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ABSTRACT

Although several parietal areas are known to be involved in number processing, their possible role in arithmetic
operations remains debated. It has been hypothesized that the horizontal segment of the intraparietal sulcus
(hIPS) and the posterior superior parietal lobule (PSPL) contribute to operations solved by calculation
procedures, such as subtraction, but whether these areas are also involved in operations solved by memory
retrieval, such as multiplication, is controversial. In the present study, we first identified the parietal areas
involved in subtraction and multiplication by means of functional magnetic resonance imaging (fMRI) and we
found an increased activation, bilaterally, in the hIPS and PSPL during both arithmetic operations. In order to test
whether these areas are causally involved in subtraction and multiplication, we used transcranial magnetic
stimulation (TMS) to create, in each participant, a virtual lesion of either the hIPS or PSPL, over the sites
corresponding to the peaks of activation gathered in fMRI. When compared to a control site, we found an
increase in response latencies in both operations after a virtual lesion of either the left or right hIPS, but not of the
PSPL. Moreover, TMS over the hIPS increased the error rate in the multiplication task. The present results indicate
that even operations solved by memory retrieval, such as multiplication, rely on the hIPS. In contrast, the PSPL

seems to underlie processes that are nonessential to solve basic subtraction and multiplication problems.

© 2010 Elsevier Inc. All rights reserved.

Introduction

The role of the parietal lobe in mental calculation is supported by a
long-lasting tradition of neuropsychological studies showing that
parietal lesions often result in number processing or calculation
impairments (Cipolotti and Lacy-Costello, 1995; Dehaene and Cohen,
1991, 1997; Delazer and Benke, 1997; Gerstmann, 1930; Hécaen et al.,
1961; Mayer et al., 1999; McCloskey et al., 1986; Pesenti et al., 1994;
Takayama et al., 1994). In the past 10 years, brain imaging results have
strengthened this view but they have also suggested that distinct
areas of the parietal cortex may be involved in different aspects of
mental calculation (Chochon et al.,, 1999; Dehaene, 1999, 2009; Lee,
2000; Pesenti et al., 2000b; Piazza et al., 2006; Dehaene et al., 2003;
Nieder and Dehaene, 2009). The processing of number magnitude has
been assigned to the bilateral horizontal segment of the intraparietal
sulcus (hIPS) and to the bilateral posterior superior parietal lobule
(PSPL), a region extending from the posterior segment of the IPS to
the precuneus (Dehaene et al., 2003). Functional magnetic resonance
imaging (fMRI) studies showed that, in these two areas, the blood-
oxygen level-dependent (BOLD) signal is modulated by the same
arithmetic factors, such as problem size (Stanescu-Cosson et al.,
2000), number of operands (Menon et al., 2000) and strategy (Delazer
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et al.,, 2003, 2005; Ischebeck et al., 2006). However, only the hIPS
showed a selective activation during subtraction when compared to
manual, visuospatial or linguistic tasks (Simon et al., 2002). Further
studies showed that activation in the left and right hIPS is intrinsically
related to number magnitude (Eger et al., 2009; Piazza et al., 2004,
2007). In contrast, in the PSPL, overlapping activations were found
during calculation and saccade tasks (Knops et al., 2009a; Simon et al.,
2002), suggesting that this area may provide a visuospatial medium
for solving arithmetic problems (Dehaene, 2009; McCrink et al., 2007;
Hubbard et al., 2005; Knops et al., 2009b). Although the right
hemisphere was originally thought to house this visuospatial medium
(Dehaene and Cohen, 1995; Zago et al., 2008), further fMRI studies
revealed an equal contribution of the left and right PSPL to addition
and subtraction. In some studies, a relative right hemisphere
dominance was observed during addition and subtraction tasks in
the context of bilateral activation (Menon et al., 2000; Zhou et al.,
2007). Studies with split-brain patients suggest that the left
hemisphere is sufficient to perform all arithmetic operations, whereas
the right hemisphere would be endowed with basic abilities for
solving small addition and subtraction problems and approximating
the result of large problems (Andres et al., 2005; Gazzaniga and
Smylie, 1984; Funnell et al., 2007).

Whereas several brain imaging results confirmed the involvement
of the hIPS and PSPL in addition and subtraction, their contribution to
multiplication remains unclear. In contrast to subtraction problems
that are assumed to rely on calculation procedures, it has been
proposed that the responses to multiplication problems are retrieved
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directly from long-term memory (Campbell, 1987, 1994; Dehaene,
1992; LeFevre et al., 1996; McCloskey, 1992). Retrieval-based
strategies refer to the automatic activation of learned associations
between a problem and its answer (Ashcraft, 1992). Some authors
made the additional assumption that this memory retrieval is
mediated by verbal processes (Cohen et al, 2000; Dehaene and
Cohen, 1995). According to this view, the operations relying on
memory retrieval would depend on a left-lateralized language
network, including perisylvian and sub-cortical areas (Delazer et al.,
2004; Pinel and Dehaene, 2010; Zhou et al., 2007), as well as the left
angular gyrus (ANG), an area of the inferior parietal lobule known for
its contribution to reading and verbal short-term memory tasks (Fiez
and Petersen, 1998; Lee, 2000; Paulesu et al., 1993; Price, 1998; Simon
et al,, 2002; Zago et al., 2008). The left ANG is assumed to be essential
only for the arithmetic problems whose result is retrieved mechan-
ically from long-term memory (Dehaene et al., 2003). This view has
received empirical support from fMRI studies contrasting retrieval
versus calculation procedures (Grabner et al., 2009a), trained versus
untrained problems (Delazer et al., 2003, 2005) or exact versus
approximate calculation (Dehaene, 1999).

