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Abstract: Numerosity and duration processing have been modeled by a functional mechanism taking
the form of an accumulator working under two different operative modes. Separate investigations of
their cerebral substrates have revealed partly similar patterns of activation, mainly in parietal and fron-
tal areas. However, the precise cerebral implementation of the accumulator model within these areas
has not yet been directly assessed. In this study, we asked participants to categorize the numerosity of
flashed dot sequences or the duration of single dot displays, and we used functional magnetic reso-
nance imaging (fMRI) to examine the common neural correlates of these processes. The results reveal a
large right-lateralized fronto-parietal network, including the intraparietal sulcus (IPS) and areas in the
precentral, middle and superior frontal gyri, which is activated by both numerosity and duration proc-
essing. Complementary psychophysiological interaction (PPI) analyses show a functional connectivity
between the right IPS and the frontal areas in both tasks, whereas the right IPS was functionally con-
nected to the left IPS and the right precentral area in the numerosity categorization task only. We pro-
pose that the right IPS underlies a common magnitude processing system for both numerosity and
duration, possibly corresponding to the encoding and accumulation stages of the accumulator model,
whereas the frontal areas are involved in subsequent working-memory storage and decision-making
processes. Hum Brain Mapp 33:1490–1501, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Number and time are fundamental dimensions of the
environment, and are constantly used by animals and
human beings to regulate and adapt their behavior to the

external world. There is strong evidence that the abilities
to quantify numerosities (i.e., the number of elements in a
collection) and temporal intervals are shared by animals
and human beings, and that they develop early in infancy
[e.g., Boysen and Capaldi, 1993; Brannon et al., 2007; Breu-
kelaar and Dalrymple-Alford, 1998]. In the early 1980s,
Meck and Church [1983] proposed the accumulator model,
a functional mechanism capable of representing both nu-
merical and temporal estimation processes on a common
representational medium. In this model, a pacemaker cor-
responding to a counter or a clock initially sends pulses to
an accumulator, either each time an event occurs or at a
given frequency as long as an event lasts. Then, the
pulses are summed in the accumulator and stored in
working memory before being compared with previously
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memorized numerical or temporal magnitudes. Finally, a
decision is taken on the basis of the comparison between
the values in working memory and those stored in refer-
ence memory.

Such a shared functional mechanism for numerical and
temporal processes might explain the close links between
numbers and time that have been reported in several be-
havioral studies. Psychophysical data in numerical and
temporal estimation tasks have indeed revealed very sim-
ilar response-function distributions with Weber’s signa-
ture (i.e., the precision of magnitude estimation decreases
logarithmically as the size of the magnitude to be esti-
mated increases), as well as classical distance (i.e., the
time required to discriminate two magnitudes increases
as the distance between them decreases) and size (i.e.,
holding the distance between two magnitudes constant,
the time required to discriminate them increases as their
magnitudes increase) effects [Buckley and Gillman, 1974;
Cohen Kadosh et al., 2008; Dormal et al., 2006; Meck and
Church, 1983; Moyer and Landauer, 1967]. Manipulating
the numerosity and presentation time of patterns of sym-
bolic and nonsymbolic stimuli demonstrated that more
stimuli are generally perceived as lasting longer [Cappel-
letti et al., 2009; Dormal et al., 2006; Droit-Volet et al.,
2003; Roitman et al., 2007a; Xuan et al., 2007; for a review
see Dormal and Pesenti, submitted]. Studies searching for
direct functional links between these two dimensions
have also consistently reported unidirectional interference
of numerosity on duration judgments. This has been
interpreted in terms of differences in the mandatory
processing of numerosity and duration, suggesting a
greater automaticity in processing numerosity [Dormal
et al., 2006; Roitman et al., 2007a]. Although behavioral
studies have highlighted important similarities, and sup-
ported the existence of strong interactions between nu-
merical and temporal factors, they have failed to
demonstrate the existence of a common representation.
Indeed, the experimental designs used so far have not
allowed the stage in the processing at which the interfer-
ence between dimensions occurs to be determined. Inter-
ference could take place at a late stage, such as the
decision making, and may thus not necessarily involve a
common representation.

The accumulator model assumes a similar representa-
tional mechanism (i.e., the accumulation) for number and
time but this does not necessarily imply a common neu-
ral substrate. Recently, the hypothesis of a common func-
tional mechanism shared by numerical and temporal
processes has been integrated within a neuro-functional
theory of generalized magnitude processing (ATOM).
This theory postulates that the inferior parietal cortex
hosts a system underlying the representation of various
types of quantifiable dimensions, including numerosity,
duration and space, on a common metric system, tightly
linking them together in order to guide behavior [Bueti
and Walsh, 2009; Walsh, 2003]. Neuropsychological, sin-
gle-cell recording and neuroimaging studies have usually

