10.3758
/BF03213479, PMID: 3352517

Hubbard, E. M., Piazza, M., Pinel, P., & Dehaene, S. (2005).
Interactions between number and space in parietal cortex.
Nature Reviews Neuroscience, 6, 435–448. DOI: https://
doi.org/10.1038/nrn1684, PMID: 15928716

Ischebeck, A., Zamarian, L., Siedentopf, C., Koppelstätter, F.,
Benke, T., Felber, S., et al. (2006). How specifically do we
learn? Imaging the learning of multiplication and subtraction.
Neuroimage, 30, 1365–1375. DOI: https://doi.org/10.1016
/j.neuroimage.2005.11.016, PMID: 16413795

Matejko and Ansari 1017

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/33/6/1003/1913601/jocn_a_01695.pdf?casa_token=N
O

uH
u2-YVicAAAAA:vC

nSgN
elsR

C
24P_H

7C
D

V0tM
q1D

kpKU
TW

c5BBy77qucocQ
zFQ

M
d-Fq5z-TLm

jhzrN
W

6gxxJqz by W
estern U

niversity user on 20 D
ecem

ber 2021

https://doi.org/10.1037/a0036496
https://europepmc.org/article/MED/24684717
https://doi.org/10.1038/nrn1201
https://europepmc.org/article/MED/14523382
https://doi.org/10.3758/BF03201146
https://europepmc.org/article/MED/9584442
https://doi.org/10.1016/j.tics.2010.04.004
https://doi.org/10.1016/j.tics.2010.04.004
https://europepmc.org/article/MED/20493761
https://doi.org/10.1080/87565640801982312
https://europepmc.org/article/MED/18473197
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2729141
https://doi.org/10.1006/nimg.2002.1174
https://doi.org/10.1111/j.1469-7610.2004.00374.x
https://doi.org/10.1111/j.1469-7610.2004.00374.x
https://europepmc.org/article/MED/15660640
https://doi.org/10.1016/j.tics.2010.09.007
https://europepmc.org/article/MED/20971676
https://doi.org/10.1126/science.1201536
https://europepmc.org/article/MED/21617068
https://doi.org/10.1080/17470218.2016.1209534
https://doi.org/10.1080/17470218.2016.1209534
https://europepmc.org/article/MED/27379460
https://doi.org/10.1016/j.neubiorev.2008.05.015
https://doi.org/10.1016/j.neubiorev.2008.05.015
https://europepmc.org/article/MED/18584868
https://doi.org/10.1016/j.neuroimage.2010.12.037
https://doi.org/10.1016/j.neuroimage.2010.12.037
https://europepmc.org/article/MED/21182966
https://doi.org/10.1162/jocn.1993.5.4.390
https://doi.org/10.1162/jocn.1993.5.4.390
https://europepmc.org/article/MED/23964915
https://doi.org/10.1126/science.1194140
https://europepmc.org/article/MED/21071632
https://doi.org/10.1080/02643290244000239
https://europepmc.org/article/MED/20957581
https://doi.org/10.1016/j.neuroimage.2004.12.009
https://doi.org/10.1016/j.neuroimage.2004.12.009
https://europepmc.org/article/MED/15808984
https://doi.org/10.1080/87565641.2014.939182
https://europepmc.org/article/MED/25144257
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142562
https://doi.org/10.1016/j.tine.2013.06.006
https://doi.org/10.1016/j.tine.2013.06.006
https://doi.org/10.1146/annurev-genet-112414-055322
https://doi.org/10.1146/annurev-genet-112414-055322
https://europepmc.org/article/MED/26442849
https://doi.org/10.1093/cercor/bhr175
https://europepmc.org/article/MED/21768226
https://doi.org/10.1016/j.tine.2013.06.006
https://doi.org/10.1016/j.tine.2013.06.006
https://europepmc.org/article/MED/25051893
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4303560
https://doi.org/10.1016/j.tine.2013.06.006
https://doi.org/10.1016/j.tine.2013.06.006
https://doi.org/10.1002/mrm.1910330508
https://doi.org/10.1002/mrm.1910330508
https://doi.org/10.1002/hbm.20249
https://europepmc.org/article/MED/16596654
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6871277
https://doi.org/10.1016/j.neuroimage.2007.07.041
https://doi.org/10.1016/j.neuroimage.2007.07.041
https://europepmc.org/article/MED/17851092
https://doi.org/10.1093/cercor/11.4.350
https://doi.org/10.1093/cercor/11.4.350
https://europepmc.org/article/MED/11278198
https://doi.org/10.1016/j.neubiorev.2019.05.007
https://doi.org/10.1016/j.neubiorev.2019.05.007
https://europepmc.org/article/MED/31082407
https://doi.org/10.3758/BF03213479
https://doi.org/10.3758/BF03213479
https://europepmc.org/article/MED/3352517
https://doi.org/10.1038/nrn1684
https://doi.org/10.1038/nrn1684
https://europepmc.org/article/MED/15928716
https://doi.org/10.1016/j.neuroimage.2005.11.016
https://doi.org/10.1016/j.neuroimage.2005.11.016
https://europepmc.org/article/MED/16413795


