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SUMMARY

It is a commonly held view that numbers are
represented in an abstract way in both parietal
lobes. This view is based on failures to find dif-
ferences between various notational represen-
tations. Here we show that by using relatively
smaller voxels together with an adaptation par-
adigm and analyzing subjects on an individual
basis it is possible to detect specialized numer-
ical representations. The current results reveal
a left/right asymmetry in parietal lobe function.
In contrast to an abstract representation in the
left parietal lobe, the numerical representation
in the right parietal lobe is notation dependent
and thus includes nonabstract representations.
Our results challenge the commonly held belief
that numbers are represented solely in an ab-
stract way in the human brain.

INTRODUCTION

Most theories of numerical cognition assume that the

representation of numbers in both intraparietal sulci (IPS)

is abstract and therefore shared across notations (nota-

tion-independent representation) (Dehaene et al., 1998;

McCloskey, 1992, but see Campbell, 1994). In line with

these theories, the reaction time (RT) profiles for the com-

parison of different notations such as digits (e.g., 2), num-

ber words (e.g., TWO), roman numerals (e.g., II), or numer-

osity (e.g., ��) are believed to be identical (Barth et al.,

2003, 2005; Dehaene and Akhavein, 1995; Schwarz and

Ischebeck, 2000), and there is converging evidence for

abstract numerical representation from brain-imaging

studies (Eger et al., 2003; Naccache and Dehaene, 2001;

Pinel et al., 2001). However, there are three caveats to

these findings. (1) RT data are not sufficient. Stimuli that

yield similar response functions can still, theoretically, be

processed by distinct mechanisms (Rumelhart and

McClelland, 1986). (2) Lack of anatomical resolution. There
may be segregated neuronal representations that cannot

be revealed by a conventional functional magnetic reso-

nance imaging (fMRI) analysis, which is typically confined

to a resolution of about 3 3 3 3 3 mm. Moreover, highly

specialized neurons may be colocalized within a single

fMRI voxel (Grill-Spector and Malach, 2001). This problem

is aggravated by the use of spatial smoothing, which might

cause blurring of activation over several voxels, and/or

pooling the activation across subjects (Price and Friston,

2005; Goebel et al., 2006). (3) Lack of response-represen-

tation segregation. Several studies have stressed the im-

portance of the parietal lobe in response selection (Bunge

et al., 2002; Corbetta and Shulman, 2002; Jiang and

Kanwisher, 2003; Wojciulik and Kanwisher, 1999). Previ-

ous imaging studies that reported notation-independent

activation involved response selection in their paradigms.

However, a recent study has shown that response selec-

tion and number processing activate the same areas in the

IPS (Göbel et al., 2004). Hence, common activation for

different notations might be partly due to response selec-

tion demands rather than to a notation-independent com-

parison mechanism (Eger et al., 2003; Naccache and

Dehaene, 2001; Pinel et al., 2001).

Functional magnetic resonance adaptation (fMRA) is an

innovative technique within the general fMRI method that

is based on the observation that the fMR signal is reduced

when the same stimulus is presented repeatedly (Grill-

Spector, 2006; Grill-Spector et al., 2006a). Such an adap-

tation effect has been interpreted as reflecting a reduction

in the spiking rates of the adapted neuronal population

(Grill-Spector and Malach, 2001). When the stimulus

attributes change, adapted neuronal populations may re-

cover. If the signal remains adapted despite the changes,

it indicates that the neurons are not affected by a specific

attribute. In contrast, if the fMR signal recovers from the

state of adaptation, it implies that different neuron popula-

tions are activated and that these neurons are sensitive to

the property that was altered. Recently, this paradigm has

become popular in fMRI research, particularly because

of the claim that it provides improved spatial resolution

by revealing subvoxel effects (see Grill-Spector et al.,

2006a, for a current review). Indeed, the fMRA paradigm
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Figure 1. Paradigm Design

Six different conditions containing three differ-

ent notations (pure digits, pure-number words,

and mixed notations) appeared in the same

quantity or different quantities in a single event.

Each number was presented for 350 ms, with

a time lapse of 1300 ms between the first and

the second number. After 8 s or 4 s, a new trial

began. Participants were encouraged to pay

close attention to the stimuli in order to be

able to answer several questions that were to

follow the measurements. The font type and

size of the second stimulus was never identical

to the previous one, in order to exclude any

low-level perceptual effect. An event was mod-

eled by including the first and second stimulus

in a pair as an event in the hemodynamic re-

sponse function. Hence, a larger percent signal

change for trials with different quantities than

for trials with the same quantity would suggest

an adaptation effect of quantity (see Kourtzi

and Kanwisher, 2000, for a similar design for

object processing).
has been shown to be useful for examining various issues

in cognitive neuroscience, mostly related to neuronal spe-

cialization in face perception (Grill-Spector et al., 2006a;

Grill-Spector and Malach, 2001; Kourtzi and Kanwisher,

2000), and recently also for numerical processing (Ansari

et al., 2006; Cantlon et al., 2006; Piazza et al., 2004; Shu-

man and Kanwisher, 2004). With respect to the research

of the present work, it is noteworthy that recent studies

were successful in exploring the properties of numerical

representations with fMRA by employing a passive-view-

ing task (Cantlon et al., 2006; Piazza et al., 2004). It is also

noteworthy that these studies did not examine differences

between notations, but studied one type of notation, such

as numerosity. Nevertheless, a passive task appears

well-suited for examining IPS activation during numerical

processing while avoiding contamination with irrelevant

components such as response selection.

