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Abstract

It is yet unclear whether the processing of number magnitude and order rely
on common or different functional processes and neura substrates. On the one
hand, recent neuroimaging studies show that quantity and order coding activate
the same areas in the parietal and prefrontal cortices. On the other hand,
evidence from developmental and neuropsychological studies suggest
dissociated mechanisms for processing quantity and order information. To
clarify this issue, the present study investigated the spatio-temporal course of
quantity and order coding operations using event-related potentials (ERPS).
Twenty-four subjects performed a quantity task (classifying numbers as smaller
or larger than 15) and an order task on the same materia (classifying numbers as
coming before or after 15), as well as a control order task on letters (classifying
letters as coming before or after M). Behavioral results showed a classica
distance effect (decreasing reaction times [RTS] with increasing distance from
the standard) for all tasks. In agreement with previous electrophysiological
evidence, this effect was significant on a P2 parietal component for numerical
material. However, the difference between processing numbers close or far from
the target appeared earlier and was larger on the left hemisphere for quantity
processing, while it was delayed and bilateral for order processing. There was
also asignificant distance effect in all tasks on parietal sites for the following P3
component elicited by numbers, but this effect was larger on prefrontal areas for
the order judgment. In conclusion, both quantity and order show similar
behavioral effects, but they are associated with different spatio-temporal courses
in parietal and prefrontal cortices.

1. Introduction

Numbers may convey different meanings according to the context in
which they are used [8, 36, 96]. A number may tell us how many entities are
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in a set and convey a quantity meaning (e.g., five apples in a basket), or it
may refer to the relative position of an element within an ordered sequence
and convey order information (e.g., page 5 comes after page 4). Order
information is not restricted to numbers and is shared by non-quantitative
series, such as the letters of the alphabet, the days of the week and the
months of the year. Hence, while properties like quantity and order are
disoined in non-numerical contexts, they are linked up with each other in
the cognitive number domain: the larger the quantity a number refers to, the
later it islocated in the conventional number sequence [96].

Research on number processing has mainly focused on the way quantity
is represented, processed and neurally implemented (see Ref. [24] for a
recent review), with relatively little consideration for order information (see
however Ref. [92]). Moreover, the relationship between mechanisms
underlying quantity and order processing remains largely unclear, since
experimental studies showed evidence of both similarities and dissociations
between quantity and order neuro-functional processes.

The first evidence in favour of shared mechanisms comes from the
distance and SNARC effects, since they were reported in the processing of
both numbers and non-numerical ordered series. The distance effect refersto
the improved ability (shorter reaction times [RTs] and better accuracy) to
discriminate between two numbers as the numerical distance between them
increases (e.g., Ref. [61]). This effect, which is semantic since it depends on
an abstract representation of the digits corresponding quantity, has been
reported with numbers whatever their format — Arabic digits, written words
or dot patterns [7, 35] — as well as with non-numerical quantifiable
dimensions such as the size of objects [42, 60, 64]. These data were
interpreted as evidence that quantitative information converge onto a shared
anal ogue representation of magnitude [22, 34]. However, the distance effect
is not restricted to quantifiable dimensions and has aso been reported with
non-numerical ordered series such as the letters of the alphabet [28, 37, 41,
47, 66, 88] and the months of the year [37]. These data suggest that quantity
and order information may share a common underlying representation,
coding for relative positions along a continuous (quantifiable or non-
guantifiable) dimension. The Spatial Numerical Association of Response
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Codes (SNARC [21]) is a second psychophysical effect common to the
processing of quantity and order. The original SNARC effect was thought to
reflect the association between number magnitude and spatial response
preference with faster left- than right-hand responses to small numbers and
faster right- than left-hand responses to large numbers [21]. This effect was
also dicited in tasks that did not require any quantity processing of the digits
(e.g., Ref. [32]), thus suggesting the automatic activation of an internal
magnitude representation in the form of a left-to-right oriented number line,
whenever numbers are processed. However, a SNARC effect has recently
been reported with the series of letters and months [37], in both order
relevant and order irrelevant tasks. These results suggest that the internal
representation of ordered sequences is spatially coded, just as humbers, and
that this spatial code is automatically activated.

Further evidence for common underlying mechanisms for quantity and
order coding comes from neuroimaging. Processing numbers activates the
intraparietal cortex (e.g., Refs. [10, 23, 28, 34, 67, 70]), suggesting that this
area underlies the abstract representation of number magnitude. Besides,
Marshuetz et al. [54] reported that regions of parietal cortex involved in
processing order information on letters (i.e., non-numerical stimuli) were
also engaged in number processing tasks[10]. This led the authors to suggest
that ‘the underlying representation of order and numbers may share a
common process . Order also activated regions in the dorsolateral prefrontal
cortex [9, 54].

A third line of evidence for commonalities between quantity and order
processing comes from the association of impairments or spared processes in
brain damaged patients. Patient CG [11] had a severe deficit in processing
numbers (she was totally unable to deal with numbers above 4) and was aso
impaired in processing stimuli belonging to ordered series (she could not
correctly recite the series of |etters, days and months nor give the next item
in the sequence), whereas patient NM [90] was severely impaired in severa
semantic tasks (he showed severe anomia for all categories of words), while
his performance with numbers and non-numerical ordered sequences was
largely preserved.
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Although behavioral, neurcimaging and neuropsychological data support
some common underlying mechanism in processing quantity and order,
developmental and neuropsychological studies argue for potentialy
dissociable processes. Studies on the acquisition of humber knowledge have
reported dissociated learning for sequence and cardinal number meanings.
children first learn the number words sequentially, without knowing which
guantity they refer to, and they acquire their cardinal meaning only after
learning that each position of aword in the sequence is directly related to its
guantity [36, 97]. To corroborate this developmental distinction, a
neuropsychological double dissociation has been reported between quantity
and order processing abilities, after brain damage. On the one hand, two
patients were described to be unable to access the quantity meaning of
numbers ([26] and patient MAR [19]), while their ability to process order
was better preserved. On the other hand, two other patients, BOO [19] and
CO [91], showed the reversed pattern of dissociation, that is, a preserved
performance in quantitative numerical tasks, but impaired abilities in tasks
involving ordered series. More criticaly for patient CO, athough he was
good and had a normal distance effect in magnitude comparison of humbers,
he was slower and less accurate when judging the same numbers according
to their order—before/after—meaning. Similarly, for a same target number,
he was flawless in giving a number smaller or larger, but was unable to give
anumber that came before or after.

To sum up, the evidence so far is not conclusive as to whether quantity
and order processing rely on some common or separate underlying
mechanism(s).

One possibility that has not been clearly investigated thus far is that
quantity and order processing may show similar behaviora effects and
neural substrates, and yet be temporally dissociated, that is, taking place in
overlapping brain regions at different time scales. The present study was
designed to shed light on this issue. It differed from previous investigations
in two ways. First, in order to disentangle the opposing views of either
common or separate mechanisms for quantity and order coding, we directly
compared these processes. Second and most importantly, the possibility that
they take place in the same regions at different time courses has never been
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seriously considered. In the present study, we used event-related potentials
(ERPs) to address this question. Two tasks were devised to investigate the
relationship between numerical quantity and numerical order. In the quantity
task, subjects had to judge whether a number was smaller or larger than a
fixed standard, and in the numerical order task, they had to decide whether
the same number came before or after that standard. In addition, subjects
performed an aphabetic task, aimed at clarifying the relationship between
guantifiable and non-quantifiable order. In this last condition, subjects had to
decide if a letter came before or after a standard letter in the alphabet. All
these tasks were supposed to dlicit a distance effect, as shown in previous
studies (e.g., Refs. [20, 28, 47, 66]).

