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a  b  s  t  r  a  c  t

Previous  research  has  consistently  shown  that  the  left  parietal  cortex  is critical  for  numerical  processing,
but  the role  of  the  right  parietal  lobe  has been  much  less  clear.  This  study  used  the  intraoperative  cortical
electrical  stimulation  approach  to investigate  neural  dissociation  in the  right  parietal  cortex  for  subtrac-
tion  and  multiplication.  Results  showed  that  multiplication  (as well  as  picture  naming)  was  not  affected
by  the  cortical  electrical  stimulation  on  all  the  targeted  sites  of the  right  parietal  cortex  as  well  as those  of
eywords:
umerical processing

ntraoperative cortical electrical
timulation
ognitive arithmetic
lioma

the right  temporal  cortex.  In contrast,  stimulation  at three  right  parietal  sites  (two  sites  in  the right  inferior
parietal  lobule  and  one  in  the  right  angular  gyrus)  impaired  performance  on  simple  subtraction  prob-
lems.  This  study  provided  the first  evidence  from  an intraoperative  cortical  electrical  stimulation  study
to  show  the  dissociation  of arithmetic  operations  in  the  right  parietal  cortex.  This dissociation  between
subtraction  and  multiplication  suggests  that  the right  parietal  cortex  plays  a  more  significant  role  in
quantity  processing  (subtraction)  than  in  verbal  processing  (multiplication)  in  numerical  processing.
. Introduction

Many neuropsychological and neuroimaging studies have been
evoted to revealing neural substrates of human arithmetic abil-

ty. The parietal cortex, especially the intraparietal sulcus (IPS),
as been found to play a critical role in numerical processing (e.g.,
nsari, Fugelsang, Dhital, & Venkatraman, 2006; Cantlon, Brannon,
arter, & Pelphrey, 2006; Chochon, Cohen, van de Moortele, &
ehaene, 1999; Cohen Kadosh et al., 2005; R. Cohen Kadosh,
. Cohen Kadosh, Kaas, Henik, Goebel, 2007; Dehaene, Spelke,
tanescu, Pinel, & Tsivkin, 1999; Eger, Sterzer, Russ, Giraud,
leinschmidt, 2003; Fias, Lammertyn, Reynvoet, Dupont, & Orban,
003; Kaufmann et al., 2005; see a review by Dehaene, Piazza,
inel, & Cohen, 2003). The consistency of evidence, however, varied
y hemisphere. Several lines of previous studies have consistently
hown that the left parietal cortex is critical for numerical process-
ng (e.g., Ashkenazi, Henik, Ifergane, & Shelef, 2008; Cohen Kadosh
t al., 2005; Rickard et al., 2000; Takayama, Sugishita, Akiguchi, &
imura, 1994; Warrington, 1982; Zago et al., 2008).
First, numerous studies have shown that the patients who had
njuries in the parietal regions suffered from dyscalculia, but did
ot show significant impairments in other types of cognitive abil-

∗ Corresponding author. Tel.: +86 10 58806154; fax: +86 10 58806154.
E-mail address: zhou xinlin@bnu.edu.cn (X. Zhou).

028-3932/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
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© 2011 Elsevier Ltd. All rights reserved.

ities (e.g., Ashkenazi et al., 2008; Baldo & Dronkers, 2007; Delazer
& Benke, 1997; Denes & Signorini, 2001; Van Harskamp, Rudge, &
Cipolotti, 2002). For example, Denes and Signorini (2001) reported
a patient with an injury in the left parietal cortex who showed dense
acalculia and a specific deficit in reading numbers. His word reading
and picture naming abilities were preserved. Van Harskamp et al.
(2002) also reported a case of impaired single-digit subtraction due
to a left parietal lobe lesion. Similar evidence also came from studies
on Gerstmann’s syndrome. Acalculia is a typical symptom of Ger-
stmann’s syndrome along with other symptoms such as agraphia,
finger agnosia, and left–right distinction difficulties (Gerstmann,
1940). Several studies showed that the lesions that cause acalculia
among patients with Gerstmann’s syndrome were typically cen-
tered in the left parietal lobe (for a review, see Dehaene et al., 2003;
Mayer et al., 1999; Takayama et al., 1994).