In the current fMRA study, healthy participants pas-

sively viewed numbers presented at the center of a screen,

while undergoing fMRI scanning with relatively small voxel

size (2 3 2 3 2.5 mm3). Consecutive stimuli were two

words, two digits, or mixed notation and were composed

of the same (e.g., EIGHT followed by 8) or different quan-

tity (e.g., EIGHT followed by 2) (Figure 1). We hypothesized

that the repetition of the same quantity would lead to

reduced activation in the IPS, compared to changes in

quantity (adaptation effect). Under the assumption that

there is an abstract representation for numbers, this adap-

tation effect should be observed regardless of notation.

Note that it is still possible that specialized neurons for

each notation coexist in a close spatial layout (i.e., within

a scanned voxel), but this would be undetectable by

fMRA (which will result a quantity adaptation for both

notations in the spatial location) (see Grill-Spector et al.,

2006b, for a similar idea). However, if this was true we ex-

pect no quantity adaptation effect with mixed notation.

Importantly, the font type and size of the second stimulus
308 Neuron 53, 307–314, January 18, 2007 ª2007 Elsevier Inc.
was never identical to the previous one, thus excluding

any low-level perceptual effect.

In sum, we expected that if the assumption of an ab-

stract representation of numbers in the IPS held true, the

adaptation effect would be observed within and across

notations. In contrast, in the case of nonabstract numerical

representation, we expected that the adaptation effect

would be modulated by the notation type. This result would

suggest that distinct neuronal populations for notation

exist. Moreover, it would demonstrate the successful ap-

plication of the fMRA paradigm to uncover distinct repre-

sentations of numerical notation, which might not be pos-

sible with conventional imaging, and behavioral methods.

RESULTS

The results revealed individual differences in the left (mean

Talairach coordinates [TC]�28,�67, 42) and right (TC 22,

�67, 39) parietal activation both in extent and in layout

(Figure 2 and Table 1).

Left Parietal

The main effect for quantity adaptation was significant

only after the peak of the blood oxygenated level depen-

dent (BOLD) signal (8 s after stimulus presentation) [F(1,

11) = 6.34, p = 0.03], while the main effect for notation

[F(2, 22) = 0.65, p > 0.5] and the interaction between nota-

tion and quantity adaptation [F(2, 22) = 1.12, p > 0.3] did

not reach the significance level (Figure 3A). In contrast,

4 s after stimulus presentation the main effect for quantity

adaptation [F(1, 11) = 2.02, p > 0.18] was not significant,

nor was the interaction between quantity adaptation and

notation [F(2, 22) = 0.27, p > 0.7]. However, there was a

significant main effect for notation [F(2, 22) = 4.87, p =

0.02]. A planned comparison revealed that the source of

the main effect was due to a significant difference be-

tween mixed notation (0.26%) and pure digits (0.07%)
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Figure 2. A Glass Brain with Each Partic-

ipant’s Cluster in the Left and Right Pari-

etal Lobe

Different colors depict clusters of different

participants. Left column, lateral view; middle

column, posterior view; right column, superior

view.
[F(1, 11) = 9.50, p = 0.01]. None of the main effects or the

interaction were significant 6 s after stimulus presentation

(notation [F(2, 22) = 2.40, p > 0.1], quantity adaptation

[F(1, 11) = 1.53, p > 0.2], and the interaction between

notation and quantity adaptation [F(2, 22) = 0.75, p > 0.4]).

Right Parietal

None of the main effects at any point in the time course

were significant ([F(2, 22) < 1.29, p > 0.2] for notation,

[F(1, 11) < 2.53, p > 0.13] for quantity adaptation). How-

ever, as indicated in Figure 3B, the interaction between

notation and quantity adaptation was significant 4 s after

stimulus presentation [F(2, 22) = 4.08, p = 0.03], as well

as at the peak of the BOLD response, 6 s after stimulus

presentation [F(2, 22) = 4.87, p = 0.02]. The same interac-

tion approached significance after the BOLD response

Table 1. Talairach Coordinates of Individual Subjects,
which Were Used as the Center of the ROI in the Right
and Left Parietal Lobes

