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Abstract

To explore brain areas involved in basic numerical computation, functional magnetic imaging (fMRI) scanning was performed
on college students during performance of three tasks; simple arithmetic, numerical magnitude judgment, and a perceptual-
motor control task. For the arithmetic relative to the other tasks, results for all eight subjects revealed bilateral activation in
Brodmann’s area 44, in dorsolateral prefrontal cortex (areas 9 and 10), in inferior and superior parietal areas, and in lingual and
fusiform gyri. Activation was stronger on the left for all subjects, but only at Brodmann’s area 44 and the parietal cortices. No
activation was observed in the arithmetic task in several other areas previously implicated for arithmetic, including the angular
and supramarginal gyri and the basal ganglia. In fact, angular and supramarginal gyri were significantly deactivated by the
verification task relative to both the magnitude judgment and control tasks for every subject. Areas activated by the magnitude
task relative to the control were more variable, but in five subjects included bilateral inferior parietal cortex. These results
confirm some existing hypotheses regarding the neural basis of numerical processes, invite revision of others, and suggest

productive lines for future investigation. Published by Elsevier Science Ltd.
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4. Introduction

Two central components of numerical cognition are
simple arithmetic (e.g., 4 x 7=7?) and magnitude judg-
ment (e.g., 24 or 25, which is larger?). We used fMRI
to explore patterns of neural activation for these tasks,
with two related goals. First, we sought to confirm
and extend findings of the neuropsychological litera-
ture. A wealth of patient data suggests that arithmetic
is mediated by left or possibly bilateral inferior parietal
areas [1,2,14-16,23,29,38,40]. Some evidence suggests
that the region around the left angular and supramar-
ginal gyri may be particularly important for these
tasks [15,17,18,20,21,39,40]. Other studies have tenta-
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tively implicated the left frontal lobe [24,35], the basal
ganglia [5,19,41], and the thalamus [27]. However, the
complete set and precise localization of critical struc-
tures has yet to be conclusively established. In contrast
to the apparent left hemisphere bias for arithmetic,
there is some evidence suggesting that simple magni-
tude processing involves right or perhaps bilateral par-
ietal areas [7-10,22]. A number of functional
neuroimaging experiments exploring arithmetic in nor-
mals have also been conducted [3,10,30,31,33], most of
these investigated relatively complex calculations such
as counting backward by sevens from a three digit
number [30]. Activation has typically been observed in
inferior parietal and (or) prefrontal areas in these stu-
dies, providing a rough convergence with at least some
patterns in the patient data. However, complex arith-
metic tasks likely engage a number of cognitive pro-
cesses not directly associated with arithmetic and thus
can not address the issue of which areas of brain acti-
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vation correspond to specific component processes of
interest, such as arithmetic fact retrieval or magnitude
comparison.

One exception is a positron emission topography
(PET) study by Deheane and colleagues, which was
designed explicitly to study arithmetic and magnitude
processing [10]. Their subjects were shown two single-
digit numbers and they either multiplied them together
or identified the larger number. The multiplication
task compared to a pure rest condition (i.e., involving
no active stimulus processing) revealed right cuneus,
bilateral inferior parietal, and left fusiform and lingual
gyrus activation. There was also lateral occipital acti-
vation, which was interpreted as reflecting visual pro-
cessing, and precentral and supplementary motor area
activation, interpreted as reflecting motor responses as-
sociated with subvocalization of the answer. Deheane
et al. observed no reliable activation in other areas
previously implicated in arithmetic, including prefron-
tal cortex, thalamus and basal ganglia. Of particular
note, there was no reliable angular gyrus activation,
and the left supramarginal gyrus was significantly
deactivated during multiplication compared to rest.
The magnitude task compared to rest did not reliably
activate any areas beyond the perceptual and motor
areas, but there was a trend toward bilateral inferior
parietal activation. Deheane et al. suggested that the
left inferio—mesial-occipito—temporal area (including
fusiform and lingual gyri) is involved in identifying
digits and transmitting their identity to other areas,
that basal ganglia may be involved in retrieving rotely
memorized arithmetic facts (they were drawing here on
the neuropsychological literature; they found no acti-
vation in this area), and that the inferior parietal areas
represent abstract magnitude information which may
be brought to bear for magnitude comparison and also
for arithmetic when rote retrieval fails [9].

If the areas suggested in the above summary of
patient and neuroimaging data are accurate and
exhaustive, then we should find activation in the fol-
lowing areas for simple arithmetic; left or bilateral in-
ferior parietal cortex (possibly centered around the
angular gyrus), bilateral thalamus, left basal ganglia,
left fusiform and lingual gyri, and perhaps left prefron-
tal cortex. Predictions for magnitude judgment relative
to control are less well established, but the available
evidence suggests bilateral inferior parietal cortex with
a possible bias toward the right.

A second and related goal of this study was to pro-
vide new insight into possible relations between cogni-
tive representations for arithmetic and for numerical
magnitude. One possibility, consistent with modular
and connectionist models of number processing
[25,26,37], is that arithmetic facts are stored and rep-
resented as part of an abstract network dedicated to
representing numerical magnitude. This perspective

suggests that substantially overlapping brain areas
should be activated by arithmetic fact retrieval and
magnitude judgment. An alternative framework
advanced by Dehaene posits separate systems for
representing analog magnitude, verbal, and visual
number forms [6]. In this model, arithmetic is mediated
primarily by the verbal code, with semantic, or magni-
tude, codes providing a supportive role if the verbal
pathway fails. This perspective would be consistent
with a finding that arithmetic and magnitude compari-
son activate largely distinct brain regions. One viable
possibility is a left hemisphere bias for arithmetic and
a right hemisphere bias for magnitude processes.