Second, repetitive transcranial magnetic stimulation (rTMS)
studies showed that stimulation in the left parietal cortex could
induce dyscalculia (e.g., Andres, Seron, & Olivier, 2005; Knops,
Nuerk, Sparing, Foltys, & Willmes, 2006; Sandrini, Rossini, &
Miniussi, 2004). Andres and colleagues (2005) found significant
increases in RTs when subjects were comparing digits following
an rTMS-induced disruption in the left posterior parietal cortex.

Sandrini et al. (2004) also found that subjects’ performance on
a number-comparison task was  significantly slowed down when
trains of repetitive TMS  were delivered to their posterior parietal
scalp site overlying the left inferior parietal lobule.

dx.doi.org/10.1016/j.neuropsychologia.2011.06.015
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:zhou_xinlin@bnu.edu.cn
dx.doi.org/10.1016/j.neuropsychologia.2011.06.015
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Third, intraoperative cortical electrical stimulation (IES) studies
lso confirmed the importance of the left parietal lobe in num-
er processing (e.g., Duffau et al., 2002; Roux, Boukhatem, Draper,
acko, & Demonet, 2009; Whalen, McCloskey, Lesser, & Gordon,
997). The intraoperative cortical electrical stimulation approach

s used before the removal of glioma to help doctors avoid dissect-
ng key functional brain regions (e.g., motor, language). Researchers
ave used this method to localize brain functions. For example,
lacing a single electrode on a site in the left inferior parietal region
ear the angular gyrus, Whalen et al. (1997) found that multipli-
ation performance was disrupted much more than was  addition
erformance when stimulation was delivered to the site (27% vs.
7%) (Whalen et al., 1997). Duffau et al. (2002) also used intra-
perative cortical electrical stimulation and found a dissociation
f simple subtraction and multiplication in the left parietal cortex.
hey found a functional site for multiplication in the inferior part of
he AG, a functional site for subtraction in the superior part immedi-
tely below the intraparietal sulcus, and a functional intermediary
rea (overlapping of the two previous sites) for both multiplication
nd subtraction.

Fourth, split-brain studies also showed the importance of the
eft hemisphere in numerical processing (e.g., Cohen & Dehaene,
996; Funnell, Colvin, & Gazzaniga, 2007; Gazzaniga & Smylie,
984; Seymour, Reuter-Lorenz, & Gazzaniga, 1994). Gazzaniga and
mylie (1984) reported two brain-bisected patients whose left
rain was capable of simple mathematical tasks, whereas their
ight hemisphere performed poorly. These results have been fur-
her confirmed by a series of experiments by Funnell et al. (2007)
n split-brain patients.

In contrast to the consistent role of the left parietal lobe in
umber processing as reviewed above, the role of the right pari-
tal lobe has been less consistent. Some studies suggest that the
ight parietal lobe might be involved in numerical processing (e.g.,
attaneo, Silvanto, Pascual-Leone, & Battelli, 2009; Chochon et al.,
999; R. Cohen Kadosh, K. Cohen Kadosh, Schuhmann, et al., 2007;
öbel, Walsh, & Rushworth, 2001; Keller & Menon, 2009; Menon,
ivera, White, Glover, & Reiss, 2000; Venkatramana, Ansarib, &
hee, 2005). First, fMRI studies showed number-induced activation

n the brain regions around the right IPS (e.g., Chochon et al., 1999;
enkatraman et al., 2005). Second, studies with the rTMS tech-
ique showed that the right parietal cortex was involved in number
rocessing (e.g., R. Cohen Kadosh, K. Cohen Kadosh, Schuhmann,
t al., 2007; Göbel et al., 2001). In fact, an rTMS study by R. Cohen
adosh, K. Cohen Kadosh, Schuhmann, et al. (2007) found that auto-
atic magnitude processing was impaired only when the right