Subject

Right Parietal Lobe Left Parietal Lobe

X Y Z X Y Z

1 19 �66 38 �34 �77 47

2 28 �66 50 �23 �58 43

3 22 �71 29 �25 �63 40

4 19 �69 52 �37 �61 45

5 25 �71 32 �31 �68 34

6 7 �71 50 �15 �70 50

7 28 �66 36 �36 �62 50

8 28 �65 39 �32 �67 37

9 29 �75 33 �18 �67 29

10 10 �62 39 �26 �69 35

11 25 �64 28 �38 �75 44

12 23 �59 39 �29 �67 49

Mean 22 �67 39 �28 �67 42

SD 7.15 4.48 8.12 7.43 5.52 6.92
N

reached its peak (8 s after stimulus presentation) [F(2,

22) = 3.05, p = 0.07]. A planned comparison revealed

that in all the cases the quantity adaptation effect was sig-

nificant for the digit notation ([F(1, 11) = 8.19, p = 0.01] after

4 s, [F(1, 11) = 12.85, p = 0.004] after 6 s, and [F(1, 11) =

9.01, p = 0.01] after 8 s), but not for the words or the mixed

notations [F(1, 11) < 1.61, p values > 0.23 in all the cases].

We also compared the percent signal change for the

different quantity conditions between different notations

within each hemisphere. However, we did not observe

any significant effects [all p values > 0.6].

Whole-Volume Group Analysis

A previous adaptation study showed that the only quantity

adaptation effect was observed in the parietal lobe (Nacc-

ache and Dehaene, 2001). Nevertheless, we examined

whether other brain areas showed any main or interaction

effects. Hence, in order to improve signal-to-noise, we

smoothed the data with a Gaussian kernel of 8 mm full-

width at half-maximum (FWHM) and performed an ANOVA

random-effects analysis. The results (p < 0.001, uncor-

rected, see Table S1 in the Supplemental Data available

online) revealed a main effect of notation in the left fusi-

form area and the right inferior parietal lobule, with greater

activation for number words and reduced activation for

digits. However, these areas were not involved in quantity

processing, as evidenced by the lack of a quantity adap-

tation effect or interaction (all p values > 0.65). In accor-

dance with the region of interest (ROI) analysis, an area

in the left inferior parietal lobule showed a quantity adap-

tation effect, but no interaction (p > 0.66). Crucially, we

again found an interaction between notation and quantity

adaptation in the right IPS. The overall pattern was very

similar to the ROI analysis. That is, post hoc tests based

on the whole-brain ANOVA revealed that there was no

quantity adaptation for number words [F(1, 11) = 0.26,

p = 0.61] or mixed notation [F(1, 11) = 4.30, p = 0.06, but

with greater activation for same quantity and reduced ac-

tivation for different quantity]. However, in contrast to the

ROI analysis, the quantity adaptation for digits in the cur-

rent case was only marginally significant [F(1, 11) = 4.57,
euron 53, 307–314, January 18, 2007 ª2007 Elsevier Inc. 309
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Figure 3. Quantity Adaptation in the

Parietal Lobes

Percent signal change (in comparison to non-

event scans) for the left (A) and right (B) parietal

lobes as a function of notation and quantity (av-

eraged across participants’ ROIs). Trials start

at time = 0 s and reach the peak around 6 s after

stimuli presentation. The adaptation effect can

be observed by a reduction in the percent sig-

nal change for the red curve, which indicates

the presentation of similar quantity in the first

and second stimulus in a given trial, compared

to the green curve, which indicates the presen-

tation of different quantities in the first and sec-

ond stimulus in a given trial. Error bars depict

one standard error of mean (SEM).
p = 0.05]. The current result implies that interaction be-

tween notation and quantity might be affected by spatial

smoothing. In order to further examine this aspect, we

smoothed the data to the extent of previous imaging stud-

ies that did not find an interaction between notation and

quantity (15 mm FWHM; Naccache and Dehaene, 2001;

Pinel et al., 2001). Under this smoothing we also did not

find any area in the brain that showed an interaction

between notation and quantity adaptation.

DISCUSSION

The current study investigated whether numerical infor-

mation is processed in a nonabstract way in the human

brain. In a new, innovative approach in the field of numer-

ical cognition we eliminated confounding variables that

might result in similar activation for numbers across nota-

tion, such as response selection (Göbel et al., 2004), and

improved the relatively coarse spatial resolution of fMRI

by using fMRA (Grill-Spector et al., 2006a; Grill-Spector

and Malach, 2001) and comparatively small voxels (2 3

2 3 2.5 mm3).