The experimental design involved three conditions:
(1) multiplication verification, in which a problem was
presented along with a candidate answer, and subjects
responded whether the candidate answer was true or
false (e.g., 4 x 7=35; true or false?), (2) magnitude
judgment, in which two two-digit numbers were pre-
sented (e.g., 24 25) and subjects responded whether the
left or right side number was larger, (3) and a detect
ones control condition, in which four digits were pre-
sented and subjects were required to determine
whether one of them was a 1 (e.g., 42 1 7; is there a 1
present?). Each type of stimulus required a dichoto-
mous response decision (true/false for verification, left/
right for magnitude judgment, and yes/no for detect
ones). Areas more activated by verification relative to
the detect ones control task should primarily reflect
processes involved in solving arithmetic problems (i.e.,
factoring out perceptual, digit, and motor processes),
and areas more activated by magnitude judgment rela-
tive to detect ones condition should reflect primarily
processes uniquely involved in magnitude judgment.
The direct comparison of verification and magnitude
judgment should reveal areas more activated by each
task of interest relative to the other.

These tasks have several properties that make them
well suited for initial exploration of basic arithmetic
and magnitude processes. First, each task condition
consists only of digits and arithmetic symbols and sub-
tends identical vertical and horizontal visual angles.
Thus, basic perceptual differences among tasks are
negligible and are not likely to result in significant acti-
vation differences outside of primary visual areas
which are of little interest in this study. Second, each
type of task is nevertheless clearly distinct from the
others. Subjects will therefore have no confusion about
which task is to be performed on the stimuli during
scanning. In pilot behavioral work, we observed that,
if tasks are perceptually identical and only task goals
are changed over conditions, subjects sometimes
become confused about which task is to be performed.
For example, in a pilot behavioral study we presented
items such as ‘4 7 35 under alternating instructions
either to multiply the first two digits and compare the
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result to the second two (i.e., a verification task) or to
determine the larger magnitude of the two two-digit
numbers. Subjects occasionally confused these two
task goals during performance. Further, even if overt
confusion did not occur, exact perceptual equivalence
of stimuli might promote automatic processing of the
inappropriate task. These factors clearly would cause
serious problems with interpretability of fMRI results.
By incorporating relatively minor perceptual differ-
ences in the items, we completely avoid the problem of
task goal confusions, at the sacrifice of introducing
only modest perceptual differences.

A third desirable property of the tasks is that they
all involve numerical stimuli. Our primary interest in
this study was isolation of processes involved in arith-
metic and magnitude processing, rather than proces-
sing of digits per se. The presence of four digits for
each stimuli roughly equates basic digit processing in
each condition and thus activation reflecting basic
digit processing should not be present in the task com-
parisons. The importance of using a digit control task
can be demonstrated by considering an alternative de-
sign in which the control is either a pure rest condition
[10] or a non-numerical perceptual-motor control. In
such a design, activation in the magnitude task relative
to the control task might reflect the magnitude pro-
cesses of interest, or, alternatively, either basic percep-
tual processes (in the case of the pure rest control), or
non-magnitude aspects of visual digit processing (in
the case of a non-numerical perceptual-motor control).
Magnitude processes can only be isolated by using a
control condition which involves every process except
magnitude processing. Note that the detect one’s con-
trol may also involve some magnitude processing, pro-
vided that such processing is automatically triggered
by the perception of any numerical stimuli. However,
it is reasonable a priori to expect magnitude processing
to be of greater magnitude in the number comparison
task, which explicitly requires accessing of magnitude
information to execute the task goal. Thus, we would
still expect to see activation in magnitude processing
areas in the magnitude judgment vs detect 1’s control
task.

A final property of the tasks is that they all involve
roughly equivalent, dichotomous motor responses that
provide accuracy data. Our decision to use the verifica-
tion task rather than a simpler production task in
which subjects produce the answer (e.g. 4 x 7=7) was
motivated by an overriding goal of collecting accuracy
data. Not only could accuracy data not be collected
for the somewhat simpler production task using the
dichotomous response buttons at our disposal, but
subject vocalization of the answer in that task would
result in head movement which might seriously com-
promise image quality.

If verification is to reflect the underlying task of pri-

mary interest (production), we need to assure that sub-
jects use a produce-compare strategy, in which they
first produce the answer (probably by subvocalization),
and then compare it to the candidate answer given, to
solve the problems. To maximize use of a produce-
compare strategy, we (a) selected subjects who
reported that they were easily able to retrieve answers
to problems (this is important because ease of retrieval
is likely to increase use of a produce-compare strategy
in verification) [32], (b) used problem-answer combi-
nations which elicited a high frequency of produce-
compare strategy reports in previous research [32], and
(c) instructed subjects to use a produce-compare strat-
egy. These steps do not guarantee that subjects used
produce-compare during scanning for all verification
problems, but they do allow for reasonable confidence
that this was the dominant strategy.