Based on the findings of the few previous ERP studies of either quantity
or order processing, we tracked a sequence of ERP components, from the
onset of the stimulus to the subject’ s response. More precisely, Dehaene [16]
identified three successive stages during a quantity judgement task: (1) a
visual identification stage (corresponding to N1 component), which was
affected by stimulus notation and involved bilateral (for Arabic numerals) or
left-lateralized (for verbal numerals) occipito-temporal regions, (2) a
magnitude comparison stage, affected by the distance between standard and
stimuli and taking place in the left and right parieto-occipito-temporal
regions on the P2p and rising part of P3 components; and (3) a response
preparation and execution stage that showed activation of the motor cortices
contralateral to the response key. Because these stages did not overlap,
results validated a seria stage processing of numbers, suggesting
convergence toward a common abstract magnitude representation of
numbers regardiess of their input format. More recent ERP studies have
confirmed these results, albeit reporting even earlier distance effects, at the
level of the N1 [70, 89]. As for order processing on ERPs, a classic distance
effect was found for letters on both RTs and on a late parietally positive
potential (P3, around 475 ms post-stimulus) that was reduced in amplitude
for close letter judgements [58].

In sum, evidence from these ERP studies suggest that the distance effect
arises at the comparison stage and reflects the activation of an abstract
representation independent of input notation and coding for proximity
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relations between items. Directly comparing the temporal course and
topographical profile of the distance effect elicited by quantity and order
processing tasks should enable us to answer the question of whether quantity
and order share some common semantic representation and/or processing
mechanism(s) or whether they dissociate at this stage of processing.

2. Methods

2.1. Subjects

Twenty-eight right-handed volunteers with French as their mother
tongue took part in the experiment and received monetary compensation. All
participants had normal or corrected to normal vision. Technical failure
caused data loss for one participant and data from three other subjects were
excluded from further analyses due to insufficient artifact-free trials after
editing. The remaining 24 subjects (6 males)* were aged between 20 and 30
(average 24.6 years).

2.2. Stimuli

Numbers 11, 12, 13, 14, 16, 17, 18 and 19 in the Arabic code and capital
letters1, J, K, L, N, O, P and Q were presented on a standard PC monitor on
adark gray background. All stimuli were presented from a constant viewing
distance of 80 cm in an Aria 48-point font in black in the center of a white
window with avisual angle of 1.07° (height) and 1.43° (width). All numbers
subtended a visual angle of 0.85° (height) and 1.1° (width), except for
number 11 having a smaller width (0.96°). Letters subtended a visual angle
of 0.85° in height and between 0.14°, for letter |, and 0.78°, for letter Q, in
width. Number and letter stimuli did not differ in luminance. Stimuli were
presented one at a time for 105 ms and were preceded and followed by a
dark gray screen.

* Note that no gender differences were reported in the normal adult population in number comparison
tasks (e.g., Ref. [27]).
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2.3. Experimental tasks

Subjects were asked to perform three comparative-judgment tasks: one
required quantity processing and the other two order processing. In the
quantity task, subjects were presented with a pseudorandom list? comprising
the numbers 11 to 19 (except 15) in the Arabic code and they had to decide
whether each number was smaller or larger than 15.%In the order judgment
on numbers task, subjects were presented with the same stimuli and had to
decide whether each number came before or after 15 in the conventional
sequence of numbers.* In the order judgment on letters task, subjects were
presented with a pseudorandom list comprising the letters from | to Q
(except M) and they had to decide whether each letter came before or after
M in the alphabet. The order of tasks was counterbalanced across subjects.”

Each tria started with the presentation of a stimulus for 105 ms,
followed by an ISl (dark gray screen) of 2050 ms on average (varying
between 1800 and 2300 ms) during which subjects responded to the target
and then waited for the next trial. Each task was presented separately and
included 16 training trials and 40 presentations of each target number/letter,
for atotal of 336 trials per task. Each task was divided into four blocks and
short breaks were allowed between blocks and tasks.

In al tasks, subjects were asked to respond as quickly and as accurately as
possible by pressing one of two corresponding response keys with their left or
right hand. The assignment of response keys was counterbalanced across
participants. Half of the subjects had to respond to ‘‘ smaller/before’” items by
pressing the left-hand key and to ‘‘larger/after’” items by pressing the right-
hand key, and this assignment was reversed for the other half of the subjects.

2 The same item was never presented in two consecutive trials. All items were preceded in half of the
trials by a smaller/before item and in the other half by alarger/after item.

% We used the standard 15, instead of 5, in order to place the subject in a less automatized portion of the
number sequence, than the very beginning of the series. Similarly, letters from the beginning of the
a phabet were avoided to the benefit of stimuli from the middle portion of the series. Moreover, we used
the letter **M’" as the standard letter in order to compare our results with those from previous behavioral
[67] and ERP [59] studies.

“ Instructions emphasized on the use of a sequence (before/after) rather than a quantity (smaller/larger)
strategy in thistask, in order to try differentiate order processing on numbers from a quantity processing.

® There were six different orders in which subjects could perform the threetasks: 123,132,213,231,
312,321, with 1 standing for the quantity task, 2 for the order on numbers task and 3 for the order on
|etters task.
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2.4. Experimental procedure

EEG recording was conducted in a dimly lit, electrically shielded room.
Following electrode application, participants were seated in a comfortable
chair, their head being restrained by a chin rest. Participants were instructed
to remain as still as possible and to focus on the center of the screen during
stimulus delivery.

2.5. ERP recording procedures

Continuous electroencephal ographic (EEG) activity was recorded from
62 tin scalp electrodes, according to the extended 10-20 system using an
elastic cap (QuickCap, Neuroscan). The horizontal and vertical EOG was
monitored with appropriate electrode pairs placed above and below the |eft
eye and at the outer canthi of the eyes. All scalp electrodes were referenced
to linked earlobes for recording and re-referenced off line to a common
average reference. Impedances of al electrodes were kept below 8 kV
during recording. Band pass was set from 0.1 to 100 Hz and the sampling
rate was 500 Hz. STIM software controlled the stimulus presentation and
recorded subjects’ behavioral responses given within a latency range of 200
and 1600 ms after stimulus onset.

EEG data was processed using EEProbe 3.1 (ANT). Trials with eye-
blinks and other artifacts were excluded from averaging if (i) the standard
deviation of the EOG within a sliding 200-ms time window exceeded 40 AV
and/ or (ii) the standard deviation of any scalp electrode during this time
window exceeded 20 AV. Epochs with eye blinks were detected and
corrected by subtracting from the EEG the PCA-transformed EOG
components for each electrode, weighted according VEOG propagation
factors (computed via linear regression) [63]. From the edited set of raw
data, ERPs were extracted by averaging single trials separately for subjects,
electrodes, tasks (quantity, order on numbers and order on letters) and
whether the item was close (i.e., at a distance of 1. numbers 14 and 16 for
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numerical tasks and letters L and N for the alphabetic task) or far (i.e., at a
distance of 4: numbers 11 and 19 and letters | and Q) from the standard.®

All EEG segments were band-pass filtered (1-30 Hz) before averaging
and baseline corrected relative to a 200-ms time window preceding target
onset. Artifact-free trials were then averaged separately synchronous to
stimulus onset, from 200 ms before to 800 ms after stimulus onset. Only
trials with correct responses were used for the ERP average. Mean number
of sweepsin each condition for each subject was 69.