We found an interaction between notation and adapta-

tion in the right parietal lobe. These results seriously chal-

lenge the idea of abstract numerical representation in both

parietal lobes. Rather, they advocate the existence of dis-

tinct neuronal populations for numbers, which are notation

dependent in the right parietal lobe. There might be several

reasons for the result in our study (i.e., notation-dependent

adaptation) compared to previous results (i.e., abstract

representation). (1) Lack of response selection. We used
310 Neuron 53, 307–314, January 18, 2007 ª2007 Elsevier Inc
a passive task and thus avoided the inclusion of a re-

sponse-selection component that might cause a joint pari-

etal activation for different notations, independent of the

numerical representation (Göbel et al., 2004). (2) Improved

anatomical resolution. We used a higher resolution than

previous imaging experiments that suggested an abstract

representation of numerical content. Namely, in the current

study, the size of an imaged voxel was 2 3 2 3 2.5 mm3,

and we avoided smoothing by analyzing on an individual

basis (i.e., ROI analysis). In contrast, previous studies

that suggested the existence of an abstract representation

used an imaged voxel of 3.44 3 3.44 3 4 mm3 (which is 4.7

times bigger than our voxel size) with smoothing of

a Gaussian kernel of 10 mm FWHM (Eger et al., 2003) or

3 3 4 3 6 mm3 (which is 7.2 times bigger than our voxel

size) with smoothing of a Gaussian kernel of 15 mm

FWHM (Naccache and Dehaene, 2001; Pinel et al., 2001)

and pooled the activation across subjects. (3) Subvoxel ef-

fects. We used an fMRA paradigm, which has been sug-

gested to improve spatial resolution by revealing subvoxel

effects. Such refined differences are not detectable with

conventional imaging methods with poorer spatial resolu-

tion that, as such, cannot disentangle specialized neuronal

populations in a given voxel (Grill-Spector et al., 2006a).

Currently, we cannot indicate which of these three factors

had the greatest contribution to the finding of notation-

dependent representation in the right parietal lobe. However,

we can conclude that smoothing and pooling the activation

across subjects might smear, reduce, and even eliminate

effects of interest. The voxel-wise whole-brain group anal-

ysis yielded smaller and weaker adaptation effects in
.
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comparison to the group analysis using subject-specific

ROIs. As was argued in previous studies, the adaptation

paradigm may detect highly specialized neurons that

may be colocalized within a single fMRI voxel (Grill-Spec-

tor and Malach, 2001). However, this advantage is reduced

in voxel-wise group analyses when one looks at brain re-

gions exhibiting large interindividual differences, both in lo-

cation and extent of activation clusters, as was demon-

strated in the current study (Figure 2 and Table 1): if

activation clusters are not localized at very similar coordi-

nates in normalized space, averaging across fixed coordi-

nates may substantially weaken, if not abolish, differential

effects due to lack of correspondence across subjects.

Previous studies, which used fMRA to reveal differences

in object perception, looked at a smaller and a less variable

part of the cortex such as the fusiform gyrus (e.g., Kourtzi

and Kanwisher, 2000). However, in future studies that will

examine more anatomically and functionally variable areas

such as the parietal lobes (Zilles et al., 2003, for anatomical

evidence, and the current study for functional evidence), it

will be beneficial to take into account these heterogeneities

by integrating subject-specific ROI allowing one to avoid

the loss of sensitivity caused by spatial smoothing. More-

over, the coordinates in the individual ROI-based and stan-

dard group analysis were not entirely overlapping. While

the interaction effect in the right parietal lobe in the group

analysis was located at TC of 19, �52, 45, it was located

at TC of 22, �67, 39 in the ROI analysis. The difference of

Talairach location between voxel-wise whole-brain analy-

sis and ROI analysis was even larger for the main effect of

quantity adaptation. In the whole-brain group analysis the

center of mass was�34,�55, 26, while in the ROI analysis

it was �28, �67, 42. The observed differences are very

substantial and indicate that a standard voxel-wise group

analysis in normalized space across subjects does not

necessarily reflect the activation peaks of individual sub-

jects. We hope that future fMRI studies that examine corti-

cal areas with high anatomical and functional variability will

take this information into account.

Previous behavioral methods also seem not sensitive

enough in detection of nonabstract representation (Barth

et al., 2003; Dehaene and Akhavein, 1995; Schwarz and

Ischebeck, 2000), since they could not observe different

representations between notations. This shortcoming, in-

herent to RT data, supports the idea that stimuli that yield

similar response functions can still be processed by dis-

tinct mechanisms (Rumelhart and McClelland, 1986). It

has been proposed that some ‘‘hidden’’ processes cannot

be detectable with RT and accuracy measures, but rather

by using functional imaging. Our data is in agreement with

this proposal, which is based on accumulative data (Wil-

kinson and Halligan, 2004, for a review). It might be that

the additive results (i.e., the absence of interaction) in

the behavioral studies were due to similar processing of

different notations in the left parietal lobe, which masked

the superiority of the right lobe for digits. This case corre-

sponds to a one-to-many mapping of behavior to brain

(behavior X is conducted by brain areas Y and Z, i.e., func-
tional degeneracy [Edelman and Gally, 2001; Price and

Friston, 2002]). In this case, the nonabstract process in

the right parietal lobe is ‘‘hidden,’’ and the differences be-

tween the notations cannot be revealed. However, we as-

sume that behavioral tasks that will exhaust the process-

ing in the left parietal lobe (e.g., by manipulating task

difficulty or cognitive load) might recruit the right parietal

lobe as an additional resource and be able to reveal an in-

teraction between notation and numerical representation.