However, the view that subtraction and multiplication rely on
distinct brain networks faces several discrepancies. Indeed, several
brain imaging studies have evidenced an increased activation in the
hIPS when solving simple multiplication problems (Chochon et al.,
1999; Delazer et al., 2003; Fehr et al., 2007; Fulbright et al., 2000;
Hayashi et al., 2000; Jost et al., 2009; Kazui et al., 2000; Rickard et al.,
2000; Zago et al., 2001). Moreover, some studies showed that
language areas were not activated and sometimes even deactivated
during the retrieval of arithmetic facts (Keller and Menon, 2009;
Pesenti et al., 2000b; Rickard et al., 2000; Venkatraman et al., 2005;
Zago et al., 2001). Neuropsychological data also question the idea that
operations solved by memory retrieval rely exclusively on language
areas. Indeed, some aphasic patients are capable of solving multipli-
cation problems which they are unable to read aloud (e.g., when
presented with 8 + 5, the patient read «two plus four» but correctly
answered 13; Rossor et al., 1995; Warrington, 1982; Whalen et al.,
2002). Finally, because brain imaging studies only provide correlative
data, it is currently impossible to determine which parietal areas are
causally involved in a given arithmetic operation. This issue is also
difficult to address in brain-lesioned patients because of the close
proximity of the aforementioned areas and the uncertainty relative to
the location and size of the lesions.

The present study aimed at clarifying the contribution of the
parietal lobe to arithmetic operations by combining fMRI and
repetitive transcranial magnetic stimulation (rTMS). FMRI was first
used to identify, in each participant, the parietal areas activated
during subtraction and multiplication tasks. In a second step, rTMS
was applied exactly over the same areas while participants performed
the same tasks to test the causal relationship between the disrupted
area and each operation. Under the assumption that the hIPS is
engaged in arithmetic operations solved by calculation procedures
and not in those solved by memory retrieval, this area should be more
activated during subtraction than multiplication and its virtual lesion
should increase response latencies (RLs) and/or error rates during
subtraction only. Alternatively, the finding that rTMS over the hIPS
also affects multiplication would mean that it could actually
contribute to the retrieval of arithmetic problems from memory. If
the two hIPS are necessary for these arithmetic operations, as
suggested by neuroimaging studies, performance should be impaired
by either a left or right virtual lesion. Finally, under the assumption
that memory retrieval and calculation procedures are mediated by
verbal and visuospatial processes, respectively, increased activity
should be observed in the left ANG during multiplication whereas the
right PSPL should be selectively activated during subtraction. In
contrast, an absence of activation in the left ANG during multiplication
would corroborate recent evidence suggesting that overlearned

operations do not necessarily depend on verbal representations.
Although there is a larger consensus about the activation of the PSPL
during arithmetic operations solved by calculation procedures, it is
still unknown whether its integrity is required to perform these
operations. The right hemisphere dominance observed in some
visuospatial tasks predicts a superiority of the right over the left
PSPL during subtraction (Dehaene and Cohen, 1995; Zago et al., 2008),
suggesting that virtual lesions of the left PSPL should be compensated
by the right PSPL contribution.

Material and methods
Participants

Ten French-speaking males (mean age and S.D.: 2142 years),
right-handed according to the Edinburgh Handedness Inventory
(Oldfield, 1971), gave their informed consent to participate to both
the fMRI and TMS experiments. They had normal vision and none of
them had experienced a neurological disease or mathematical
disabilities. They were screened for risk factors by a neurologist
before each experiment (Keel et al., 2001). The TMS experiment took
place within 10 months following the acquisition of fMRI data. All
procedures were approved by the Biomedical Ethical Committee of
the Université catholique de Louvain.

fMRI experiment

Tasks and stimuli

Single Arabic digits between 3 and 9 were displayed in black on a
white background in the centre of a computer screen (maximum
visual angle: 5°). Participants were instructed to subtract mentally the
presented digit from 11 or 13, or to multiply it by 3 or 4, and to
provide the response verbally. Instructions emphasized both speed
and accuracy. The arithmetic problems were chosen to equate the
average RL and error rate across the two operations while keeping the
set of digits identical in the visual display. Ties (i.e., problems
including similar digits: 3 x3) or problems including digits 2 or 5 were
not included because they may benefit from a distinct access in
memory or may be decomposed into multiple additions (Campbell
and Graham, 1985; De Brauwer et al.,, 2006; LeFevre et al., 1996,
2004). In the reference condition, participants were asked to read
aloud uppercase letters (C, D, F, G, H, J) displayed in the same format
as Arabic digits (see Fig. 1A).

