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Abstract: It has been proposed that recent cultural inventions such as symbolic arithmetic recycle evolutionary older neural mechanisms. A central assumption of this hypothesis is that the degree to which
a preexisting mechanism is recycled depends on the degree of similarity between its initial function
and the novel task. To test this assumption, we investigated whether the brain region involved in magnitude comparison in the intraparietal sulcus (IPS), localized by a numerosity comparison task, is
recruited to a greater degree by arithmetic problems that involve number comparison (single-digit subtractions) than by problems that involve retrieving number facts from memory (single-digit multiplications). Our results conﬁrmed that subtractions are associated with greater activity in the IPS than
multiplications, whereas multiplications elicit greater activity than subtractions in regions involved in
verbal processing including the middle temporal gyrus (MTG) and inferior frontal gyrus (IFG) that
were localized by a phonological processing task. Pattern analyses further indicated that the neural
mechanisms more active for subtraction than multiplication in the IPS overlap with those involved in
numerosity comparison and that the strength of this overlap predicts interindividual performance in
the subtraction task. These ﬁndings provide novel evidence that elementary arithmetic relies on the
cooption of evolutionary older neural circuits. Hum Brain Mapp 00:000–000, 2011. VC 2011 Wiley-Liss, Inc.
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Perhaps, one of the most remarkable features of the
human brain is its ability to learn and represent abstract
symbols. For example, children quickly learn to associate
numerical quantities with Arabic numerals and are
expected to master elementary arithmetic by the age of 10
years [Geary, 2000]. It has been recently proposed that
arithmetic learning involves the ‘‘recycling’’ of evolutionary older neural circuits dedicated to numerosity processing [Dehaene and Cohen, 2007]. This claim builds on
research showing that preverbal children and many animal species possess an intuition for comparing and manipulating numerical quantities [Cantlon et al., 2009; Dehaene,
1997]. Here, we investigate whether the neural system supporting this ability is used when adults perform elementary arithmetic tasks.
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from the same activated neural correlates is to provide evidence for a signiﬁcant voxel-by-voxel correlation between
the patterns of brain activity elicited by two tasks. At this
point, the lack of direct evidence for shared neural processing between subtraction and numerosity comparison
tasks undermines the neuronal recycling hypothesis.
The goal of the present functional magnetic resonance
imaging (fMRI) study is to provide more direct evidence
for the neuronal recycling hypothesis in the domain of
mental arithmetic. Speciﬁcally, we tested the hypothesis
that numerosity comparison mechanisms in the IPS are
recruited to a greater degree by subtraction than multiplication problems, whereas regions underlying lexicosemantic processing in the left tempo-roparietal cortex are
recruited to a greater degree by multiplication than subtraction problems. To this end, we localized the brain
regions involved in numerosity comparison and verbal
processing in each study participant using independent
tasks. Within these regions-of-interests (ROIs), we then
compared the average activity evoked by the evaluation of
single-digit subtractions to the activity elicited by singledigit multiplications. Finally, to test whether overlapping
activations stemmed from the same activated neural correlates or from intertwined correlates, we determined the
voxel-by-voxel correlations between the patterns of activity
associated with (1) numerosity comparison and subtraction
(vs. multiplication) and (2) verbal processing and multiplication (vs. subtraction) within each relevant ROI.

A critical assumption of the recycling hypothesis is that
the degree to which a pre-existing neural mechanism is
recycled depends on the degree of similarity between its initial function and the novel task [Dehaene and Cohen, 2007].
For instance, several studies have demonstrated that neurons in the intraparietal sulcus (IPS) are activated when
human and non-human primates compare numerosities
[Ansari and Dhital, 2006; Castelli et al., 2006; Holloway
et al., 2010; Nieder and Dehaene, 2009; Pinel et al., 2001,
2004; Prado et al., 2010]. The neuronal recycling hypothesis
predicts that these neurons are more likely to be used by
arithmetic tasks that involve number comparison (e.g., single-digit subtraction) than by arithmetic tasks that rely on
the retrieval of number facts from memory (e.g., single-digit
multiplication). In line with this idea, neuroimaging studies
have noted activity in the IPS during subtraction tasks [Chochon et al., 1999; Fehr et al., 2007; Kawashima et al., 2004;
Lee, 2000; Piazza et al., 2007; Schmithorst and Brown, 2004;
Simon et al., 2002]. Multiplication tasks, however, have been
shown to engage left temporo-parietal regions typically
linked to semantic processing in language [Chochon et al.,
1999; Delazer et al., 2003; Ischebeck et al., 2007; Jost et al.,
2009; Lee, 2000; Schmithorst and Brown, 2004; Zhou et al.,
2007], indicating that performing single-digit multiplications may be more associated with retrieving semantic
knowledge from memory (e.g., multiplication tables) than
with processing numerical quantities per se. Therefore, in
keeping with the recycling hypothesis, the neuroimaging literature suggests that subtractions make use of numerosity
comparison mechanisms in the IPS, whereas multiplications
activate left temporo-parietal areas typically involved in the
retrieval of semantic information during language processing [Dehaene and Cohen, 2007].
Most such evidence, however, is indirect. With the
exception of Piazza et al. [2007], who found an overlap
between the activations associated with subtraction and
numerosity processing in the IPS, no study that investigated the neural correlates of subtraction and multiplication has used independent tasks to localize the brain
regions involved in numerosity and language processing
on a subject-by-subject basis. This is problematic because
the locations of the brain regions involved in numerosity
and language processing are variable from subject to subject [Pinel et al., 2007]. The absence of localizer tasks in
previous studies makes it difﬁcult to know whether there
is an actual overlap between the brain systems underlying
numerosity comparison and subtraction, and between the
brain regions underlying language processing and multiplication. Moreover, even if there were more evidence for
such overlapping activations, this would not necessarily
indicate shared neural processing [Downing et al., 2007;
Peelen et al., 2006]. Indeed, a given region may show
enhanced activity in two different tasks because these
tasks engage two intertwined but functionally independent
neural correlates in this region [Peelen and Downing,
2007]. As suggested by Peelen and Downing [2007], one
way to potentially show that overlapping activations stem
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MATERIALS AND METHODS
Participants
Thirty-three healthy adults from the Chicago community
participated in the study. All were right handed, graduated from high school, and had no history of neurological
or psychiatric disorders. Three participants were excluded
from the analyses because their error rates in at least one
of the tasks were above 30%. Four additional participants
were excluded due to excessive movement (i.e., greater
than 3 mm) in the scanner. The remaining 26 participants
(10 men) were aged between 19 and 30 years (mean age:
25 years). All experimental procedures were approved by
the Northwestern University Institutional Review Board.
Participants were compensated $20 per hour for their time.

Tasks
Participants performed four different tasks in the scanner: a subtraction task, a multiplication task, a numerosity
comparison task (localizer task), and a phonological processing task (localizer task) (Fig. 1).