2. Method
2.1. Subjects

Subjects were eight right-handed, neurologically nor-
mal adults (five females, three males). The subjects’
median age was 24 years (range =20-34), their median
education level was 16 years (range = 14—18), and their
median scaled WAIS vocabulary score was 14
(range = 10-18). Each subject was screened for physical
conditions that would preclude MRI scanning, gave
informed, written consent to participate in MRI scan-
ning, and was paid $70 for their participation.

2.2. Apparatus

Stimuli were presented by a Apple PowerMacintosh
8100 computer (Apple; Cupertino, CA, USA) using
SuperLab (Cedrus; Wheaton, MD, USA) and were
back projected with a magnetically shielded LCD
video projector (Sharp; Mahwah, NJ, USA) onto a
translucent screen placed at the subject’s feet. Subjects
were given earplugs and during scanning they were
positioned supine with their head restrained by an
adjustable metal band and foam padding. The subject
looked upward and could see the screen by the use of
a mirror in the head coil tilted at a 45° angle.

MRI images were obtained using a 1.5 T GE Signa
(General Electric, Milwaukee, WI, USA) with gradient
head coils designed for echo plannar imaging (EPI)
[36]. An interleaved multislice gradient echo EPI scan-
ning sequence was used to produce 18 axial sections,
each 5 or 6 mm thick (depending on the size of the
subject’s head), with a 64 x 64 matrix and a 24 cm
field of view (repetition time (7r)=3000 ms, echo time
(Tg)=40 ms, flip angle=90°). In order to obtain T1
weighted anatomical images of each subject, 3 d SPGR
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structural images were acquired at the same locations
as the echo-planar images (7Tg=5.4, flip angle=20°,
matrix =256 x 192).

2.3. Materials

The stimuli for the detect ones task consisted of 60
unique strings of four digits (e.g., 4 1 8 7). Thirty of
these strings included a single 1 (necessitating a true
response) and 30 strings did not include a 1 (necessitat-
ing a false response). The number ‘1’ occurred equally
often in the four positions across items. Foil numbers
were randomly determined with the constraint that
each number, two through nine, occurred equally
often. These 60 strings were presented in a different
randomized order for each run.

Thirty-four single digit multiplication problems were
used as stimuli for the runs using the verification task.
All problems were presented twice during each run
with the exception of all tie problems (e.g., 6 x 6) and
one non-tie problem (i.e., 2 x 4), which were presented
once. Each repeated problem was presented once with
each of the two operand orders (e.g., 4 x 5 and 5 x 4).
One randomly selected operand order was paired with
a correct answer (necessitating a true response) and
the other was paired with an incorrect answer (necessi-
tating a false response). Across every four runs that
included the verification task, each problem was pre-
sented twice with correct answers and twice with incor-
rect answers. The incorrect answers were also varied
such that across repetition each problem was presented
with two different incorrect answers. Furthermore,
each of the false answers was related to the multipli-
cation table of one of the operands and was a small
distance away from the correct answer. Table related
false answers that are a small distance from the correct
answer facilitate a retrieve—compare strategy in which
an answer is retrieved from memory and then com-
pared to the answer given [32].

The stimuli for the magnitude comparison task con-
sisted of 60 pairs of two digit numbers between 14 and
81. All numbers used were legal multiplication answers
and corresponded to the answers to problems used in
the verification task. Both small and large difference
between the numbers were included in this set of num-
ber pairs. Thirty pairs for each run were presented
with the larger number on the right and 30 were pre-
sented with the larger number on the left, randomly
intermixed. Across every two runs that included the
magnitude comparison task, each number pair was
presented once with the larger number on the right
and once with the larger number on the left.

2.4. Procedure

Before scanning, subjects were first trained in the

multiplication verification condition. This training con-
sisted of an experimenter verbally testing the subject
on all single-digit number combinations between 2 and
9 in the multiplication table (e.g., ‘7 x 8=7"). Subjects
were tested on each number combination until they
reported that they were able to directly retrieve the
answer from memory and could provide the correct
answer within 2 s. Subjects were informed that, during
the scanning session, they should work as quickly and
accurately as possible and use a strategy of retrieving
the correct answer from memory and then checking
their result against the displayed answer. This second
instruction was employed to help minimize possible
usage of a magnitude estimation strategy to solve the
verification problems [32].

Stimuli in all conditions were presented for 2100 ms
each and there were 20 stimuli presented per 42 s con-
dition. Subjects indicated yes (or true) responses and
no (or false) responses by pressing buttons held, re-
spectively, in their right and left hands. Response time
(RT) and accuracy was recorded for each trial.

After being placed in the scanner, each subject par-
ticipated in two practice runs (45 s each), in which no
fMRI scanning was performed, followed by nine (six
subjects) or 12 (two subjects) experimental fMRI runs
(284 s each). All runs were preceded by an exper-
imenter announcing the two conditions in which the
subject would participate on that run. Each run then
began with a 12 s display stating ‘Prepare to begin.’
The four scans collected over this 12 s interval at the
beginning of each experimental run were included to
eliminate saturation effects and were removed from the
data sets prior to analysis. Within each experimental
run, each block of trials started with a screen displayed
for 1000 ms that identified that block’s condition and
the appropriate left—right button responses. Each run
consisted of three interleaved alternations of the two
task conditions, with 42 s per task condition. All three
condition combinations (detect ones vs magnitude
judgment; detect ones vs verification; magnitude judg-
ment vs verification) were presented in an interleaved
fashion across multiple runs for each subject.
Depending on time constraints, subjects were tested
for either three or four runs on each task pair. Prior
to these fMRI runs, two practice runs were given. One
of these involved five trials of the control task followed
by five trials of the magnitude task, and then repeated
this sequence. The second practice run was similar to
the first, with the exception that the verification task
replaced the magnitude task.