2.6. Data analyses
2.6.1. Behavioral data

Median correct RTs from the ERP test were computed for each
individual item for each subject and submitted to a repeated measures
ANOVA with task (quantity, order on numbers, order on letters), distance (1,
4), size/position (smaller/before, larger/after the standard) as within-subject
factors and assignment of response keys (smaller/before-left, smaller/before-
right) and order of tasks (six levels) as between-subjects factors. Error rate
was also computed for each condition.

2.6.2. ERP data

Identification of ERP components (time window and electrodes) and their
counterpart was based on visua inspection of both grand average ERP
waveforms and topographical maps of 10-ms duration. P1 amplitude was
computed as the mean amplitude value in awindow of 80-120 ms, on parietal-
occipital-temporal electrodes (P7/P8, P5/P6, PO7/ PO8, PO5/PO6, O1/02,
POz, Oz), with a negative counterpart on Fz. N1 mean amplitude was
similarly measured in a 130-170-ms time window, on bilateral parietal-
occipital sites (P7/P8, P5/P6, P3/P4, PO7/PO8, PO5/PO6, O1/02); its
concomitant fronto-central positive counterpart was maximal on electrodes

® When variable size/position of the item (smaller/before or larger/after the standard) was taken into
account in statistical analyses, ERPs were averaged separately for each level of thisvariable.
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FCz and Cz. The largest amplitude vaue in this window was taken as the N1
peak latency. The second posterior positivity (P2p) was measured on similar
parietal -occipital-tempora regions as P1 and N1 (P7/P8, P5/P6, P3/ P4,
PO7/PO8, PO5/PO6, PO3/PO4, 0102, POz, Oz) on a 170-210-ms time
window for numerical tasks, with a maximal negative counterpart on electrode
CPz. The P2p component was delayed for a phabetic material and measured in
a 210-240-ms window on the same parietal-occipital-tempora regions as the
numerical P2p, together with a frontocentral negativity that was maximal on
FCz and Cz. The following N2 was measured on a 240-280-ms window on
electrode FCz, together with the concomitant positivity over similar regions as
the former P2p (P7/P8, P5/P6, P3/P4, PO7/ PO8, PO5/PO6, PO3/PO4, O1/02,
POz, Oz). Finally, the late positivity (P3) was measured on electrodes CPz and
Pz in a 310-510-ms window, together with its negative counterpart on
prefrontal sites (AF7/AF8, AF3/AF4, FPL/FP2, FPz).

A series of repeated measures ANOVAS was computed on the six time
windows, separately for each component and its counterpart, and for midline
and bilateral electrodes. Mean amplitudes, averaged over the entire time
window, were used as dependent variables. To restrict the number of tests,
only effects of theoretical significance were tested: task and distance and their
interaction. Thus, within-subject factors were task’ (quantity, order on
numbers, order on letters), distance (1, 4), lateraity (left/right, for lateral
electrodes) and electrode location. As we had no hypothesis on the influence
of size/position of the item (smaller/before, larger/after the standard) on ERPs,
interactions of this with other variables will be reported only when relevant for
the understanding and interpretation of results. All effects and interactions
with two or more degrees of freedom in the numerator were adjusted for
violations of sphericity according to the formula of Greenhouse and Geisser.
Degrees of freedom are reported before, exact P-values after adjustment.
Significant interactions between experimental variables were clarified by
either breaking them into simple effects or by means of Bonferroni post-hoc
comparisons.

7 Note that a task effect may be either due to the type of material to be processed (numbers or |etters), to
the type of mechanism involved (quantity or order), or both. When the effect is only due to the type of
stimuli, it will be termed task/material effect.
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3. Results

3.1. Behavioral results

Mean error rate was low and did not differ statistically among the three
tasks (2.6%, 2.6% and 3.3%, respectively, for the quantity, order judgement
on numbers and order judgement on letters tasks). There was neither a main
effect of order (F < 1) in which each subject performed the three tasks nor
any interaction with this factor, which was thus removed from further
analyses.

600 -

550 +
™ —aA— quantity
§ 500 - - - & - -order on numbers
x — A — order on letters

450 4

400

close far
Distance

Figure 1. Behavioural distance effect in the three tasks, with close items eliciting longer
response times (RTs) than far items. Note that the distance effect was identical in the two
numerical tasks and had a similar shape in the alphabetic task.

There was a significant main effect of task/material [F(2,44) = 30.90, P <
0.0001] showing that mean correct RTs were significantly longer for
processing letters (548 ms) compared to numbers, according to either
guantity (480 ms) or order (483 ms; both Ps < 0.0001) information, while
RTs for both numerical tasks did not differ (P = 1). The main effect of
distance was aso significant [F(1,22) = 144.70, P < 0.0001] as subjects
made faster judgements for items far from the standard compared to close
items. Separate analyses showed that the distance effect was significant in
each task: quantity [F(1,23) = 195.65, P < 0.0001; close pairs: 504 ms (S.D.
14 ms), far pairs. 456 ms (12 ms)], order on numbers [F(1,23) = 77.42, P <
0.0001; close pairs: 505 ms (13 ms), far pairs: 460 ms (10 ms)] and order on
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letters [F(1,23) = 64.90, P < 0.0001; close pairs: 578 ms (16 ms), far pairs:
516 ms (14 ms)]. Moreover, the distance effect was equivalent in both
numerical tasks, as attested by the absence of a numerical tasks x distance
interaction (F < 1). As shown in Figure 1, the distance effect had a similar
shape for letters and numbers, and the minor task x distance interaction
[F(2,44) = 3.78, P < 0.049] was due to a marginaly larger effect in the
alphabetic relative to the order on numbers task. In the main ANOVA, the
significant interaction between size/position and assignment of response
keys [F(1,22) = 6.32, P < 0.02] showed that |eft-hand responses were slower
when processing larger/after items compared to smaller/ before items (see
Table 1). This SNARC effect was equivalent in all tasks, as attested by the
absence of interaction between task, size/position and assignment of
response keys [F(2,44) = 2.04, n.s.]. Because the assignment of response
keys was counterbalanced among subjects and did not interact with task or
distance, this variable will not be reported in ERPs analyses. Yet, to make
sure that the order in which tasks were performed did not modulate the
pattern of the distance and task effects, we included tasks order as a
between-subjects’ variable in al main ANOVAs, on both bilateral and
central electrode locations. For the sake of simplicity, however, tasks order
effects will only be presented when they modulated the pattern of
electrophysiological results.

Table 1. RT differences between left- and right-hand responses for each task and each
size/position of the item. Left hand responses are significantly longer for larger/after items
compared to smaller/before items.

Left hand RT - Right hand RT

Task Small/Before Large/After
Quantity 2 ms (479 - 477 ms) 13 ms (489 - 476 ms)
Order on numbers 7 ms (487 - 480 ms) 22 ms (494 - 472 ms)
Order on letters 4 ms (539 - 535 ms) 49 ms (584 - 535 ms)
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3.2. ERPs results

Grand-average ERPs over the 24 subjects dlicited by the three tasks
showed a similar sequence of events. Five mgjor components were identified
after stimulus onset: a first positive deflection at posterior sites, the PL,
peaking around 95 ms for al three tasks and maximal over left and right
parieto-occipito-temporal electrodes; a negative bilateral temporo-parietal
component, N1, peaking around 147 ms for numerical stimuli and about 10
ms later for the alphabetic task; a second posterior positivity over parieto-
occipital sites, P2p, peaking around 190 ms for numerical material, and
around 225 ms for the alphabetic task; a second negativity over fronto-
central sites, N2, peaking around 270 ms for al tasks, and, finadly, a late
positivity over central sites, P3, peaking around 430 ms for numerical tasks
and 470 msfor the letter task.