Conversely, the main effect of adaptation and the lack of

interaction in the left parietal lobe point toward the exis-

tence of an abstract representation for numbers. Such

a result is in accordance with a previous imaging study

that argues for notation-independent representation in

the left parietal lobe (Venkatraman et al., 2005). However,

our design allowed us to conclude that this abstract repre-

sentation is not due to confounding factors, such as re-

sponse selection (Göbel et al., 2004), or limited spatial res-

olution. Note, however, that although the interaction

between notation and adaptation in the left parietal lobe

did not reach significance, the word notation, and espe-

cially the mixed notation condition, showed a negligible

adaptation effect (0.08% and 0.04%, respectively, com-

pared to 0.18% for digit notation).

A recent study by Sawamura et al. (2006) showed that

a cross-adaptation (as indicated by mixed notation in

our study) may be smaller than adaptation by identical

repetition (as indicated by our pure-digit numbers or

pure-number words). Can we explain the lack of adapta-

tion for the mixed numbers in the right parietal lobe by

such a reduced adaptation effect? We suggest that this

is not the case because in addition to the lack of adapta-

tion in the mixed notation condition, adaptation was lack-

ing in the pure-number words condition (i.e., number

words� same quantity = 0.23% signal change from base-

line; number words � different quantity = 0.23%, at the

peak of the BOLD response). In this respect, the qualita-

tively smaller adaptation in the left parietal lobe and the

lack of adaptation effect in the right parietal lobe for

word notation could arise from a more distributed repre-

sentation for word numbers in the right hemisphere.

Such a representation might be a result of the unequal ex-

posure to digits, which are commonly used in everyday life

in the Western culture, and number words (for a similar

view see Desimone, 1996; Wiggs and Martin, 1998).

An alternative explanation for the lack of quantity adap-

tation in the right parietal lobe for word notation is based

on the limited role of the right parietal lobe in language pro-

cessing (as compared to the left parietal lobe). Previous

findings, mainly from neurological patients, suggested

that the left and right parietal lobes do not process quan-

tity equally (Dehaene et al., 2003, for a review)—while both

hemispheres are involved in manipulating quantity, only

the left parietal lobe has a direct interconnection of the

quantity representation with the linguistic code (e.g.,

Dehaene and Cohen, 1995). According to Lemer et al.

(2003) this might explain the severity of acalculia due to

left parietal damage. This idea is supported by the current
Neuron 53, 307–314, January 18, 2007 ª2007 Elsevier Inc. 311
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results that demonstrate the superiority of the left parietal

lobe in processing quantity independent of notation. In

contrast, the right parietal lobe shows a preference for

quantity if represented by digits but not if represented by

number words. Hence, an additional possible explanation

for this right parietal preference might be the lack of a di-

rect access to a linguistic code, as opposed to the left

hemisphere (e.g., Dehaene and Cohen, 1995).

Recently, a single-cell neurophysiological study with

rhesus monkeys (Macaca mulatta) using a delayed

match-to-quantity task demonstrated that neurons in the

parietal lobes are initially format dependent (Nieder

et al., 2006). That is, different neuronal populations dis-

charge to sequential presentation, while others discharge

to simultaneous presentation of numerosity. At a later

stage during the delay period, the format dependence

converges on an abstract representation of quantity. Our

results show that the human left parietal lobe hosts an ab-

stract representation of quantities. It might be that other

neuronal populations in the left parietal lobe are notation

dependent but were not revealed due to masking by nota-

tion-independent neurons, which were colocalized in the

same imaging voxel. Such a possibility is hard to reconcile

with the current noninvasive imaging technique, which is

also inferior in its temporal resolution. In contrast to the

fMRI’s poor temporal resolution, future studies that will

use high-temporal-resolution techniques such as event-

related potentials or magnetoencephalography might be

able to detect such bipartite populations of nonabstract

and abstract representation of quantities in the left hemi-

sphere by employing the current fMRA paradigm.

In addition, it might be that using a much smaller voxel

size than the current one (2 3 2 3 2.5 mm3) could help

to reveal a patchy organization of notation in the parietal

cortex. For example, Beauchamp et al. (2004) were able

to detect separate organization of visual and auditory

stimuli within the human superior temporal sulcus (STS)

by using a smaller voxel size than in the current study

(1.6 3 1.6 3 1.6 mm3). Similarly, Grill-Spector et al.