fMRI protocol

High-resolution anatomical images were first acquired for each
participant using a T1-weighted 3D turbo fast field-echo sequence with
an inversion recovery prepulse (TE=4.6 ms, TR=9.1 ms, Flip
angle =8°, Field of view (FOV)=220x 197 mm, 150 contiguous axial
slices of 1 mm, voxel size =0.81 % 0.95x 1 mm, SENSE factor = 1.4). This
was followed by 4 runs of functional data acquisition. Functional images
were acquired with a 3.0 Tesla magnetic resonance imager and an
8-channel phased array head coil (Achieva, Philips Medical Systems) as
series of blood-oxygen-sensitive T2*-weighted echo-planar image
volumes (GRE-EPI). Each run consisted of 132 volumes and was preceded
by 4 dummy scans to allow for magnetic saturation effects. Acquisition
parameters were: TE=50ms, TR=2500 ms, Flip angle=90°,
FOV =220x220 mm, 36 slices acquired in an ascending interleaved
sequence, slice thickness = 3.5 mm with no interslice gap, SENSE factor
(parallel imaging) = 2.5. Head movement was limited by foam padding
within the head coil and a restraining band across the forehead.

We used a block-design paradigm with short blocks of 5 trials
(1 digit/letter every 3500 ms for a total duration of 17500 ms),
interleaved with 10000 ms fixation periods, to optimize the signal-
to-noise ratio while controlling speech-related head motion artefacts.
Indeed, the peak of the BOLD signal is expected to occur 6 s after the
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A fMRI experiment

«13-N»or«3xN»

rTMS experiment

«13-N»or«3xN»

Fig. 1. Experimental procedure. (A) Time course of stimulus presentation. In the fMRI experiment, a reading task was used as a reference condition. In the TMS experiment, 4 pulses
(red) were delivered with a 10 Hz frequency 100 ms after stimulus onset. (B) Regions showing increased activity during subtraction and multiplication, as revealed by a conjunction
analysis of the two arithmetic tasks (images are displayed with a threshold set at p<0.001 uncorrected; minimal cluster size (k) =10 voxels). A neuronavigation system was used to
position the TMS coil over the site showing maximal activation in the left/right hIPS or PSPL in each individual.

stimulus display, whereas the speech-induced head movements should
be observed within 3500 ms after the stimulus display. Therefore, at the
level of one trial, the time course of the BOLD signal was desynchronized
from the time course of head movement artefacts and the event-related
response should not be affected (Birn et al., 1999). However, as the
number of trials increases, artefacts are more likely to overlap with the
BOLD response. Simulations of this interaction showed that a 17500 ms
block, including no more than 5 trials, offers a good compromise
between a low sensitivity to artefacts and a high signal-to-noise ratio
(Birn et al., 2004).

Experimental procedure

Subtraction and multiplication were tested separately in 4 runs
following an ABBA order in half of the participants and a BAAB in the
others. Each run included 6 blocks of the same arithmetic task
interleaved with 6 blocks of letter reading. In each block, 5 different
numbers/letters were presented, in a random order, for 150 ms with a
3500 ms inter-stimulus interval (ISI; see Fig. 1A). Each digit/letter was
presented 5 times in each run. The stimulus display was controlled by E-
prime 2.0 (Schneider et al., 2002) and verbal responses were recorded
by a digital recorder. The recorder was placed in an anechoic box,
outside the scanner room. The auditory signal was conveyed to the
anechoic box through a 10 m plastic tube connected to an oxygen mask
placed over the participant's mouth. Before the experiment, participants
were trained to produce audible responses while keeping bucco-
laryngo-facial movements to a minimum. Accordingly, during data
acquisition, head movements did not exceed a 1 mm displacement or 1
degree rotation along the x, y and z axes.

Data analysis

Data were processed and analyzed using Statistical Parametric
Mapping (SPM2, Welcome Department of Cognitive Neurology,
London, UK, <http://www. fil.ion.ac.uk/spm>). Functional images were
(1) corrected for slice acquisition delays, (2) re-aligned to the first scan
of the first run (closest to the anatomical scan) to correct for within- and

between-run motion, (3) coregistered with the anatomical scan, (4)
normalized to the MNI template using an affine fourth degree 3-spline
interpolation transformation and a voxel size of 2x 2 x 2 mm?° after the
skull and bones had been removed with a mask based on the individual
anatomical images, and (5) spatially smoothed using an 8-mm FWHM
Gaussian kernel. Condition-related changes in regional brain activity
were estimated for each participant by a general linear model in which
the responses evoked by each condition of interest were modeled by a
standard hemodynamic response function. The contrasts of interest
were first computed at the individual level to identify the cerebral
regions significantly activated by subtraction or multiplication. Signif-
icant cerebral activations for the critical contrasts (subtraction versus
letter reading; multiplication versus letter reading; multiplication versus
subtraction; subtraction versus multiplication) were then examined at
the group level in random-effect analyses using one-sample t-tests and
analyses of variance (ANOVA) with the statistical threshold set at
p<0.05 (FWE corrected at the cluster level) and extending to at least
150 contiguous voxels (k).

The audio recordings collected during the fMRI experiment were
filtered, using a specific noise cancellation tool to separate the verbal
responses from the MR noise (Cusack et al., 2005). A trigger signal
controlled by E-prime allowed us to detect the beginning of each
block in the audio recordings and to measure RLs with respect to the
onset of each stimulus. The mean RL of correct trials and the error rate
were compared between the two arithmetic tasks using paired t-tests
after removing outlier RL>3 S.D. (1.4+1%) and trials where audio
recordings could not be filtered appropriately (0.9 + 1.5%).