Subtraction task
In each trial of the subtraction task, participants were
asked to evaluate the answer of a single-digit subtraction
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Figure 1.
Illustration of the experimental tasks. In all tasks, two stimuli largest number of dots. The numerical comparison involved a
were sequentially presented for 800 ms. The interstimuli interval 12:36 ratio (i.e., 12 dots vs. 36 dots), a 18:36 ratio (i.e., 18 dots
was 200 ms. (A) In each trial of the subtraction task, partici- vs. 36 dots), or a 24:36 ratio (i.e., 24 dots vs. 36 dots). (D) In
pants were asked to evaluate the answer of a single-digit sub- each trial of the phonological processing task, participant
traction. Problems were either easy (e.g., 5 - 3) or hard (e.g., 9 decided whether two visually presented words rhymed or not,
- 4). (B) In each trial of the multiplication task, participants or whether two symbol strings matched or not (control condiwere asked to evaluate the answer of a single-digit multiplica- tion, not depicted). Orthography and phonology of words were
tion. Problems were either easy (e.g., 3  4) or hard (e.g., 6  manipulated independently. [Color ﬁgure can be viewed in the
7). (C) In each trial of the numerosity comparison task, partici- online issue, which is available at wileyonlinelibrary.com.]
pants were asked to decide which of two dot arrays had the
problem. Similar to the subtraction task, we selected 12
‘‘easy’’ and 12 ‘‘hard’’ problems based on the literature [Ashcraft, 1992; Campbell and Xue, 2001; Cooney et al., 1988; De
Brauwer et al., 2006; Siegler, 1988; Stazyk et al., 1982]. In
easy problems, the two operands were smaller than or equal
to 5 (e.g., 3  4). In hard problems, both operands were
larger than 5 (e.g., 6  7). Each problem was repeated twice
with a true answer (e.g., 3  4 ¼ 12) and once with a false
answer, yielding 72 trials total. False answers corresponded
to the answer that would be obtained by adding or subtracting 1 to the ﬁrst operand (e.g., 3  5 ¼ 20 or 3  5 ¼ 10).
Problems involving 0 (e.g., 3  0), 1 as second operand (e.g.,
3  1), and ties (e.g., 3  3) were not included in the main
experiment but were used in the practice session. Twelve
problems with a correct answer and 12 problems with a
false answer were included in the practice session.

problem. On the basis of the existing literature, we selected
12 ‘‘easy’’ and 12 ‘‘hard’’ problems [Campbell and Xue,
2001; Levine et al., 1992; Seyler et al., 2003; Siegler, 1989]. In
easy problems, there was a small difference between the
ﬁrst and second term of the subtraction (regardless of the
ﬁrst-term size) (e.g., 5 - 3). Hard problems had a large ﬁrst
term and a large difference between the ﬁrst and second
terms of the subtraction (e.g., 9 - 4). Each problem was
repeated twice with a true answer (e.g., 8 - 2 ¼ 6) and once
with a false answer, yielding 72 trials total. False answers
were constructed by adding 1 or 2 to the correct answer
(e.g., 8 - 2 ¼ 7), or by subtracting 1 from the correct answer
(e.g., 8 - 5 ¼ 2). Problems involving 0 (e.g., 3 - 0; 3 - 3), 1 as
second term (e.g., 3 - 1) and ties (e.g., 6 - 3) were not
included in the main experiment but were used to familiarize the subjects to the task, such that different stimuli were
used in the practice and in the scanning sessions. Twelve
problems with a correct answer and 12 problems with a
false answer were included in the practice session.

Numerosity comparison task (localizer task)
In each trial of the numerosity comparison task, participants were asked to decide which of two visually presented dot arrays were composed of the larger number of
dots. The numerical comparison involved a 12:36 ratio
(i.e., 12 dots vs. 36 dots; 24 trials), a 18:36 ratio (i.e., 18

Multiplication task
In each trial of the multiplication task, participants were
asked to evaluate the answer of a single-digit multiplication
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Participants practiced the four tasks before entering into
the scanner. In the scanner, each task (except the phonological processing task) was decomposed in two functional
runs of about 4 minutes each. The phonological processing
task was administered in one single run lasting approximately 7 min. The order of the tasks was fully counterbalanced across participants. The timing and order of trial
presentation within each run was optimized for estimation
efﬁciency using optseq2 (http://surfer.nmr.mgh.harvard.
edu/optseq/) [Dale, 1999]. Behavioral responses were recorded using an MR-compatible keypad placed below the
right hand. Visual stimuli were generated using E-prime
software (Psychology Software Tools, Pittsburgh, PA) and
projected onto a translucent screen that was viewed by the
participants through a mirror attached to the head coil.

dots vs. 36 dots; 24 trials), or a 24:36 ratio (i.e., 24 dots vs.
36 dots; 24 trials). Six different dot sizes were used. To
ensure that participants’ judgments were based on differences in numerosity rather than cumulative surface area,
the distribution of dot sizes was biased toward smaller
dots in large arrays and bigger dots in small arrays. However, totally equating the cumulative surface area between
small and large arrays by entirely biasing the distribution
of single dot sizes (100% bias) would have made it possible for the subjects to use single dot sizes as a cue for their
judgments. Therefore, we found a trade-off (50% bias)
between equating as much as possible (1) the cumulative
surface areas and (2) the distributions of single dot sizes in
each pair. Twelve trials of each condition were presented
in the practice session. Different stimuli were used in the
practice and in the scanning sessions.

Data Acquisition
Phonological processing task (localizer task)

Images were collected using a Siemens 3T TIM Trio MRI
scanner (Siemens Healthcare, Erlangen, Germany) at
Northwestern University’s Center for Advanced MRI
(CAMRI). The fMRI blood oxygenation level-dependent
(BOLD) signal was measured with a susceptibility
weighted single-shot echo planar imaging (EPI) sequence.
The following parameters were used: TE ¼ 20 ms, ﬂip
angle ¼ 80 s, matrix size ¼ 128  120, ﬁeld of view ¼ 220 
206.25 mm, slice thickness ¼ 3 mm (0.48 mm gap), number
of slices ¼ 32, TR ¼ 2,000 ms.
Before functional image acquisition, a high resolution
T1-weighted 3D structural image was acquired for each
subject (TR ¼ 1,570 ms, TE ¼ 3.36 ms, matrix size ¼ 256 
256, ﬁeld of view ¼ 240 mm, slice thickness ¼ 1 mm, number of slices ¼ 160).

