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a b s t r a c t

A possible dissociation of duration and numerosity processing was tested in an off-line re-

petitive transcranial magnetic stimulation (rTMS) design. Participants had to compare the

numerosity of flashed dot sequences or the duration of single dot displays before and after

15 min of 1 Hz rTMS over one of three sites (the left or right intraparietal sulcus (IPS), or the

vertex chosen as a control site). Compared to the control site, performance was only

slowed down for the numerosity comparison task after the left IPS stimulation, whereas

it was not affected for the duration comparison task for any of the parietal sites. These re-

sults show that the parietal area critically involved in numerosity processing is not in-

volved in duration processing, revealing at least one cerebral site where duration and

numerosity comparison processes dissociate.

ª 2007 Elsevier Masson Srl. All rights reserved.
1. Introduction et al., 1998; Gallistel and Gelman, 1992). It has therefore been
Various animal species can discriminate numerosities (Boysen

and Capaldi, 1993; Breukelaar and Dalrymple-Alford, 1998;

Davis and Perusse, 1988) and durations (Roberts and Church,

1978) in experimental as well as natural conditions. These re-

sults are well accounted for by a model where the numerosity

and duration of sequential events are encoded into a single ac-

cumulator through different operative modes. The impulses

produced by a generator can either be summed each time an

event is encountered (for numerosity processing), or at a given

frequency (for duration processing) (Meck, 1997; Meck and

Church, 1983; Meck et al., 1985). Such a process accords with

the early preverbal numerical abilities of infants, from which

adult arithmetical abilities develop (Dehaene, 1992; Dehaene
es Cognitives, Université

.be (M. Pesenti).
er Masson Srl. All rights
assumed that the adult brain is endowed with a common func-

tional mechanism, underlain by a common cerebral substrate,

to process numerosity and duration (Walsh, 2003).

We recently investigated the interaction between duration

and numerosity processing at a functional level (Dormal et al.,

2006). The duration and numerosity of a series of flashing dots

were simultaneously and independently manipulated in

a Stroop paradigm to create congruent, incongruent and neu-

tral trials. The participants had to compare either the total du-

ration or the number of dots in two series. The irrelevant

numerical cues conveyed by the stimuli were found to influ-

ence the temporal judgement, as demonstrated by the pres-

ence of a facilitation effect in duration processing when

numerosity and duration were congruent, and an interference
Catholique de Louvain, Place Cardinal Mercier 10, B-1348 Louvain-

reserved.
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effect when they were incongruent. However, the temporal

cues did not interfere with numerosity judgements. These re-

sults indicate that the interactions between numerosity and

duration processing are limited to a unidirectional interfer-

ence of numerosity on duration. Similar results were observed

in adults and in 5- to 8-year-old children during a task which

involved bisecting a series of dot displays flashed for 2–8 sec

(Droit-Volet et al., 2003). This suggests a difference in the

mandatory processing of numerosity and duration, but does

not allow firm conclusions concerning a possible common

mechanism or dissociation, and hence a common or different

brain substrate, to be drawn.

The assumption that numerosity and duration processes

share a common cerebral substrate is thus still under debate.

On the one hand, brain imaging studies are converging to-

wards the involvement of parietal areas, and more precisely

the intraparietal sulcus (IPS), in the estimation of the numeros-

ity of sequential series of visually- or auditory-presented stim-

uli (Piazza et al., 2006). Bilateral activations in the IPS were

found in response to visual numerosity changes when partici-

pants were passively exposed to arrays of dots in event-related

adaptation paradigms (Ansari et al., 2006; Cantlon et al., 2006;

Piazza et al., 2004). A bilateral involvement of the posterior

IPS was also demonstrated in dot enumeration or simple addi-

tion tasks (requiring explicit counting), irrespective of whether

the stimuli were presented sequentially or simultaneously

(Fink et al., 2001; Piazza et al., 2002, 2003; Sathian et al., 1999;

Venkatraman et al., 2004). Finally, the critical role played by

the left IPS in processing numerosities was demonstrated in

a recent transcranial magnetic stimulation (TMS) study show-

ing that the comparison of dot collections was slowed down

after the stimulation of the left IPS (Cappelletti et al., 2007).