investigated numerosity and duration processing sepa-
rately, and have shown that several cerebral regions are
involved. On one hand the crucial role of the intraparie-
tal sulcus (IPS) in numerical cognition has been widely
documented in brain-lesioned patients [Cipollotti et al.,
1991; Dehaene and Cohen, 1991; Lemer et al., 2003; Polk
et al., 2001; Warrington and James, 1967], and has been
confirmed in brain imaging studies with healthy partici-
pants [Dehaene et al., 2003]. More specifically, bilateral
activations of the IPS have been observed in response to
numerosity changes in passively presented patterns of ge-
ometrical shapes, such as dots and squares [Cantlon
et al., 2006; Piazza et al., 2004, 2007]. In line with this,
bilateral fronto-parietal activations including the IPS have
been identified during explicit comparison or categoriza-
tion of visual collections [Ansari and Dhital, 2006; Castelli
et al., 2006; Dormal et al., 2010; Dormal and Pesenti,
2009]. A similar but strictly right-lateralized network has
been reported during comparison tasks involving sequen-
tially presented visual and/or auditory sequences [Dor-
mal et al., 2010; Piazza et al., 2006]. Moreover,
transcranial magnetic stimulation (TMS) studies have
revealed drops in performance during nonsymbolic nu-
merical estimation tasks following left IPS stimulation
[Cappelletti et al., 2007; Dormal et al., 2008]. Finally, elec-
trophysiological recordings of monkeys’ brains have iden-
tified single neurons in parietal and prefrontal areas that
respond selectively to the numerical properties of visual
collection of dots [Nieder et al., 2002; Nieder and Miller,
2004; Roitman et al., 2007b]. On the other hand, studies
of the neural correlates of duration perception suggest
that the frontal cortex, the cerebellum and the basal gan-
glia are involved, as lesions to these structures lead to
impairments in duration processing [Harrington et al.,
1998; Ivry and Keele, 1989; Nichelli et al., 1995, 1996].
Importantly, some lesional studies have also revealed du-
ration perception deficits following parietal damage [Cap-
pelletti et al., 2009; Coslett et al., 2009; Harrington et al.,
1998]. Recent brain-imaging studies in healthy adults
have confirmed the involvement of these structures in
duration-estimation tasks, with consistently reported acti-
vation of an extended cerebral circuit including bilaterally
the basal ganglia, the supplementary motor area and the
cerebellum, as well as a fronto-parietal network located
mainly in the right hemisphere [e.g., Belin et al., 2002;
Ferrandez et al., 2003; Jueptner et al., 1995; Lewis and
Miall, 2003a,b; Macar et al., 2002; Pouthas et al., 2005;
Rao et al., 2001; for a meta-analysis, see Wiener et al.,
2010]. Inferior parietal cortex activity, sometimes along
the IPS, has been reported in many of these studies dur-
ing estimation tasks on durations inferior to 1 s, in both
the visual and the auditory modalities [Belin et al., 2002;
Ferrandez et al., 2003; Lewis and Miall, 2003b; Pouthas
et al., 2005; Rao et al., 2001]. TMS studies have confirmed
the crucial role of the inferior parietal cortex, mainly in
the right hemisphere [Alexander et al., 2005; Bueti et al.,
2008]. Several electrophysiological studies investigating

r Numerosity and Duration Processing r

r 1491 r



duration processing in monkeys have highlighted the ex-
istence of sensitive neurons localized in the parietal [Jans-
sen and Shadlen, 2005; Leon and Shadlen, 2003] and
prefrontal [Oshio et al., 2006, 2008; Sakurai et al., 2004]
cortices, and in the striatum [Chiba et al., 2008].

Such separate pieces of evidence fit with the existence
of a generalized magnitude system underlain by a com-
mon cerebral substrate in the parietal cortex, and with
the systematic involvement of prefrontal regions. How-
ever, only a few studies have explored the direct func-
tional and neuroanatomical links between numerosity
and duration processing. To the best of our knowledge,
only two studies on humans have investigated the esti-
mation of these two types of magnitude in the same
experiment. Surprisingly, these studies did not find a
similar involvement of the parietal cortices in the differ-
ent types of estimation. A neuropsychological study in a
patient with a right temporo-parietal lesion revealed a
dissociation between duration, numerosity, and space
processing: the patient was impaired in processing dura-
tion but his numerical and spatial comparison abilities
were totally preserved [Cappelletti et al., 2009]. This
suggests the existence of a specific and partially inde-
pendent mechanism dedicated to temporal processing.
Similarly, in a TMS experiment in healthy adults, stimu-
lating the left IPS impaired performance in a numerosity
comparison task, whereas duration comparison was not
affected [Dormal et al., 2008]. This shows that, in at
least one parietal area, the numerosity and duration esti-
mation processes are dissociated.