PS activity was disrupted by rTMS. Third, patient data from sev-
ral studies were also consistent with the notion that the right
arietal cortex is involved in number processing (e.g., Dehaene &
ohen, 1997; Vuilleumier, Ortigue, & Brugger, 2004). For example,
ehaene & Cohen (1997) reported a patient MAR  whose simple
rithmetic processing was  affected by damages in the right infe-
ior parietal lobule. Deficits of numerical processing (e.g., bisection
f number intervals) have also been demonstrated in unilateral
patially neglecting patients with right-hemispheric lesions (e.g.,
uilleumier et al., 2004; Zorzi, Priftis, & Umiltà, 2002). Fourth, stud-

es on the numerical processing of split-brain patients showed that
hese patients could complete number comparison tasks regard-
ess whether the numbers appeared in their right visual field or
heir left visual field (e.g., Cohen & Dehaene, 1996; Colvin, Funnell,

 Gazzaniga, 2005).
Although a large number of studies have implicated the right

arietal cortex in number processing, many other studies have

ailed to come to the same conclusion. For example, Gazzaniga and
mylie (1984) demonstrated that split-brain patients’ right brain
erformed poorly on simple arithmetic tasks. A number of rTMS
tudies showed that stimulation in the left parietal cortex, but not
 49 (2011) 2889– 2895

that in the right parietal cortex, disrupted numerical processing
(e.g., Andres et al., 2005; Sandrini et al., 2004). In addition, most
reports on acquired dyscalculia came from patients with injuries
to the left parietal regions (e.g., Ashkenazi et al., 2008; Baldo &
Dronkers, 2007; Delazer & Benke, 1997, Denes & Signorini, 2001;
van Harskamp et al., 2002; see Dehaene & Cohen, 1997, for an
exception).

One possible reason for the consistencies of evidence for the
right parietal cortex’s involvement in number processing is that it
may  depend on the type of number processing. It is possible that the
right hemisphere’s role in number processing is limited to tasks that
strongly rely on the manipulation of numerical magnitude (such
as addition, subtraction, and number comparison) (e.g., Cohen &
Dehaene, 1996; R. Cohen Kadosh, K. Cohen Kadosh, Schuhmann, et
al., 2007). For number processing that involves less magnitude pro-
cessing such as multiplication, the right parietal cortex may be less
involved. Consistent with this conjecture, two recent fMRI stud-
ies (Prado et al., in press; Zhou et al., 2007) found that addition
or subtraction problems elicited greater activations in the right
intraparietal sulcus than did multiplication problems.

In the current study, we used the intraoperative cortical electri-
cal stimulation approach to further investigate neural dissociation
in the right parietal cortex for subtraction and multiplication. To
our knowledge, no study has used the intraoperative cortical stim-
ulation approach to investigate the role of the right parietal cortex
in numerical processing. Previous studies only examined the left
parietal cortex (e.g., Duffau et al., 2002; Roux et al., 2009; Whalen
et al., 1997). Given previous imaging findings of a neural dissoci-
ation in the right parietal region mentioned above (Prado et al.,
in press; Zhou et al., 2007), we expected that subtraction, but not
multiplication, would be affected when the right parietal lobe was
stimulated.

2. Methods

2.1. Case description

HHL, a 41-year-old man  with 12 years of formal education, was operated for a
low-grade glioma in the right temporal cortex. The surgical approach to the lesion
was determined by T1- and T2-weighted MR images, supported by information from
intraoperative ultrasonography (e.g., Fig. 1). The glioma had been causing partial
seizures. He was  right-handed (assessed by the Edingburg inventory) with normal
eyesight. Before the experiment, he gave written informed consent for the exper-
iment after the procedures (including behavioral and intraoperative procedures)
were fully explained to him. This study was  approved by the IRBs of both Tiantan
Hospital and the State Key Laboratory of Cognitive Neuroscience and Learning at
Beijing Normal University. The glioma resection was  conducted in May  2008. By the
time of writing this manuscript, the patient had recovered from the glioma and held
a  regular administrative job.

2.2. Procedure

2.2.1. Pre- and post-operative cognitive tests
Before the surgery and 18 days after the operation, the patient completed

four cognitive tests, including a simple reaction time test, single-digit subtraction,
Stroop-like number comparison, and a verbal working memory (digit span) test. The
two  arithmetic tests (single-digit subtraction and number comparison) were used
to  examine whether he suffered from dyscalculia. All the four cognitive tests are
available in the website “http://www.dweipsy.com”.