On the other hand, neuropsychological and brain imaging

studies have suggested that duration processing involves

a neural network including the frontal cortex, the cerebellum,

the basal ganglia, the inferior part of the temporal lobes, the

cingulate cortex, and parietal areas (Gibbon et al., 1997; Grif-

fiths et al., 1999; Harrington, et al., 1998; Ivry and Keele,

1989; Ivry and Spencer, 2004; Jueptner et al., 1995; Matell and

Meck, 2004; Nichelli, et al., 1996; Tracy et al., 2000). Activations

of the parietal cortices, mainly in the right hemisphere, were

found during time estimation and comparison (Lejeune

et al., 1997; Maquet et al., 1996). A bilateral involvement of

the parietal cortex was also observed during the processing of

auditory and visually presented temporal rhythmic patterns

(Schubotz et al., 2000). Moreover, the temporal allocation of at-

tention (e.g., cued allocation of attention across delays) was

found to produce a left-sided activation in the IPS (Coull et al.,

2000; Coull and Nobre, 1998). Finally, increased latencies were

found when TMS was applied over the right posterior parietal

cortex as participants were judging whether a duration interval

(from 960 to 1440 msec) was longer or shorter than a standard

interval (1200 msec) (Alexander et al., 2005). To sum up, al-

though activation in areas close to the IPS has been observed

in studies concerned with either numerosity or duration pro-

cesses, no direct evidence for a common cerebral substrate for

numerosity and duration processing has been provided so far.

Whether numerosity and duration processes do or do not

share the same mechanism and neuro-anatomical substrate

in the parietal cortex thus remains an open question. The
aim of the present study was to determine whether the IPS

area(s) known to play a crucial role in numerosity processing

is(are) also involved in duration processing. In order to test

the causal relationship between numerosity or duration pro-

cessing and the contribution of the IPS, a TMS off-line para-

digm (Robertson et al., 2003; Walsh and Pascual-Leone, 2003)

was used in which participants had to compare the numerosity

of flashed dot sequences or the duration of single dot displays

before and after repetitive transcranial magnetic stimulation

(rTMS) over the left or right IPS. To exclude unspecific effects

of the duration of the TMS, the two comparison tasks were

also performed before and after rTMS over the vertex, chosen

as a control site. Based on the results of previous functional im-

aging (e.g., Piazza et al., 2006) and TMS (Cappelletti et al., 2007)

studies, we predicted that IPS stimulation would slow down

responses in the numerosity comparison task. The perfor-

mance in the duration comparison after parietal TMS should

throw light on the existence of a shared mechanism for numer-

osity and duration processing in this region. Under the strong

assumption that numerosity and duration are encoded into

a single accumulator, a similar impairment should be observed

in the duration task after rTMS over the IPS (i.e., slowing down

the response latencies (RLs)). On the other hand, an absence of

disruptive effects in the duration task is predicted if the IPS

contribution to magnitude processing is specific to numerosity.
2. Materials and methods

2.1. Participants

Fifteen right-handed volunteers (three females, mean� s.d. age:

22� 2.7 years) gave their informed consent to participate in this

experiment. All had normal or corrected-to-normal vision and

no history of neurological or psychiatric disorders. In particular,

all of them were negative for the risk factors associated with TMS

(Keel et al., 2002). The biomedical ethical committee of the Uni-

versité Catholique de Louvain approved the rTMS protocol.

2.2. Tasks and stimuli

The participants had to perform two tasks: a numerosity com-

parison of two successive series of flashing dots and a duration

comparison of two successive single dots. Stimuli in the

numerosity task were composed of a black dot (diameter:

3.5 cm) rapidly flashed at the centre of the screen. The series

were constructed using non-periodic signals so that temporal

ratios did not constitute a potential confounding variable, and

rhythm biases and pattern recognition were avoided (Breuke-

laar and Dalrymple-Alford, 1998; Dormal et al., 2006). The total

duration of the series (i.e., the duration of the dots plus the in-

ter-dot intervals) was constant (1500 msec). In the duration

task, the stimuli were composed of pairs of single black dots

(diameter: 3.5 cm) presented sequentially at the centre of the

screen. To avoid as far as possible potential explicit or implicit

counting strategies, non-subitizable numerosities (from 5 to 9

dots, excluding 7) and short durations (from 300 to 900 msec)

were used. Pairs of series/dots were chosen to constitute two

distances: a large distance (3 dots for numerosity, that is, pairs

5–8 and 6–9; 200 msec for duration, that is, pairs 300–500 and
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700–900) and a small distance (1 dot for numerosity, that is,

pairs 5–6 and 8–9; 100 msec for duration, that is, pairs 300–

400 and 800–900). The order of presentation of the two se-

ries/dots within the pairs was also manipulated: half of the

pairs began with the smaller/shorter series (S–L) and the other

half with the larger/longer (L–S). The number of observations

per subject in each cell of the design was 10.