To sum up, various pieces of evidence from different
research fields on the neuroanatomical correlates of
numerosity and duration processing converge toward the
demonstration of a crucial role of parietal and prefrontal
areas in both processes. However, lesional data from neu-
ropsychological and TMS studies have demonstrated the
existence of dissociations, suggesting different levels of
involvement of the parietal areas in magnitude processing.
Within-subject data are thus needed to decide whether the
cerebral areas involved in numerical and temporal judg-
ments are identical. The main goals of the present study
were: to directly compare the patterns of neural activation
during numerosity and duration categorization using
fMRI; to reveal the cerebral network common to both
types of process; and to provide, for the first time, a possi-
ble neuroanatomical implementation of the accumulator
model. To this end, participants were scanned while per-
forming a numerosity categorization of sequences of dots
(hereafter, N for numerosity) and a duration categoriza-
tion of single dots (hereafter, D for duration). A whole-
brain analysis was performed to reveal the distinct and
common cerebral activations involved in numerosity and
duration categorization. If the same representational mech-
anism and medium underlie the two processes, then simi-
lar activations should be found, possibly in areas along
the IPS. Other cerebral activations, possibly in prefrontal
regions, were also expected, and these would support the

idea of common working-memory storage and decision-
making steps for both categorizations. We also computed
psychophysiological interaction (PPI) analyses [Friston,
2004; Friston et al., 1997] to assess the functional connec-
tivity enhanced by the IPS and dedicated to numerosity
and duration processing, respectively. If other areas inter-
act with the IPS activation, their level of activity should
correlate over time, which will suggest a functional
association.

METHODS

Participants

Fifteen healthy male adults (mean age: 21.0 � 2.3 years)
took part in this experiment after giving their written
informed consent. All the participants were right-handed
(as shown by the Edinburgh Inventory; [Oldfield, 1971]),
had no history of neurological or psychiatric disorders,
had normal or corrected-to-normal vision, and were
unaware of the purpose of the study. The experiment was
noninvasive and was performed in accordance with the
ethical standards laid down in the 1964 Helsinki
Declaration. The experimental protocol was approved by
the Biomedical Ethical Committee of the Université
Catholique de Louvain.

Tasks and Stimuli

Two experimental categorization tasks and two matched
reference tasks were used, all equated in terms of the vis-
ual complexity of the stimuli and a forced, two-choice,
button-press decision.

To avoid, as far as possible, potential explicit or implicit
counting strategies, nonsubitizable numerosities, and short
durations were used. The stimuli in the numerosity cate-
gorization task were composed of sequences of 6 or 8
black dots (diameter: 3.5 cm) presented one at a time at
the centre of the screen (see Fig. 1). The sequences were
constructed using nonperiodic signals such that temporal
ratios did not constitute a potential confound, and rhythm
biases as well as pattern recognition were avoided [Breu-
kelaar and Dalrymple-Alford, 1998; Dormal et al., 2006].
The total duration of the sequences was kept constant
(1,800 ms), whereas the duration of each dot presentation
and the duration of the interdot intervals varied randomly
from 50 to 270 ms. The stimulus in the duration task was
a single black dot (diameter: 3.5 cm) presented at the
centre of the screen for 600 or 900 ms (see Fig. 1). The
stimuli in the reference tasks were identical to those in the
experimental categorization tasks except for the fact that
the last dot in half the numerical sequences and the last
100 ms in half the single dots were presented in red (see
Fig. 1).

In the numerosity categorization task, the participants
had to decide whether each sequence of dots contained

r Dormal et al. r

r 1492 r



‘‘few’’ (i.e., 6) or ‘‘many’’ (i.e., 8) dots by pressing a left- or
right-hand response button on a response box. In the dura-
tion task, they were asked to categorize each dot as being
presented for a ‘‘short’’ (i.e., 600 ms) or a ‘‘long’’ (i.e., 900
ms) duration by using the same two-choice button-press de-
cision. In the corresponding reference tasks, the participants
were asked to report whether the last dot in each sequence,
or the last 100 ms of each single dot, was red or not.

Experimental Design

Before the scanning session, the participants were
trained in all the tasks outside the magnet room. For each
categorization task, a training session consisted of a learn-
ing block, a training block with feedback, and an example
of a 4-block fMRI acquisition run. In the learning block, 20
trials with ‘‘few’’ and ‘‘many’’ dots were presented for the

Figure 1.

Schematic representation of the temporal structure of the experi-

ment. A: examples of experimental (left) and reference (right)

numerosity tasks; B: fMRI design; C: examples of experimental (left)

and reference (right) duration tasks Notes: (A) Each trial was com-

posed of a stimulus (a sequence of flashed dots) displayed for 1800

ms, and a blank response screen for 975 ms. In the reference task,

the last dot of the sequence was black in 50% of the trials and red

(grey in the figure) in the other 50%. (B) Each run consisted of 10

alternations of a 12.5 sec fixation period (black cross on white back-

ground) and a 25 sec activation period. Each activation period corre-

sponded to either an experimental condition or its reference

condition. (C) Examples of experimental (left) and reference (right)