In the simple reaction time test, the patient responded by pressing a key
quickly once a dot appeared on the screen. The patient pressed “Q” for the ses-
sion  measuring the left hand’s reaction time and “P” for the session for the right
hand’s reaction time. The target stimulus was presented randomly within 15◦ angle
of  view and it vanished once the patient pressed the key. The interval between
reaction and next stimulus changed randomly between 1500 and 3000 ms.  The
test lasted approximately 4 min, including 8 practice trials and 40 experimental
trials.

We  used a standard verification paradigm in the single-digit subtraction task,

in  which a subtraction equation was presented in the center of the screen and two
alternative answers right below the equation. The patient needed to choose the right
answer and press the corresponding key. The patient pressed “Q” with the left hand
if  the correct answer was on the left side or “P” with the right hand if the correct
answer was on the right side. This test lasted 3 min.

http://www.dweipsy.com/
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Fig. 1. Pre-operative horizontal image showing a glioma at the right temporal lobe (left) and post-operative horizontal image (right). The right of each image corresponds to
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Stroop-like number comparison was used to measure the patient’s numerical
rocessing ability especially in a situation in which irrelevant information needs
o  be suppressed. In this task, two numbers were presented on the screen. These

umbers varied in physical size and numerical magnitude (e.g., 3 7 ). The patient
eeded to judge which number was bigger in numerical magnitude while ignoring
heir  differences in physical size. He was asked to press the “Q” key if he thought
he  left one was  bigger than the right one and press the “P” key if he thought the
ight one was  bigger. The stimulus’s vision angle was  approximately 2◦ . The test
ad 10 practice trials and 90 experimental stimuli which were divided into three
roups. After each group, the patient had a 10 s rest to avoid fatigue. The physical
ize of the number pairs had three conditions: congruent with numerical magnitude,
ncongruent with numerical magnitude, and neutral (the two numbers were of the
ame physical size). This task lasted about 4 min.

To test the patient’s forward and backward memory span, we presented a series
f  digits, one digit at a time for 1 s on the screen. The patient was  asked to remember
he order of the digits and report them at the end of each series. The test began
ith 3 items (digits) and increased gradually until the patient failed to report them

orrectly three times consecutively. The test lasted about 10 min.

.2.2. Pre-operative training
Two days prior to surgery, the patient was  informed in detail about the mon-

toring procedure of the intraoperative stimulation. He was familiarized with the
timulus materials and trained to perform the naming and calculation tasks. Pic-
ures he could not name were removed from the final stimulus pool. Therefore, the
raining before operation guaranteed that the patient could normally accomplish
he  naming and calculation tasks.

.2.3. Cortical stimulation during operation
Before the removal of the glioma, tests of picture naming, simple subtraction

nd simple multiplication were administered while the right temporal cortex and
ight parietal cortex were electrically stimulated. The cortex of the surgical field
as  divided into 47 sites (about every 1 cm between sites). The large number of

timulation sites was used so that we could study the roles of all the available
egions (the inferior parietal lobule, right angular gyrus and superior temporal
yrus) in simple arithmetic. The stimulation-site density was based on previous
tudies (e.g., Duffau, 2007; Duffau et al., 2002). After locating the tumor bound-
ries, sterilized paper with printed numbers were placed on the cortical surface
o  mark the 47 stimulation sites. A 5 mm spaced tips bipolar stimulator probe
as  used to deliver a biphasic current for at most 4 s on each site. The stimu-

ation stopped once the patient made a correct response. The maximal current
as  6 mA.

The picture naming task was carried out firstly to detect sites where stimulation
ould induce speech arrest. For example, a picture of an elephant was  presented in
he  center of the screen, and the patient was  asked to name it during stimulation.
he sites showing speech arrest were then excluded in the subsequent arithmetic
asks (simple subtraction and multiplication).

In  the simple subtraction and multiplication tasks, stimuli were presented in
he  center of the screen, and the patient had to orally report the answer within 4 s.
For simple subtraction, both of the two operands were not more than 10 (e.g., 10-2,
8-3, 7-4, 10-5, . . .), and for single-digit multiplication, at least one operand was less
than 6 (e.g., 4 × 7, 3 × 5, 2 × 8, 5 × 6, . . .) to ensure that all the equations could be
solved by the patient within the 4 s time limit.