2.3. Experimental procedure and rTMS protocol

Stimulus presentation and data collection were controlled by

a Dell computer using a customised E-prime programme

(Schneider et al., 2002) and equipped with a 17 inch screen

(refresh rate: 85 Hz). The participants sat comfortably on a pad-

ded chair in a dark, quiet room, at 60 cm from the screen, and

a response box (30 cm� 40 cm) with four horizontally aligned

buttons lay on a cushion on their knees. At the beginning of

each trial, a white rectangle (9.5 cm� 16 cm) was presented

on a black background and the first series of flashing dots or

a single dot was displayed in its centre for a given duration,

after which the rectangle disappeared and was replaced by

a black screen for 1000 msec. Then a new rectangle appeared

and a second series or single dot was flashed. A black screen

followed the second series/dot for a period of up to 1500 msec

during which the participant could answer. As soon as the

answer was given, the next trial started. In the numerosity

comparison task, the participants were asked to press the

furthest left button with the left index finger when the first

series contained more dots than the second, and the furthest

right button with the right index finger when it was the other

way round; the two response buttons were 8 cm apart. In the

duration comparison, participants had to decide which dot

was displayed for longer, using the same key presses. The

two tasks were designed to last approximately 5 min each.

rTMS was applied either over the left IPS, the right IPS, or the

vertex (Cz) chosen as the control site (Fig. 1). Each site was stim-

ulated on a separate day and the order of stimulation of the three

sites was balanced across participants. At the beginning of each

session, performance on the two comparison tasks was recorded

in order to obtain a baseline measure. The rTMS was then deliv-

ered at 1 Hz for 15 min using a Magstim Super-Rapid stimulator

(Magstim Co. Ltd., UK) and a 70 mm figure-of-eight coil. The

coil was held over the targeted area by a mechanical arm, with

the handle pointing downwards and forming an angle of 45�
Fig. 1 – Experimental design using one possible counterbalanci

intraparietal sulcus, Cz [ Vertex; D [ Duration task, N [ Nume
with the sagittal midline. TMS intensity was set at 65% of maxi-

mum stimulator output. This was selected on the basis of other

TMS studies that had used 1 Hz TMS to interfere with cognitive

tasks (e.g., Kosslyn et al., 1999), with particular interest in the pa-

rietal cortex functions (Ashbridge et al., 1997). Immediately after

the end of the TMS train, participants were asked to perform the

two comparison tasks again. Task order was balanced across

subjects but, for a given subject, the two tasks were always pre-

sented inthesameorder beforeand afterstimulationthroughout

thethreeTMSsessions.Thevertexstimulationwasusedasacon-

trol condition in order to reveal non-specific effects due to pro-

longed exposure to the tactile and auditory sensations of TMS.

The localisation of stimulation sites was carried out with

a frameless stereotactic system providing on-line information

about the location of the coil (Noirhomme et al., 2004). Prior to

thefirst session, a wholebrainT1-weighted magnetic-resonance

image (MRI) was acquired for each participant. The co-registra-

tion between the stimulation sites and the anatomical MRIs pro-

ceeded in three steps. First, the coordinates of about 200 points

distributed randomly in the physical space over the participant’s

scalp were obtained using a digitized pen receiver connected to

a forehead reference allowing for head movements (Polhemus

Isotrak IISystem, Kaiser Aerospace Inc.).Second, the registration

process created a transformation matrix that minimized the

mean square distance between these points and a segmented

scalp surface extracted from the individual MRI. Third, the fig-

ure-of-eight coil was placed over the target sites; three points

were digitised at the intersection of the windings and converted

withinthe transformation matrix; theposition of the coil relative

to the scalp was then indicated through the visualisation inter-

face. A line normal to the plane of the coil was drawn from its

centre to the brain, revealing the cortical impact point of TMS

on both a segmented brain surface and the MRI slices.