2.5. Analysis
All data transformation and statistical analyses were

performed using SPM96b (Wellcome Department of
Cognitive Neurology, UK) implemented in Matlab
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(Mathworks Inc. Sherborn MA, USA). First, func-
tional images from all runs for each subject were core-
gistered to the first functional image of the first run
for that subject. Second, within each run values for
each voxel were adjusted by removing any component
correlated with a function of movement estimates,
obtained at the time of the current and the previous
scan [11]. Third, the SPGR anatomical image for each
subject was spatially normalized to the Talaiarch atlas
[34]. The affine transformation for the anatomical
image was then applied on all realigned functional
images for each subject. Functional images were not
coregistered to anatomical images. However, given the
very secure head restraints used, the small interval of
time between collection of the anatomicals and the
first functional, and the minimal subject movement
across functional runs (as indicated by the SPM func-
tional coregistration output, which typically indicated
a maximum deviation from the starting location of all
functional runs of around 1 mm), we can reasonably
infer that movement between collection of the anatom-
ical image and the first functional image was typically
less than 1 mm.

Next, Gaussian spatial smoothing with full width at
half maximum of two voxel widths in each dimension
(7.5 x 7.5 x 10 for most subjects, and 7.5 x 7.5 x 12
for subjects with 6 mm slice thickness) was applied to
all functional images to assure that Gaussian random
field assumptions of the SPM cluster analysis were met
[42].

To estimate the statistical relation of each voxel to
the task paradigm, a delayed box car function corre-
sponding to the ‘on-off’ switching of the task compari-
son was fitted simultaneously to all run replications of
a given task comparison for each subject, adjusted to
account for expected hemodynamic lag and dispersion
(Gaussian kernel of ¢ = 2.82 s). Several other SPM
statistical adjustments were included as additional cov-
ariates at this stage of analysis, including: (a) high fre-
quency filtering (with maximum frequency of two task
alternation periods, or 168 s), (b) adjustment for global
signal variation, (c¢) temporal smoothing, and (d)
adjustment of degrees of freedom to account for tem-
poral autocorrelation [13]. Each run of a given task
comparison was treated as a separate ‘subject’.
Parameters for each covariate were estimated for each
and every voxel according to the general linear model.
The estimates for the covariate modeling the signal re-
sponse to the tasks were then used in subsequent ana-
lyses described below.

Before computing and displaying the statistical para-
metric maps [12], we applied the conjunction analysis
option in SPM96b. This analysis allows results from
two different task comparisons which are hypothesized
to isolate the same process to be combined, thus
increasing statistical power while also eliminating some

Table 1
Behavioral results for each subject®

Subject Control Magnitude Verification
1 Mean RT 588 745 958
Error 0 (0) 8 (1) 8 (0)
2 Mean RT 712 946 1186
Error 9(1) 34 (13) 50 (17)
3 Mean RT 619 895 1090
Error 2 (0) 16 (0) 27 (1)
4 Mean RT 597 848 1049
Error 9 (0) 13 (0) 36 (10)
5 Mean RT 755 888 1078
Error 15 (6) 9(2) 45 (22)
6 Mean RT 529 727 855
Error 5(2) 12 (0) 5(0)
7 Mean RT 600 841 1044
Error 83 (82) 58 (52) 65 (58)
8 Mean RT 567 806 969
Error 1(1) 7(1) 15 (3)

#RT in milliseconds. Error data indicate total number of omission
plus commission errors. Data in parentheses indicate number of
omission errors.

sources of potential artifact [28]. Consider the verifica-
tion vs detect ones comparison and the verification vs
magnitude judgment comparisons. In both compari-
sons, we expect to observe areas activated uniquely by
verification. There is some danger, however, that some
activated areas for verification might in fact reflect
deactivation caused by the reference task (either detect
ones or magnitude comparison). Conjunction analysis
allowed us to combine these two task comparisons to
look for areas activated by verification in both com-
parisons while simultaneously eliminating areas acti-
vated in only one of the comparisons. Thus, this
approach both increases statistical power (relative to
only looking at, for example, verification vs detect
ones), while also eliminating comparison specific acti-
vations which may reflect idiosyncratic influences of
one of the reference tasks. Conjunction analysis was
performed for verification as described above, and for
magnitude judgment by combining the magnitude vs
detect ones task comparison with the magnitude judg-
ment vs verification task comparison. SPM cluster
analysis was then performed using a voxel level P
value of 0.001, and a global cluster level correction of
0.01. This analysis identified the set of clusters such
that one or more clusters would be expected to occur
by chance only about 1% of the time (Friston et al.,
1994).