In each trial of the phonological processing task, participants were asked to decide whether two visually presented words rhymed or not. To ensure that judgments
were not based solely on orthographic similarities between
words, orthography and phonology were manipulated independently. That is, the two words could have similar orthography and similar phonology (e.g., dime-lime; 12
trials), similar orthography but different phonology (e.g.,
pint-mint; 12 trials), different orthography but similar phonology (e.g., jazz-has; 12 trials), or different orthography
and different phonology (e.g., press-list; 12 trials). We also
included a perceptual control condition in which two symbol strings (i.e, rearranged parts of lower case Courier letters) were presented on the screen instead of words (12
trials). Participants had to determine whether the symbol
strings matched (the symbols matched in half of the trials).
Twelve trials of each condition were presented in the practice session. Different sets of stimuli were used in the practice and in the scanning sessions.

fMRI Data Analysis
Preprocessing
Data analysis was performed using SPM5 (Statistical
Parametric Mapping) (www.ﬁl.ion.ucl.ac.uk/spm). The
ﬁrst six images of each run were discarded to allow for T1
equilibration effects. The remaining functional images
were corrected for slice acquisition delays, spatially realigned to the ﬁrst image of the ﬁrst run to correct for head
movements, coregistered with the segmented anatomical
image, normalized to the standard T1 Montreal Neurological Institute (MNI) template volume (normalized voxel
size, 2  2  4 mm3), and spatially smoothed with a Gaussian ﬁlter equal to twice the voxel size (4  4  8 mm3
full width at half maximum).

Experimental Procedures
Stimulus timing was identical in all tasks. A trial started
with the presentation of a ﬁrst stimulus (S1: subtraction,
multiplication, dot array or word, depending on the task)
for 800 ms, followed by a blank screen for 200 ms. A second stimulus (S2: subtraction answer, multiplication answer, dot array or word, depending on the task) was then
presented for 800 ms, followed by a red ﬁxation square for
200 ms. Variable periods of ﬁxation (ranging from 2,600
ms to 3,400 ms) were added after each trial. Additionally,
we included 24 null trials in the arithmetic and numerosity
comparison tasks, and 12 null trials in the phonological
processing task. In these trials, a blue square was presented for the same stimulus duration as in the experimental conditions and participants were asked to press a
button when the blue square turned red.
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Processing
Event-related statistical analysis was performed according to the general linear model [Josephs et al., 1997]. Trials
in which an incorrect response was recorded were
excluded from the analyses (i.e., were not included in the
statistical model). Activation was modeled as epochs with
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each trial type within each ROI by averaging the fMRI signal across the 50 voxels within that ROI. Unless otherwise
noted, two-tailed P values were reported. P values less
than 0.05 were considered signiﬁcant.

onsets time-locked to the presentation of the ﬁrst stimulus
and with a duration matched to the length of the trial (2 s).
For the arithmetic tasks, both hits (i.e., correct responses in
problems with a true answer) and correct rejections (i.e.,
correct responses in problems with a false answer) were
included in the model, but only hits were considered of interest in the behavioral and fMRI analyses. All epochs were
convolved with a canonical hemodynamic response function. The time series data were high-pass ﬁltered (1/128
Hz), and serial correlations were corrected using an autoregressive AR (1) model.

Correlation analyses
For each ROI and each subject, we measured the voxelby-voxel correlation between the pattern of brain activity
associated with a localizer task and the pattern of brain activity associated with the arithmetic problems (see Fig. 4A
for an overview of the method). For example, we extracted
a t value for each voxel in the right IPS reﬂecting how
much this voxel was sensitive to the ratio difference
between dot arrays (i.e., contrast 24:36 vs. 12:36). We then
extracted a t value for each voxel in the right IPS reﬂecting
how much this voxel was more active in subtraction than
multiplication problems (i.e., contrast subtraction vs.
multiplication). Finally, we correlated these two sets of
t-values to determine the extent to which the pattern of
brain activity associated with numerosity processing was
related to the pattern of brain activity associated with subtraction problems (with respect to multiplication problems)
in the IPS. We used a similar method for correlating verbal
processing with multiplication (vs. subtraction) problems
in the left MTG and IFG. In these regions, we correlated
the t-values reﬂecting how much each voxel was involved
in the contrast word pairs vs. symbol strings with the
t-values reﬂecting how much each voxel was more active
during multiplication than during subtraction problems.
These correlations were Fisher transformed and averaged
across participants. We then tested whether the average
correlations were signiﬁcantly above 0 with one-sample
t-tests [Downing et al., 2007; Peelen et al., 2006].

ROI analyses
For each subject, we calculated two voxelwise contrasts,
one for each of the two localizer tasks. First, we identiﬁed
the brain regions in which activity was modulated by the
ratio between dot arrays in the numerosity comparison
task (i.e., contrast 24:36 vs. 12:36). Second, we identiﬁed the
regions that showed greater activity associated with word
pairs than symbol strings in the phonological processing
task. These contrasts were then submitted to one-sample
t-tests across all participants. The resulting statistical maps
were thresholded for signiﬁcance (using a voxelwise height
threshold of P < 0.005 and a cluster extent threshold of 20
contiguous voxels) in order to determine the average (i.e.,
group) coordinates of (1) the region of the IPS involved in
numerosity processing and (2) the region of the left temporo-parietal cortex involved in verbal (i.e., phonological)
processing. In the left temporo-parietal cortex, the region
involved in verbal processing was localized in the middle
temporal gyrus (MTG). Because the left inferior frontal
gyrus (IFG) was also signiﬁcantly activated in the contrast
word pairs than symbol strings, an IFG region-of-interest
(ROI) was also included in the subsequent analyses.
We then identiﬁed the precise coordinates of these three
regions in each individual participant. To this end, we
identiﬁed the most active voxel within a 12 mm sphere
centered on the group coordinates of the respective region.
In other words, we identiﬁed in each subject the voxel that
exhibited the maximal effect of numerical ratio in the IPS,
and the voxel that showed the greatest activation in the
contrast word pairs vs. symbol strings in the left MTG and
IFG. The IPS was deﬁned as the 50 most active voxels
within a 8 mm sphere around these individual coordinates.
The left MTG and IFG ROIs were deﬁned as the 50 most
active voxels within a 12 mm sphere around these individual coordinates. A slightly smaller search space was used
for the IPS than for the left MTG and IFG to account for
the fact that the parietal neurons involved in numerosity
processing are typically located in a restricted area in the
fundus of the horizontal part of the IPS [Dehaene et al.,
2003; Simon et al., 2002], whereas the neuronal correlates of
verbal processing are more distributed within the IFG and
MTG [Vigneau et al., 2006]. Note, however, that the number of voxels in the three regions is strictly identical. In
each participant, we calculated the average activity for