This flexible method allowed the target sites to be visual-

ised on individual brain images with a spatial accuracy close

to a millimetre. The average location of the TMS sites in the

left and right IPS was computed by normalising the individual

brain images with reference to the MNI template provided by

Statistical Parametric Mapping software (SPM2, Wellcome

Department of Imaging Neuroscience, London, UK, <http://

www.fil.ion.ac.uk/spm>; see Davare et al., 2006). As shown

in Fig. 2, the parietal sites were located in the IPS (mean x, y,

z� s.d. for left IPS: �39� 4.6, �52� 8.6, 55� 5.5; for right IPS:

35� 6.2,�55� 7.3, 56� 5.9). This location is in good agreement
ng order. L IPS [ left intraparietal sulcus, R IPS [ right

rosity task.

http://www.fil.ion.ac.uk/spm%3E
http://www.fil.ion.ac.uk/spm%3E


Fig. 2 – Location of the mean normalised left (L39, L52, 55) and right (35, L55, 56) IPS stimulation sites of the 15 participants on

reconstructed standard brain surfaces and MRI slices. The left panels refer to the left hemisphere and the right panels to the right

hemisphere.Onthecentralpanels, theaxialandcoronalviewsareorientedinthesameway, followingtheneurologicalconventions.
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with the results of brain imaging studies concerned with

numerosity processing (e.g., Piazza et al., 2006).1
2 In a separate analysis, the order of tasks (duration–numerosity
vs numerosity-duration) was introduced as a supplementary
between-subject variable. This was done to ensure that the interfer-
ence effect of TMS applied uniformly throughout the experimental
period, and to control for the presence of a possible temporal disso-
lution of this effect, as well as to assess a possible ‘‘priming’’ effect of
one task over the other that could promote the use of a common
neural code. Order had no main effect (F(1,13)< 1), but it interacted
with task (F(1,13)¼ 14.463, p< .002). The RLs for the two tasks only
differed significantly when duration was the second task (t(7)¼�5.
128; p< .002). Order did not appear in any significant interaction in-
3. Results

Trials with RLs less than 100 msec (which were considered to

be anticipatory responses), or more than 1000 msec were not

included in the analyses (.8% of the data).

3.1. Tasks and distance effects

To assess the equivalence of the two tasks, and to test the distance

effect,ananalysisofvariance(ANOVA)wasperformedontheRLsof

correct pre-TMS answers with task (numerosity, duration) and

distance (large, small) as within-subject variables. There was no

difference between tasks (mean� s.d. RLs for duration: 362�
56 msec; numerosity: 348� 69 msec; F(1,14)< 1). A significant

main effect was found for distance (mean� s.d. RLs: large distance:

342� 57 msec; small distance: 368� 66 msec; F(1,14)¼ 26.238,

p< .001): large distances were responded faster than small

distances. No significant interaction was observed (F(1,14)< 1).

The same ANOVA on error rates revealed significant main

effects of task (mean� s.d. percentage of errors: duration:
1 For example, the Euclidian distance between our left and right
IPS stimulation sites and the IPS areas observed in numerosity
processing in Piazza et al.’s (2006) study was 15 mm and 10 mm,
respectively.
24� 11.5%; numerosity: 14� 13.2%; F(1,14)¼ 29.649, p< .001),

and distance (mean� s.d. percentage of errors: large distance:

9� 8.8%; small distance: 29� 7.6%; F(1,14)¼ 248.315, p< .001):

more errors were produced in the duration task, and for small

distances. No significant interaction was observed

(F(1,14)¼ 1.540, p¼ .235).

3.2. rTMS effects

To investigate the rTMS effect on the various stimulation sites,

an analysis was performed on the difference between the cor-

rectRLs inpost-andpre-rTMSconditionswithtask (numerosity,

duration), stimulation site (LIPS, RIPS, Cz) and distance (large,

small) as within-subject variables.2 There was a significant
volving the stimulation site (all F< 1). The same analysis on the dif-
ference between the RLs in the post- and pre-rTMS sessions relative
to the control site (Cz) showed no main effect and no interaction
involving order. These analyses show that the order of tasks did
not affect the interference effect of TMS.



Fig. 3 – Difference in response latencies between post- and

pre-rTMS session in msec for duration (left panel) and

numerosity (right panel) tasks as a function of stimulation

site (left IPS, right IPS or Cz) and distance (large or small).

Asterisks indicate where the difference between two

conditions was significant ( p < .05).

Fig. 4 – Difference in response latencies between post- and

pre-rTMS session relative to the control site for duration

and numerosity tasks as a function of stimulation sites

and distance. Asterisks indicate which conditions were

significantly different from zero ( p < .05).