Klingberg, T. (2006). Development of a superior frontal-
intraparietal network for visuo-spatial working memory.
Neuropsychologia, 44, 2171–2177. DOI: https://doi.org/10
.1016/j.neuropsychologia.2005.11.019, PMID: 16405923

Klingberg, T., Forssberg, H., & Westerberg, H. (2002).
Increased brain activity in frontal and parietal cortex
underlies the development of visuospatial working memory
capacity during childhood. Journal of Cognitive Neuroscience,
14, 1–10. DOI: https://doi.org/10.1162/089892902317205276,
PMID: 11798382

Konen, C. S., & Kastner, S. (2008). Representation of eye
movements and stimulus motion in topographically
organized areas of human posterior parietal cortex. Journal
of Neuroscience, 28, 8361–8375. DOI: https://doi.org/10
.1523/JNEUROSCI.1930-08.2008, PMID: 18701699, PMCID:
PMC2685070

Kong, J., Wang, C., Kwong, K., Vangel, M., Chua, E., & Gollub, R.
(2005). The neural substrate of arithmetic operations and
procedure complexity. Cognitive Brain Research, 22, 397–405.
DOI: https://doi.org/10.1016/j.cogbrainres.2004.09.011, PMID:
15722210

Kriegeskorte, N.,Mur,M.,&Bandettini, P. a. (2008). Representational
similarity analysis—Connecting the branches of systems
neuroscience. Frontiers in Systems Neuroscience, 2, 4. DOI:
https://doi.org/10.3389/neuro.06.004.2008, PMID: 19104670,
PMCID: PMC2605405

Kwon, H., Reiss, A. L., & Menon, V. (2002). Neural basis of
protracted developmental changes in visuo-spatial working
memory. Proceedings of the National Academy of Sciences,
U.S.A., 99, 13336–13341. DOI: https://doi.org/10.1073/pnas
.162486399, PMID: 12244209, PMCID: PMC130634

Laird, A. R., Eickhoff, S. B., Li, K., Robin, D. A., Glahn, D. C., &
Fox, P. T. (2009). Investigating the functional heterogeneity
of the default mode network using coordinate-based meta-
analytic modeling. Journal of Neuroscience, 29, 14496–14505.
DOI: https://doi.org/10.1523/JNEUROSCI.4004-09.2009, PMID:
19923283, PMCID: PMC2820256

Lyons, I. M., & Ansari, D. (2015). Numerical order processing in
children: From reversing the distance-effect to predicting
arithmetic. Mind, Brain, and Education, 9, 207–221. DOI:
https://doi.org/10.1111/mbe.12094

Lyons, I. M., & Beilock, S. L. (2009). Beyond quantity: Individual
differences in working memory and the ordinal understanding
of numerical symbols.Cognition, 113, 189–204.DOI: https://doi
.org/10.1016/j.cognition.2009.08.003, PMID: 19732870

Lyons, I. M., Price, G. R., Vaessen, A., Blomert, L., & Ansari, D.
(2014). Numerical predictors of arithmetic success in Grades
1–6. Developmental Science, 17, 714–726. DOI: https://doi
.org/10.1111/desc.12152, PMID: 24581004

Majerus, S., Poncelet, M., Van der Linden, M., Albouy, G., Salmon,
E., Sterpenich, V., et al. (2006). The left intraparietal sulcus
and verbal short-term memory: Focus of attention or serial
order? Neuroimage, 32, 880–891. DOI: https://doi.org/10.1016
/j.neuroimage.2006.03.048, PMID: 16702002