(2006b) by using a high-resolution fMRI (1 3 1 3 1 mm3)

were able to detect a mixture of heterogeneous voxels in

the fusiform face area; with some highly selective voxels

to faces and others to nonface objects. However, the pos-

sibility of finding such a mosaic of notation in the fMRI par-

adigm remains challenging, since in the Nieder et al. (2006)

study different types of numerical neurons were inter-

mingled, without any evident order. Moreover, sometimes

different types of neurons were encountered even at the

same electrode tip (A. Nieder, personal communication).

Overall, our results from the human subjects are in ac-

cordance with the Nieder et al. (2006) findings in monkeys,

showing similarity between monkey and human brains,

supporting the notion of both abstract and nonabstract

numerical representation.

Crinion and colleagues used a similar paradigm (i.e.,

fMRA) in order to examine whether, in bilingual partici-

pants, semantic activation is independent of the language

of the stimuli (Crinion et al., 2006). The authors found an
312 Neuron 53, 307–314, January 18, 2007 ª2007 Elsevier Inc.
adaptation effect in the left anterior temporal cortex, irre-

spective of whether the prime and the target stimuli

were in the same language. In contrast, in the left caudate,

reduced activation for semantically related word pairs was

only observed when the prime and target were in the same

language. This led the authors to suggest that different

languages converge on the same neuronal populations

within the left anterior temporal cortex as opposed to dis-

tinct populations embedded within the left caudate. This

study, together with our results, demonstrates the suc-

cessful application of fMRA to examine abstract represen-

tation in various domains (e.g., numbers, language).

In the current study, the different activation between no-

tations as a function of quantity also reveals the existence

of a separate neuronal correlate for numerical processing,

irrespective of response selection (Göbel et al., 2004) or

magnitude in general (Cohen Kadosh et al., 2005, 2007;

Fias et al., 2003; Walsh, 2003). Such findings support

the idea of numerons (neurons that are specialized for

numbers [Nieder, 2005]) in the human brain.

By using functional neuroimaging we have demon-

strated that at least parts of the neuronal substrates for

numerical representation in healthy adults are notation

dependent. Future studies will be needed to explore the

developmental trajectories of numerical magnitude. De-

velopmental studies should focus on tracing the emer-

gence of numerical representation in the brain, investigat-

ing in particular at which stage such a representational

divergence appears. Such findings could contribute sig-

nificantly both to the field of numerical cognition research

and rehabilitation of people suffering from developmental

dyscalculia.

EXPERIMENTAL PROCEDURES

Participants

Twelve healthy participants (mean age = 27.4 years, SD = 3.3, all right

handed) were recruited from an academic environment. None of the

participants had a history of neurological or psychiatric disorders. All

participants had normal or corrected-to-normal vision and gave in-

formed consent to participate in the study. The study was approved

by the local ethics committee.

Stimuli

Numbers were presented either as Arabic numbers (digits) or number

words (Figure 1). The experiment comprised two different types of tri-

als: same-quantity trials (SQ), in which the stimulus pair consisted of

identical numerical magnitudes; and different-quantity trials (DQ), in

which the stimulus pair consisted of different numerical magnitudes.

Furthermore, stimulus pairs could be of the following notational types:

Arabic numbers (AN) (e.g., SQ: 2 followed by 2; DQ: 2 followed by 3),

number words (WN) (e.g., SQ: TWO followed by TWO; DQ: TWO fol-

lowed by THREE), or mixed notation (MN) (e.g., SQ: 2 followed by

TWO, or TWO followed by 2; DQ: 2 followed by THREE, THREE fol-

lowed by 2). Each notation appeared with equal probability. Since

our area of interest was the parietal cortex, we presented the different

conditions in an event-related design in which each pair of stimuli

could consist of two stimuli of the same numerical quantity (and thus

potentially leading to quantity adaptation) or of different numerical

quantities an equal amount of time (for a similar design see Kourtzi

and Kanwisher, 2000, Experiment 2). This way we avoided an
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expectancy and P3a effect, which has been shown to activate the pa-

rietal cortex as well (Bledowski et al., 2006; Linden, 2005). We used the

following numbers: 2, 3, 4, 6, 8, and 9. The numbers 1, 5, and 7 (across

notations) were excluded; numbers 1 and 5 were excluded since they

were shown to have a special status (Dehaene and Mehler, 1992; Tzel-

gov et al., 1992), and 7 because of its physical similarity to the digit 1. In

order to exclude any effect due to physical similarity, the second stim-

ulus never appeared in the same font and physical size as the first stim-

ulus. In total, each condition appeared an equal number of times in

three different sizes (font sizes 21, 27, and 33) and three different fonts

(Arial, Courier, and Comic Sans MS). Each combination of pairs ap-

peared an equal number of times in the different notational conditions.

Procedure

Participants were asked to keep their eyes fixated on a fixation point at

the center of a screen throughout the experiment and to avoid move-

ments. Participants were encouraged to pay close attention to the

stimuli in order to be able to answer several questions that were to fol-

low the measurements. Each trial consisted of two consecutively pre-

sented stimuli at the center of the screen, each presented for 350 ms,

with a 1300 ms interstimulus interval. The intertrial interval was 4 s or

8 s, with an average of 6 s. We used Presentation (Neurobehavioral

Systems, San Francisco, CA) for stimulus presentation software.