Each stimulation site was tested with these two operations. There were 3 blocks
for  each operation, which were alternated (i.e., subtraction, multiplication, sub-
traction, multiplication, subtraction, and multiplication). Each block covered all
stimulation sites. Each site within a block had either 2 or 3 trials: One trial was  pre-
sented without stimulation (to check if the patient was able to solve the problem);
a  second one performed during electrostimulation, and the third one (if necessary)
without any stimulation again (this step only occurred when the previous stim-
ulation had induced a disruption of calculation and it was to ensure the patient
was  able to perform the task again). In sum, there were at least 6 items per site
for  each operation, 3 with stimulation and 3 without. We used this small number
of  items per site for two reasons. First, we  had an extremely limited amount of
time during the actual surgical procedure (while the patient was awake) to cover
the  large number of sites. More importantly, we used three items with stimulation
because several previous studies used the same number of trials with stimulation
(e.g., Benzagmout, Gatignol, & Duffau, 2007; Ojemann, Miller, & Silbergeld, 1996). In
fact,  Benzagmout et al. (2007) concluded that “it is now accepted that three trials are
sufficient to determine if a cortical site is or is not essential for language-generating
speech disturbances” (p. 742).

There were three types of calculation errors during cortical stimulation: no
answer (the patient was  unable to give any response to a problem within 4 s), a
wrong answer, and repetitive hesitations (for example, 7-3 = 2?.  . .4?.  . .5?) (Roux
et al., 2009). If two or more errors occurred in one site for each operation, this site
was defined as a functional site.

The same items were presented for both stimulated and non-stimulated trials,
but  never consecutively. The patient was  not informed when the brain was stimu-
lated and when it was not. The same cortical site was never stimulated successively
twice to avoid seizures.

3. Results

3.1. Pre- and post-operative evaluation

Before and after the surgery, the patient completed four cogni-
tive tests, including a simple reaction test, single-digit subtraction,
Stroop-like number comparison, and a verbal working memory
(digit span) test. The results for these tests are summarized in
Table 1.
Two-factor ANOVA (analysis of variance) was  used with hand
(left hand vs. right hand) and test order (pre-operation vs. post-
operation) as between-subject independent variables. Results
showed that on the simple reaction test, post-operation RT was
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Table  1
Scores on the pre- and post-operative tests.

Test Condition Pre-operation Post-operation

Simple reaction time
Left hand 316 ms  ± 56 (0%) 558 ms  ± 234 (0%)
Right hand 312 ms  ± 41 (0%) 502 ms ± 213 (0%)

Single-digit subtraction 2363 ms  ± 690 (1.8%) 2607 ms  ± 584 (5.4%)

Stroop-like number comparison
Congruent 862 ms  ± 345 (3.3%) 991 ms  ± 196 (0%)
Incongruent 878 ms  ± 293 (3.3%) 1072 ms  ± 165 (3.6%)
Neutral 835 ms  ± 313 (0.0%) 1016 ms  ± 153 (0.0%)
Forward 6 digits 6 digits
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Verbal working memory
Backward 

ote: The numbers refer to mean reaction time and standard deviation. Numbers in

onger than pre-operation RT, F(1,74) = 34.51, p < .001. No signif-
cant main effect of hand and no interaction of hand and test
rder were found. For single-digit subtraction, one-way ANOVA
howed no significant difference in RT between before and after
urgery, F(1,104) = 3.84, p > .05. For Stroop-like number compari-
on, two-factor ANOVA with condition (congruent vs. incongruent
s. neutral) and test order (pre-operation vs. post-operation) as
etween-subject independent variables showed that RT was  longer
fter surgery than before surgery, F(1,168) = 18.77, p < .001. How-
ver, there were neither significant main effect of test conditions,
(2,168) = 0.71, p > .05, nor interaction between the two  factors,
(2,168) = .28, p > .05. Finally, for the verbal working memory, the
atient’s memory span did not change as a result of the surgery.