TMS experiment

Tasks and stimuli

Tasks and stimuli were the same as in the first experiment, except
for the reference condition (letter reading) which was specific to the
fMRI design. Instructions emphasized both speed and accuracy.
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TMS protocol

Based on the results of our fMRI experiment, we focussed on four
stimulation sites, located in the hIPS and PSPL of each hemisphere. The
coordinates of the TMS sites were defined individually by selecting, in
each region, the voxel showing the maximal increase of activity in the
single-participant analysis testing the conjunction of the t-contrasts
between each operation and letter reading (see Fig. 1B). During the
TMS experiment, the stimulation sites were localized on-line on the
participant's scalp through a neuronavigation system that allowed us
to visualize the coil position with respect to the projection of each site
onto the individual MRI with a spatial accuracy close to the mm
(Noirhomme et al., 2004). The vertex was used as a control site. In
each trial, four TMS pulses were delivered during 300 ms, at a 10 Hz
frequency and an intensity of 65% of the stimulator output, by means
of a Magstim Rapid stimulator through a 35-mm inner diameter
figure-of-eight coil (Magstim Company, Whitland, UK).

Experimental procedure

The five TMS sites (left and right hIPS, left and right PSPL, vertex)
were tested in separate runs, following a random order, with the
constraint that each site should be assigned twice to each position in
the sequence across the 10 participants. Within each run, 4 blocks of
subtraction problems and 4 blocks of multiplication problems were
presented alternatively, with half of the participants starting with
subtraction problems. These blocks were interleaved with fixation
periods of 5000 ms. The arithmetic task was cued at the beginning of
each block (e.g. “multiply by 3”) and participants were asked to
perform the same task with 10 digits presented successively. The
digits were displayed for 150 ms, with an ISI of 5000 ms, and rTMS
was applied 100 ms after the digit onset (see Fig. 1A). The display
device was the same as in the fMRI experiment. A microphone was
used to record verbal responses and RLs were measured on-line by
E-prime.

Data analysis

The behavioural data collected during the TMS experiment were
analysed with SPSS after removing, on a subject-by-subject basis,
trials in which the microphone failed to trigger (14 2%) or in which
the RL exceeded the individual mean RL4 3 S.D. (2 4-1%). In the first
part of the analysis, the data collected for the left and right homologue
sites were pooled together before computing the mean RL and error
rate for each task and each site, irrespective to hemispheric
lateralization, the vertex being undefined in terms of left or right
localization. An ANOVA was conducted on these values with TAsK
(subtraction vs. multiplication) and siTe (vertex vs. hIPS vs. PSPL) as
within-subject factors. In order to investigate hemispheric lateraliza-
tion, we performed a second ANOVA with TAsk (subtraction vs.
multiplication), site (hIPS vs. PSPL) and HEmISPHERE (left vs. right) as
within-subject factors. The Greenhouse-Geisser procedure was used
to correct the degrees of freedoms when the sphericity assumption
was violated. Paired t-tests were used for post-hoc comparisons (one-
tailed, p<0.05 corrected for multiple comparisons using the stepwise
Bonferroni-Holm procedure; Holm, 1979).

Results
fMRI experiment

Behavioural data failed to reveal a significant difference of
performance between multiplication (mean RL+SD: 8104257 ms
and 1.7 + 1.3% errors) and subtraction (mean RL+ SD: 903 + 260 ms, t
(9)=1.7, ns; and 2+0.9% errors, t(9)=1.4, ns). Concerning func-
tional data, the contrast between each arithmetic task and the letter
reading task revealed similar activations for subtraction and multi-
plication in the parietal and frontal lobes (see Table 1). A conjunction
analysis of these contrasts confirmed that the parietal lobe was

involved in both arithmetic operations. Increased activation was
observed in the bilateral PSPL and in the left hIPS (see Fig. 1B). A small
cluster was also found in the right hIPS at an uncorrected level
(p<.001). Subtraction and multiplication also recruited common
areas in the left inferior frontal gyrus (IFG), the left supplementary
motor area (SMA), the right insula and the right cerebellum. Results
did not show any region that was more activated during subtraction
than multiplication, whereas additional activations were found
bilaterally in the middle (MTG) and superior (STG) temporal gyrii
during multiplication (see Fig. 2). There was no evidence for an
increased activation in the ANG during multiplication when compared
to letter reading or subtraction, even at an uncorrected level (p<.001).
To ensure that this absence of activation was not due to the reference
condition used in the present study, we also looked at the contrast
between multiplication and fixation blocks but this contrast also failed
to reveal an activation of the ANG.