r

r

RESULTS
Overall Behavior
We ﬁrst analyzed the behavioral performance associated
with arithmetic problems in the scanner. Error rates and
reaction times for correct responses were submitted to
repeated-measures ANOVAs with the factors Arithmetic
problem (subtraction, multiplication) and Difﬁculty (easy,
hard). For both error rates and reaction times, these
ANOVAs revealed a main effect of Difﬁculty (error rates:
F1,25 ¼ 37.75, P < 0.001; reaction times: F1,25 ¼ 23.81, P <
0.001), a main effect of Arithmetic problem (error rates:
F1,25 ¼ 6.33, P < 0.05; reaction times: F1,25 ¼ 6.6, P < 0.05)
and an interaction of Arithmetic problem  Difﬁculty
(error rates: F1,25 ¼ 16.39, P < 0.001; reaction times: F1,25 ¼
5.67, P < 0.05). Post-hoc tests (Fisher’s least signiﬁcant difference [LSD] procedure) revealed that hard problems
were associated with higher error rates and longer reaction
times than easy problems in both multiplication (error
rates: 10% vs. 1%, P < 0.001; reaction times: 929 ms vs. 785
ms, P < 0.001) and subtraction tasks (error rates: 5% vs.
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2%, P < 0.05; reaction times: 832 ms vs. 761 ms, P < 0.01).
This conﬁrms that the difﬁculty manipulation was effective within each type of arithmetic problem, even though
the difﬁculty effect was larger in multiplication (error
rates: 9%; reaction times: 144 ms) than in subtraction problems (error rates: 3%; reaction times: 71 ms).
We then analyzed the behavioral performance associated
with the localizer tasks. In the numerosity processing task,
error rates and reaction times decreased as numerosity ratio increased (error rates: 12:36, 4%; 18:36, 4%, 24:36, 9%,
F2,50 ¼ 7.31, P < 0.01; reaction times: 12:36, 947 ms; 18:36,
979 ms, 24:36, 1,028 ms, F2,50 ¼ 11.39, P < 0.001). Such an
improvement in behavioral performance as the numerical
ratio between two quantities decreases (termed the distance effect) is a well-known behavioral effect in the literature [Moyer and Bayer, 1976]. In the phonological
processing task, error rates were lower when participants
evaluated word pairs than when they evaluated symbol
strings (error rates: 7% vs. 15%, t25 ¼ 3.03, P < 0.01) but
no difference was observed in terms of reaction times
(1,131 ms vs. 1,129 ms, t25 ¼ 0.08, P ¼ 0.94).

Phonological processing activates the left MTG
and left IFG
The goal of the phonological comparison task was to
localize the regions of the left temporo-parietal and inferior frontal cortices involved in verbal processing in each
participant. As for the numerosity comparison task, we
ﬁrst deﬁned the regions more active during phonological
processing (i.e., deciding whether two words rhyme) than
perceptual matching (i.e., deciding whether two symbol
strings match) across all participants (Fig. 2B, left). As
anticipated, we found this pattern of activity in the left
temporal and inferior frontal cortices, as well as in regions
involved in performance monitoring [medial frontal gyrus,
Ridderinkhof et al., 2004] and memory retrieval [left parahippocampal gyrus; Prince et al., 2005] (Table I). In the left
temporo-parietal cortex, enhanced activity was found at
the level of the left MTG (BA 21) (MNI coordinates: x ¼
48, y ¼ 44, z ¼ 4). In the left inferior frontal cortex,
more activity for words than symbol strings was observed
in both BA 44 (MNI coordinates: x ¼ 52, y ¼ 14, z ¼ 16)
and BA 45 (MNI coordinates: x ¼ 44, y ¼ 18, z ¼ 20).
Previous research on left hemisphere stroke patients has
suggested an overlap between the neuroanatomical correlates of verbal and arithmetic processing in BA 45 [Baldo
and Dronkers, 2007]. We thus used a mask of the left IFG
centered on the BA 45 coordinates determined above to
identify the precise location of the voxels the most
involved in verbal processing in each participant (see
Materials and Methods section and Fig. 2B, right). Similarly, we used a mask centered on the coordinates of the
left MTG region deﬁned in the group analysis to identify
the precise location of the voxels the most involved in
verbal processing in each participant (see Materials and
Methods section and Fig. 2B, right). As expected, activity
in the left MTG and left IFG was greater for words than
symbols in the phonological processing task (Fig. 3B,C,
Left). In both the left MTG and left IFG, there was also
greater activity when word pairs with conﬂicting phonological and orthographic information (e.g., pint-mint, jazzhas) were compared to word pairs with nonconﬂicting
phonological and orthographic information (e.g., dimelime, press-list) (MTG: t(25) ¼ 2.30, P < 0.05; IFG: t(25) ¼
2.52, P < 0.05). This suggests a greater reliance on the
verbal processing network in conﬂicting than nonconﬂicting conditions. Overall, these results conﬁrm that the left
MTG and IFG are involved in verbal processing and indicate that these ROIs are appropriate for testing our
hypotheses about the role of verbal processing in multiplication problems.

FMRI
Numerosity comparison activates the right IPS
Number processing neurons in the IPS are highly sensitive to variations in the ratio between quantities in quantity comparison tasks [Nieder and Dehaene, 2009].
Speciﬁcally, activity of this region increases as the numerical ratio between two quantities increases [Pinel et al.,
2001; Prado et al., 2010]. The goal of the numerosity processing task was to localize the area of the IPS containing
such neurons in each study participant. First, we investigated, across all participants, which brain regions showed
greater activity for a 24:36 ratio than a 12:36 ratio during
numerosity comparisons. As predicted, we found such a
pattern of activity in the right IPS (Brodmann area [BA]
40) (MNI coordinates: x ¼ 40, y ¼ 40, z ¼ 44) (Fig. 2A,
Left). Additionally, we found more activity for the 24:36
ratio than the 12:36 ratio in a few other regions typically
involved in effortful cognitive processes and working
memory [anterior cingulate cortex, medial frontal gyrus,
and left inferior frontal cortex; Ridderinkhof et al., 2004],
and visuospatial processing [right precuneus; Cavanna
and Trimble, 2006] (Table I). Second, a mask centered on
the coordinates of the right IPS region (our a priori hypothesis) was used to identify the precise location of the
voxels the most involved in numerosity comparison in
each participant (see Materials and Methods section and
Fig. 2A, right). As expected, activity in the right IPS
increased with numerical ratio in the numerosity processing task (i.e., a neural distance effect) (Fig. 3A, left). These
results conﬁrm that the right IPS is sensitive to numerosity
comparison. This ROI is thus appropriate for testing our
hypotheses about the role of numerosity comparison processes in subtraction problems.

r

r

Right IPS and left MTG are differentially activated
during subtraction and multiplication problems
We hypothesized that numerosity processing mechanisms in the IPS are recruited to a greater degree by subtraction than multiplication problems, whereas verbal
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Figure 2.
Locations of the regions of interests (ROIs) localized in the jects, there was more activity in both left MTG and IFG when
numerosity comparison and phonological processing tasks. (A) word pairs were compared with symbol strings in the verbal
Across all subjects, greater activity as numerical ratio increased processing task (left). A mask of each of these regions was used
in the numerosity comparison task was observed in the right to deﬁne the center the MTG and IFG ROIs for each subject.
intraparietal sulcus (IPS) (left). A mask of this region was used The locations of these subject-speciﬁc ROIs are shown on a 3D
to deﬁne the center the IPS ROI for each subject. The locations rendering of the MNI-normalized anatomical brain (right).
of these subject-speciﬁc ROIs are shown on a 3D rendering of [Color ﬁgure can be viewed in the online issue, which is availthe MNI-normalized anatomical brain (right). (B) Across all sub- able at wileyonlinelibrary.com.]