duration tasks: each trial was composed of a stimulus (one central

black dot) displayed for 600 or 900 ms, followed by a blank response

screen for 935 ms. In the reference task, the color of the dot turned

red during the last 100 ms of half the trials.
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numerosity categorization task, and 20 trials of ‘‘short’’
and ‘‘long’’ dots were presented for the duration categori-
zation task; the participants were instructed to observe
them carefully, but the numerosity of the sequences and
the duration of the presentation of the single dots were
not mentioned. During the training block with feedback,
stimuli from each category were presented in a random-
ized order and participants were required to categorize
each sequence as containing ‘‘few’’ or ‘‘many’’ dots, and
each single dot as being ‘‘short’’ or ‘‘long’’ by pressing one
of two keys on the numerical pad (Key 1 with the right
index finger for sequences/single dots categorized as
‘‘few’’ or ‘‘short,’’ and Key 3 with the middle finger for
sequences/single dots categorized as ‘‘many’’ or ‘‘long’’).
Visual feedback informed the participant after each trial of
whether or not his answer was correct. Finally, the partici-
pants underwent a 4-block run (i.e., 2 blocks of the experi-
mental task alternating with 2 blocks of the corresponding
reference task) without feedback to familiarize them with
the fMRI procedure.

In the magnet room, back-projected images were viewed
through a tilted mirror mounted on the head coil, and the
participants answered by pressing a two-button response
pad with the index and middle fingers of their right hand;
the projector and the mirror (Silent VisionTM System,
Avotec <http://www.avotec.org>) and the response pad
(Imagilys, <http://www.imagilys.com>) were compatible
with the MRI environment. Stimulus presentation and
response recording were controlled with e-Prime [Schnei-
der et al., 2002]. Two runs were constructed for the fMRI
experiment. One consisted of 5 blocks of the numerosity-
categorization task alternating with 5 blocks of its refer-
ence task, and the other was composed of 5 blocks of the
duration-categorization task alternating with 5 blocks of its
reference task. The blocks lasted for 25 s and were inter-
leaved with 12.5-sec fixation periods (see Fig. 1). All the
participants completed each run twice, in two counterbal-
anced orders (i.e., ABBA or BAAB). At the beginning of
each run, they were reminded of the instructions, and
examples of sequences/single dots from each category
(‘‘few’’ or ‘‘many,’’ and ‘‘short’’ or ‘‘long’’) were presented.

fMRI Data Acquisition

Functional images were acquired with a 3.0 Tesla mag-
netic resonance imager and an 8-channel phased array
head coil (Achieva, Philips Medical Systems) as series of
blood-oxygen-sensitive T2*-weighted echo-planar image
volumes (GRE-EPI). The acquisition parameters were: TE
¼ 32 ms, TR ¼ 2,500 ms, flip angle ¼ 90�, field of view ¼
220 � 220 mm, slice thickness ¼ 3.5 mm with no interslice
gap, SENSE factor (parallel imaging) ¼ 2.5. Each image
volume comprised 36 axial slices acquired in an ascending
interleaved sequence. High-resolution anatomical images
were also acquired for each participant using a T1-
weighted 3D turbo fast-field echo sequence with an inver-

sion recovery prepulse (150 contiguous axial slices of 1
mm, TE ¼ 4.6 ms, TR ¼ 9.1 ms, flip angle ¼ 8�, FOV ¼
220 � 197 mm, voxel size ¼ 0.81 � 0.95 � 1 mm3, SENSE
factor ¼ 1.4). Head movement was limited by foam pad-
ding within the head coil and a restraining band across
the forehead.

fMRI Data Analyses

The data were processed and analyzed using Statistical
Parametric Mapping (SPM2, Welcome Department of Cog-
nitive Neurology, London, UK, <http://www.fil.ion.
ac.uk/spm>). Functional images were (1) corrected for
slice acquisition delays, (2) realigned to the first scan of
the first run (closest to the anatomical scan) to correct for
within- and between-run motion, (3) coregistered with the
anatomical scan, (4) normalized to the MNI template using
an affine fourth degree ß-spline interpolation transforma-
tion and a voxel size of 2 � 2 � 2 mm3 after the skull and
bones had been removed with a mask based on individual
anatomical images, and (5) spatially smoothed using a 10-
mm FWHM Gaussian kernel.

Condition-related changes in regional brain activity
were estimated for each participant using a general linear
model in which the responses evoked by each condition of
interest were modeled by a standard hemodynamic
response function. The comparisons of interest were first
computed at the individual level to identify the cerebral
regions significantly activated by numerosity and duration
processing relative to the fixation periods used as a gen-
eral baseline ([N - fix], and [D - fix], respectively); a similar
procedure was applied to each reference task. Significant
cerebral activations for the critical contrasts (experimental
task minus reference task, each relative to the fixation peri-
ods) were then examined at the group level in random-
effect analyses using analyses of variance (ANOVA) and
one-sample t-tests, with the statistical threshold set at P <
0.05 (FWE corrected at the voxel level) and extending to at
least 50 contiguous voxels. Given the strong a priori
hypotheses, activations in the parietal cortices were also
screened at lower, uncorrected thresholds. The conjunction
[using the minimum statistic (MS) compared to the con-
junction null (CN); Nichols et al., 2005] of the contrasts
between each experimental task and its reference isolated
the cerebral activations elicited by both numerosity and
duration categorization.