The experiment consisted of five runs. The order of the runs was as-

signed to each participant according to a Latin Square. Within each

run the trials appeared in a pseudorandomized fashion. We avoided

repetition of the same quantity from the previous pair, in order not to

create a continuous adaptation from the previous trial. The presenta-

tion of the trials was counterbalanced within (runs 1–4) and across

participants (run 5). In sum, each trial appeared 60 times in each of

the six conditions.

Design

The variables manipulated were quantity adaptation (SQ, DQ) and no-

tation (AN, MN, WN). Thus, we had a 2 3 3 analysis of variance

(ANOVA), with all variables manipulated within subjects. Each run

consisted of 72 trials and lasted approximately 10 min.

fMRI Scanning and Analysis

fMRI data were acquired with a Siemens 3 T head scanner (‘‘Allegra,’’

Siemens, Erlangen, Germany). Functional images were acquired using

a gradient-echo echo planar imaging sequence (34 coronal slices,

which cover the complete parietal lobe, occipital lobe, and part of

the temporal lobe (Figure S1); repetition time/echo time = 2000/

30 ms; flip angle = 90�; field of view = 192 3 192 mm; voxel size:

2 3 2 3 2.5 mm). Each run comprised the acquisition of 301 volumes

and contained 72 trials (12 trials 3 2 adaptations [SQ, DQ] 3 3 nota-

tions [AN, MN, or WN]). Stimulus presentation was synchronized

with the fMRI sequence at the beginning of each trial. Each scanning

session included the acquisition of a high-resolution T1-weighted

three-dimensional volume, using MPRAGE sequence (echo time

4 ms, 256 3 256 3 192 matrix, voxel dimensions = 1 3 1 3 1 mm)

for coregistration and anatomical localization of the functional data.

Data were preprocessed and analyzed using the BrainVoyager QX

1.4 software package (Brain Innovation, Maastricht, The Netherlands;

Goebel et al., 2006). The first two volumes of each run were discarded

to allow for T1 equilibration. The remaining functional datasets were

coregistered to the Talairach-transformed within-session anatomical

data (Talairach and Tournaux, 1988) and 3D motion-corrected for

each participant. The 3D functional dataset was resampled to a voxel

size of 2 3 2 3 2 mm. In order to avoid smearing of activation and to

keep the excellent spatial resolution, we did not use spatial smoothing

(except for the Whole-Volume Group Analysis [see Results]). Further

preprocessing included linear trend removal, temporal high-pass filter-

ing (high pass: 0.00647 Hz), and removal of serial correlations in the re-

siduals (estimation and removal of first-order temporal autocorrela-

tions). The predictor time courses (boxcar functions) were convolved
with a g distribution to account for the shape and delay of the hemody-

namic response. An event was modeled by including the first and sec-

ond stimulus in a pair as a single event. Hence, a stronger percent sig-

nal change for trials with different quantities than for trials with same

quantities would suggest an adaptation effect of quantity (see Kourtzi

and Kanwisher, 2000, for a similar design for object processing).

Each participant was analyzed separately because previous studies

showed a large intersubject variability along the IPS, both anatomically

(Zilles et al., 2003) and functionally (R.C.K., K.C.K, T. Schuhmann, A.K.,

R.G., A.H., and A.T. Sack; and P. Pinel, unpublished data for interindi-

vidual differences in the parietal activation during numerical process-

ing). In addition, we wanted to avoid unnecessary spatial preprocess-

ing, which might cancel out effects of interest. The parietal lobe was

predefined as an ROI. In order not to bias the statistical analysis, we

defined the ROI in each hemisphere of each participant as the cluster

that showed activation during the presentation of all conditions versus

rest. These areas showed activation for numerical presentation, with-

out a priori bias to a given condition. Thus, for each participant, each

cluster that yielded the largest activation under p < 0.01 (uncorrected,

>10 consecutive voxels) was set as the ROI. The ROI for each partic-

ipant and the Talairach coordinates are presented in Figure 2 and

Table 1. A subsequent statistical analysis was conducted on the group

signal time course, which was obtained from each participant sepa-

rately by using a two-way ANOVA with quantity adaptation and nota-

tion manipulated within subjects on the different time points. Time

points were based on the approximate peak of the BOLD signal (i.e.,

4, 6, and 8 s after stimulus presentation).

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/53/2/307/DC1/.

ACKNOWLEDGMENTS

We would like to thank David E.J. Linden, Desiree Meloul, Vincent

Walsh, and three anonymous reviewers for their very constructive

comments. This work was supported by grants to R.C.K. from the

Boehringer Ingelheim Fonds, the Zlotowski Center for Neuroscience,

and the Kreitman Foundation.