3. Results
3.1. Behavioral

Behavioral results for each subject are summarized
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Table 2

Activation loci by subject and region
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Subject  Parietal Fusiform Brodmann’s Prefrontal
area 44
1 Left —34,-52,45 —49, —49, —20 —41,4,30 —34,45,25
Right 26, —49,55 3, =79, —15 38, 8,25 34, 45, 20
2 Left —26,—68,35 —22,-79, —10 —41,8,25 —34,45,25
Right 38, —60, 30 30, =79, —15 38,8, 25 34, 45, 20
3 Left —22,-56,50 —41,—68, —10 —41,4,35 —38, 34,26
Right 22, -71,35 34, =79, —10 41,0, 30 34,41, 25
4 Left —11,-79,55 —45,-56, —10 —45,30,40 —34, 56, 25
Right 22, -75,60 30, —82, —10 56,22, 5 45, 49, 15
5 Left —25,-49,40 —49, -52, —12 —49,11,36 —38, 52, 30
Right 39, —41,54 26, —86, 0 45, 8, 30 49, 56, 10
6 Left —26,-56,30 -—38, —41, -6 —30,15,30 —19, 52,12
Right 26, —60, 36 38, —52, —18 52,19, 24 49, 45, 30
7 Left —22,-71,48 —41, —49, —18 =30, 19,24 —41,41, 18
Right 26, —75,48 26, —82, —18 34,22, 18 41, 41, 30
8 Left —34, 52,35 —45,—45,—-10 —45,11,35 =30, 52,20
Right 38, —60, 35 30, =79, 0 56, 26, 30 36, 60, 15

in Table 1. Error rates during the fMRI runs were
low. Overall, subjects failed to respond in the time
available (omission errors) on 3.38, 2.76, and 4.86% of
the detect ones, magnitude judgment, and verification
trials, respectively. Subjects made an incorrect response
in the time available on 0.78, 2.83, and 3.83% of
detect ones, magnitude comparison, and verification
trials. Mean RT for correctly solved problems, aver-
aged over subjects, was 620, 837, and 1028 ms for the
detect ones, magnitude, and verification conditions, re-
spectively. These differences were statistically signifi-
cant in a one-way within subjects analysis of variance,
F(2,21)=276.4, P < 0.0001.

3.2. fMRI

For each of the eight subjects, four general areas
exhibited strong bilateral activation in the verification
conjunction analysis: (1) a large contiguous activation
area consisting of fusiform, lingual and inferior occipi-
tal gyri, (2) an inferior and superior parictal cluster
(including cuneus and precuneus), (3) tissue proximal
to Brodmann’s area 44, forming a column extending
upward to as high as Talairach z = 40, and downward
to as low as Talairach z = 0, and 4) dorsolateral pre-
frontal areas 9 and 10. These activation clusters were
statistically significant bilaterally in nearly all subjects,
with exception of one subject who showed no reliable
prefrontal activation, one subject who exhibited only
left prefrontal activation, and a third subject who
exhibited only left fusiform-lingual activation (but note
that there were trends toward activation in these areas
in each of these cases). Table 2 shows, for each sub-
ject, the Talairach coordinates of the maximum acti-
vated pixel for each of the four major areas in each

hemisphere. Fig. 1 is an activation map for a typical
subject, with both the structural and functional images
normalized to Talairach coordinates. The image
labeled ‘Z=—10" shows the bilateral fusiform and lin-
gual gyrus activation. The image labeled ‘Z = 30’
shows the Brodmann’s area 44 cluster, the prefrontal
cluster, and the inferior end of the parietal cluster.
Also shown in that image are a few additional and less
intense activation clusters. Such clusters occurred in
apparently unsystematic patterns in some subjects but
did not replicate even for two subjects. These clusters
are thus ignored in the reported results. The image
labeled ‘Z = 45 showed the superior end of the parie-
tal and ‘Brodmann’s 44’ clusters, along with anterior
cingulate activation which was present for five subjects.
Table 3 shows the mean Talairach coordinate location
over subjects of the most intensely activated voxel in
each of the four major areas. The distance between
each subject’s maximum activation coordinate in each
area and the group maximum activation coordinate
were also computed and averaged across subjects. This
value, which provides an index of the variability of the
maxima across subjects, is shown for each location
under Mean Deviation in Table 3. These results reveal
a striking degree of stability in the activation patterns
across subjects and also highlights the rough bilateral
symmetry of the activation maxima. In addition to
these four primary areas, the anterior cingulate was
significantly activated in five subjects, and the bilateral
thalamus was significantly activated for two subjects.

In a separate non-conjunction analysis, areas deacti-
vated for verification relative to the detect ones control
condition were explored. For all subjects, deactivation
was observed in bilateral superior and inferior tem-
poral gyri, and a bilateral (but stronger left than right)
area centered between the supramarginal and angular
gyri (approximate Talairach coordinate of the cen-
troid: x=+(—) 50, y =62 , z = 32). This cluster
extended about 1 centimeter forward and backward in
the Talairach y direction, and about 1 cm inward from
the cortical surface (in the Talairach x direction). It
had a Talairach z coordinate range of about +25 to
+40. Note that the activated inferior parietal area for
each subject in the verification conjunction analysis
described previously included the areas immediately
medial, superior, and posterior to this area. Analogous
results were obtained in a non-conjunction analysis of
the verification vs magnitude runs.