Mammarella, I. C., Caviola, S., Giofrè, D., & Szűcs, D. (2018). The
underlying structure of visuospatial workingmemory in children
with mathematical learning disability. British Journal of
Developmental Psychology, 36, 220–235. DOI: https://doi
.org/10.1111/bjdp.12202, PMID: 28833308

Matejko, A. A., &Ansari,D. (2017).Howdo individual differences in
children’s domain specific and domain general abilities relate to
brain activity within the intraparietal sulcus during arithmetic?
An fMRI study. Human Brain Mapping, 38, 3941–3956. DOI:
https://doi.org/10.1002/hbm.23640, PMID: 28488352, PMCID:
PMC6866897

Matejko, A. A., & Ansari, D. (2019). The neural association
between arithmetic and basic numerical processing depends
on arithmetic problem size and not chronological age.

Developmental Cognitive Neuroscience, 37, 100653. DOI:
https://doi.org/10.1016/j.dcn.2019.100653, PMID: 31102959,
PMCID: PMC6969316

Matejko, A. A., Hutchison, J. E., & Ansari, D. (2019). Developmental
specialization of the left intraparietal sulcus for symbolic ordinal
processing. Cortex, 114, 41–53. DOI: https://doi.org/10.1016
/j.cortex.2018.11.027, PMID: 30630592

McKenzie, B., Bull, R., &Gray, C. (2003). The effects of phonological
and visualspatial interference on children’s arithmetical
performance. Educational and Child Psychology, 20, 93–108.

Menon, V. (2016). Working memory in children’s math learning
and its disruption in dyscalculia. Current Opinion in
Behavioral Sciences, 10, 125–132. DOI: https://doi.org/10
.1016/j.cobeha.2016.05.014

Menon, V., Mackenzie, K., Rivera, S. M., & Reiss, A. L. (2002).
Prefrontal cortex involvement in processing incorrect
arithmetic equations: Evidence from event-related fMRI.
Human Brain Mapping, 16, 119–130. DOI: https://doi.org
/10.1002/hbm.10035, PMID: 11954061, PMCID: PMC6871871

Menon, V., Rivera, S. M., White, C. D., Glover, G. H., & Reiss, A. L.
(2000). Dissociating prefrontal and parietal cortex activation
during arithmetic processing. Neuroimage, 12, 357–365. DOI:
https://doi.org/10.1006/nimg.2000.0613, PMID: 10988030

Metcalfe, A. W. S., Ashkenazi, S., Rosenberg-Lee, M., & Menon, V.
(2013). Fractionating the neural correlates of individual working
memory components underlying arithmetic problem solving
skills in children. Developmental Cognitive Neuroscience, 6,
162–175. DOI: https://doi.org/10.1016/j.dcn.2013.10.001,
PMID: 24212504, PMCID: PMC3871177

Miyake, A., Friedman, N. P., Rettinger, D. A., Shah, P., &
Hegarty, M. (2001). How are visuospatial working memory,
executive functioning, and spatial abilities related? A latent-
variable analysis. Journal of Experimental Psychology:
General, 130, 621–240. DOI: https://doi.org/10.1037
/0096-3445.130.4.621

Nichols, T., Brett, M., Andersson, J., Wager, T., & Poline, J.-B.
(2005). Valid conjunction inference with the minimum
statistic. Neuroimage, 25, 653–660. DOI: https://doi.org/10
.1016/j.neuroimage.2004.12.005, PMID: 15808966

Peng, P., Namkung, J., Barnes, M., & Sun, C. (2016). A meta-
analysis of mathematics and working memory: Moderating
effects of working memory domain, type of mathematics
skill, and sample characteristics. Journal of Educational
Psychology, 108, 455–473. DOI: https://doi.org/10.1037
/edu0000079

Pickering, S. J., Gathercole, S. E., Hall, M., Lloyd, S. A., Pickering,
S. J., Gathercole, S. E., et al. (2001). Development of memory
for pattern and path: Further evidence for the fractionation of
visuo-spatial memory. Quarterly Journal of Experimental
Psychology, 54A, 397–420. DOI: https://doi.org/10.1080
/713755973, PMID: 11394054

Pinel, P., Lalanne, C., Bourgeron, T., Fauchereau, F., Poupon, C.,
Artiges, E., et al. (2015). Genetic and environmental influences
on the visual word form and fusiform face areas. Cerebral
Cortex, 25, 2478–2493. DOI: https://doi.org/10.1093/cercor
/bhu048, PMID: 24825786