3.2.1. First posterior positivity: P1 (80—120 ms)

Repeated measures ANOVAs on mean amplitudes of P1 showed a
significant task/material effect on midline electrode sites, Oz and POz
[F(2,46) = 7.94, P < 0.002], with letters eliciting a larger positivity than
numbers. There was no task/material effect on bilateral posterior regions (F
< 1). Moreover, ANOVAS on electrodes POz and Oz showed a significant
task x distance interaction [F(2,46) = 4.84, P < 0.014] that was explained by
the distance effect being restricted to numerical tasks [both Fs(1,23)>10.04,
Ps < 0.004; F < 1 for the alphabetic task]. ANOVASs on bilateral posterior
regions (P7/P8, P5/P6, PO7/P0O8, PO5/ PO6, 01/02) showed a similar result
with a significant triple interaction between task, distance and electrode
location [F(8,184) = 3.53, P < 0.009], which was clarified by separate
analyses on each electrode site for each task. While there was no distance
effect in the alphabetic task (F < 1 for al electrode locations), a significant
distance effect was found on certain electrodes in the two numerical tasks
[distance x electrode location, both Fs(4,92)>10.97, Ps < 0.0001]. The
distance effect was significant on electrodes O1/02 [F(1,23) = 5.81, P <
0.024] in the quantity task, and on PO5/PO6, PO7/PO8 and O1/02
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[F(1,23)>5.56, P < 0.027] in the order on numbers task. None of the main
effects or interactions was significant on the mean amplitude measures
performed on the negative counterpart of P1 over anterior regions (Fz).2

3.2.2. First posterior negativity: N1 (130-170 ms)

The task had no effect on the mean amplitude of N1 on bilateral posterior
regions (F < 1), but significantly affected its latency [F(2,46) = 43.26, P <
0.0001], as this component was delayed when processing alphabetic (155 ms)
compared to numerical materia (147 ms for both numerical tasks). Repeated-
measures ANOVAs on mean amplitudes of N1 on bilateral posterior sites
(P7/P8, P5/P6, P3/P4, PO7/PO8, PO5/PO6, O1/02) showed a laterdity effect:
the N1 was significantly larger on the left than on the right hemisphere
[F(1,23) = 13.77, P < 0.001, see Figure 2] and the asymmetry was more
pronounced for aphabetic than numerical materiad [task x laterality
interaction: F(2,46) = 9.99, P < 0.003]. ANOVAs showed a significant task x
distance interaction [F(2,46) = 22.94, P < 0.0001] reveding that the distance
effect was only significant when processing alphabetic material [F(1,23) =
35.36, P < 0.0001], but not numbers (F < 1 for both numerica tasks). This
effect, with letters close to M dliciting a larger negativity than letters far from
M, did not interact with either laterdity or electrode location and was
significant on all electrode sites[all F(1,23)>16.15, P < 0.001].

Repeated measures ANOVASs on the postive counterpart of N1 on
electrodes FCz and Cz showed no task effect (F < 1), but a significant task x
distance interaction [F(2,46) = 4.42, P < 0.021], since the distance effect was

8 Since the numerical distance effect aroused particularly early and was restricted to very few posterior
electrodes in both numerical tasks, it could be accounted for by differencesin perceptual properties of the
numbers presented (11, 14, 16 and 19). This was confirmed by repeated measures ANOV Asincluding the
variable size/position of the item, since this factor interacted significantly with distance on Oz and POz
[F(1,23) = 8.17, P < 0.009] and with distance and electrode location on bilateral posterior sites [F(4,92) =
8.05, P < 0.001]. This size distance interaction was due to processing of number 11, which elicited a
larger positivity than all other items. This was confirmed by the restriction of the distance effect, in both
numerical tasks, to items smaller than 15 (i.e. 11 vs. 14) on electrodes Oz and POz [both Fs(1,23)>15.02,
Ps < 0.001] and on bilateral posterior sites [both Fs(4,92)>15.47, Ps < 0.0001], while the distance effect
was not significant for items larger/coming after 15 (i.e., 16 vs. 19) on both Oz and POz [both Fs(1,23) <
2.19, n.s] and hilateral posterior electrodes (both Fs < 1.16, n.s.). On bilateral posterior sites, the distance
effect for smaller numbers was restricted to electrodes O1/02 [F(1,23) = 12.62, P < 0.002] in the quantity
task, and PO5/PO6, PO7/PO8 and O1/02 [all Fs(1,23)>7.06, Ps < 0.014] in the order on numbers task.
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again restricted to letter stimuli [F(1,23) = 8.80, P < 0.007; F < 1 for both
numerical tasks).’
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Figure 2. Distance effect for the three tasks over left (P5) and right (P6) parietal electrodes. Note
that the first significant distance effect (indicated with an arrow) arises on N1 for the alphabetic
task, but only later on the P2p component for both numerical tasks. Note that the asymmetry of N1
(larger N1 over the left hemisphere) is more pronounced with letter stimuli than numbers.

° Repeated measures ANOV As including the variable size/position of the item and restricted to the letter
task showed no size/position effect (both Fs < 1) and no size/position distance interaction [both Fs(1,23)
< 2.4, ns] on both bilateral posterior regions and fronto-central sites, thus reinforcing the semantic
(rather than perceptual) nature of this distance effect.
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3.2.3. Second posterior positivity: P2p (170-210 and 210-240 ms)

Following the N1, a second posterior positivity was observed over
parieto-occipita sites for al tasks. This P2p component culminated around
190 ms for both numerical tasks (170-210-ms time window) and was
delayed for the aphabetic task (peak around 225 ms, 210-240 time
window), as a consequence of the delayed N1 for the same material.
Accordingly, repeated measures ANOVAs on mean amplitudes of the P2p
on bilateral parieto-occipital sites (P7/P8, P5/P6, P3/P4, PO7/POS,
PO5/PO6, PO3/PO4, O1/02) showed a significant task/material effect in
each time window [both Fs(2,46)>11.54, Ps < 0.0001]," with no difference
between numerical tasks (P = 1 in all contrasts), but significant differences
according to stimulus material (numbers vs. letters, P < 0.006 in all post-hoc
comparisons). A similar task/material effect was reported on both Oz and
POz in the first time window [F(2,46) =10.49, P < 0.001] and marginally in
the second [F(2,46) =3.11, P < 0.060], and on the central negative
counterpart of the P2p during both time windows [both Fs(2,46)>6.82, Ps <
0.003], with the exception that order tasks differed only marginaly in the
second window (P < 0.065, all other Ps < 005). The asymmetry of the N1
continued to be perceptible on bilateral posterior sites for all tasksin the first
time window (170-210 ms), as the P2p was larger over the right hemisphere
[F(1,23) =5.19, P<0.032].