The conjunction analysis results for the magnitude
judgment task revealed far less activity and much
more variability across subjects. Areas activated
included the right cuneus (two subjects), the bilateral
medial frontal gyrus (Brodmann’s area 6; three sub-
jects), posterior cingulate (two subjects), and left or bi-
lateral angular gyrus (two subjects). Three subjects
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I.i

Fig. 1. Activation in the verification conjunction analysis for an example subject at three axial slices with Talairach z coordinates of —10, + 30,

+45.

exhibited no reliable activation in any area in this
analysis.

It is possible that both the verification and magni-
tude judgment tasks activate largely the same brain
areas and that verification produces more intense acti-
vation. This possibility is suggested by previous PET
results, which revealed inferior parietal activation for
both multiplication and magnitude judgment relative
to rest [10]. If this is the case, then the conjunction
analysis for magnitude judgment would not reveal
these areas because activation there would be masked
by the verification task. A supplementary analysis was
thus performed limited to the magnitude judgment vs
detect ones task comparison. In this analysis, two sub-
jects showed reliable bilateral inferior parietal acti-
vation (this area was roughly the same as the inferior

parietal area activated by the verification task), and
three additional subjects exhibited trends toward this

Table 3
Activation loci collapsed over subjects

Brain area Talairach coordinate Mean deviation
X Y Z mm

Left Parietal =25 —60 42 13.8

Right Parietal 29 —61 44 16.4

Left Fusiform —41 =55 —12 13.0

Right Fusiform 31 =77 —10 9.9

Left Brodmann’s 44 —40 13 32 10.9

Right Brodmann’s 44 45 16 22 14.6

Left Brodmann’s 9 and 10 —34 48 22 9.4

Right Brodmann’s 9 and 10 41 48 22 10.6
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same pattern of bilateral inferior parietal activation in
an analysis which relaxed the significance criteria
(voxel level P < 0.05). In addition, two subjects
showed activation in the bilateral inferior frontal gyrus
(near Brodmann’s area 44; roughly the same area as
activated in the verification task for these subjects),
and two subjects exhibited bilateral fusiform activation
(again, overlapping strongly with the same activation
areas in verification). No subject exhibited the prefron-
tal activation (areas 9 and 10) which was observed for
the verification task.

4. Discussion

The results extend neuropsychological and neuroi-
maging evidence regarding brain areas involved in
basic numerical processing. We will focus our discus-
sion first on each of the four major areas activated
during the verification task. First consider the parietal
activation. As expected, there was clear left hemisphere
parietal activity in all eight subjects. There was also
homologous parietal right hemisphere activity,
although to a lesser degree. However, the focus of this
activity in both hemispheres was roughly at the sulcus
between the inferior parietal lobe and the precuncus
(Talairch coordinate of the centroid: x=+(—) 27,
y = 61, z = 43). This area is substantially posterior
and superior to the angular and supramarignal gyri,
which would have constituted our best guess about the
focal point of inferior parietal activation based on the
neuropsychological literature. In fact, there was actu-
ally a robust deactivation around the supramarginal
and angular gyri for all eight subjects. Interestingly, an
earlier PET study by Deheane et al. produced deacti-
vation in supramarginal gyrus, and no reliable acti-
vation in the angular gyrus, for a multiplication
production task [10]. Assuming that deactivation can
be interpreted to reflect non-involvement of an area in
verification, then these results appear to contradict
neuropsychological results which implicate angular
gyrus in arithmetic [15,17,18,20,21,39,40]. One possible
explanation of these conflicting is that, although there
is deactivation in the angular gyrus area itself in this
task, there is activation for inferior parietal tissue
which is proximal to the cortical surface of the angular
and supramarginal gyri. Perhaps the previous neurop-
sychological results reflect brain damage not only to
the angular and (or) supramarginal gyri but also to the
juxtaposed structures which were activated in our
study. In this scenario, it would be natural for
researchers to interpret their findings in terms of the
surface structures, but equally valid to have interpreted
them in terms of adjacent and more medial structures
that are activated in out study. This account does not
directly explain the Rueckert et al. fMRI report of

angular gyrus activity in the counting backward by
sevens task. However, Rueckert et al. may have inter-
preted activation similar to ours as reflecting angular
gyrus activation. This account seems plausible since
there is no direct Talairach labeling of the inferior par-
ictal area medial to the angular gyrus in which part of
our activation occurred. Alternatively, other research-
ers have proposed that the area around the angular
gyrus is not involved in simple arithmetic, but rather is
critical to the execution of calculation procedures such
as borrowing and carrying operations [19]. This
account would potentially explain the activation in
that area in the Rueckert et al. serial sevens task,
along with the lack of activation in that area in our
study and the Dehaene et al. PET study.

Next consider the bilateral activation in the fusiform
and lingual gyri. Activation was also observed in these
areas by Deheane et al. using PET, although only in
the left hemisphere [10]. They offered the interpretation
that the fusiform gyrus is involved in processing visual
number forms. However, in our verification conjunc-
tion analysis, verification was compared jointly against
detect ones, which involved a string of four single-digit
numbers, and against the magnitude task, which
involved a string of two two-digit numbers. Thus, it is
unlikely that the fusiform activation for verification in
our study reflects processing of visual numbers per se.
One plausible elaboration of the Dehaene et al. propo-
sal suggested by our results is that the fusiform gyrus
stores configural visual representations, such as whole
multiplication facts (e.g., ‘4 x 7°), either in addition to
or instead of more simple visual representations, such
as single digit numbers.