MTG (easy problems: P < 0.01; hard problems: P < 0.05)
(Fig. 3B, right). Therefore, in line with our hypothesis, we
found that the region of the IPS involved in numerosity
comparison is recruited to a greater extent by subtraction
than multiplication problems, whereas the region of the
left MTG involved in verbal processing is recruited to a
greater extent by multiplication than subtraction problems.
These results were conﬁrmed by a whole-brain voxelwise analysis (conducted at a threshold of P < 0.001
uncorrected) contrasting the two types of arithmetic problems. First, the contrast of subtraction vs. multiplication
(collapsed across difﬁculty) revealed signiﬁcant activation
of the right IPS (MNI coordinates: x ¼ 42, y ¼ 38, z ¼ 30;
BA 40) (see Supporting Information Fig. 1A and Supporting Information Table I). Second, the contrast of multiplication vs. subtraction (collapsed across difﬁculty) revealed
activation of the left MTG (MNI coordinates: x ¼ 56, y ¼

mechanisms in the left temporo-parietal cortex are more
activated during multiplication than subtraction problems.
To test this hypothesis, we analyzed the variations of brain
activity associated with arithmetic problems within the IPS
and MTG ROIs deﬁned in the localizer tasks. We conducted repeated-measures ANOVA with the factors Arithmetic problem (subtraction, multiplication), Difﬁculty
(easy, hard), and Region (right IPS, left MTG) on brain activity. This ANOVA revealed a signiﬁcant interaction of
Arithmetic problem  Region, F1,25 ¼ 6.80, P ¼ 0.015.
Post-hoc tests (Fisher’s LSD procedure) showed that easy
and hard subtraction problems were associated with
greater activity than corresponding multiplication problems in the right IPS (easy problems: P < 0.001; hard problems: P < 0.001) (Fig. 3A, right), whereas easy and hard
multiplication problems were associated with greater activity than corresponding subtraction problems in the left
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ity associated with arithmetic problems within the left IFG
ROI deﬁned in the phonological processing task. In the left
IFG, a repeated-measures ANOVA with the factors of
Arithmetic problem (subtraction, multiplication) and Difﬁculty (easy, hard) revealed a main effect of Difﬁculty, F1,25 ¼
14.675, P ¼ 0.00076, and an interaction of Arithmetic
problem  Difﬁculty, F1,25 ¼ 10.784, P ¼ 0.00302 (Fig. 3C,
right). Post-hoc tests (Fisher’s LSD) revealed that hard multiplication types of problem elicited more activity in the
left IFG than any other problems. That is, hard multiplication problems were associated with more activity than
easy multiplication problems (P < 0.001), hard subtraction
problems (P < 0.001), and easy subtraction problems (P <
0.001). In sum, unlike the left MTG, the left IFG is sensitive
to both the type (subtraction vs. multiplication) and difﬁculty (easy vs. hard) of arithmetic problems.
Importantly, these ROI results in the left IFG were conﬁrmed by a voxelwise analysis (P < 0.001 voxelwise).
Indeed, a whole-brain interaction analysis between Arithmetic problem (subtraction, multiplication) and Difﬁculty
(easy, hard) (P < 0.001 uncorrected) revealed enhanced activity in the left IFG (MNI coordinates: x ¼ 42, y ¼ 20,
z ¼ 24), as well as in the bilateral insula (MNI coordinates:
left, x ¼ 38, y ¼ 20, z ¼ 8; right, x ¼ 42, y ¼ 20, z ¼
8) and bilateral posterior parietal cortex (MNI coordinates: left, x ¼ 40, y ¼ 50, z ¼ 48; right, x ¼ 32, y ¼
62, z ¼ 48). Therefore, whole-brain analyses conﬁrmed
that the left IFG was sensitive to both the type and difﬁculty of arithmetic problems.

TABLE I. Brain regions activated in the localizer tasks
MNI coordinates
Anatomical location

BA

X

Numerosity comparison (24:36 > 12:36)
R. middle frontal gyrus
46
48
R. cingulate gyrus
32
10
R. medial frontal gyrus
8
2
L. inferior frontal gyrus
47
30
R. intraparietal sulcus
40
40
R. precuneus
19/7
30
R. insula
13
46
Phonological processing (words > symbols)
L. inferior frontal gyrus
47
46
L. inferior frontal gyrus
44
52
L. inferior frontal gyrus
45
44
L. medial frontal gyrus
9
2
R. medial frontal gyrus
10
2
L. middle temporal gyrus
21
48
L. posterior cingulate
29
4
L. parahippocampal gyrus 28
18

Y

Z

Z score

34
20
20
26
40
64
8

20
40
52
16
44
40
16

4.45
4.3
4.02
4.12
3.82
3.68
3.62

30
14
18
52
58
44
52
14

8
16
20
24
20
4
12
20

5.15
3.85
3.25
3.6
3.26
3.31
4.13
3.22

L, left; R, right; BA, approximate Brodmann Area; MNI, Montreal Neurological Institute.

30, z ¼ 8; BA 21) (see Supporting Information Fig. 1B
and Supporting Information Table I). Interestingly, a conjunction analysis of the contrast of subtraction vs. multiplication and the contrast of 24:36 ratio vs. 12:36 ratio in the
numerosity task (each map thresholded at P < 0.001
uncorrected) further revealed a signiﬁcant overlap of activity in the right IPS (MNI coordinates: x ¼ 40, y ¼ 40, z ¼
44) (see Supporting Information Fig. 2). However, inconsistent with our ROI results, a conjunction analysis of the
contrast of multiplication vs. subtraction and the contrast
of words vs. symbols (each map thresholded at P < 0.001
uncorrected) did not reveal any overlap of activation in
the MTG. This highlights the fact that selecting ROIs on an
individual basis may be a more powerful approach than
performing a whole-brain conjunction analysis and can
reveal effects that would otherwise go unnoticed by averaging the whole-brain patterns of activation across subjects
[Saxe et al., 2006].

Subtraction and numerosity comparison tasks
engage overlapping neural correlates in the right IPS
The results reported above demonstrate that the IPS
region involved in numerosity processing is more active in
the subtraction than in the multiplication task. However, it
is unclear whether numerosity processing and subtraction
tasks involve overlapping neural correlates or intertwined
but functionally separate correlates in the IPS. To distinguish between these possibilities, we measured the
strength of the voxel-by-voxel correlation between numerosity comparison (i.e., contrast 24:36 ratio vs. 12:36 ratio)
and subtraction (i.e., contrast subtraction vs. multiplication) in the right IPS of each participant (see Materials and
Methods section). We reasoned that, if the neural correlates involved in numerosity comparison are also engaged
during subtraction problems, then the voxels that are the
most active in the numerosity processing task should be
the most active in the subtraction task (relative to the multiplication task). In other words, we should observe a positive correlation between the pattern of activity associated
with numerosity comparison and the pattern of activity
associated with subtraction (vs. multiplication) in the IPS.
In line with this hypothesis, we found a signiﬁcant positive correlation between the voxelwise pattern associated
with the contrast 24:36 vs. 12:36 and the pattern elicited by
the contrast subtraction vs. multiplication in both easy and