Received: July 17, 2006

Revised: November 21, 2006

Accepted: December 28, 2006

Published: January 17, 2007

REFERENCES

Ansari, D., Dhital, B., and Siong, S.C. (2006). Parametric effects of nu-

merical distance on the intraparietal sulcus during passive viewing of

rapid numerosity changes. Brain Res. 1067, 181–188.

Barth, H., Kanwisher, N., and Spelke, E. (2003). The construction of

large number representations in adults. Cognition 86, 201–221.

Barth, H., Le Mont, K., Lipton, J., and Spelke, E.S. (2005). Abstract

number and arithmetic in preschool children. Proc. Natl. Acad. Sci.

USA 102, 14116–14121.

Beauchamp, M.S., Argall, B.D., Bodurka, J., Duyn, J.H., and Marthin,

A. (2004). Unraveling multisensory integration: patchy organization

within human STS multisensory cortex. Nat. Neurosci. 7, 1190–1192.

Bledowski, C., Cohen Kadosh, K., Wibral, M., Rahm, B., Bittner, R.A.,

Hoechstetter, K., Scherg, M., Maurer, K., Goebel, R., and Linden,

D.E.J. (2006). Mental chronometry of working memory retrieval: a com-

bined functional magnetic resonance imaging and event-related po-

tentials approach. J. Neurosci. 26, 821–829.

Bunge, S.A., Hazeltine, E., Scanlon, M.D., Rosen, A.C., and Gabrieli,

J.D. (2002). Dissociable contributions of prefrontal and parietal corti-

ces to response selection. Neuroimage 17, 1562–1571.
Neuron 53, 307–314, January 18, 2007 ª2007 Elsevier Inc. 313

http://www.neuron.org/cgi/content/full/53/2/307/DC1/
http://www.neuron.org/cgi/content/full/53/2/307/DC1/


Neuron

Notational Representation of Numbers
Campbell, J.I.D. (1994). Architectures for numerical cognition. Cogni-

tion 53, 1–44.

Cantlon, J.F., Brannon, E.M., Carter, E.J., and Pelphrey, K.A. (2006).

Functional imaging of numerical processing in adults and 4-y-old chil-

dren. PLoS Biol. 4, 125–135.

Cohen Kadosh, R., Henik, A., Rubinsten, O., Mohr, H., Dori, H., Van de

Ven, V., Zorzi, M., Hendler, T., Goebel, R., and Linden, D.E.J. (2005).

Are numbers special? The comparison systems of the human brain in-

vestigated by fMRI. Neuropsychologia 43, 1238–1248.

Cohen Kadosh, R., Cohen Kadosh, K., Linden, D.E.J., Gevers, W.,

Berger, A., and Henik, A. (2007). The brain locus of interaction between

number and size: A combined functional magnetic resonance imaging

and event-related potential study. J. Cogn. Neurosci., in press.

Corbetta, M., and Shulman, G.L. (2002). Control of goal-directed and

stimulus-driven attention in the brain. Nat. Rev. Neurosci. 3, 201–215.

Crinion, J., Turner, R., Grogan, A., Hanakawa, T., Noppeney, U., Dev-

lin, J.T., Aso, T., Urayama, S., Fukuyama, H., Stockton, K., et al. (2006).

Language control in the bilingual brain. Science 312, 1537–1540.

Dehaene, S., and Akhavein, R. (1995). Attention, automaticity, and

levels of representation in number processing. J. Exp. Psychol. Learn.

Mem. Cogn. 21, 314–326.

Dehaene, S., and Cohen, L. (1995). Towards an anatomical and func-

tional model of number processing. Math. Cogn. 1, 83–120.

Dehaene, S., and Mehler, J. (1992). Cross-linguistic regularities in the

frequency of number words. Cognition 43, 1–29.

Dehaene, S., Dehaene-Lambertz, G., and Cohen, L. (1998). Abstract

representations of numbers in the animal and human brain. Trends

Neurosci. 21, 355–361.

Dehaene, S., Piazza, M., Pinel, P., and Cohen, L. (2003). Three parietal

circuits for number processing. Cogn. Neuropsychol. 20, 487–506.

Desimone, R. (1996). Neural mechanisms for visual memory and their

role in attention. Proc. Natl. Acad. Sci. USA 93, 13494–13499.

Edelman, G.M., and Gally, J.A. (2001). Degeneracy and complexity in

biological systems. Proc. Natl. Acad. Sci. USA 98, 13763–13768.

Eger, E., Sterzer, P., Russ, M.O., Giraud, A.-L., and Kleinschmidt, A.

(2003). A supramodal number representation in human intraparietal

cortex. Neuron 37, 719–725.

Fias, W., Lammertyn, J., Reynvoet, B., Dupont, P., and Orban, G.A.

(2003). Parietal representation of symbolic and nonsymbolic magni-

tude. J. Cogn. Neurosci. 15, 1–11.
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