TMS experiment

In the vertex condition used as a baseline, subtraction and
multiplication led to comparable RLs (8944265 ms and 9094+
284 ms; t(9)=0.4, ns) and error rates (4+4.6% and 1+2.1%;
t(9)=1.9, p<0.1). The individual coordinates of the stimulation
sites are shown in Table 2 and their location is represented on a glass
brain in Fig. 3. The first ANOVA, with siTe (hIPS vs. PSPL vs. vertex) and
OPERATION (subtraction vs. multiplication) as within-subject factors,
revealed a main effect of site (F(2,18) =4.26, p<.03). As shown in
Fig. 3, TMS over the hIPS (1007 4- 296 ms) induced a RL increase when
compared to the vertex (9004266 ms; t(9) =2.6, p<0.05) and PSPL
conditions (9504269 ms; t(9)=2.2, p<0.05). There was no RL
difference between the vertex and PSPL conditions (t(9)=1.2,
p<0.2). The oreraTION had no effect on RL (F<1) and there was no
interaction between SITE and OPERATION (F<1). In order to test the
hemispheric lateralization of the hIPS contribution, we conducted a
second ANOVA with site (hIPS vs. PSPL), OPERATION (subtraction vs.
multiplication) and HEmISPHERE (left vs. right) as within-subject factors.
Results confirmed the main effect of st (F(1,9) =5.7, p<0.04) but
this effect did not interact with HEMISPHERE (F<1), suggesting an equal
contribution of the left and right hIPS to arithmetic tasks (see Table 3).
All other main effects and interactions were not significant (all
p-values > 0.1).

The 2 x 3 ANOVA performed on the error rate revealed no effect of
OPERATION (F(1,9) =1.2, p<0.3) but a main effect of site (F(2,18) =6.5,
p<0.01) and a sitE by oPERATION interaction (F(2,18)=4.7, p<0.05).
This interaction indicated that the effect of st was significant for
multiplication only (F(2,18)=11.4, p<0.005; see Fig. 3). Indeed,

Table 1

Table of coordinates (x, y, z), normalized to the MNI sample, T-values of the peak voxel
(** corrected p<0.05; * uncorrected p<0.001) for each area showing increased activity
during subtraction and/or multiplication.

Contrast X y z T-value Brain area
[Multiply and Subtract] —28 —70 42 448"  LPSPL
—34 —56 52 421"  LhIPS
—50 12 28 4.19*  LIFG (part opercularis)
-2 20 54 334* L SMA
32 —64 42 3.87** RPSPL
36 —74 —28 368* R Cerebellum Crus I
38 30 —2 346°* R Insula
42 —40 40 342* R hIPS
[Multiply vs. Subtract] —52 —24 12 4.01* L STG
—62 —18 12 3.87** LSIG
—62 —12 —4 398 LMITG
—56 —2 —4 354%™ LSTG
60 —4 —6 432" RSIG
66 —26 12 4.25* R STG
68 —12 6 3.81" RSTG
[Subtract vs. Multiply] - - - - none




3052 M. Andres et al. / Neurolmage 54 (2011) 3048-3056

Fig. 2. FMRI experiment. Axial and coronal views of the brain regions showing increased activity during mental arithmetic. In each column, the yellow line crossing the axial view
indicates the plane corresponding to the coronal view below and vice versa. Red clusters represent the parietal and frontal areas involved in subtraction and multiplication. The
bilateral posterior superior parietal lobe (PSPL), the horizontal segment of the left intraparietal sulcus (hIPS) and the left inferior frontal gyrus (IFG) survived a corrected threshold of
p<0.05 in a conjunction analysis (k= 150). Voxels showing increased activity during both arithmetic operations were also found in the right hIPS but only at an uncorrected
threshold of p<0.001. Blue clusters include perisylvian areas of the superior (STG) and middle temporal lobe showing more activity during multiplication than subtraction (corrected
p<0.05, k=150). No brain region was more activated during subtraction than multiplication.

the participants answered multiplication problems less accurately when
TMS was applied over the hIPS (6+4.3%) than over the vertex (1
+2.1%; t(9)=5.3, p<0.001) or PSPL (1.5+ 1.5%; t(9) =2.9, p<0.05),
these two conditions being not different from each other (t(9) = .6, ns).
Eighty-seven percent of incorrect answers were operand-related
(i.e., the erroneous answer is a correct response for another problem
sharing an operand with the one presented; e.g., 4 x 8 =24); 4% were
table errors (i.e., the erroneous answer is a correct response for a
problem sharing no operand with the one presented; e.g., 3x8 =28),
and 9% were non-table errors (i.e., the erroneous answer is not a
possible arithmetic response; e.g., 4x6=26). For the subtraction
problems, no difference was observed between the vertex (4 + 4.6%),
hIPS (3.6 4+3.6%) and PSPL conditions (4.3 4 3.4%; F<1). Overall, 70%
of incorrect answers to subtraction problems were distant of one

Table 2

Normalized MNI coordinates (x, y, z) of the TMS sites selected as a function of the fMRI
activations revealed at the single-subject level by the conjunction of the subtraction
and multiplication tasks. Individual coordinates of the peak voxel are provided for the
bilateral intraparietal sulcus (hIPS) and posterior superior parietal lobule (PSPL). The
threshold was set at p<0.01 (uncorrected for multiple comparisons), except for
participants 3, 7 and 10 where identification of the stimulation sites required setting
the threshold at p<0.1.