The left IFG is activated during hard
multiplication problems
Although most research has implicated regions of the left
temporo-parietal cortex in the verbal retrieval of arithmetic
facts [Chochon et al., 1999; Delazer et al., 2003; Ischebeck
et al., 2007; Jost et al., 2009; Lee, 2000; Schmithorst and
Brown, 2004; Zhou et al., 2007], some studies have also suggested a role for the left IFG in mental arithmetic [Baldo
and Dronkers, 2007; Jost et al., 2009; Schmithorst and
Brown, 2004; Simon et al., 2002; Stanescu-Cosson et al.,
2000; Zhou et al., 2007]. To investigate the role of the left
IFG in our tasks, we analyzed the variations of brain activ-
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Figure 3.
Variations of activity associated with the localizer and arithmetic word pairs than symbol strings in the verbal processing task (left),
tasks in the subject-speciﬁc regions of interest (ROIs). (A) In the and more activity during multiplication than subtraction problems
intraparietal sulcus (IPS) ROI, there was greater activity as the nu- in the arithmetic tasks (right). (C) In the inferior frontal gyrus
merical ratio between dot arrays increased in the numerosity (IFG) ROI, there was more activity for word pairs than symbol
comparison task (left), and more activity during subtraction than strings in the verbal processing task (left), and more activity in
multiplication problems in the arithmetic tasks (right). (B) In the hard than in easy multiplication problems in the arithmetic tasks
middle temporal gyrus (MTG) ROI, there was more activity for (right). ***P < 0.001, **P < 0.01, n.s. P > 0.05.
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Figure 4.
Pattern analyses. (A) Overview of the voxel-by-voxel correlation tern of activity associated with the contrast subtraction vs.
method. For each subject and each region-of-interest (ROI), the multiplication was correlated with the pattern associated with
pattern of brain activation associated with a given localizer task the contrast 24:36 vs. 12:36 in the numerosity comparison task
was correlated with the pattern of brain activation associated for both easy and hard problems. In the left middle temporal
with a test contrast. In this example, the pattern associated with gyrus (MTG) and inferior frontal gyrus (IFG), however, no relathe test contrast 1 (left) is highly correlated with the pattern tionship was observed between the pattern of activity associated
associated with the localizer contrast (middle), whereas the pat- with the contrast multiplication vs. subtraction and the pattern
tern associated with the test contrast 2 (right) is weakly (or associated with the contrast word pairs vs. symbol strings in the
negatively) correlated with the pattern associated with the local- verbal processing task. *P < 0.05, n.s. P > 0.05.
izer contrast. (B) In the intraparietal sulcus (IPS) ROI, the pathard problems (easy: t(25) ¼ 2.21, P < 0.05; hard: t(25) ¼
2.14, P < 0.05) (Fig. 4B, left). This result suggests that the
neural mechanisms more active for subtraction than multiplication in the IPS overlap with those underlying numerosity comparison.

voxelwise pattern associated with these contrasts in easy
(t(25) ¼ 1.32, P ¼ 0.2) and in hard problems (t(25) ¼
0.18, P ¼ 0.86) (Fig 4B, middle). This result suggests that
the neural mechanisms more active for multiplication than
subtraction in the MTG are qualitatively different than
those involved in verbal processing.
Finally, we did not ﬁnd any relationship between the
contrasts of word pairs vs. symbol strings and multiplication vs. subtraction in the left IFG (easy: t(25) ¼ 0.56, P ¼
0.58; hard: t(25) ¼ 0.95, P ¼ 0.35) (Fig 4B, right). Therefore,
the greater activation observed during hard multiplication
problems than hard subtraction problems is likely to originate from qualitatively different neural correlates than
those involved in phonological processing in the left IFG.

Multiplication and phonological processing tasks
engage qualitatively different neural correlates in the
left MTG and IFG
In the present study, we show that the region of the left
MTG involved in phonological processing is more engaged
during multiplication than subtraction problems. If phonological processing and multiplication tasks engage overlapping neural correlates in the left MTG, then there should
be a positive voxelwise correlation between the patterns of
brain activity elicited by the contrast of word pairs vs.
symbol strings and the pattern elicited by the contrast of
multiplication vs. subtraction in the left MTG (see above
and Materials and Methods section). Across all participants, we did not found any relationship between the
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Greater overlap between subtraction and numerosity
comparison tasks in the right IPS is associated with
enhanced behavioral performance
The present results suggest that subtraction and numerosity comparison tasks engage overlapping neural
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trieval of mathematical facts activate a brain system
involved in semantic processing in language [Dehaene and
Cohen, 2007; Dehaene et al., 2004]. In the present experiment, we localized the brain regions underlying numerosity and verbal processing in each study participant.
Consistent with our hypothesis, we found a double dissociation between the brain regions underlying subtraction
and multiplication tasks. Overall, the brain region
involved in numerosity processing in the IPS exhibited
greater activity during subtraction than multiplication
problems, whereas the brain regions involved in verbal
processing in the left MTG and IFG exhibited greater activity during multiplication than subtraction problems.
Analyses of the underlying patterns of activity further
revealed that the neural mechanisms underlying numerosity processing in the IPS overlapped with those dissociating between subtraction and multiplication, and that the
strength of this overlap was associated with behavioral
performance. These ﬁndings provide evidence for a neuronal recycling view of elementary arithmetic.
The main ﬁnding from the numerosity comparison localizer task was that activity in the right IPS is modulated by
the numerical ratio between nonsymbolic numerosities.
There is overwhelming evidence suggesting that the IPS
plays a central role in numerical cognition, and that activity in this region is sensitive to the ratio between quantities [Pinel et al., 2001, 2004; Prado et al., 2010]. In humans,
neuroimaging studies have observed activity in the IPS
during symbolic and nonsymbolic magnitude comparison
tasks [Ansari and Dhital, 2006; Castelli et al., 2006; Holloway et al., 2010; Nieder and Dehaene, 2009; Pinel et al.,
2001, 2004; Prado et al., 2010], simple and complex arithmetic tasks [Chochon et al., 1999; Delazer et al., 2003; Fehr
et al., 2007; Ischebeck et al., 2007; Jost et al., 2009; Kawashima et al., 2004; Lee, 2000; Schmithorst and Brown, 2004;
Simon et al., 2002; Zhou et al., 2007], and when numerical
stimuli are compared to non-numerical stimuli [Eger et al.,
2003; Le Clec et al., 2000; Thioux et al., 2005]. Animal electrophysiological studies suggest that neurons encoding numerical quantities are present in the fundus of the
monkey’s IPS [Nieder and Dehaene, 2009] and may constitute an evolutionary precursor for the neural system
underlying symbolic arithmetic in humans [Dehaene and
Cohen, 2007]. In keeping with previous studies, our ﬁnding that activity in the IPS depends on the numerical ratio
between dot arrays in the numerosity comparison task
highlights the crucial role of this region in quantity
processing.
In the present study, we demonstrate that the region of
the IPS involved in numerosity comparison is recruited to
a greater extent by subtraction than multiplication problems. Although they did not use independent localizer
tasks to identify the numerosity processing mechanisms in
the IPS, previous studies have also found greater activity
in the IPS for subtraction than multiplication tasks [Chochon et al., 1999; Lee, 2000]. It has been argued that singledigit multiplication, unlike single-digit subtraction, are