This group analysis should reveal areas playing an im-
portant role in both numerosity and duration processing,
but it will not show whether functional integration occurs
between these regions or whether there are distinct pat-
terns of integration for the two judgments. It is indeed
well established that cognitive processing depends on
functional integration across anatomically distributed net-
works [Friston, 2010], but that conventional fMRI analyses
are not able to assess which regions within a given net-
work interact to support a given cognitive function.
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Standard analyses of Blood-Oxygenation-Level-Dependent
(BOLD) effects indicating the brain regions that respond to
psychological stimulus do not indicate whether there are
any psychologically or physiologically relevant interactions
between these areas. PPI analyses can clarify whether
functional integration between regions occurs, and
whether this integration changes with the psychological
contexts [Friston et al., 1997]. To capture the modulation
of activity in one brain region by activity in another brain
region depending on a specific task, we explored the con-
nectivity of the right IPS region (identified in the conjunc-
tion analysis; MNI coordinates of peak activation [44 �46
52]) by computing PPI analyses for N and D tasks, respec-
tively [Friston et al., 1997; Friston, 2004]. We chose the
right IPS as the seed region because this area is commonly
identified as a crucial region for both numerosity and du-
ration processing in humans [e.g., Lewis and Miall, 2003a;
Piazza et al., 2006]. Moreover, early recruitment of neurons
in this region was observed during duration estimates in
humans [Rao et al., 2001] and numerosity estimates in
monkeys [Nieder and Miller, 2004], suggesting that the IPS
contributes to the perceptual encoding of magnitude infor-
mation. The PPI analyses thus examined differences in
functional connectivity between regions (i.e., the influence
of one region on another) as a function of task manipula-
tion. Each PPI analysis employed three regressors: one
representing the deconvolved activation time course in the
volume of interest (the physiological variable); one repre-
senting the psychological variable of interest; and a third
representing their cross-product (the psychophysiological
interaction term). To perform the PPI analyses, the decon-
volved time series from a 5-mm radius sphere around the
peak activation voxel (right IPS, [44 �46 52]) identified in
the conjunction analysis for the group was extracted for
each participant. The time course of the activity was cor-
rected for the effect of interest. The individual contrast
images were then entered into a second-level random
effects analysis in which task-dependent effects ([N -
RefN]; [D - RefD]) were investigated using one-sample t-
tests, to identify which, if any, areas of the brain exhibited
activity that covaried with that of the right IPS signifi-
cantly more during the experimental tasks than during the
reference tasks for N and D, respectively. Significant clus-
ters exhibiting PPI-related IPS coupling were identified,
with a threshold of P < 0.001 (uncorrected, with at least 10
contiguous voxels in the cluster; Forman et al., 1995].

RESULTS

Behavioral Data

Two ANOVAs were performed, one on the latencies of
correct answers and the other on the error rates, with task
(N vs. D) and condition (Experimental vs. Reference) as
within-subject variables. A significant main effect of condi-
tion was observed both for latencies [F(1,14) ¼ 7.261, P <
0.02] and error rates (F(1,14) ¼ 42.263, P < 0.001). Partici-

pants responded faster and made fewer errors overall on
the reference (340 � 58 ms; 2 � 2%) than on the experi-
mental (371 � 63 m; 10 � 6%) tasks. No other main effect
or interaction was significant (all P at least > 0.2).

Functional Data

Numerosity processing

Contrasting the N task to its reference revealed the cere-
bral areas involved in numerosity processing on sequen-
tially presented nonsymbolic material. A right-lateralized
hemispheric activation was identified in the inferior parie-
tal lobule, all along the IPS. Foci of activation were also
observed in the right middle and inferior frontal gyri, and
the right supplementary motor area (SMA; Table I, a and
Fig. 2A). A small left superior parietal activation (k ¼ 2)
also appeared, which was significant at an uncorrected
threshold (P < 0.003). The N task did not present any spe-
cific activation when compared to D; a focus of activation,
significant at an uncorrected threshold (P < 0.001), was
however observed in the right inferior parietal lobule (Ta-
ble I, c).

Duration Processing

Contrasting the D task to its reference revealed a large
focus of activation in the right middle and superior frontal
gyri. Other activation foci were found in the right inferior
parietal lobule along the IPS and in the left cerebellum
(Table I, b and Fig. 2A). At an uncorrected threshold (P <
0.005), a small left inferior parietal activation (k ¼ 3) was
observed. When compared with N, the D task did not
present any specific activation at the corrected threshold;
there was no additional activation in the parietal cortices
at uncorrected thresholds (Table I, d).

Numerosity and Duration Processing

The conjunction of N and D tasks, each contrasted to its
own reference, revealed the areas involved in both numer-
osity and duration processing. Three main activation foci
were observed: one spreading from the right middle fron-
tal gyrus and extending to the precentral gyrus, one in the
right SMA, and one in the horizontal segment of the right
IPS (with a local maximum at 44 �46 52; see Table I, e,
Fig. 2A and B). A left IPS focus (k ¼ 69) also appeared,
which was significant at an uncorrected threshold (P <
0.005).