ANOVAs on the 170-210-ms window on bilateral posterior regions
revealed a significant distance effect [F(1,23) = 9.59, P < 0.005], with items
close to the standard eliciting alarger posterior positivity than items far from
the standard. This effect was however modulated by both task and electrode
location [F(12,276) = 2.83, P < 0.017], task and laterality [F(2,46) = 4.46, P
< 0.024], and by electrode location and laterality [F(6,138) = 2.89, P <
0.039]. Separate ANOVASs on each electrode site for each task showed a
significant distance effect when processing quantity [F(1,23) = 8.96, P <

° Note that the task effect was modulated by tasks order in the 210-240-ms time window [F(10,36) =
2.72, P=0.022]. The effect of task/ material reached significance only for subjects who started with the
order on numbers task (orders 3 and 4), though all other orders showed a similar trend (i.e., a larger
positivity for the alphabetic compared to numerical tasks), which is consistent with the pattern of the task
effect in this second time window.
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0.006], but, as shown in Figure 3, this was restricted to left temporo-parietal
[P3, P5, P7, PO5 and PO7, al Fs(1,23)>8.19, Ps < 0.009] and bilateral
occipital sites [O1 and O2 both Fs(1,23)>4.69, Ps < 0.041]. In the order
judgment on numbers task, the distance effect was also significant [F(1,23) =
5.32, P < 0.031] and involved a similar but smaller |eft-lateralized parietal
network [P5, P7, PO5, PO7, al Fs(1,23)>4.72, Ps < 0.040], as well as P8
[F(1,23) = 5.37, P < 0.030]. No distance effect was observed for the
alphabetic task (F < 1). ANOVASs on the subsequent time window (210-240
ms) on posterior regions revealed that distance was again modulated by task
[F(2,46) = 5.61, P < 0.008; F(2,46) = 3.80, P < 0.031, respectively, for
bilateral and midline electrodes] and by laterality and electrode location
[F(6,138) = 2.90, P < 0.040]. The distance effect was more than marginal in
the quantity task [F(1,23) = 3.22, P < 0.086] but well significant when
judging order on numbers [F(1,23) = 16.97, P < 0.0001], close numbers
eliciting alarger positivity than far numbers. Separate ANOV As showed that
this numerical order distance effect was largely bilateral since it involved a
main right hemispheric network [P4, P6, P8, PO4, PO6, PO8 and O2, all
Fs(1,23)>10.40, Ps < 0.004; see Figure 3],* aleft-parietal network [P7, PO3,
PO7, F(1,23)>4.74, P < 0.040; and marginally P3 and PO5, F(1,23)>3.96, P
< 0.059] and central occipital sites [Oz and POz, F(1,23) = 7.42, P < 0.012].
Again, no distance effect was reported for the alphabetic task on the P2p (F
< 1.19). ANOVAs on the negative central counterpart of the P2p showed no
distance effect [Fs(1,23) < 1.8, n.s] and no task x distance interaction
[Fs(2,46) < 2.36, Ps>0.11] in both time windows.

1 Note that, when the marginal distance effect in the quantity task was analyzed separately on each
electrode location, it was shown to be significant on a similar but much smaller right-parietal network
[P4, P6 and PO8, Fs(1,23)>4.77, Ps < 0.039; and marginaly PO6, F(1,23)>4.04, P < 0.056], and this
result could not be explained by a carry-over effect of tasks' order [F(30,108) = 1.09, n.s].
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Quantity Order on numbers Order on letters
170-210 ms 210-240 ms 240-280 ms

Figure 3. Topography of the distance effect (distance 4 - distance 1) over the early (170-210
ms) and late (210-240 ms) P2p and N2 (240-280) components, respectively for the guantity,
order on numbers and order on letters tasks. Note that the distance effect is more pronounced
over left parietal areas when processing quantity on numbers and over right parietal sites when
processing order on the same numerical material. Order processing on letters elicits a bilateral
parietal distance effect that is more pronounced over the left hemisphere.

3.2.4. Second fronto-central negativity: N2 (240—-280 ms)

Following the P2p, a second negativity (N2) was observed for al tasks
over fronto-central sites, and culminated on FCz at 269, 271 and 265 ms,
respectively, for the quantity, order on numbers and order on letters tasks.
This negative component was analyzed between 240- and 280- ms post-
stimulus onset and was much anterior than the negative counterpart of the
earlier P2p (culminating on CPz for numerical material).

Repeated measures ANOVAs on mean amplitudes of the N2 on FCz
showed atask effect [F(2,46) = 4.85, P < 0.023], as the N2 was significantly
larger when judging order on numbers compared to order letters (P < 0.015),
while no difference was reported between numerical tasks, nor between
guantity and alphabetic tasks. ANOV As on the posterior positive counterpart
of N2 on bilateral parieto-occipito-temporal sites (P7/P8, P5/P6, P3/P4,
PO7/PO8, PO5/PO6, PO3/PO4, 01/02), as well as on midline occipital
electrodes (Oz and POz) showed an identical task effect [Fs(2,46)>6.01, Ps <
0.013] with a larger positive counterpart of N2 when judging order on
numbers compared to letters (both Ps < 0.022), and no difference between
guantity and both order on numbers, and order on letters tasks.
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A significant distance effect was observed on FCz for all tasks [F(1,23) =
17.94, P < 0.0001], with distance 4 eliciting alarger N2 than distance 1. The
distance effect was also significant on bilateral posterior sites [F(1,23) =
6.33, P < 0.019], but interacted with task on these [F(2,46) =4.56, P < 0.019]
and midline posterior electrodes [Oz and POz, F(2,46) = 4.24, P < 0.021].
Hence, the distance effect was restricted to letter processing on both bilateral
and midline posterior regions [both Fs(1,21)> 9.53, Ps < 0.006] and was not
significant for numerical tasks (all Fs < 1). This aphabetic distance effect
was significant bilaterally, on al electrode locations but was slightly more
pronounced on the left [F(1,23) = 19.29, P < 0.0001; see Figure 3] than on
the right hemisphere [all F(1,23) = 9.30, P < 0.006].

3.2.5. The late positive component

Repeated-measures ANOV As on mean amplitudes of the P3 (310-510-
ms window) on central sites showed a significant task x electrode location
interaction [F(2,46) = 23.41, P < 0.0001]. The task/material effect was
significant only on CPz [F(2,46) = 8.56, P < 0.001] with the letter judgments
eliciting a smaller positivity than numerical judgments (both Ps < 0.023). As
shown in Figure 4, the distance effect (i.e., items far from the standard
eiciting a larger P3 than close items) was significant on central sites
[F(1,23) = 43.67, P < 0.0001] for all tasks [Fs(1,23)>14.31, Ps < 0.001] and
did not interact with electrode location (F < 1).
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Repeated-measures ANOVAs on mean amplitudes of the negative
counterpart of P3 on prefrontal sites showed no task effect (F < 1) on both
midline (FPz) and bilateral electrode locations (FPLUFP2, AF3/AF4,
AF7/AF8), but a significant distance effect [F(1,23)>40.53, P < 0.0001],
with distance 4 eliciting a larger negative potential than distance 1. Distance
interacted with task on bilateral [F(2,46) = 5.12, P < 0.011] and midline
[FPz: F(2,46) = 3.41, P <0.046] prefrontal regions. Because distance was
significant in all tasks [both Fs(1,23)>11.58, Ps< 0.002, Fs(1,23)>31.17, Ps
< 0.0001 and Fs(1,23)>5.25, Ps < 0.032, respectively, for quantity, order on
numbers and order on letters on bilateral sites and FPz] and on all locations
for quantity [al Fs(1,23)>13.64, Ps < 0.001] and order on numbers [all
Fs(1,23)>19.96, Ps < 0.0001], task x distance interaction was clarified by
comparing the amplitude of the distance effect in pairs of tasks. Comparing
quantity and order on numbers showed a significant triple interaction
between task, distance and electrode location on bilateral prefrontal regions
[F(2,46) = 4.83, P < 0.022], and finer-grained analyses reported task x
distance interaction on electrode AF3 [F(1,23) = 5.26, P < 0.031], and
marginaly on FP1 [F(1,23) = 3.63, P < 0.069] and FPz [F(1,23) = 3.75, P <
0.065]. As can be seen in Figure 5, these results suggest that the distance
effect was significantly larger when processing order, compared to quantity,
on numbers. Contrasting order on numbers and order on letters tasks showed
similar results, with a larger distance effect for numerical material on all
electrode locations, as confirmed by task distance interactions on bilateral
sites [F(1,23) = 12.53, P < 0.002] and FPz [F(1,23) = 8.20, P < 0.009].
Contrasting quantity and alphabetic tasks showed a very margina task x
distance interaction on bilateral sites [F(1,23) = 3.6, P>0.071] and a non-
significant difference on FPz (F <1) with no further modulation by electrode
location [F(2,46) = 1.08]. Thus, prefrontal regions showed a largely similar
distance effect when processing quantity on numbers and order on letters,
but were more recruited when processing order on numerical material.
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4. Discussion