Price, G. R., Holloway, I., Räsänen, P., Vesterinen, M., & Ansari, D.
(2007). Impairedparietalmagnitudeprocessing in developmental
dyscalculia. Current Biology, 17, R1042–R1043. DOI: https://doi
.org/10.1016/j.cub.2007.10.013, PMID: 18088583

Price, G. R., Mazzocco, M. M. M., & Ansari, D. (2013). Why mental
arithmetic counts: Brain activation during single digit arithmetic
predicts high school math scores. Journal of Neuroscience,
33, 156–163. DOI: https://doi.org/10.1523/JNEUROSCI.2936
-12.2013, PMID: 23283330, PMCID: PMC6618631

Raghubar, K. P., Barnes, M. A., & Hecht, S. A. (2010). Working
memory and mathematics: A review of developmental,
individual difference, and cognitive approaches. Learning

1018 Journal of Cognitive Neuroscience Volume 33, Number 6

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/33/6/1003/1913601/jocn_a_01695.pdf?casa_token=N
O

uH
u2-YVicAAAAA:vC

nSgN
elsR

C
24P_H

7C
D

V0tM
q1D

kpKU
TW

c5BBy77qucocQ
zFQ

M
d-Fq5z-TLm

jhzrN
W

6gxxJqz by W
estern U

niversity user on 20 D
ecem

ber 2021

https://doi.org/10.1016/j.neuropsychologia.2005.11.019
https://doi.org/10.1016/j.neuropsychologia.2005.11.019
https://europepmc.org/article/MED/16405923
https://doi.org/10.1162/089892902317205276
https://europepmc.org/article/MED/11798382
https://doi.org/10.1523/JNEUROSCI.1930-08.2008
https://doi.org/10.1523/JNEUROSCI.1930-08.2008
https://europepmc.org/article/MED/18701699
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2685070
https://doi.org/10.1016/j.cogbrainres.2004.09.011
https://europepmc.org/article/MED/15722210
https://doi.org/10.3389/neuro.06.004.2008
https://europepmc.org/article/MED/19104670
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2605405
https://doi.org/10.1073/pnas.162486399
https://doi.org/10.1073/pnas.162486399
https://europepmc.org/article/MED/12244209
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC130634
https://doi.org/10.1523/JNEUROSCI.4004-09.2009
https://europepmc.org/article/MED/19923283
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2820256
https://doi.org/10.1111/mbe.12094
https://doi.org/10.1016/j.cognition.2009.08.003
https://doi.org/10.1016/j.cognition.2009.08.003
https://europepmc.org/article/MED/19732870
https://doi.org/10.1111/desc.12152
https://doi.org/10.1111/desc.12152
https://europepmc.org/article/MED/24581004
https://doi.org/10.1016/j.neuroimage.2006.03.048
https://doi.org/10.1016/j.neuroimage.2006.03.048
https://europepmc.org/article/MED/16702002
https://doi.org/10.1111/bjdp.12202
https://doi.org/10.1111/bjdp.12202
https://europepmc.org/article/MED/28833308
https://doi.org/10.1002/hbm.23640
https://europepmc.org/article/MED/28488352
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6866897
https://doi.org/10.1016/j.dcn.2019.100653
https://europepmc.org/article/MED/31102959
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6969316
https://doi.org/10.1016/j.cortex.2018.11.027
https://doi.org/10.1016/j.cortex.2018.11.027
https://europepmc.org/article/MED/30630592
https://doi.org/10.1002/hbm.10035
https://doi.org/10.1002/hbm.10035
https://doi.org/10.1002/hbm.10035
https://doi.org/10.1002/hbm.10035
https://europepmc.org/article/MED/11954061
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6871871
https://doi.org/10.1006/nimg.2000.0613
https://europepmc.org/article/MED/10988030
https://doi.org/10.1016/j.dcn.2013.10.001
https://europepmc.org/article/MED/24212504
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3871177
https://doi.org/10.1037/0096-3445.130.4.621
https://doi.org/10.1037/0096-3445.130.4.621
https://doi.org/10.1037/edu0000079
https://doi.org/10.1037/edu0000079
https://europepmc.org/article/MED/15808966
https://doi.org/10.1037/edu0000079
https://doi.org/10.1037/edu0000079
https://doi.org/10.1080/713755973
https://doi.org/10.1080/713755973
https://europepmc.org/article/MED/11394054
https://doi.org/10.1093/cercor/bhu048
https://doi.org/10.1093/cercor/bhu048
https://europepmc.org/article/MED/24825786
https://doi.org/10.1016/j.cub.2007.10.013
https://doi.org/10.1016/j.cub.2007.10.013
https://europepmc.org/article/MED/18088583
https://doi.org/10.1523/JNEUROSCI.2936-12.2013
https://doi.org/10.1523/JNEUROSCI.2936-12.2013
https://europepmc.org/article/MED/23283330
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6618631


and Individual Differences, 20, 110–122. DOI: https://doi
.org/10.1016/j.lindif.2009.10.005