A third and very intense area of activation for all
subjects during the verification task was in an area
proximal to Brodmann’s area 44. Although not
observed or predicted by previous work on arithmetic,
this activation pattern is sensible given the information
processing requirements of the task. Subjects were
instructed to employ a produce-compare strategy, in
which they first produced the answer, and then com-
pared it to the candidate answer presented. Answer
production most likely reflects subvocal articulation of
the verbal form of the answer. One interpretation is
that the Brodmann’s area 44 activation reflects this
processing. Alternatively, activation in this area may
reflect syntactic processing required to encode and
comprehend the arithmetic problem itself.

Finally, the verification task elicited clear prefrontal
(Brodmann’s areas 9 and 10) activation in at least
seven subjects. This finding falsifies the plausible hy-
pothesis that the activation in similar areas observed
by Rueckert et al. [30] reflected solely the complex
demands of the serial sevens task. Most neuropsycho-
logical evidence suggests that prefrontal areas are not
directly involved in single digit multiplication. In
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agreement with this evidence, Dehaene et al. [10] did
not observe prefrontal activation in their multiplication
production task. Nevertheless, our results, combined
with two reports of patients with left prefrontal
damage who exhibited mild to moderate deficits with
arithmetic [24,35], indicate that it would be premature
to conclusively dismiss the possibility of prefrontal
involvement in that task.

On the other hand, perhaps a more likely account of
the prefrontal activation is that it reflects some unique
property of the verification task. Two specific hypoth-
eses warrant consideration. First, verification requires
that the answer is first retrieved and then compared to
the candidate answer given. The prefrontal activity
may reflect this comparison process (which may
involve working memory), rather than the retrieval of
the multiplication fact itself. Second, the candidate
answers used in the verification task were by design
highly plausible answers. For example, one false candi-
date answer for 8 x 4 was 24. It has been clearly estab-
lished in behavioral studies that highly plausible
candidate answers generate interference and slower
RTs relative to less plausible answers [4,32]. The pre-
frontal activation may reflect processing needed to
overcome this interference.

As expected, there was greater left than right side
activation in both the parietal area and Brodmann’s
area 44 for all eight subjects. In contrast, no consistent
hemispheric bias was observed in the prefrontal or
fusiform/lingual gyrus areas. One interesting albeit
speculative account of this finding is that the parietal
and Brodmanns’ area 44 activation reflect a network
involved in attending to, retrieving, and articulating
linguistic information, which is known to have a
strong left hemisphere bias. In contrast, fusiform-lin-
gual and prefrontal areas may store and process visual
representations and execute abstract executive and
working memory processes, respectively. Neither of
these processes would be directly related to language
and it is possible that they are more symmetrically
localized in the brain.

In addition to the four major areas discussed above,
bilateral thalamic activity was observed for two sub-
jects. Thalamic involvement in arithmetic is also
suggested by direct electrical stimulation results [27].
However, there was the sharp contrast between these
two subjects and the other six subjects, who exhibited
absolutely no thalamic activity even with individual
voxel level thresholds set to very low values. We have
no strong hypothesis regarding these contrasting
results across subjects. However, it is worth noting
that the two subjects who exhibited thalamic activation
were first and third in overall intensity of activation
(averaged over both hemispheres and over the four
major activation areas observed).

Basal ganglia have also been implicated for arith-

metic in three neuropsychological reports [5,19,41].
Nevertheless, we observed no activation in these areas
for any of the eight subjects. One of the subjects with
thalamic activation did exhibit some bilateral activity
in the caudate nucleus and putamen, but this appeared
to reflect ‘bleeding of activation’ from the adjacent
thalamus and from the lower end of the column of ac-
tivation extending downward from areas proximal to
Brodmann’s area 44. The spatial smoothing performed
prior to analysis provides a quite plausible account of
this result. Activation was also not observed in this
area in a recent PET study [10]. The fact that arith-
metic deficits have not been identified as characteristic
of Parkinson’s and Huntington’s patients furthers
suggests that these areas may not be central to arith-
metic. However, a resolution to the contrasting con-
clusions reached via these different approaches awaits
further research.

It is important to note that although the verification
task has some advantages for fMRI, it also two disad-
vantages relative to a pure production task. First, in
the verification task subjects may in some cases bypass
answer retrieval (i.e., production) in favor of other
strategies like magnitude estimation [32]. As noted in
the introduction, we took a number of measures to
maximize use of a produce-compare strategy by our
subjects. Nevertheless, these measures do not guaran-
tee that subjects used produce-compare during scan-
ning for all items. A second complication of the
verification task is that it requires a comparison stage
which is not of direct interest in this study. However,
any fMRI study of arithmetic in which accuracy data
is collected will likely require some type of comparison
stage by means of which subjects can report their
answer through a dichotomous response. Obtaining
such responses is important where possible, because if
accuracy cannot be determined, there is no assurance
that subjects were performing the required tasks.
Ultimately, however, converging evidence from tasks
like verification that allow for behavioral data collec-
tion, as well as from ‘pure’ tasks like production that
more exclusively measure the process of interest, will
be needed to fully understand the localization of basic
arithmetic skills. Our results contribute to this goal by
revealing a set of areas activated during verification
that are strikingly consistent across each of eight sub-
jects. Some significant subset of these areas is almost
surely responsible for arithmetic production itself.