4 In their study, Cappelletti et al. (2007) observed a facilitating
effect of TMS after right IPS stimulation that was not observed
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main effect of task (mean RLs difference� s.d. for duration:

�42� 52 msec; for numerosity: �21� 47 msec; F(1,14)¼ 10.113,

p< .008): the overall decrease in the RLs observed after TMS

was greater for the duration task. This effect interacted with dis-

tance (F(1,14)¼ 15.101, p< .003): no difference between small

and large distances was found for the duration task (mean RLs

difference� s.d.: large distance: �38� 45 msec; small distance:

�46� 59 msec; t(14)¼�1.17, p> .2), while a significant differ-

ence wasobserved betweenthe twodistances inthe numerosity

task (mean RLs difference� s.d.: large distance: �32� 36 msec;

small distance:�10� 54 msec; t(14)¼ 3.949, p< .001). Moreover,

a significant 3-way interaction between task, stimulation site

and distance was found (F(2,28)¼ 5.431, p< .02).

Separate ANOVAs for duration and numerosity tasks with

stimulation site and distance as within-subject variables

revealed no RL difference in the duration task following stimu-

lation over the parietal and control sites (all p values >.1),3

whereas for the numerosity task, a main effect of distance was

observed (F(1,14)¼ 15.591; p< .002), as well as a significant inter-

action between distance and stimulation sites (F(2,28)¼
3.430; p< .05). Post hoc paired-sample t-tests indicated that close

numerosity discrimination was impaired after rTMS over the

left IPS comparedto the control site (t(14)¼ 2.248,p< .05). No dif-

ference was observed between stimulation sites in far numeros-

ity discrimination (left–right: t(14) ¼ �.597, p> .5; left–Cz:

t(14)¼�1.4, p> .1; right–Cz: t(14)¼�.472, p> .6) (see Fig. 3).

In order to investigate this effect further, we subtracted the

difference between the RLs measured post- and pre-TMS over
3 To ensure that the difference in error rates between the two
tasks could not cause the absence of an interfering TMS effect
in the duration task, a complementary analysis was carried out.
The participants were divided into two groups according to their
mean error rate (more than 20% of errors: 10 participants, less
than or equal to 20%: five participants) in the duration task. An
ANOVA showed no main effect (all p values >.2) and, most impor-
tantly, no group by site by distance interaction (F(2,26)< 1).
the left and right IPS from the difference between the RLs

measured post- and pre-TMS over the control site. Then, we

assessed the significance of this difference using t-tests. In

this analysis, an RL decrease larger after left or right IPS stim-

ulation than after stimulation of the control site resulted in

negative dRLs, whereas positive dRL values indicated a greater

slowing down of responses after left or right IPS stimulation

than after the control site stimulation. Results showed that

only the dRLs computed for the left IPS stimulation condition

during the comparison of close numerosities were signifi-

cantly different from 0 (t(14)¼ 2.317, p< .04). This indicates

that the left IPS stimulation impaired numerosity discrimina-

tion when the numerical distance was small (see Fig. 4). The

dRLs measured in the other conditions did not differ signifi-

cantly from zero.4

Similar analyses performed on the difference in error rates

between post- and pre-rTMS conditions showed no significant

main effect or interaction (all p values >.1).
4. Discussion

In order to test a possible dissociation between numerosity

and duration processing in the parietal cortex, we measured
here in the group analyses. At the group level, a slight facilitation
tendency (7 msec) was observed after right IPS stimulation in the
numerosity task; at the individual level, seven participants
showed such a facilitation tendency, but this was only statisti-
cally significant for two of them. This absence of facilitation
effect in our numerosity task could be due to several methodolog-
ical differences with Cappelletti et al.’s study (i.e., a larger range of
numerosities, simultaneous presentation, and lack of comparison
to a standard task).
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the performance of healthy subjects in tasks that required

processing either the numerosity of flashed dot sequences or

the duration of single dot displays, before and after off-line

rTMS over the left or right IPS, a region known to be crucial

for numerosity processing.

At the behavioural level, the results showed that in the

range of selected durations and numerosities, the perfor-

mance in the two comparison tasks was equally fast. More-

over, the presence of the classical distance effect (e.g., Moyer

and Landauer, 1967) in both tasks showed that the partici-

pants actually performed the comparisons using the appropri-

ate dimension. However, the two tasks were found to differ

in terms of error rate. Although there was no interaction be-

tween tasks and distance, a closer look at the data clearly in-

dicated that this difference was due to better discrimination

between numerically distant sequences, approaching a ceiling

effect and creating a disparity between the two tasks. The

question arises whether the observed differential effects of

rTMS in the numerosity and duration tasks can be explained

by differences in attentional demands. Four reasons argue

against this possibility. First, it is worth noting that rTMS

was found to disrupt RLs but not error rates, a dissociation

that has often been reported in previous studies (e.g., Alexan-

der et al., 2005; Ashbridge et al., 1997). Second, whereas an in-

terpretation in terms of attention allocation predicted

impaired performance in the most difficult task, the disrup-

tive effects of rTMS were observed in numerosity comparison,

which was the easiest task. Third, the finding that the RL in-

crease induced by rTMS over the left IPS was significantly

larger than that induced by rTMS over the vertex strengthens

the idea that the impairment was not due to unspecific task

demands. Finally, TMS still had no effect when the analyses

were performed on the subgroup of participants who had

made the fewest errors in the duration task.