Rasmussen, C., & Bisanz, J. (2005). Representation and working
memory in early arithmetic. Journal of Experimental Child
Psychology, 91, 137–157. DOI: https://doi.org/10.1016/j.jecp
.2005.01.004, PMID: 15890174

Rivera, S. M. M., Reiss, A. L. L., Eckert, M. A., & Menon, V.
(2005). Developmental changes in mental arithmetic:
Evidence for increased functional specialization in the left
inferior parietal cortex. Cerebral Cortex, 15, 1779–1790.DOI:
https://doi.org/10.1093/cercor/bhi055, PMID: 15716474

Rotzer, S., Loenneker, T., Kucian, K., Martin, E., Klaver, P., &
von Aster, M. (2009). Dysfunctional neural network of
spatial working memory contributes to developmental
dyscalculia. Neuropsychologia, 47, 2859–2865. DOI: https://
doi.org/10.1016/j.neuropsychologia.2009.06.009, PMID:
19540861

Scherf, K. S., Sweeney, J. A., & Luna, B. (2006). Brain basis
of developmental change in visuospatial working memory.
Journal of Cognitive Neuroscience, 18, 1045–1058. DOI:
https://doi.org/10.1162/jocn.2006.18.7.1045, PMID: 16839280

Silk, T. J., Bellgrove, M. A., Wrafter, P., Mattingley, J. B., &
Cunnington, R. (2010). Spatial working memory and spatial
attention rely on common neural processes in the intraparietal
sulcus. Neuroimage, 53, 718–724. DOI: https://doi.org/10
.1016/j.neuroimage.2010.06.068, PMID: 20615473

Silver, M. A., & Kastner, S. (2009). Topographic maps in human
frontal and parietal cortex. Trends in Cognitive Sciences, 13,
488–495. DOI: https://doi.org/10.1016/j.tics.2009.08.005,
PMID: 19758835, PMCID: PMC2767426

Smith, E. E., Jonides, J., & Koeppe, R. A. (1996). Dissociating
verbal and spacial working memory using PET. Cerebral
Cortex, 6, 11–20. DOI: https://doi.org/10.1093/cercor/6.1.11,
PMID: 8670634

Stanescu-Cosson, R., Pinel, P., van De Moortele, P. F., Le Bihan,
D., Cohen, L., & Dehaene, S. (2000). Understanding
dissociations in dyscalculia: A brain imaging study of the
impact of number size on the cerebral networks for exact and
approximate calculation. Brain, 123, 2240–2255. DOI:
https://doi.org/10.1093/brain/123.11.2240, PMID: 11050024

Szucs, D., Devine, A., Soltesz, F., Nobes, A., & Gabriel, F. (2013).
Developmental dyscalculia is related to visuo-spatial memory
and inhibition impairment. Cortex, 49, 2674–2688. DOI:
https://doi.org/10.1016/j.cortex.2013.06.007, PMID: 23890692,
PMCID: PMC3878850

Szucs, D., Devine, A., Soltesz, F., Nobes, A., & Gabriel, F. (2014).
Cognitive components of a mathematical processing network
in 9-year-old children. Developmental Science, 17, 506–524.
DOI: https://doi.org/10.1111/desc.12144

Talairach, J., & Tournoux, P. (1988). Co-planar stereotaxic atlas
of the human brain (Vol. 270, p. 132). Stuttgart, Germany:
Theime. DOI: https://doi.org/10.1016/0303-8467(89)90128-5

Toga, A.W., & Thompson, P.M. (2003). Mapping brain asymmetry.
Nature Reviews Neuroscience, 4, 37–48. DOI: https://doi.org
/10.1038/nrn1009, PMID: 12511860