The RT results for the simple reaction test and the Stroop-
ike number comparison task indicated the surgery had made the
atient slower to react. To investigate whether the slower RT for
umerical processing abilities (i.e., the number Stroop task) could
e explained by the slower simple RT, we ran an ANCOVA (analy-
is of covariance) with simple RT as the covariate. Results showed
hat, after controlling for simple RT, the RT for the Stroop task
as no longer different between before and after the surgery,

(1,168) = 1.73, p > .05. Moreover, the error rates of the four tasks
ere all low (only one exceeded 5%). Therefore, the patient did not

eem to show any salient impairment after the glioma resection
peration other than slower RT.

.2. Intraoperative mapping

The patient performed three tasks (i.e., picture naming, subtrac-
ion and multiplication) while specific regions of his cortex were
timulated electronically and intraoperatively. The boundaries for
he glioma were marked by letter tags on the brain surface (Fig. 2).
he functional stimulation mapping was conducted on the 47 pari-
tal cortical sites in the surgical field. Direct stimulation mapping
as simple and well tolerated in the patient. There were no focal

eizures occurring during the intraoperative stimulation.
As mention earlier, no responses, wrong answers, and hesita-

ions were all classified as erroneous responses. If two  or more
rrors occurred in one site for each task, this site was  defined as a
unctional site. We  found no sites whose stimulation led to failure
n picture naming. We  also did not find any functional sites for
ingle-digit multiplication. However, of the 47 sites, we  found
hree functional sites for single-digit subtraction (Fig. 2), two of
hich were located in the right inferior parietal lobule (Fig. 2, tags

, 2) and the third in the right angular gyrus (Fig. 2, tag 4).

. Discussion

The present study used the technique of intraoperative cortical

lectrical stimulation to investigate the role of the right parietal
ortex in numerical processing. Picture naming and multiplication
ere not affected by the cortical electrical stimulation on all the

argeted sites of the right parietal cortex as well as the right tem-
4 digits 3 digits

ntheses refer to percentage of errors.

poral cortex. Stimulation at three right parietal sites (two sites
in the right inferior parietal lobule and one in the right angu-
lar gyrus) impaired performance on simple subtraction problems.
This is the first evidence from intraoperative cortical stimulation to
show the dissociation of arithmetic operations in the right parietal
cortex. This dissociation between subtraction and multiplication
suggests that the right parietal cortex plays a more significant role
in quantity processing (subtraction) than in verbal processing (mul-
tiplication) involved in numerical tasks.

The dissociation between subtraction and multiplication found
in the current study is consistent with the dissociation of arith-
metic operations found in the right parietal cortex in previous
neuroimaing studies (Lee, 2000; Ischebeck et al., 2006; Kazui,
Kitagaki, & Mori, 2000; Prado et al., in press; Zhou et al., 2007,
2009). For example, Zhou et al. (2007) found that addition prob-
lems typically elicited more activation in the right inferior and
superior parietal cortex than multiplication. Prado et al. (in press)
found that subtraction elicited greater activity than did multipli-
cation in an area within the right IPS region that was defined by
a numerosity comparison task. An event-related potentials study
showed that, in comparison with multiplication, addition elicited
smaller late positive potentials at the right posterior electrodes
(Zhou et al., 2009). The smaller late positive potentials have been
linked to greater visuospatial processing in previous ERP studies
(e.g., Heil & Rolke, 2002; Milivojevic et al., 2003; Núñez-Peña et al.,
2005; Yoshino et al., 2000). To our knowledge, the dissociation
between subtraction and multiplication at the right parietal cortex
has been reported only in one previous neuropsychological study
(e.g., Dehaene & Cohen, 1997). Dehaene & Cohen (1997) reported
that patient MAR, who  had damages in the right inferior parietal
lobule, showed an impairment in subtraction and number bisection
(a type of quantitative numerical knowledge), while his knowledge
of rote arithmetic facts (i.e., multiplication facts) was preserved.

In this study, subtraction was interrupted by direct stimulation
at selected parietal sites. These areas are known to be involved
in visual perception, visual mental imagery, visuospatial working
memory, and spatial attention (e.g., Corbetta et al., 1998, 2000;
Diwadkar et al., 2000; Göbel et al., 2001; LaBar et al., 1999; Linden
et al., 2003; Nystrom et al., 2000; Postle et al., 2004; Thomas et al.,
1999; Zurowski et al., 2002). These visuospatial brain regions seem
to play a major role in numerical magnitude processing (Dehaene
et al., 1999). As reviewed in the Introduction section, this was
supported by several lines of research employing different method-
ologies such as split-brain patient research (Cohen & Dehaene,
1996), fMRI (Chochon et al., 1999), and rTMS (R. Cohen Kadosh,
K. Cohen Kadosh, Schuhmann, et al., 2007), although not by others
(e.g., Sandrini et al., 2004). Because subtraction involves magnitude
manipulation along the mental number line (e.g., Pica et al., 2004),
it is likely to be subserved by the right parietal cortex (especially as

compared to multiplication, which relies more on verbal processing
as discussed earlier).