Our results thus support the idea that the IPS is involved in

numerosity processing, as demonstrated by previous neuroi-

maging studies showing bilateral IPS activations (e.g., Piazza

et al., 2003). Moreover, our findings specify that only the left

IPS is necessary for numerosity processing, whereas the right

IPS does not appear to be critically involved in this process.

This interpretation is consistent with the results of a TMS

study showing that left IPS stimulation induced an RL increase

when participants had to compare the numerosity of random

patterns of dots (Cappelletti et al., 2007). It is also consistent

with two neuropsychological studies describing patients

with focal lesion of the left parietal lobe. In the first study,

the patient was impaired in number comparison tasks with

Arabic digits and arrays of dots (Lemer et al., 2003); in the sec-

ond study, the performance of the patient in dot comparison

did not differ from the performance of controls in the subitiz-

ing range but it did in the counting range (Ashkenazi et al.,

2008, this issue). Moreover, we show that the numerical

distance modulated the impairment induced by rTMS over

the left IPS, as only the dot sequences differing by a small

numerical distance were affected. This supports the idea of

a left hemispheric dominance for exact quantity judgement,

whereas approximate judgements of numerosity would pref-

erentially involve the right hemisphere (Dehaene and Cohen,

1991; Piazza et al., 2006). Indeed, the more the task needs a fine

and precise judgement, the more the left IPS seems to be
necessary for correct performance, as demonstrated by sev-

eral studies showing a correlation between the degree of in-

volvement of the IPS and the numerical distance between

the stimuli (Andres et al., 2005; Cappelletti et al., 2007; Knops

et al., 2006; Pinel et al., 2001). The absence of deficit following

rTMS over the right IPS does not mean that this region is not

involved in this judgement, but indicates that it is not crucial

for processing numerosities in the range selected for this

study. Indeed, the activation of a right-lateralised fronto-

parietal network including the IPS was observed when partic-

ipants had to estimate larger numerosities (i.e., 15 dots) of

series of visually and auditory-presented stimuli (Piazza

et al., 2006).

For the duration judgement, performance after stimulation

of the left or right IPS was equivalent to performance after

stimulation of the control site. This result contradicts a recent

TMS study in which performance in a duration comparison

task was impaired after rTMS over the right posterior parietal

cortex (Alexander et al., 2005). However, the stimulation sites

of that study were located more posterior in the IPS (above the

angular gyrus) than our sites (above the supramarginal gyrus),

and these areas could be involved in other aspects of duration

processing than magnitude processing, such as attention ori-

entation. Moreover, the functional procedure used to identify

the stimulation site suggests that this site also participated in

a visual search. Parietal activations, mainly right-lateralised,

have also been reported in several neuroimaging studies

(e.g., Lejeune et al., 1997), but the time course analysis of these

activations suggested that the right inferior parietal cortex

contributed to the early stages of duration processing (most

probably reflecting encoding and maintenance operations).

In contrast, the bilateral temporal, cerebellum and right

dorso-lateral prefrontal activations were found to occur later

on, at a time when the comparison process could take place

(Rao et al., 2001). So, in these studies, the role played by pari-

etal areas in duration could rather reflect attentional and

mnesic processes not specific to the duration characteristics

of the task in progress (Lewis and Miall, 2003; Pouthas and

Macar, 2005).

Although the interpretation proposed by these authors

may explain the discrepancies between our results and those

found in fMRI studies, it may be argued that the absence of an

rTMS effect in our duration comparison task could be due to

the fact that duration processing can be performed by either

the left or the right IPS, so that any unilateral rTMS-induced

deficit can be compensated for by the non-stimulated hemi-

sphere. However, the great majority of brain imaging results

converge to show that duration processing is lateralised in

the right hemisphere (Lejeune et al., 1997; Maquet et al.,

1996; Rao et al., 2001). Only one study revealed a bilateral in-

volvement of the parietal cortex in processing rhythmic pat-

terns (Schubotz et al., 2000), a task in which duration may be

confounded with numerosity. In other words, further neuroi-

maging studies are necessary to identify the brain areas ded-

icated to processing duration magnitude. The available

evidence from neuropsychological studies points to the pre-

frontral cortex as a possible candidate for such processing. In-

deed, its lesion often leads to impaired time perception (e.g.,

Harrington et al., 1998). A specific relationship between the

prefrontal cortex and duration processing has also been
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reported in an fMRI study (Rao et al., 2001). Our findings fur-