Figure 5.
The strength of the overlap between the neural correlates of
subtraction (vs. multiplication) and numerosity comparison in
the right intraparietal sulcus (IPS) predicts interindividual performance on hard subtraction problems. Speciﬁcally, there was a
negative relationship between the individual mean reaction time
in hard problems of the subtraction task and the strength of the
correlation between the contrasts subtraction vs. multiplication
and 24:36 vs. 12:36.

correlates in the right IPS. To assess the behavioral signiﬁcance of this overlap, we tested whether there was a relationship between the individual mean reaction time in the
subtraction task and the strength of the correlation
between the contrasts subtraction vs. multiplication and
24:36 vs. 12:36 ratio in the right IPS. Although no relationship was observed between strength of correlation and
reaction time in easy problems (r ¼ 0.15, P ¼ 0.46), we
observed a signiﬁcant negative relationship in hard problems (r ¼ 0.41, P < 0.05) (Fig. 5). In other words, the stronger the overlap between the neural correlates involved in
numerosity comparison and those more active in hard
subtraction than hard multiplication, the faster the subjects
evaluated the hard subtraction problems. Interestingly, no
relationship was observed between overall amount of activity in the right IPS for subtraction (vs. multiplication)
and individual reaction time in easy or hard subtraction
problems (easy problems: r ¼ 0.06, P ¼ 0.76; hard problems: r ¼ 0.0006, P ¼ 1). Therefore, the degree to which
the neural mechanisms involved in numerosity processing
are engaged during subtraction problems, but not the
amount of overall activity associated with these problems,
is predictive of individual behavior in this task.

DISCUSSION
The goal of the present experiment was to test the hypothesis that arithmetic tasks that rely on number comparison (e.g., single-digit subtraction) make use of an
evolutionary older neural system involved in numerosity
comparison, while arithmetic tasks that rely on the re-
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learned through rote processes and may thus rely on
verbal memory [Dehaene et al., 2003]. As suggested by
Dehaene et al. [2003], the differential involvement of the
IPS in subtraction and multiplication tasks may thus reﬂect
the fact that single-digit subtractions require more extensive number comparison and quantity manipulation processes than single-digit multiplications. In line with this
idea, studies have shown that lesions of the parietal cortex
can be associated with impaired performance in both subtraction and magnitude processing tasks but relatively preserved performance in multiplication tasks [Dehaene and
Cohen, 1997; Delazer and Benke, 1997]. In sum, our study
extends and complements the ﬁndings of prior neuroimaging and neuropsychological studies by showing that the
same brain region involved in numerosity processing in
the IPS is also engaged during a subtraction task in
healthy adults.
Importantly, the results of our pattern analyses further
demonstrate a signiﬁcant relationship between the pattern
of activity associated with numerosity comparison and
subtraction (relative to multiplication) in the right IPS.
This suggests an overlap between the neural mechanisms
involved in numerosity comparison and those more
engaged in subtraction than multiplication in the right IPS.
This is consistent with the recently proposed neuronal
recycling hypothesis of mental arithmetic [Dehaene and
Cohen, 2007]. This model argues that, over the course of
the development, evolutionary older neural circuits dedicated to numerosity comparison are coopted (or recycled)
by novel arithmetic tasks [Dehaene and Cohen, 2007].
According to this claim, a signiﬁcant fraction of these circuits are used when adults perform arithmetic operations
involving quantity manipulation, such as subtraction. In
the present study, we not only show a signiﬁcant overlap
between the neural correlates of numerosity comparison
and subtraction (relative to multiplication) in the right IPS
but also demonstrate that the strength of this overlap predicts how efﬁciently the subtraction problems are processed on an individual basis. Speciﬁcally, the more the
neural mechanisms that dissociate between subtraction
and multiplication in the IPS make use of the neural mechanisms underlying numerosity processing, the faster the
subjects correctly evaluate the answer of subtraction problems. It should be noted, however, that this relationship
was only reliable for the hardest subtraction problems in
our task. It is probable that solving easy subtraction problems (e.g., 3-2) does not tax quantity manipulation processes as much as harder problems (e.g., 9-4). Therefore,
interindividual variations in the strength of the overlap
between subtraction and numerosity comparison tasks in
the IPS are less predictive of task performance in easy
than in hard subtraction problems. Nevertheless, we show
that the neural mechanisms involved in numerosity processing are used when subjects evaluate relatively hard
subtraction problems, in line with recent models suggesting that such neural recycling is a fundamental principle
of brain organization [Anderson, 2007].
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The main ﬁnding from the phonological processing localizer task was that reading visually presented words to
access their phonology is linked to activation of the left
temporo-parietal cortex (i.e., at the level of the MTG) and
IFG. This result essentially replicates previous ﬁndings
from our laboratory [Bitan et al., 2007]. It is also consistent
with a wealth of literature wherein both left MTG and IFG
have been shown to play central roles in language processing. On the one hand, it has been argued that left temporo-parietal regions such as the MTG are associated with
the long-term storage of lexico-semantic information [Blumenfeld et al., 2006; Booth et al., 2002; Fiebach et al., 2002;
Frost et al., 2005; Rossell et al., 2003; Simos et al., 2002].
The activation of the left MTG in our task is thus consistent with the idea that the presentation of familiar words
automatically activates the semantic system, even in a task
not explicitly requiring comprehension [Macleod, 1991;
Van Orden et al., 1998]. On the other hand, the left IFG is
believed to be involved in the effortful control and retrieval of semantic and phonological knowledge [Bookheimer, 2002], a process that is likely to be required in our
task where participants have to ignore the spelling of
words to access their phonology. Consistent with this idea,
there was greater activity in this area when word pairs
had conﬂicting (e.g., pint-mint, jazz-has) than nonconﬂicting (e.g., dime-lime, press-list) phonological and orthographic information. In sum, the activation of the left
MTG and IFG during our verbal processing localizer task
is in line with prior research.
In the region of the left MTG activated during the phonology processing task, we found more activity when participants evaluated multiplication than subtraction
problems. This differential activity was present for both
easy and hard problems. To our knowledge, our study is
the ﬁrst to show that the same region of the left MTG is
involved in verbal processing and multiplication tasks in
healthy adults. Nevertheless, neuroimaging and neuropsychological literature have long suggested a link between
multiplication and language processing in humans. For
example, neuroimaging studies have shown enhanced activity in the left temporo-parietal cortex when multiplications are compared to subtractions [Lee, 2000], additions
[Zhou et al., 2007], number comparison [Chochon et al.,
1999], and various control tasks [Fulbright et al., 2000;
Gruber et al., 2001; Jost et al., 2009]. In a recent series of
learning studies, Delazer et al. [Zamarian et al., 2009] further demonstrated that multiplication-related activity in
the left temporo-parietal cortex is dependent on participants’ expertise: the more arithmetic facts are stored in declarative memory, the greater the activation of the left
temporo-parietal cortex. It should be noted, however, that
the peaks of activation reported in these learning studies
typically lie in the left angular gyrus. These peaks are thus
more dorsal than the left MTG region found in the present
study. The present study focuses on the left MTG because
this region was reliably activated in our phonological
processing task, whereas the left angular gyrus was not.
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1992], are more difﬁcult to solve by back-up strategies [Siegler, 1988], or are more likely to include a solution with a
decade and unit digits inconsistent with the decade and
unit digits of closely related operands [Verguts et al.,
2005]. Although our results do not allow us to disentangle
between these possibilities, they are consistent with the
idea that control processes are needed when a multiplication problem is not strongly associated with a correct answer, as it is the case for problems with large operands.
Even though we found that multiplication problems are
associated with more activity than corresponding subtraction problems in the left MTG (for both easy and hard
problems) and IFG (only for hard problems), we did not
ﬁnd any signiﬁcant relationship between the pattern of
brain activity associated with verbal processing and multiplication (relative to subtraction) in either the left MTG or
the left IFG. This suggests that the neural mechanisms
engaged in our phonological processing task do not overlap with the neural mechanisms more engaged in multiplication than subtraction in these regions [Peelen and
Downing, 2007]. On the one hand, these results (especially
in the left MTG) seem inconsistent with the idea that multiplication facts are stored as pure verbal sequences in the
semantic system, as proposed by the triple-code model
[Dehaene and Cohen, 1995]. Rather, this dissociation
between the brain patterns underlying verbal processing
and multiplication (relative to subtraction) in the MTG is
in line with models arguing that multiplication facts are
represented as nonverbal associative knowledge in the
semantic system [Ashcraft, 1992; Campbell, 1995; McCloskey and Lindemann, 1992] [Zamarian et al., 2006]. This
ﬁnding further highlights the idea that semantic knowledge is distributed and modular in the brain [Martin and
Chao, 2001]. It is also in keeping with neuropsychological
ﬁndings that show that patients with semantic dementia
may exhibit severely impaired knowledge of word meanings but intact numerical knowledge such as multiplication facts [Zamarian et al., 2006]. On the other hand,
retrieving the meaning of words was irrelevant in our
phonological processing task. Studies have provided evidence that the presentation of familiar words automatically activates the semantic system [Macleod, 1991; Van
Orden et al., 1998]. However, it is possible that this automatic activation of the semantic system was too weak to
observe a reliable relationship between verbal processing
and multiplication (vs. subtraction) in the left MTG. This
is consistent with ﬁndings showing lower activation of the
left MTG in phonological than semantic processing tasks
[Gold et al., 2002, 2005]. Future studies might investigate
the degree of overlap between verbal processing and multiplication in tasks requiring an explicit processing of the
semantic aspects of words.
In conclusion, the present ﬁndings make several important contributions to the literature on the neural bases of
mental arithmetic. They provide compelling evidence that
the same regions involved in numerosity and verbal processing are involved in performing subtraction and