The PPI analyses assessed the cerebral areas connected
to the right IPS activation observed in both categorization
tasks. First, an analysis performed on the contrast [N-
RefN] revealed that the right IPS, used as a region of inter-
est, had an enhanced connectivity with an area in the right
middle frontal gyrus extending to the upper part of the
precentral gyrus, the SMA bilaterally, the lower part of the
right precentral gyrus and the left inferior parietal lobule,
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along the IPS (Table II, a; Fig. 3). The same analysis per-
formed on the contrast [D-RefD] revealed that the right
IPS showed an enhanced functional connectivity with the
right inferior frontal gyrus, the SMA bilaterally, and the
lower part of the right precentral gyrus (Table II, b; Fig. 3).

DISCUSSION

Adults, infants and animals can process and represent
numerosity and duration. They approximate the number
of elements in a set and the duration of events, and they
use these quantification processes to guide learning and
behavior. To account for this strong parallel between
numerosity and duration estimation, Meck and Church
[1983] proposed a single accumulator operating in differ-
ent modes to represent both dimensions. The recent pro-
posal of a generalized magnitude system widened this
accumulator model to the processing of other magnitudes,
such as space or weight, to account for the existence of a
common functional mechanism involved in all estimation
processes and underlain by a common cerebral substrate
[Walsh, 2003]. In line with such a proposal, many similar-
ities and interactions between numerosity and duration
estimation processes have been reported at the behavioral
level (for a review, see Dormal and Pesenti, submitted),
and separate neuroanatomical investigations of the cere-

bral areas involved in numerosity and duration estimation
have suggested that the parietal cortices are crucially
involved in both types of magnitude processing [e.g.,
Piazza et al., 2006; Lewis and Miall, 2003a]. However, until
now, the precise cerebral network commonly involved in
magnitude estimation processing has not been directly
assessed.

In this study, participants had to perform a numerosity
categorization on dot sequences and a duration categoriza-
tion on a single dot display. A direct contrast for the
numerosity task revealed the cerebral network involved in
sequential numerosity processing to be a right-lateralized
fronto-parietal network comprising areas in the prefrontal
cortex (inferior, middle, and superior frontal gyri, SMA)
and a large portion of the IPS. This network of areas has
recently been documented in numerical comparison or cat-
egorization tasks with sequentially and simultaneously
presented series of elements [e.g., Castelli et al., 2006; Dor-
mal et al., 2010; Piazza et al., 2006]. When contrasting the
N and D tasks directly, a more posterior right parietal
focus of activation was observed during the N task, which
might correspond to the number-sensitive area recently
reported by Santens et al., [2010] and reflect an intermedi-
ate stage of numerical properties extraction. PPI analyses
showed two regions connected to the right IPS which
were only activated for the N task: a very close homolo-
gous area in the left inferior parietal lobule, along the IPS,

TABLE I. Brain areas showing significant activation for (a) numerosity (N) and (b) duration (D) categorizations,

each compared with its own reference task (Ref), (c) N categorization compared with D task, and (d) for D

categorization compared with N task, and (e) the conjunction of the two categorization tasks (N and D)

Brain regions L/R k x y z t-statistic

a [N-Fix]-[RefN-Fix]
Middle frontal gyrus/precentral gyrus R 1416 50 38 34 8.00****

Superior frontal gyrus/SMA R 401 10 22 52 7.91****

IPS/inferior parietal lobule R 337 44 �46 50 7.82****

Inferior frontal gyrus R 177 40 24 4 6.82****

Superior parietal lobule L 2 �40 �52 68 2.97**
b [D-Fix]-[RefD-Fix]

Middle frontal gyrus/Precentral gyrus R 1448 50 38 34 8.10****

Superior frontal gyrus/SMA L/R 560 10 26 48 8.62****

IPS/inferior parietal lobule R 428 44 �46 52 7.91****

Cerebellum (superior semi-lunar lobule) L 63 �38 �64 �32 6.31****

IPS/inferior parietal lobule L 3 �46 �42 54 2.72*
c [N-RefN]-[D-RefD]

Inferior parietal lobule R 9 36 �62 52 3.85***

d [D-RefD]-[N-RefN]
no supra-threshold activation

e [N-RefN] and [D-RefD]
Middle frontal gyrus/precentral gyrus R 690 50 38 34 8.00****

Superior frontal gyrus/SMA R 368 8 26 48 7.89****

IPS/inferior parietal lobule R 290 44 �46 52 7.71****

IPS/inferior parietal lobule L 69 �40 �48 48 2.27*

L ¼ left hemisphere; R ¼ right hemisphere; k ¼ cluster size (number of voxels); x, y, z ¼ MNI stereotaxic coordinates of peak-height
voxels; ****¼ P-values < 0.05 FWE corrected for multiple comparisons; ***¼ P-values < 0.001 uncorrected; ** ¼ P-values < 0.003 uncor-
rected; *¼ P-values < 0.005 uncorrected; SMA ¼ supplementary motor area; IPS ¼ intraparietal sulcus.
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and another in the upper part of the right precentral
gyrus. Although a common left IPS activation was
observed in both categorization tasks (at an uncorrected
threshold), this area was functionally connected with the
right IPS when processing numerosity but not when proc-
essing duration. This result is in agreement with a recent
TMS study [Dormal et al., 2008] showing an impaired per-
formance after left IPS stimulation during a numerosity
comparison task, whereas the duration task was not
affected, which emphasized the critical role of the left IPS
in numerosity processing, the left hemisphere possibly
sustaining the triggering of the verbal numeral system.
The connection with the right precentral gyrus supports
the proposal that this area contributes directly to numeros-
ity processing, possibly reflecting the use of hands and fin-
gers to keep track of numerosity estimates [Andres et al.,
2008; Pesenti et al., 2000].