Subject Left hemisphere Right hemisphere

hIPS PSPL hIPS PSPL

X y z X y z Xy z x y z
1 —40 —54 56 —18 —74 56 42 —44 48 20 -—72 64
2 —30 —46 44 —-16 —-70 60 48 —-36 64 16 —-72 62
3 —36 —50 48 —18 —74 58 54 —32 54 20 —-74 60
4 —34 —42 40 -—-32 —68 48 42 —58 60 24 —78 52
5 —34 —-54 54 -—-20 —-70 48 34 —42 40 16 -—-78 54
6 —50 —40 56 —14 —-76 56 34 —60 46 14 —68 64
7 —28 —52 44 —-30 —64 32 50 —40 64 30 —70 40
8 —40 —36 54 —40 —-60 60 52 —36 62 30 —60 58
9 —38 —56 52 —28 —66 54 42 —56 58 38 —68 58
10 —42 —46 38 —24 —70 46 42 —50 42 24 -—-70 42
Mean —37 —48 49 —-24 —-69 52 44 —-45 54 23 71 55
S.D. 6 7 7 8 5 9 7 10 9 8 5 9

unit from the correct answer and the remaining were within the
range of the correct answer 4-3 units. The 2x2x2 ANOVA testing
hemispheric lateralization showed a main effect of siTe (F(1,9) = 9.4,
p<0.01) and a marginal interaction between sITE and OPERATION (F
(1,9)=4.6, p<0.06), but these effects were not modulated by
HEMISPHERE (all p-values >.1; see Table 3).

Discussion

The primary goal of the present study was to test the contribution
of the parietal lobe to the solving of subtraction problems, which are
assumed to require the manipulation of numerical quantities, and
multiplication problems, which are thought to be directly retrieved
from memory. In order to go beyond the correlative nature of the
available data, we used fMRI to identify the parietal sites showing a
significant increase during subtraction and multiplication and then
applied TMS over these sites to interfere on-line with the solving of
arithmetic problems. Because a causal relationship between the hIPS
and magnitude processing had been demonstrated in several other
TMS studies (Andres et al., 2005; Cappelletti et al., 2007; Dormal et al.,
2008; Knops et al., 2006; Sandrini et al., 2004), we expected to impair
the performance in subtraction after hIPS stimulation. Under the
assumption that multiplication problems are retrieved from memory
without accessing the magnitude of the numbers, they should remain
unaffected when TMS is applied over the hIPS.

FMRI results revealed common hIPS areas for subtraction and
multiplication, at the exact coordinates of the left (x=—37,y = —48,
z=49) and right (x =44, y= —45, z=54) sites identified as the core
substrate of number magnitude processing in a recent meta-analysis
(Dehaene et al., 2003). The finding that TMS applied over these sites
induces a similar RL increase during subtraction and multiplication
provides unquestionable evidence that the hIPS is necessary to
perform both types of arithmetic operations. The slight increase of
multiplication errors when TMS was applied over the hIPS is
remarkable if one considers that the disruptive effects of TMS in
cognitive tasks are generally limited to RL (Robertson et al., 2003). The
absence of an increased error rate in subtraction could be due to the
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Fig. 3. TMS experiment. (A) The stimulation sites of each participant are represented on
two lateral views of a glass brain. Spheres are centred on the normalized MNI
coordinates of individual stimulation points in the hIPS (red) and PSPL (green).
(B) Mean RL as a function of the TMS site. (C) Mean error rate as a function of the
arithmetic task and the TMS site. Error bars show within-subject corrected standard
errors (Loftus and Masson, 1994) and asterisks signal significant differences between
conditions (*p<0.05 corrected for multiple comparisons).

Table 3
Summary of the mean RL (ms) and error rate (%) in each condition (4 S.E. corrected for
within-subject designs; Loftus and Masson, 1994).

Operation Left hemisphere Right hemisphere Vertex
hIPS PSPL hIPS PSPL
Multiplication  1014+£103 966+103 1058+123 944+87 909490
8542 1.5+08 3+15 1+0.7 1+0.7
Subtraction 1007 + 86 950475 963 + 81 941492 894484
4415 4542 3+1.1 35413 4415

smaller size of the correct responses (all responses <10) when
compared to multiplication (12 <responses<36), but the comparison
of the error rates in the baseline condition contradicts this view as
errors were more frequent in subtraction than multiplication. We
propose that multiplication showed a greater vulnerability to TMS
than subtraction because the retrieval of the correct response is
constrained by the interference of other responses belonging to the
same table. Several behavioural studies showed that competitive
answers are automatically activated in memory during the solving of
multiplication problems (Campbell, 1987; Campbell and Clark, 1989;
Campbell and Graham, 1985). In line with this view, we found a high
proportion of operand-related and table-related errors in the multipli-
cation task. We assume that, in this task, the disruptive effects of TMS
resulted in a lack of activation of the correct answer leading
occasionally to the selection of a competitive answer.

Our results underline the crucial role of the left hIPS in arithmetic
but they also indicate a contribution of the right hIPS, suggesting that
the two homologue areas play complementary roles. Indeed, because
either a left or right hIPS lesion was sufficient to slow down RLs, it is
reasonable to assume that both hIPS provide inputs to the process of
solving arithmetic problems. Previous fMRI and split-brain patient
studies highlighted the bilateral involvement of the hIPS in subtrac-
tion (Chochon et al,, 1999; Funnell et al., 2007; Lee, 2000). Although
several fMRI results converge to a bilateral involvement of the hIPS in
multiplication (Chochon et al, 1999; Delazer et al, 2003), this
operation was most often associated to a left hemisphere dominance
(Funnell et al., 2007; Gazzaniga and Smylie, 1984; Rickard et al., 2000;
Zhou et al., 2007; Zago et al., 2001), which is congruent with a slightly
higher error rate after left than right hIPS virtual lesions.