The current study also found a functional site for subtraction
at the right angular gyrus. This finding is consistent with previ-
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Fig. 2. The surgical field (top panel and left bottom panel) on the brain and the intraoperative image of the brain (right bottom panel) before glioma resection. The letters “A”,
“B”  and “C” marked the tumor boundaries. The number tags show the functional sites for simple subtraction identified using electrical stimulations. The 3-dimension brain
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mage  was  reconstructed according to the gray matter using MRIcroGL (Chris Rorde
he  patient’s 3-dimension structural data. The cortical location with tag numbers an
the  total number of trials was 571). There was  no functional site for picture namin

us results that the right angular gyrus was involved in numerical
rocessing (e.g., Cattaneo et al., 2009; Göbel et al., 2001; Keller and
enon, 2009; Menon et al., 2000). For example, Menon et al. (2000)

ound a greater activation for three-operand arithmetic problems
elative to two-operand arithmetic problems at the right angular
yrus as well as the left angular gyrus. Göbel et al. (2001) applied
ocal repetitive TMS  to investigate the hemispheric organization of

 language-independent spatial representation of number magni-
ude. In their study, repetitive TMS  over either the left or the right
ngular gyrus disrupted performances in both visuospatial search
asks and the organization of the mental number line.

One potential confounding factor of our results (i.e., the dissoci-

tion of neural correlates for subtraction and multiplication in the
ight parietal cortex) needs to be discussed. It concerns possible
ifferences in problem difficulty between subtraction and multipli-
ation. If multiplication problems had been easier than subtraction
p://www.cabiatl.com/mricro/mricrogl), based on the results of SPM5 processing of
s with incorrect responses (subtraction problems only) are listed in the table below
simple multiplication.

problems, it is plausible that the stimulation would have had a less
detrimental effect on the former than the latter. The current study
did not collect RT data before surgery on multiplication (only on
subtraction) to allow for direct comparisons of the problem dif-
ficulty for this particular patient. However, previous studies have
consistently shown that multiplication is more difficult, not easier,
than subtraction. For example, our earlier study of Chinese adults
found that the mean RTs were 700 ms  for multiplication and 640 ms
for subtraction (Zhou et al., 2006). Similarly, Lemer et al. (2003)
found that adults in their study made more errors (5.0%) and took
longer (about 1200 ms)  when solving multiplication problems than
when solving subtraction problems (2.2%; about 1050 ms).
Finally, it is worth mentioning that the dissociation of neural
correlates of subtraction and multiplication found in the current
study could be a direct result of early learning experience during
childhood. Procedural strategies and rote verbal memory are the

http://www.cabiatl.com/mricro/mricrogl
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wo main strategies used in single-digit arithmetic. School chil-
ren usually use the procedural strategy to do simple addition and
ubtraction, but use the rote memory strategy to memorize multi-
lication facts (e.g., Dehaene & Cohen, 1997; Roussel et al., 2002;
hou et al., 2006, 2007; Zhou & Dong, 2003). These differences in
trategies may  contribute to distinct mental representations (e.g.,
iegler & Shipley, 1995; Siegler & Shrager, 1984). The differential
cquisition strategies can lead to dissociated representations of
rithmetic facts of different mathematical operations.

In summary, the current intraoperative cortical electrical stim-
lation study showed an important role of the right parietal cortex

n numerical processing. We  found that subtraction, but not mul-
iplication, was impaired when the parietal cortex was stimulated.
iven the close relation between quantity processing and sub-

raction, we conclude that the right parietal cortex plays a more
ignificant role in quantity processing (more relevant to sub-
raction) than in verbal numerical processing (more relevant to

ultiplication).
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