ther stress the fact that the range of the selected durations

is of particular importance in dissociating magnitude process-

ing from attention allocation and memory. Finally, our exper-

iment suggests that a double dissociation between numerosity

and duration processing in the parietal and frontal cortex

should be investigated, and highlights the contribution of

TMS to such brain-function studies.

In conclusion, our results confirm the results of previous

brain imaging and TMS studies which reported a left IPS in-

volvement in numerosity processing. The absence of a deficit

in duration comparison following TMS over the left and right

IPS indicates that this region is not crucial for duration com-

parisons. So, if there is a common cerebral substrate for pro-

cessing these two types of magnitude (Walsh, 2003), this

region is not the specific IPS area involved in numerosity pro-

cessing. Future studies combining fMRI and TMS should help

us to clarify this issue.
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Coull JT, Frith CD, Büchel C, and Nobre AC. Orienting attention in
time: behavioural and neuroanatomical distinction between
exogenous and endogenous shifts. Neuropsychologia, 38:
808–819, 2000.

Coull JT and Nobre AC. Where and when to pay attention: the
neural systems for directing attention to spatial locations and
to time intervals as revealed by both PET and fMRI. The Journal
of Neuroscience, 18: 7426–7435, 1998.

Davare M, Andres M, Cosnard G, Thonnard J-L, and Olivier E.
Dissociating the role of ventral and dorsal premotor cortex in
precision grasping. The Journal of Neuroscience, 26: 2260–2268,
2006.

Davis H and Perusse R. Numerical competence in animals:
definitional issues, current evidence and a new
research agenda. Behavioural and Brain Sciences, 11: 561–615,
1988.

Dehaene S. Varieties of numerical abilities. Cognition, 44: 1–42,
1992.

Dehaene S and Cohen L. Two mental calculation systems: a case
study of severe acalculia with preserved approximation.
Neuropsychologia, 29: 1045–1074, 1991.

Dehaene S, Dehaene-Lambertz G, and Cohen L. Abstract
representations of numbers in the animal and human brain.
Trends in Neurosciences, 21: 355–361, 1998.

Dormal V, Seron X, and Pesenti M. Numerosity–duration
interference: a Stroop experiment. Acta Psychologica, 121:
109–124, 2006.

Droit-Volet S, Clément A, and Fayol M. Time and number
discrimination in a bisection task with a sequence of stimuli:
a developmental approach. Journal of Experimental Child
Psychology, 84: 63–76, 2003.

Fink GR, Marshall JC, Gurd J, Weiss PH, Zafiris O, Shah NJ, and
Zilles K. Deriving numerosity and shape from identical visual
displays. NeuroImage, 13: 46–55, 2001.

Gallistel C and Gelman R. Preverbal and verbal counting and
computation. Cognition, 44: 43–74, 1992.

Gibbon J, Malapani C, Dale CL, and Gallistel C. Toward
a neurobiology of temporal cognition: advances and
challenges. Current Opinion in Neurobiology, 7: 170–184, 1997.

Griffiths TD, Johnsrude I, Dean JL, and Green GGR. A common
neural substrate for the analysis of pitch and duration pattern
in segmented sound. NeuroReport, 10: 3825–3830, 1999.

Harrington DL, Haaland KY, and Knight RT. Cortical networks
underlying mechanisms of time perception. The Journal of
Neuroscience, 18: 1085–1095, 1998.

Ivry RB and Keele SW. Timing functions of the cerebellum. Journal
of Cognitive Neuroscience, 1: 136–152, 1989.

Ivry RB and Spencer RMC. The neural representation of time.
Current opinion in Neurobiology, 14: 225–232, 2004.

Jueptner M, Rijntjes M, Weiller C, Faiss JH, Timmann D,
Mueller SP, and Diener HC. Localization of a cerebellar timing
process using PET. Neurology, 45: 1540–1545, 1995.

Keel JC, Smith MJ, and Wasserman EM. A safety screening
questionnaire for transcranial magnetic stimulation. Clinical
Neurophysiology, 112: 720, 2002.