Together with the finding that solving addition problems is also
slowed down by hIPS stimulation (Gobel et al., 2006), our results
suggest that this region plays a central role in solving arithmetic
operations, including those that rely on memory retrieval. It is worth
noting that speed and accuracy in the multiplication task were within
the range of performance observed when using retrieval-based
strategies (LeFevre et al., 1996), which makes it unlikely that our
participants solved these problems by means of calculation procedures.
Hence, the absence of dissociation between subtraction and multipli-
cation after TMS over the hIPS suggests that its role in arithmetic is not
restricted to the use of calculation procedures. An alternative theory
proposes that basic subtraction and multiplication problems are stored
in distinct memories and that their retrieval requires prior access to the
magnitude representation of the operands (McCloskey, 1992). This view
accounts for the selective difficulties of acalculic patients but does not
make any prediction regarding the cerebral architecture of arithmetic
operations (Dagenbach and McCloskey, 1992). One possibility is that the
hIPS contributes to guide memory retrieval of arithmetic results in
remote areas by determining the most plausible answer with respect to
the magnitude of the numbers. The set of superior and middle temporal
areas activated during multiplication, in the present study, are plausible
candidates for storing semantic knowledge of arithmetic problems since
their lesion was found to cause the loss of multiplication abilities in
several patients (Lampl et al., 1994; Sandrini et al., 2003; Van Harskamp
et al., 2005; see also Delazer et al., 2006). However, the present study
does not allow us to answer this question because bilateral superior
temporal activation, close to the auditory cortex, may also be explained
by the greater phonological complexity of multiplication results (i.e.,
two-digit numbers) when compared to subtraction results (i.e., one
digit). Another possibility is that distinct memories of subtraction and
multiplication problems are implemented in intermingled neuronal
networks within the hIPS and that the retrieval of the correct response is
performed under the executive control of frontal areas, such as the
inferior frontal gyrus which was activated by both operations in the
present study (Kazui et al., 2000). In line with the idea that direct
memory retrieval may underlie both operations, it is worth noting that
RLs and error rates were roughly equivalent in the subtraction and
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multiplication tasks. A non-significant 100 ms difference was observed
between the RLs gathered in the multiplication and subtraction tasks in
the fMRI experiment. Although results of statistical analyses may
suggest a lack of power in this experiment (1> = 0.24,0.2<Pw<0.3), the
comparison of baseline RLs in the TMS experiment clearly indicates that
there was no reliable RL difference between arithmetic operations
(1*=0.02, Pw<0.1). Thus, although the set of subtraction problems
used in this study is usually not considered as being retrieved from
memory, we cannot exclude the possibility that they could also benefit
from a representation in long-term memory. Yet, it is worth noting that
this possibility in fact strengthens rather than weakens our claim that
the hIPS is involved in arithmetic operations solved by memory
retrieval. This finding may indicate that the left and right hIPS contribute
to the automatic retrieval of learned associations between two numbers
and their product/difference rather than to magnitude processing. In
order to reconcile these two interpretations, we propose that the hIPS
mediates successful memory retrieval by contributing to the generation
and maintenance of an integrated representation of number magnitude
and retrieved information. In agreement with fMRI studies suggesting a
role of the hIPS in episodic memory retrieval (Wagner et al., 2005;
Vilberg and Rugg, 2008, 2009), this area could act as an episodic buffer
for learned associations between numbers and arithmetic results
(Baddeley, 2000).

Our results also shed light on another critical issue related to the
contribution of the PSPL to arithmetic. Although the PSPL was often
found activated, together with the hIPS, in number comparison and
arithmetic tasks (Pesenti et al., 2000b; Simon et al., 2002; Zago et al.,
2001), its exact contribution remains obscure. In the present study,
subtraction and multiplication led to a comparable increase of the
BOLD signal in the left and right PSPL, refuting the simple view that
the right PSPL plays a dominant role in providing a visuo-spatial
medium to arithmetic operations (Dehaene and Cohen, 1995). The
results of previous fMRI and TMS studies rather suggest that the
parietal areas involved in arithmetic and visuo-spatial tasks overlap in
each hemisphere (Simon et al., 2002; Pelgrims et al., 2009). Using
multi-voxel pattern analysis, a recent fMRI study revealed the
existence of a common neural code for leftward saccades and
subtraction operations and for rightward saccades and addition
operations in the bilateral PSPL (Knops et al., 2009a). It has therefore
been proposed that the initial function of the PSPL in orienting
attention could be “recycled” to perform attention shifts towards the
left or right side of a mental numerical continuum, providing the
intuition of removing or adding quantities (Hubbard et al., 2005). The
idea that the PSPL contribution to addition and subtraction is shaped
by specific neuronal properties for coding space is consistent with the
introspective reports of embedded representations of number and
space made by synaesthetes and mathematicians (Galton, 1880;
Seron et al., 1992; Ward et al., 2009). However, the relevance of these
number and space interactions for arithmetic is questioned by the
total absence of calculation impairments, in the present study, when
TMS was applied over parietal sites (left : x=-24, y=-69, z=52;
right : x=23, y=-71, z=55) whose location strictly coincides with
previous reports of PSPL activation in arithmetic tasks (Dehaene et al.,
2003; Knops et al., 2009a; Pesenti et al., 2000b). The PSPL activation
may be reminiscent of a specific stage in the development where
visuospatial processes offer a start-up tool to represent intuitively
addition and subtraction operations (McCrink and Wynn, 2009).
Recent findings showed that children have a similar intuitive
knowledge of multiplication operations before they get trained with
these operations (McCrink and Spelke, 2010). Yet, once exact
arithmetic abilities have been acquired, this approximate system is
no longer essential for solving arithmetic problems, meaning that its
role is at best limited to the monitoring of calculation procedures
through estimation. Indeed, fMRI results showed that, in adults, the
bilateral activation of the PSPL is typically larger when participants are
required to approximate the result of arithmetic operations than