Vogel, S. E., Goffin, C., & Ansari, D. (2015). Developmental
specialization of the left parietal cortex for the semantic
representation of Arabic numerals: An fMR-adaptaton study.
Developmental Cognitive Neuroscience, 12, 61–73. DOI:
https://doi.org/10.1016/j.dcn.2014.12.001, PMID: 25555264,
PMCID: PMC6989778

Zago, L., Petit, L., Turbelin, M.-R., Andersson, F., Vigneau, M.,
& Tzourio-Mazoyer, N. (2008). How verbal and spatial
manipulation networks contribute to calculation: An fMRI
study. Neuropsychologia, 46, 2403–2414. DOI: https://doi
.org/10.1016/j.neuropsychologia.2008.03.001, PMID: 18406434

Zago, L., & Tzourio-Mazoyer, N. (2002). Distinguishing
visuospatial working memory and complex mental calculation
areas within the parietal lobes. Neuroscience Letters, 331,
45–49. DOI: https://doi.org/10.1016/S0304-3940(02)00833-9

Zamarian, L., Ischebeck, A., & Delazer, M. (2009). Neuroscience
of learning arithmetic—Evidence from brain imaging studies.
Neuroscience & Biobehavioral Reviews, 33, 909–925. DOI:
https://doi.org/10.1016/j.neubiorev.2009.03.005, PMID:
19428500

Zhong, S., He, Y., Shu, H., & Gong, G. (2017). Developmental
changes in topological asymmetry between hemispheric
brain white matter networks from adolescence to young
adulthood. Cerebral Cortex, 27, 2560–2570. DOI: https://
doi.org/10.1093/cercor/bhw109, PMID: 27114178

Matejko and Ansari 1019

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/33/6/1003/1913601/jocn_a_01695.pdf?casa_token=N
O

uH
u2-YVicAAAAA:vC

nSgN
elsR

C
24P_H

7C
D

V0tM
q1D

kpKU
TW

c5BBy77qucocQ
zFQ

M
d-Fq5z-TLm

jhzrN
W

6gxxJqz by W
estern U

niversity user on 20 D
ecem

ber 2021

https://doi.org/10.1016/j.jecp.2005.01.004
https://doi.org/10.1016/j.jecp.2005.01.004
https://doi.org/10.1016/j.jecp.2005.01.004
https://doi.org/10.1016/j.jecp.2005.01.004
https://europepmc.org/article/MED/15890174
https://doi.org/10.1093/cercor/bhi055
https://europepmc.org/article/MED/15716474
https://doi.org/10.1016/j.neuropsychologia.2009.06.009
https://doi.org/10.1016/j.neuropsychologia.2009.06.009
https://europepmc.org/article/MED/19540861
https://doi.org/10.1162/jocn.2006.18.7.1045
https://europepmc.org/article/MED/16839280
https://doi.org/10.1016/j.neuroimage.2010.06.068
https://doi.org/10.1016/j.neuroimage.2010.06.068
https://europepmc.org/article/MED/20615473
https://doi.org/10.1016/j.tics.2009.08.005
https://europepmc.org/article/MED/19758835
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2767426
https://doi.org/10.1093/cercor/6.1.11
https://europepmc.org/article/MED/8670634
https://doi.org/10.1093/brain/123.11.2240
https://europepmc.org/article/MED/11050024
https://doi.org/10.1016/j.cortex.2013.06.007
https://europepmc.org/article/MED/23890692
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3878850
https://doi.org/10.1111/desc.12144
https://doi.org/10.1016/0303-8467(89)90128-5
https://doi.org/10.1038/nrn1009
https://doi.org/10.1038/nrn1009
https://europepmc.org/article/MED/12511860
https://doi.org/10.1016/j.dcn.2014.12.001
https://europepmc.org/article/MED/25555264
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6989778
https://doi.org/10.1016/j.neuropsychologia.2008.03.001
https://doi.org/10.1016/j.neuropsychologia.2008.03.001
https://europepmc.org/article/MED/18406434
https://doi.org/10.1016/S0304-3940(02)00833-9
https://doi.org/10.1016/j.neubiorev.2009.03.005
https://europepmc.org/article/MED/19428500
https://doi.org/10.1093/cercor/bhw109
https://doi.org/10.1093/cercor/bhw109
https://europepmc.org/article/MED/27114178

	Shared Neural Circuits for Visuospatial Working Memory and Arithmetic in Children and Adults
	Citation of this paper:

	jcn01695 1003..1019