Knops A, Nuerk HC, Sparing R, Foltys H, and Willmes K. On the
functional role of human parietal cortex in number
processing: how gender mediates the impact of a ‘virtual
lesion’ induced by rTMS. Neuropsychologia, 44: 2270–2283, 2006.

Kosslyn SM, Pascual-Leone A, Felician O, Camposano S,
Keenan JP, Thompson WL, Ganis G, Sukel KE, and Alpert NM.
The role of area 17 in visual imagery: convergent evidence
from PET and rTMS. Science, 284: 167–170, 1999.

Lejeune H, Maquet P, Bonnet M, Casini L, Ferrara A, Macar F,
Pouthas V, Timsit-Berthier M, and Vidal F. The basic pattern of
activation in motor and sensory temporal tasks: positron
emission tomography data. Neuroscience Letters, 235: 21–24, 1997.

Lemer C, Dehaene S, Spelke E, and Cohen L. Approximate
quantities and exact number words: dissociable systems.
Neuropsychologia, 41: 1942–1958, 2003.



c o r t e x 4 4 ( 2 0 0 8 ) 4 6 2 – 4 6 9 469
Lewis PA and Miall RC. Brain activation patterns during
measurement of sub- and supra-second intervals.
Neuropsychologia, 41: 1583–1592, 2003.

Maquet P, Lejeune H, Pouthas V, Bonnet M, Casini L, Macar F,
Timsit-Berthier M, Vidal F, Ferrara A, Degueldre C, Quaglia L,
Delfiore G, Luxen A, Woods R, Mazziota JC, and Comar D. Brain
activation induced by estimation of duration: a PET study.
NeuroImage, 3: 119–126, 1996.

Matell MS and Meck WH. Cortico-striatal circuits and interval
timing: coincidence detection of oscillatory processes. Brain
Research, 21: 139–170, 2004.

Meck WH. Application of a mode-control model of temporal
integration to counting and timing behavior. In Bradshaw CM
and Szabadi E (Eds). Time and Behaviour: Psychological and
Neurobehavioural Analyses. Amsterdam: Elsevier, 1997.

Meck WH and Church RM. A mode control model of counting and
timing processes. Journal of Experimental Psychology: Animal
Behaviour Processes, 11: 320–334, 1983.

Meck WH, Church RM, and Gibbon J. Temporal integration in
duration and number discrimination. Journal of Experimental
Psychology: Animal Behaviour Processes, 11: 591–597, 1985.

Moyer RS and Landauer TK. The time required for judgments of
numerical inequality. Nature, 215: 1519–1520, 1967.

Nichelli P, Always D, and Grafman J. Perceptual timing in
cerebellar degeneration. Neuropsychologia, 34: 863–871, 1996.

Noirhomme O, Ferrant M, Vandermeeren Y, Olivier E, Macq B, and
Cuisenaire O. Registration and real-time visualization of
transcranial magnetic stimulation with 3-D MR images.
Institute of Electrical and Electronics Engineers: Transactions on
Biomedical Engineering, 51: 1994–2005, 2004.

Piazza M, Giacomini E, Le Bihan D, and Dehaene S. Single trial
classification of parallel pre-attentive and serial attentive
processes using functional magnetic resonance imaging.
Proceedings of the Royal Society of London. Series B. Biological
Sciences, 270: 1237–1245, 2003.

Piazza M, Izard V, Pinel P, Lebihan D, and Dehaene S. Tuning
curves for approximate numerosity in the human
intraparietal sulcus. Neuron, 44: 547–555, 2004.

Piazza M, Mechelli A, Butterworth B, and Price CJ. Are subitizing
and counting implemented as separate or functionally
overlapping processes? NeuroImage, 15: 435–446, 2002.
Piazza M, Mechelli A, Price C, and Butterworth B. Exact and
approximate judgements of visual and auditory numerosity:
an fMRI study. Brain Research, 1106: 177–188, 2006.

Pinel P, Dehaene S, Rivière D, and Le Bihan D. Modulation of
parietal activation by semantic distance in a number
comparison task. NeuroImage, 14: 1013–1026, 2001.

Pouthas V and Macar F. Les bases neurales de la perception du
temps et de la régulation temporelle de l’action. Psychologie
française, 50: 27–45, 2005.

Rao SM, Mayer AR, and Harrington DL. The evolution of brain
activation during temporal processing. Nature Neuroscience, 4:
1–7, 2001.

Roberts S and Church RM. Control of an internal clock. Journal of
Experimental Psychology: Animal Behaviour Processes, 4: 318–337,
1978.
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