During the duration task, activations were found in
right prefrontal, SMA and parietal areas, and in the left

cerebellum, recalling the activation patterns mainly
reported in cognitively controlled duration measurement
tasks [i.e., tasks involving a perceptive judgment on dis-
crete durations of around the second; for a review, see
Lewis and Miall, 2003a]. Moreover, the PPI analysis
emphasized the connectivity of the right IPS with the right
inferior frontal gyrus and the SMA bilaterally, two regions
identified as being part of the core network of temporal
processing, especially interval timing processes, in patients
suffering from disorders affecting the dopaminergic path-
ways [e.g., Huntington disease; Paulsen et al., 2004], and
in a recent voxel-wise meta-analysis [Wiener et al., 2010].

The major finding of this study is the set of cerebral
areas involved in both duration and numerosity process-
ing. Functional data revealed two main regions of activa-
tion: a large area extending from the right middle to the
superior frontal gyri and the SMA, and a right IPS focus.
This fronto-parietal network may reflect the functional
implementation of the common mechanism processing

Figure 2.

A: Brain regions activated specifically and commonly in the N and D tasks on a 3D recon-

structed brain (left panel) and on a glass brain (right panel). B: Axial, sagital and coronal views of

the brain regions showing increased activity in the conjunction analysis. Note: The red lines in

the right-most sagital and coronal views of (B) indicate the position of the slices on the corre-

sponding horizontal (upper panel), sagital (middle panel), and coronal (lower panel) views.
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and the way in which numerosity and duration are repre-
sented as mental magnitudes [Meck and Church, 1983;
Gallistel and Gelman, 2000]. As prefrontal and parietal
regions are functionally interconnected [Cavada and Gold-
man-Rakic, 1989; Chafee and Goldman-Rakic, 2000], the
parietal activations suggest two initial steps in the process
of encoding information (i.e., one specific to discrete nu-
merical dimension corresponding to the individual numer-
ical extraction, and the second stage common to duration
and numerosity and reflecting the increase of continuous
quantity in the accumulator), as well as its continuous

accumulation through functional connections to the frontal
cortex. This two-step process would be necessary to go
from a discrete reality to a continuous representation in
the accumulator but not for duration processing because
of its continuous nature. The prefrontal cortex areas may
be more specifically implicated in later stages of magni-
tude processing, such as comparing the perceived values
to reference memory and decision making; the SMA may
also be involved in the numerosity task because of the se-
quential mode of presentation of the dots, with interdot
intervals varying in an unpredictable way. Although firm

TABLE II. Brain areas showing enhanced connectivity with the right IPS (44 246 52) during (a) numerosity

processing [N-RefN], and (b) duration processing [D-RefD]

Brain regions L / R x y z t-statistic

a [N-RefN]
Middle frontal gyrus/precentral gyrus R 50 12 28 5.18

Superior frontal gyrus/SMA L/R �4 6 54 4.86
Precentral gyrus R 34 0 52 4.74

IPS/Inferior parietal lobule L �30 �48 52 4.57
b [D-RefD]

Superior frontal gyrus/SMA L/R �6 8 56 4.10
Inferior frontal gyrus R 40 22 �10 3.92

Middle frontal gyrus/precentral gyrus R 50 10 30 3.57

L ¼ left hemisphere; R ¼ right hemisphere; x, y, z ¼ MNI stereotaxic coordinates of peak-height voxels; threshold set at p-values <

0.001 uncorrected; SMA ¼ supplementary motor area.

Figure 3.

Psychophysiological interaction (PPI) of the right intraparietal

sulcus (IPS) showing task-specific coupling rendered on a canoni-

cal brain surface (left panel: view from above; right panel: view

of right hemisphere). Note: Areas that are coupled to the right

IPS during the N task are shown in blue, those that are corre-

lated during the D task in yellow, and their overlap in green,

using an uncorrected threshold of P < 0.001. PreC ¼ precentral

gyrus; rIPS ¼ right intraparietal sulcus; SMA ¼ supplementary

motor area; Inf Front ¼ inferior frontal gyrus; lIPS ¼ left intra-

parietal sulcus.
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conclusions about any causal relationship cannot be drawn
from the PPI analyses, our results support this fronto-pari-
etal network proposal. Indeed, the right IPS showed
enhanced connectivity with a large part of the right pre-
central and middle frontal gyri and bilaterally with the
SMA for both the numerosity and the duration tasks (Fig.
3; Table II), suggesting functional links between these
regions. It is worth noting that, although both tasks
require the same type of response (i.e., more than/less
than), the results do not simply boil down to a mere
response coding or selection bias, because such a bias
would predict bilateral or left-hemispheric activations in
more anterior parts of the parietal cortices. Moreover, we
used several different dot sequences in the numerosity
task, which makes a direct stimulus-response mapping lit-
tle plausible. Finally, these tasks have already been used
in other studies in which the proportion of few/short vs.
many/long choices varied as a function of numerosity and
duration, respectively [e.g., Roitman et al., 2007a], which
does clearly not fit with a response selection bias.

