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a b s t r a c t

It is commonly assumed that the processing of magnitudes occurs independent of modality or notation.
Several studies have reported similar behavioural as well as neurophysiological responses to magnitudes
presented in distinct modalities as well as notations, but a direct assessment of possible interactions
between different modalities and notations, using measures of electro-cortical processing, is lacking. The
present study investigates whether the neural activity underlying symbolic and non-symbolic numeros-
ity processing interacts with the neural activity underlying physical size processing before, or proceeds
independently until, selective activation of the motor system. We used a symbolic (Arabic numbers) and
non-symbolic (arrays of dots) size congruency task and instructed subjects to judge either the numerical
300
ize congruency
RP

or the physical size of the stimuli, while event related potentials were recorded. Longer reaction times as
well as a decrease in accuracy were obtained for incongruent compared to congruent trials. For the event
related potential data, this congruency effect was also found with respect to the latency of the P3 com-
ponent reflecting an interaction at the level of stimulus evaluation. Moreover, incongruence delayed the
stimulus-locked but not the response-locked lateralized readiness potential. Together these results sug-
gest that, irrespective of notation, the interaction between different magnitudes occurs before selective
response activation.
. Introduction

.1. Modality and notation independent processing

Two influential models, The Triple Code (Dehaene, Piazza, Pinel,
Cohen, 2003) and the ATOM model (Walsh, 2003) propose that

istinct magnitudes are encoded in an amodal format. Evidence
onsistent with these models comes from behavioural and imag-
ng studies investigating the ‘distance effect’ and ‘size effect’ using
istinct modalities. The distance effect refers to the faster responses
btained when discriminating between numerically far (1 and 9)
ompared to numerically close numbers (4 and 5) whereas the
ize effect refers to the longer reaction times obtained for the
omparison of numerically large (8 and 9) compared to small num-
ers (1 and 2). Both effects have been measured on a behavioural

s well as a neuronal level using modalities such as physical
ize (Cohen Kadosh et al., 2005; Kaufmann et al., 2005; Pinel,
iazza, Le Bihan, & Dehaene, 2004; Tang, Critchley, Glaser, Dolan, &
utterworth, 2006), luminance (Cohen Kadosh et al., 2005; Cohen
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Kadosh, Cohen Kadosh, & Henik, 2008; Pinel et al., 2004), line length
(Fias, Lammertyn, Reynvoet, Dupont, & Orban, 2003), time (Dormal,
Seron, & Pesenti, 2006) and pitch (Rusconi, Kwan, Giordano, Umilta,
& Butterworth, 2006; for a review and meta-analysis on this topic
see: Cohen Kadosh, Cohen Kadosh, et al., 2008 and Cohen Kadosh,
Henik, & Rubinsten, 2008).

In addition to modality independence, The Triple Code model
also proposes that magnitudes are processed independent of nota-
tion. In line with this hypothesis, several behavioural priming
studies report within as well as cross notation priming effects
(Dehaene et al., 1998; Reynvoet & Brysbaert, 2004; Reynvoet,
Brysbaert, & Fias, 2002; Reynvoet, Gevers, & Caessens, 2005). These
numerical priming effects are generally explained as evidence for
an abstract magnitude code. However, priming effects can also arise
between concepts that are processed in distinct areas (e.g. colours
and objects). Such effects might arise due to strong associations
between both concepts (Nijboer, van Zandvoort, & de Haan, 2006).
This idea is underlined by synesthesia research revealing priming
effects between colours and graphemes that cannot be explained on
the basis of the convergence of both processes into a unitary code

(Gebuis, Nijboer, & van der Smagt, 2009a; Gebuis, Nijboer, & van
der Smagt, 2009b). More conclusive evidence for an abstract repre-
sentation came from neuroimaging studies showing that number
words and Arabic numbers activate similar intraparietal brain areas
(Pinel, Dehaene, Riviere, & LeBihan, 2001) and lead to repetition

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:T.Gebuis@uu.nl
dx.doi.org/10.1016/j.neuropsychologia.2009.09.027
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uppression in these areas (Naccache & Dehaene, 2001). Notation
ndependent processing of number words and Arabic numbers was
urther investigated by Cohen Kadosh, Cohen Kadosh, Kaas, Henik,
nd Goebel (2007) and Cohen Kadosh, Cohen Kadosh, Linden, et al.
2007) using functional magnetic resonance adaptation as a mea-
ure. This method allows investigating stimulus related processes
ithout the requirement of subjects responding to the stimuli pre-

ented. Since response selection (Gobel, Johansen-Berg, Behrens,
Rushworth, 2004; Jiang & Kanwisher, 2003) activates similar

reas as those expected to subserve numerosity processes, this
ethod overcomes a crucial problem in this domain of research.

n line with the imaging results of Naccache and Dehaene (2001),
ohen Kadosh, Cohen Kadosh, Kaas, et al. (2007) and Cohen Kadosh,
ohen Kadosh, Linden, et al. (2007) revealed notation indepen-
ent adaptation and recovery patterns in the left hemisphere but
lso areas only responsive to Arabic numbers in the right hemi-
phere. This only partly overlapping system for Arabic numbers
nd number words led them to suggest that the magnitude sys-
em might not be as notation independent as previously thought.
he results of two additional behavioural studies (Cohen Kadosh,
008; Cohen Kadosh, Henik, et al., 2008) further emphasized this
otion.