The aim of the present study was to clarify the relationship between
numerical quantity and order processing and to test the hypothesis that they
rely on (at least partially) dissociated mechanisms. Numbers were used to
address this issue as they can be processed either according to their quantity
meaning or to the relative position they refer to in the sequence, and letters
were included as non-quantifiable ordered material. Although quantity and
order processing show identical psychophysical characteristics on reaction
times and accuracy (distance and SNARC effects [21, 28, 37, 61]), similar
activated parietal and frontal regions [10, 54] and may show the same
impaired or spared profile after brain lesion [11, 90], the hypothesis of
dissociated mechanisms for quantity and order is supported by the fact that
they have a differential developmenta course [36, 97] and can be damaged
selectively after cerebral lesions [26, 92]. Overall, our ERP results support
this last hypothesis, as we disclosed significant differences between order
and quantity processing on numbers, taking place after 200 ms following
stimulus onset, at parietal electrode sites.

4.1. Behavioral results

Behavioral results showed a main effect of stimulus material, as
processing order on letters (I to Q) lead to longer RTs than processing either
quantity or order information on two-digit numerals (11 to 19). This stimulus
material effect is consistent with previous studies [46, 65] and may be
explained by a weaker knowledge of the aphabetic than numerical series
(e.g., letters can hardly be recited backwards; [66]), which is even more
pronounced for letters from the middle portion of the alphabet [45], as those
we used in the present study.

With respect to numerical tasks, the present data suggest that they were
of equivalent levels of difficulty since deciding whether a number was
smaller or larger than a standard or whether it came before or after that
standard took the same average time. What is more, the pattern of the
behavioral distance effect was identical in the two tasks. Alphabetic order
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judgments produced a similar distance effect (see Figure 1), though this was
dlightly more pronounced than in numerical order judgments. This may be
explained, again, by weaker knowledge of the aphabetic (relative to the
numerical) sequence and by the lack of an associated quantity meaning for
letters (see Ref. [96] for a similar interpretation of children’s more
pronounced distance effect compared to adults in a number comparison
task).

The classical distance effect (items far from the standard being processed
faster than close items) observed in al three tasks was not modulated by the
size/position of the item (smaller/before or larger/after the standard). This
suggests that subjects solved quantity and order tasks on numbers and letters
by using a comparison mechanism, and that they did not resort to a seria
search (i.e., recitation) strategy, as confirmed by the absence of a reverse
distance effect for items coming after the standard [46]. Hence, athough the
numerical distance effect has usualy been interpreted as evidence that
numerals activate a quantity representation (e.g., Refs. [20, 61]), the present
data suggest that the distance effect can also be explained by the pure,
sequential representation of the elements, which is the common feature of
numbers and letters [96]. To further reinforce this hypothesis is the
occurrence of a similar SNARC effect in the three tasks, with slower left-
hand responses to items larger/coming after the standard, compared to
smaller/before items. The SNARC effect is compatible with a mental
representation of numbers and letters emphasizing their serial order and
suggests that numerical and alphabetic series may receive a similar spatial
abstract coding in the form of a left to right oriented continuum (see also
Ref. [37]).

4.2. Electrophysiological results

Evoked potentials were affected by stimulus material and distance from
the target. The former effect was mainly observed on early P1 and N1
components, and was reflected by differences in perceptual processing of
two-digit numbers and letters. The latter effect had a specific time course
and topography in each task. The first semantic distance effect was observed
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on N1 for letter stimuli and had a bilateral posterior distribution. Quantity
processing elicited the first numerical distance effect, which was significant
on left parietal sites (P2p). Processing order on humbers showed a delayed
bilateral distance effect and was followed by a likewise bilateral parieta
effect for order processing on letters. Finaly, al three tasks €elicited a late
distance effect on P3 on both midline parietal and prefrontal regions, these
latter being more activated when judging order on numbers. Thus, ERPs
showed different spatio-temporal patterns of the distance effect for quantity
and order processing.

4.2.1. Differences in perceptual processing of two-digit numerals and
letters

The amplitude of the first positive peak was modulated by stimulus
material, with a larger P1 on midline occipital electrodes in the alphabetic
than both numerical tasks. Task/ material modulation of this early visual
potential is likely to be due to the physical differences between two-digit
numerals and single letters, having different lengths and levels of
complexity, and requiring specific visual processing mechanisms. Pinel et al.
[70] reported a similar early notation effect, arising 120 ms after stimulus
onset with a greater occipital P1 for Arabic than verbal numerals. Difference
in stimulus length and visual eccentricity is one factor explaining P1
amplitude modulation in both studies as shorter stimuli (i.e., single-letters
and single-digit Arabic numerals) elicited the larger responses. Enhanced
task difficulty when processing letters, as suggested by longer RTs, may also
account for the larger P1 in the aphabetic task. Indeed, no difference was
reported between numerical tasks on both RTs, suggesting equivalent levels
of difficulty, and the amplitude of Pl, as expected by identical visua
processes. A similar early task modulation was aready reported during
processing of faces with the task requiring more time and more attentional
resources dliciting a larger P1 [76] (for a short review of task and attention
modulation on the visual P1, see Ref. [87])*?

2 gpecific visual features of numerical stimuli also affected P1, as shown by a significantly larger
positivity on occipital electrodes for number 11 in both numerical tasks. Differences between 11 and
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Both N1 latency and topography were also affected by stimulus material,
as the first posterior negativity was bilateral for Arabic numeras, but
delayed (parallel to RTs) and mainly left-lateralized for letters. These results
confirm, on the one hand, that the left occipito-temporal region is involved
in identifying both Arabic and verbal notations, as previously reported in
ERP [16], fMRI (e.g., Ref. [70]) and studies of brain damaged patients [13],
and, on the other hand, that the posterior left hemisphere plays a crucia role
in the identification of letters, as supported again by electrophysiological
[77, 79], neurcimaging (see Ref. [56]) and neuropsychological studies [30].
When directly comparing letter and number processing, fMRI studies
reported greater activity in the left inferior occipitotemporal cortex during
passive viewing of letter (vs. digit) strings [71, 72] (see adso Ref. [2] for
electrophysiological evidence consistent with this letter-number
dissaciation). Finally, studies of patients with callosal disconnection [13, 82]
further confirm that the right hemisphere is poor at identifying aphabetic
characters, while both hemispheres can identify digits (see also Ref. [12]).
The right-hemispheric ability to identify and process Arabic numerals is
consistent with both the present study and previous ERP [16, 69, 70] and
functional imaging studies [67]. Delayed P2p for the aphabetic task can
easily be explained as a consequence of the same task delay on the preceding
N1. In fact, when ERPs are time-locked to stimulus onset, as in the present
study, differences in duration of early stages of processing can highly affect
later stages [16]. In a similar way, the right-lateralization of the P2p may
also be a consequence of the earlier N1 asymmetry, and similar laterality
effects were already reported in a number comparison task [16].