Electrophysiological studies on numerosity and duration
estimation in monkeys accord with the above speculative
proposal. Neural populations sensitive to numerosity and
duration have been recorded in separate studies in various
parietal areas and in the prefrontal cortex (for numerosity
Nieder et al., 2002; Nieder and Miller, 2004]; for duration
[Chiba et al., 2008; Janssen and Shadlen, 2005; Leon and
Shadlen, 2003; Oshio et al., 2006, 2008; Sakurai et al.,
2004]). More importantly, differences have been reported
in the activity profiles of these neural populations depend-
ing on their neuroanatomical implementation. For
instance, numerosity-coding cells in the IPS of monkeys
have been demonstrated to possess shorter latencies than
the homologous neural populations located in the prefron-
tal cortex, suggesting the recruitment of a parieto-frontal
network for numerosity processing in which numerical in-
formation is initially processed in the IPS and then trans-
mitted to the frontal areas for subsequent processing
[Nieder and Miller, 2004]. With respect to the neural popu-
lations underlying duration processing, sensitive neurons
in parietal areas seem to represent temporal information
quantitatively, whereas prefrontal neurons encode this in-
formation in a binary or categorical way [Chiba et al.,
2008; Janssen and Shadlen, 2005; Leon and Shadlen, 2003;
Oshio et al., 2006; Sakurai et al., 2004]. Interestingly, an
fMRI study exploring the time course of brain activation
during a duration estimation task in humans convincingly
evidenced an early right inferior parietal cortex contribu-
tion in duration processing, possibly underlying percep-
tual encoding of information, and the later recruitment of
the prefrontal cortex, most probably reflecting comparison
processes and decision making [Rao et al., 2001]. When
participants had to compare sequentially presented numer-
osities, parietal and frontal areas were activated, reflecting
a fronto-parietal loop known to be involved in several cog-
nitive processes where the active maintenance of informa-
tion is necessary [Dormal et al., 2010; Piazza et al., 2004].

Capitalizing on these findings, we suggest that the com-
mon fronto-parietal network found in this study reflects
the mechanism by which numerical and temporal magni-
tudes are first extracted in the parietal cortex through
encoding and accumulation processes and then sent to the
frontal regions for subsequent processing.

Within this fronto-parietal network, the right IPS focus
may sustain the common representation of duration and
numerosity. Indeed, separate neuroanatomical findings in
numerosity and duration processing converge towards this
region as the best candidate for the cerebral correlate of a
common representational magnitude system, as proposed
by Walsh [2003]. In line with this hypothesis, a previous
fMRI study [Dormal and Pesenti, 2009] exploring cerebral
correlates of numerosity and length processing revealed a
common focus of activation in the right IPS, with coordi-
nates very close to the focus found here (peak activation: 40
�42 48; the Euclidean distance between the present IPS
peak and IPS activation found in that study is 6 mm). Taken
together, these results suggest that the voxels activated in
both studies in the right IPS might be sustained by neural
populations coding for different magnitude dimensions such
as numerosity, space and duration. However, because of the
limited spatial resolution of fMRI and the fact that the coac-
tivation of cerebral areas does not necessarily imply a com-
mon neural code but may simply be due to the activation of
distinct intermingled neural populations [Cohen Kadosh
et al., 2005; Pinel et al., 2004], this finding must be inter-
preted with caution. An electrophysiological study in mon-
keys recorded neural populations in IPS responding either
to numerosity and length specifically, or to both dimensions
indiscriminately [Tudusciuc and Nieder, 2007], but this has
never been reported for duration and numerosity process-
ing. In humans, although direct comparisons of numerosity
and duration processing at the neuroanatomical level have
been very sparse, there are some indications that dissocia-
tions are possible. For instance, a recent TMS study demon-
strated that stimulation of a region in the left IPS impaired
performance during a numerosity comparison task while
leaving a duration comparison task unaffected [Dormal
et al., 2008]. Similarly, a patient suffering from a large lesion
in the right inferior parietal cortex but with an intact IPS
exhibited specific deficits in temporal estimation with pre-
served numerical abilities [Cappelletti et al., 2009]. Such dis-
sociations of the processing capacities for numerosity and
duration support the idea of partially independent, rather
than fully-shared, magnitude systems. Future studies com-
bining neuroimaging, TMS and ERPs techniques are needed
to clarify how parietal and frontal areas code magnitude in-
formation, and to investigate the precise temporal course of
magnitude processing.
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