Therefore, our study provides novel evidence that, not
only the left angular gyrus but also the left MTG is
engaged in mental arithmetic. Future studies using a
verbal localizer task that would reliably activate the left
angular gyrus might investigate its precise role in arithmetic processing. Previous neuroimaging studies suggest that
activity in the left MTG during word processing tasks (at a
location close to the coordinates reported in the current
study) reﬂects the level of semantic association between
pairs of words [Chou et al., 2006, 2009]. Therefore, in the
present study, the greater activity observed for multiplication than subtraction problems in the left MTG suggests
that this region might house the semantic associations
between multiplication problems and their solutions (but
not between subtraction problems and their solutions).
This is in keeping with most cognitive models of mental
arithmetic that assume associative relationships between
multiplication problems and their solutions [Ashcraft,
1992; Campbell, 1995; Dehaene and Cohen, 1995; McCloskey and Lindemann, 1992; Siegler, 1988; Verguts et al.,
2005].
In contrast with the results obtained in the left MTG, activity in the region of the left IFG involved the verbal
processing task was sensitive to both arithmetic problem
(multiplication vs. subtraction) and problem difﬁculty
(easy vs. hard). That is, hard multiplication problems
(involving large operands) elicited greater activity in this
region than any other type of problems (easy multiplication, hard subtraction, and easy subtraction). As indicated
earlier, the left IFG is often thought to be involved in the
effortful control and retrieval of semantic knowledge
[Bookheimer, 2002]. Speciﬁcally, Badre and Wagner [2007]
have proposed that the region of the left IFG from which
our ROI was deﬁned (i.e., BA 45) is critical for selecting
between active representations. In line with this idea, activity in BA 45 typically increases when searching among
conceptual representations becomes harder, for example,
when participants decide whether words with low semantic associations have related meanings [Chou et al., 2009].
We speculate that the enhanced activity observed in the
left IFG during hard multiplication problems reﬂects the
recruitment of similar control and retrieval processes. That
is, because the association between multiplication problems and their correct solution (and thus the activation of
the associated representation in the temporo-parietal cortex) is likely to be weaker in hard than in easy problems,
hard problems are likely to engage control and retrieval
processes to a greater extent than easy problems. In fact,
most cognitive models of mental arithmetic posit that the
associative strength between problems and correct
response decreases as the operand size increases, an effect
believed to be responsible for the lower rates of behavioral
performance associated with large problems [Ashcraft,
1992; Campbell, 1995; Dehaene and Cohen, 1995; McCloskey and Lindemann, 1992; Siegler, 1988; Verguts et al.,
2005]. This may be due to the fact that large problems are
less frequently encountered than small problems [Ashcraft,
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multiplication, respectively. Together with recent ﬁndings
[Knops et al., 2009], the overlap between the subtraction
and numerosity comparison tasks obtained in the present
study supports the idea that recent cultural inventions
such as symbolic arithmetic rely on evolutionary older
neural structures [Dehaene and Cohen, 2007]. By showing
that multiplication problems relies more on regions
involved in verbal processing, our results also lend support for cognitive theories arguing in favor of dissociation
between the neural processes subserving mental arithmetic
[Dehaene and Cohen, 1995]. It is difﬁcult, however, to
draw a ﬁrm conclusion on whether the overlap between
the multiplication and phonological processing tasks in the
left MTG provides evidence for the neuronal recycling hypothesis. First, pattern analyses suggest that multiplication
and phonological processing do not engage the same neural mechanisms in the left MTG. Second, the phonological
processing task is essentially a reading task. Because reading makes use of neuronal recycling itself [Dehaene and
Cohen, 2007], testing the degree of overlap between multiplication and phonological processing might not provide a
deﬁnite test of the neuronal recycling hypotheses. More
however, generally, our ﬁndings highlight the importance
of using both localizer tasks and pattern analyses techniques when testing models that posit shared neural processes between tasks, such as the neuronal recycling
hypothesis.
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