Finally, material effects were reported on the amplitude of N2 and P3
components that were larger for order judgments on numbers relative to
order judgments on letters. This was found on fronto-central and parieto-
occipital electrodes for N2 and on electrode CPz for P3. Enhanced amplitude
of the rising part of P3 was already reported when comparing Arabic

other presented numbers involved both visual angle and physical features (11 is composed of the same
repeated digit). However, since visua angle did not affect amplitude of early ERP components in the
aphabetic task, the peculiar physical structure of number 11 might better explain amplitude modulation
of P1in numerical tasks.
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numerals relative to written verbal numerals [16]. The production of larger
potentials when judging order on numbers compared to letters may be
further explained by the simultaneous activation of (automatic) quantity and
(intentional) order information in numerical order judgments (see below for
a discussion on this point). Late task effects (i.e., taking place after the
activation of the P2p related semantic information) may thus be influenced
by differences in the amount of information activated in each task: order and
quantity in numerical judgments, and only order in the aphabetic task. This
explanation may also account for the larger distance effect on prefrontal
regions when judging numerical order relative to aphabetic order and
numerical quantity.

4.2.2. Semantic processing of numbers and letters and the distance
effect

The first distance effect was observed in the N1 time window and was
restricted to the alphabetic order task, with letters close to the target (‘M’)
eliciting a larger negativity than letters far from the target. This effect was
significant on all bilateral parieto-occipital electrodes, as well as on the
fronto-central positive deflection concomitant with N1. Because distance did
not interact with position of the item (before/after the standard), this effect
could not be explained by differences in the physical features of letter
stimuli, which suggests that it had a semantic rather than perceptual origin.
Previous ERP studies of number comparison reported a similar early
distance effect on the N1 component on bilateral parieto-temporal sites [70,
89], with close items more negative than far items. The arising of an earlier
distance effect for letters than numbers cannot be related to differential RTS,
as they were longer in the alphabetic than numerical tasks. Results of a bin
analysis on RTs did not either support the hypothesis of an earlier distance
effect (i.e., on faster responses) in the alphabetic task, but showed that this
effect was similar in all bins for all tasks.™

38 RTs for each item processed by each subject were ordered from the fastest to the slowest and divided
into four groups, or bins. The distance effect was then analysed in each bin in order to test the hypothesis
that it might arise earlier, thus on faster RTs, when processing letters relative to numbers. A Repeated-
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One tentative explanation for this early distance effect is that the
semantic representation of single letters was accessed earlier than that of
two-digit Arabic numerals, because of a shorter perceptual identification
stage. In fact, two-digit stimuli might take longer to be processed and their
perceptual stage might not be terminated on N1, while that of single letters
would be, causing earlier semantic access in the alphabetic task. Other ERP
studies [16, 70] reported similar slower access to semantic (quantity)
information by perceptualy longer stimuli in number comparison tasks:
written verbal numerals elicited a delayed distance effect compared to
shorter Arabic numerals. Although stimulus length was confounded with
notation (Arabic vs. verbal) in these studies and may have accounted for the
delayed distance effect, a genuine effect of stimulus length was reported on
N1 and appeared before the first effect of numerical distance [16].

4.2.2.1. Left-lateralized parietal network for quantity processing.

The earliest numerical distance effect was observed on the P2p
component on posterior parietal regions and had the same profile as the
earlier aphabetic distance effect, with close numbers €liciting a larger
potential than far numbers (Figure 2). Although the behaviora distance
effect was similar in the two numerical tasks, differences were reported in its
time course and lateralization according to the processing mechanism,
guantity or order, required by the task: the distance effect appeared earlier
(170-210-ms window) and was left-lateralized when processing quantity,
while it was dlightly delayed (210-240-ms window) and bilateral, though
more pronounced in the right hemisphere, when processing order on
numbers (Figure 3). Previous electrophysiologica studies of number
comparison reported a similar numerical distance effect on the second
posterior positivity, with a larger P2p for close than far digits, on the same
parieto-occipito-temporal regions [16, 70, 89]. Likewise, functional imaging
studies repeatedly showed activation of parietal areas in semantic number

measures ANOV A with variables task (3), distance (2) and bin (4) as within subject factors reported a
significant distance effect in al four bins for the three tasks (F(1,23) = 127.48, P < 0.0001) and no task
distance bin interaction (F(6,138) = 1.8, P = 0.18).
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processing (e.g., Refs. [10, 28, 34, 68, 69, 70, 85]). ERP studies of Arabic
number processing showed either a right-lateralized [16, 70] or a bilateral
distance effect [90], while most studies using PET or fMRI techniques
reported more prominent activations in the left parietal |obe when processing
numbers [15, 28, 68, 69, 70, 74, 85, 98].* Further evidence for aleft-parietal
dominance in numerical quantity processing comes from two fMRI studies
of number comparison with single [69] and two-digit Arabic numerals [70]
showing that the numerical distance specifically modulated the activation of
bilateral intraparietal regions with a clear left-sided predominance. What is
more, the left-parietal superiority for quantity processing is not restricted to
the number domain, as it has also been reported when quantifying (vs.
simply detecting) non-numerical visual stimuli [33]. Finaly, the left
intraparietal sulcus was shown to be exclusively and conjointly activated by
guantitative comparison of symbolic (two-digit numerals) and non-symbolic
(angles and lines) stimuli [34].

Converging behavioral, neuropsychological and developmental evidence
reinforce the left-hemispheric superiority for quantity processing. Behavioral
studies using visual half field stimulation reported faster comparison times
when pairs of Arabic nhumeras were displayed in the right visual field [5].
Similar results were observed in a patient with callosal disconnection [13]
who was fast and flawless in processing quantities (comparing single- and
two-digit Arabic numerals) presented in the right visual field (left
hemisphere), but significantly slower and less accurate with left visual field
presentation (see also Ref. [14]). Furthermore, neuropsychological studies of
patients with calculation disorders have repeatedly shown the dramatic
effects of left-hemispheric posterior lesions on number and quantity
processing (e.g., Refs. [11, 18, 86, 95]), while right-hemispheric lesions
caused only moderate effects [38,44,51, 75,94]. One of the clearest
neuropsychological evidence for a left-sided dominance in quantity
processing comes from patients with Gerstmann’s syndrome showing an
inability to process quantities [4, 19, 22, 25, 55]. Finaly, two studies on

14 One neuroi maging study reported larger right parietal activations in a number comparison task when
this was contrasted with a digit naming task [10], but, when letter naming was used as control condition, a
large bilateral intraparietal network was shown to be activated by magnitude comparison.
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developmenta dyscalculia further enhance the role of left parietal areas in
processing numerical quantities [43, 52].