The results did not conclusively identify any brain
areas uniquely involved in magnitude judgment but
not in verification. Some subjects exhibited reliable ac-
tivation in bilateral superior parietal areas during mag-
nitude comparison vs the detect one’s task, but this
activity pattern was not evident for all subjects. Other
studies have also failed to conclusively isolate magni-
tude processing using neuroimaging [10]. We offer
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three candidate explanations. First, magnitude proces-
sing may be highly distributed and may elicit only very
weak signal. This account is consistent with the neu-
ropsychological finding that although selective deficits
in arithmetic are fairly common, selective deficits in
magnitude processing are rare at best. Second, there
may be pronounced individual differences in areas
involved in magnitude processing. This account would
potentially explain the high variability of activated
areas across subjects in our study, as well as the nega-
tive findings for magnitude comparison in the Deheane
et al. PET study (i.e., individual differences may have
washed out the activation in their group analysis).
Third, magnitude judgment may activate a subset of
areas also activated by other tasks involving digits. In
particular, we suspect it may not be possible to detect
areas unique to the magnitude task in direct compari-
son to arithmetic, which may elicit automatic magni-
tude processing. Even the control task may have
masked some of the magnitude effect in the magnitude
vs detect ones comparison.

One reasonable approach in future investigations of
magnitude processing would be to use a non-numerical
control task and thus eliminate the possibility that
magnitude processing is present in the control stimuli.
However, as noted in the introduction, a non-numeri-
cal control task is subject to the equally problematic
criticism that it would differ from the magnitude judg-
ment task not only with respect to the involvement of
numerical magnitude, but also with respect to other
aspects of the stimuli (i.e., digits vs non-digits). Thus,
any activation obtained in number comparison relative
to a non-numerical control might reflect magnitude
processing itself, or other non-magnitude aspects of
processing numerical stimuli. In our view, both types
of designs (i.e., use of both numerical and non-numeri-
cal control tasks), and perhaps also parametric designs
that manipulate the difficulty of the magnitude com-
parison task, will likely be needed to conclusively iso-
late brain areas uniquely involved in magnitude
processing.

Despite the empirical limitations of our conclusions
regarding magnitude judgment, the findings do con-
verge with previous results [7,10] suggesting bilateral
parietal involvement. Roughly the same inferior parie-
tal areas were also activated by the verification task.
In combination, these findings provide some prelimi-
nary support for cognitive models that assume that
representations for arithmetic facts and for numerical
magnitude are closely integrated, perhaps as part of a
single system. This interpretation is consistent with
some computational models of arithmetic which
assume that arithmetic knowledge is stored (in part)
within a network which employs a form of represen-
tation based solely on numerical magnitude [26,37].
However, this interpretation is far from conclusive for

at least two reasons: (1) there may be unique anatom-
ical localization for these two processes which we did
not detect, perhaps because of limitations in spatial
resolution, and (2) these two forms of representation
may be functionally distinct yet distributed in closely
overlapping networks. In general, a finding that separ-
ate areas are activated by arithmetic and magnitude
tasks would constitute important evidence against a
single network model, but a finding that the same
areas are activated by these tasks does not provide
conclusive evidence against a dual network model.

Finally, there was a striking and surprising degree of
hemispheric symmetry in the activation patterns for
the verification task. All subjects exhibited roughly
symmetric bilateral activation in parietal, fusiform, lin-
gual, speech-language (Brodmann’s area 44), and pre-
frontal areas. Further, thalamic activation was
bilateral in the two subjects who exhibited it. This
finding appears to be inconsistent with the default
assumption in much of the neuropsychological litera-
ture that many cognitive functions, including certain
aspects of language and simple arithmetic, reside
almost exclusively in the left hemisphere in the normal
brain. The results also suggest that previous neuroima-
ging conclusions of unihemispheric activation may in
fact reflect the following underlying pattern: (1) acti-
vation is typically hemispherically symmetrical, (2) the
degree of activation may, however, be greater in one
hemisphere (typically the left), and (3) statistical
thresholds for detecting activation in many previous
experiments may have been such that only the left
hemisphere activation was detected [21]. The net result
of this scenario would be interpretation of a brain re-
sponse as hemispherically asymmetric when in fact it is
symmetric, at least in terms of the spatial areas
engaged in the task (functional asymmetry may of
course still exist even if this hypothesis proves correct).
This perspective suggests that caution should be used
when inferring that a given brain region is activated in
only one hemisphere.

To conclude, our findings, combined with those of
previous neuropsychological and neuroimaging studies,
clearly demonstrate that parietal areas are activated
during numerical processing, and also implicate invol-
vement of several other areas, including fusiform and
lingual gyri, Brodmann’s area 44, prefrontal cortex,
and perhaps the thalamus. The results also shed some
new light on the possible roles played by these struc-
tures. Many important questions remain to be resolved
regarding both the functions of the various activated
regions. However, it appears likely that converging evi-
dence from incisive new fMRI task comparisons and
neuropsychological studies will provide answers to
these questions in the foreseeable future.
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