when they are instructed to retrieve the exact answer (Dehaene,
1999). Although this approximate system is not sufficient to
compensate the loss of arithmetic abilities following a lesion of the
hIPS, it may help narrowing the range of potential responses, as
suggested by the performance of patient NAU who had lost arithmetic
abilities but could still chose the closest answer out of two choices
(Dehaene and Cohen, 1991). Hence, our results show that if the PSPL
can be diverted from its initial function in orienting attention to allow
the emergence of culturally-defined abilities such as calculation, this
process does not necessarily imply that arithmetic knowledge is
grounded in spatial representations (Knops et al, 2009a). This
conclusion is corroborated by the finding that neglect patients may
experience similar difficulties to bisect numerical intervals and
physical lines due to their visuospatial deficit, whereas assessment
of their arithmetic abilities has not revealed any impairment so far
(Pia et al., 2009; Vuilleumier et al., 2004; Zorzi et al., 2002). The same
conclusion was reached in the study of a patient with visual agnosia
who had no deficit in arithmetic, despite major difficulties for
processing visual representations, including the shape of Arabic
numbers, from long-term memory (Pesenti et al., 2000a). Future
TMS studies should nevertheless explore the possibility that the PSPL
plays a functional role when arithmetic operations are performed on
stimuli that cannot be mapped onto numerical symbols (e.g., sets of
dots) or when they imply to multiply, add or subtract large numbers,
which involves storing and manipulating operands and intermediate
results on a visuo-spatial short-term medium (Gobel et al., 2006;
Hitch, 1978; Zago et al., 2001).

Furthermore, it is worth underlining the absence of increased
activity in the left ANG, even when multiplication was compared to
fixation, which contradicts the hypothesis that arithmetic operations
learned by drill depend on a left-lateralized language network
involving the ANG. As advocated in the Introduction, the relationship
between the left ANG and the retrieval of overlearned arithmetic
problems is mainly based on the results of direct contrasts between
these problems and problems requiring calculation procedures
(Dehaene, 1999; Grabner et al., 2009a; Lee, 2000). In the absence
of further information about the percent signal change relative to a
non-arithmetic control task, it is difficult to decide whether the
activation of the ANG in these studies reflects increased activity
during retrieval or decreased activity during calculation. Indeed,
in brain imaging studies where multiplication was compared to a
non-arithmetic control task, the ANG was found de-activated during
operations solved by memory retrieval (Rickard et al., 2000; Zago
et al., 2001; Keller and Menon, 2009). Moreover, two case studies
indicate that a lesion of the left ANG is neither a sufficient nor a
necessary condition to observe a deficit in multiplication (van
Harskamp et al., 2002; van Harskamp et al., 2005). Therefore, we
argue that, in previous fMRI studies, the ANG activation could reflect
unspecific processes related to the cognitive load of the task. This
assumption is supported by recent fMRI findings showing similar
activations in the ANG while retrieving the solution of arithmetic or
figural-spatial problems (Grabner et al., 2009b) and by connectivity
studies suggesting that the ANG integrates a default-mode network
which is typically associated to greater activity during resting states
than during a cognitive task (Keller and Menon, 2009; Uddin et al.,
2010). This could explain why activation of the ANG is systematically
reported in studies contrasting problems solved through automatic
retrieval versus calculation procedures.

Contrary to previous studies (Gobel et al., 2006; Grabner et al.,
2009a; Rusconi et al., 2005; Stanescu-Cosson et al., 2000), our fMRI
and TMS experiments were designed to allow the recording of verbal
responses. This protocol provided us with an on-line measurement of
the participant's performance, which is lacking in studies using silent
naming of the result. It is also reasonable to assume that this
production task put stronger demands on the retrieval of the correct
answer than verification tasks (Dehaene, 1999; Delazer et al., 2003,
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2005). Previous behavioural and neuropsychological data indicated
that production and verification tasks are driven by different memory
processes and they clearly favoured a familiarity-based over a
retrieval-based model in verification tasks (Campbell and Tarling,
1996; Lochy et al., 2004). Therefore, privileging the use of production
tasks to assess arithmetic performance in future research could
highlight the contribution of brain regions that were undetected in
previous fMRI studies (e.g., the middle and superior temporal areas),
and improve the discrimination between brain regions related to the
retrieval of an arithmetic result and those potentially related to other
aspects of the performance (e.g., the ANG).

Conclusion

Using neuronavigated TMS, we evidenced for the first time that the
integrity of the hIPS is required to perform arithmetic operations.
Moreover, we showed that the hIPS contributes to the solving of both
subtraction and multiplication problems, in contrast with the view
that the brain networks underlying these operations are entirely
separated. Our results also suggest that the PSPL underlies secondary
processes which are not crucial to solve basic arithmetic problems.
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