4.2.2.2. Bilateral parietal network for order processing on humbers and
letters.

The present electrophysiological results showed that order processing on
numbers and letters recruited, with a different temporal course, a bilateral
parietal network. These data agree with previous neuroimaging studies:
judging the order (vs. the identity) of two letters in a previousy memorized
array activated the left and right parietal cortices [54], and these same areas
were shown to be engaged in numerical tasks [10]. Besides, performing a
transitive inference task (i.e., selecting in a pair of items— visual shapes—
the one coming later in a previously learned ordered sequence) was shown to
recruit parietal areas in the two hemispheres, while performing a (visual
quantitative) height comparison task (i.e., selecting the taller visua shape)
on the same pairs of items only activated left parietal sites [1]. These latter
data are consistent not only with the bilateral parietal involvement we
reported in the present order tasks, but also with the left-lateralized distance
effect observed in our (semantic) quantitative comparison task. Hence, the
data of Acunaet al. [1] together with the present electrophysiological results
(i.e., both the occurrence of alarger right-hemispheric distance effect when
judging order on numbers and the recruitment of right-parietal areas when
judging order on letters) point to the crucial role of right parietal areas in
processing order information. This is corroborated by neuroimaging studies
of time processing [73] and retrieval of temporal order information [9],
showing right-parietal activation, and is consistent with electrophysiological
recordings in humans reporting a right hemispheric bias, especialy in the
parietal cortex, for tempora processing [59]. Neuropsychologica data give
further emphasis to a right-hemispheric advantage in processing ordina
relations. In a recent study, Turconi and Seron [91] described the case of a
patient with right parietal lesion who was impaired in processing the order of
well-known sequences (numbers, letters, days and months) in various tasks,
while showing better performance in processing quantity information.
Similarly, Langdon and Warrington [51] reported that patients with right
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posterior lesions were impaired in a reasoning test requiring the completion
of numerical series, and concluded that the abstraction of (numerical)
relations relies on the integrity of the right hemisphere (see also Ref. [75] for
similar results).

In the present study, numerical quantity judgments also produced a small
right parietal distance effect in the second P2p time window, i.e,
concomitant with the larger right parietal effect reported for (numerical)
order judgments. This result points to a potential automatic activation of
order information when processing numerical stimuli and is consistent with a
recent study reporting automatic activation of ordinal information in non-
numerical series [37]. We thus make the hypothesis that the involvement of
right parietal areas in (some) number processing tasks (e.g., number
comparison [10], number detection [28]) could be explained by the
automatic activation of numerical ordinal relations. With respect to the
alphabetic task, following the early distance effect on N1, letter stimuli
showed a later reversed effect on N2, with letters far from M dliciting a
larger potential than close letters. The distance effect was found on bilateral
posterior regions, but was more pronounced in the left hemisphere. Finding a
major left-hemispheric involvement in semantic processing of letters is not
surprising, since letter stimuli were mainly left-lateralized in our and other
studies [13, 72] and left-hemispheric lateralization of linguistic functions has
repeatedly been reported.

Similarly, the recruitment of left parietal areas during order processing
on numbers could be interpreted as reflecting the involvement of a verbal
strategy in this task (e.g., recitation of the counting sequence). However, the
pattern of behavioral results does not support the use of a seria search
process in the present order on numbers task (cf. behavioural results section).
Hence, it seems more plausible to account for the left parietal distance effect
in numerical order judgments by the automatic activation of quantity
information. This is consistent with both the earlier left parietal distance
effect observed in the quantity task and with several studies reporting
automatic activation of magnitude information in numerical tasks (e.g., Refs.
[17, 21, 32, 50Q]). In further agreement with this view is the production by
numerical order judgments of a small |eft-parietal distance effect in the first
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P2p time window that was concomitant with and had the same (though much
restricted) topography as the quantity distance effect.

As explained in the introduction, order and quantity information are
intimately related in the cognitive number domain. The present
electrophysiological results suggest that processing numbers according to
either quantity or order meanings may automatically activate the other
dimension. Moreover, the temporal course of the distance effect on the P2p
component further proposes that quantity information would be accessed
faster than order. The question of why order information is accessed later
than quantity remains open. Yet, since order processing specificaly
activated the right hemisphere, a tentative clarification may be proposed in
light of the basic inability of the right hemisphere to process items in
parallel. This hypothesis was put forward to account for the degraded speed
and accuracy of right-hemispheric performance in word recognition with
increasing word length, while word length did not affect performance by the
left hemisphere [6, 29, 53]. In the number domain, a similar right-
hemispheric delay was reported when processing two-digit numbers and
pairs of single digits after callosal disconnection [13]. Hence, the right
hemisphere was proposed to resort to a sequential (and thus slower)
processing strategy, while the left hemisphere was thought to possess a more
holistic parallel approach (see also Ref. [49]).

Finally, beyond peculiar mechanisms involved in each numerical task,
the observed temporal course and topographical distribution of the distance
effect suggest that processing numerical quantity or order information might
rely on at least partialy distinct mechanisms. Moreover, the present data aso
showed a different spatio-temporal pattern for order judgments on alphabetic
and numerical material, and argue for dissociated processing of letters and
numbers, as aready reported in neurcimaging [72], electrophysiological [2]
and neuropsychological studies[3, 12, 90].

4.2.2.3. Involvement of prefrontal regions in number and letter
processing.

The late midline centro-parietal P3 component was larger for far than
close items in al three tasks. A similar distance effect was consistently

- 207 -



reported in other ERP studies of number comparison [16, 40, 81, 93] and
order judgment on letters [58]. Electrophysiological results of the present
study further extend the distance effect to bilateral prefronta regions. These
were recruited by all three tasks, but significantly more when processing
order on numbers, as suggested by the larger prefrontal distance effect in this
task relative to the quantity and aphabetic order tasks. The enhanced
involvement of prefrontal regions when judging order on numbers could be
explained by the activation of both (intentional) order information and
(automatic) quantity information in this task.

Recruitment of parietal and prefrontal areas has consistently been
reported in neuroimaging studies of quantity (e.g., Refs. [10, 23, 28, 67, 70];
see dso Refs. [39, 57] for the specific roles of these brain regions in
numerical tasks) and order processing [1, 9, 54, 73]. Electrophysiological
studies showed consistent results. On the one hand, dipole modelling of the
late distance effect in a number comparison task was shown to engage both
parietal and frontal sources [70]. On the other hand, parietal and frontal
activations were specifically correlated with the manipulation of either
gpatia or temporal order information [80]. Neuropsychological case studies
also stressed the importance of parietal and frontal areas in processing
quantity (parietal: e.g., Refs. [22, 86, 95], frontal [31]), as well as temporal
and serial order information (parietal [48, 83, 91], frontal [84]). Furthermore,
investigation of abstract quantity processing in nonhuman primates was also
shown to involve parietal [78] and prefrontal [62] regions.

4.2.3. Conclusion

In the present ERP study, we have reported different spatio-temporal
patterns of the distance effect when instructions emphasized on either
quantity or order processing on numerical and non-numerical material.
Letter processing elicited an early (N1) and late (N2) bilatera parietal
distance effect, while two-digit numerals elicited, on the P2 component, a
left-lateralized parietal distance effect when quantitatively processed, and a
delayed bilateral effect when coding for their relative position in the number
sequence. Frontal areas were recruited by all three tasks, but significantly
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more when judging order on numbers. Hence, these spatio-temporal
differences suggest that distinct operational mechanisms are involved in
guantity and order coding, in the parietal and prefrontal cortices.
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