In contradiction to number words, numerosity presented in
on-symbolic notation (e.g. an array of dots) is often viewed
s the precursor for numerosity presented in symbolic notation
e.g. Arabic number). Infants are already capable of processing
umerosity presented in non-symbolic notation (Brannon, 2002;
eigenson, Dehaene, & Spelke, 2004; Jordan, Suanda, & Brannon,
008; Xu, Spelke, & Goddard, 2005) and this capability is there-
ore commonly assumed to serve as the basis for our later acquired
ymbolic number system (Dehaene, 2001). Hence, numerosity
resented in a non-symbolic notation might be subserved by
he same processing mechanisms as symbolic notation. Consis-
ent with this hypothesis, responses to numerosity presented
n different notations (e.g. Arabic numbers versus dots) resulted
n comparable electroencephalography (EEG) signals in adults
Libertus, Woldorff, & Brannon, 2007; Temple & Posner, 1998)
s well as children (Temple & Posner, 1998). Moreover, a neu-
al network model trained for non-symbolic notation could also
rocess numerosities presented in a symbolic notation (Verguts
Fias, 2004). More direct evidence resulted from studies actu-

lly showing that the neural substrates subserving non-symbolic
otation also become activated for symbolic notation (Diester &
ieder, 2007; Piazza, Pinel, Le Bihan, & Dehaene, 2007). Diester
nd Nieder (2007) revealed that monkey prefrontal cortex neurons
uned for non-symbolic numerosity fired for symbolic stimuli as
ell after the monkey was trained on non-symbolic to symbolic
umber associations. Furthermore, Piazza et al. (2007) used func-
ional magnetic resonance adaptation and revealed adaption and
ecovery effects with bilateral areas responsive to arrays of dots as
ell as Arabic number symbols. Together, the studies presented

bove all suggest notation independent numerosity processing,
ith the exception of number word notation. However, interac-

ions between different magnitudes can be manifest at multiple
evels of processing; the question at what stage precisely, is still
nresolved.

.2. Interactions between distinct magnitude-processing systems

Interactions between distinct magnitude processes are fre-
uently investigated using congruency tasks. In contrast to

omparison tasks where only one dimension is manipulated,
he congruency task allows to study the interaction between
wo magnitudes. Here, two simultaneously presented stimuli are

anipulated in two magnitude dimensions (e.g. numerical and
hysical size) resulting in a congruent and incongruent condition.
gia 48 (2010) 394–401 395

In the congruent condition the numerically larger stimulus is also
physically larger whereas in the incongruent condition the numeri-
cally larger stimulus is physically smaller compared to the stimulus
presented simultaneously (e.g. congruent: ; incongruent: ).
Generally, behavioural responses are faster for congruent (facilita-
tion) relative to incongruent stimuli (interference). There are two
hypotheses that aim to explain these interaction effects (Schwarz
& Heinze, 1998). First there is the early interaction account, which
suggests that the processing streams of two distinct magnitudes
merge at an “early” processing stage, before the response processes
are initiated. At this level of stimulus processing the two mag-
nitudes can interact as they are encoded in a similar format by
the same system. In contrast, the late interaction account suggests
that the two magnitudes are processed in two separate, indepen-
dent processing streams up until the stage of the response. It is
only at this ‘response’ stage that the two magnitudes can inter-
act. The behavioural and imaging results from studies investigating
the interaction between physical size and Arabic numbers or dis-
tinct levels of luminance, support the early interaction account
(Cohen Kadosh, Cohen Kadosh, et al., 2008; Cohen Kadosh, Cohen
Kadosh, Linden, et al., 2007). So far, no such early interaction has
been obtained for a magnitude notation (e.g. number words) other
than Arabic numbers (Cohen Kadosh, 2008; Cohen Kadosh, Henik,
et al., 2008). The demonstration of comparable early interactions
for both symbolic and non-symbolic notations is prerequisite but
not conclusive evidence for the commonly held view that Ara-
bic numbers are mapped onto a non-symbolic number system
as soon as the symbolic numbers are learned. In contrast, late
interactions would provide definitive evidence against an abstract
code.

1.3. The current study

To investigate the timing of the interaction between two mag-
nitudes we used a symbolic and a non-symbolic size congruency
task. We specifically question whether interactions between mag-
nitudes of distinct notation occur prior to, or only at the motor
response stage. An interaction at the response stage for either
task indicates that magnitude information is processed in par-
allel up until the response initiation or execution. Such a result
would exclude the idea of a general magnitude system that is
devoted to both symbolic and non-symbolic notation. Conversely,
interaction effects at an “early” stage for both the symbolic and
non-symbolic size congruency task would be in line with the
hypothesis of a magnitude system that is notation independent,
at least for Arabic numbers and dots (as opposed to number
words).

Stimulus and response complexity have additive effects on reac-
tion time. Therefore, to discriminate between the early and late
interaction accounts, the electrophysiological chronometric mea-
sures: P3 and LRP are especially useful (Lansbergen & Kenemans,
2008). The latency of the P3 component reflects stimulus evalua-
tion and categorization processes whereas processes of response
selection and execution do not affect P3 latency (Donchin, 1981;
Kutas, McCarthy, & Donchin, 1977; McCarthy & Donchin, 1981;
Smulders, Kok, Kenemans, & Bashore, 1995). The P3 latency can
thus be used to determine whether the obtained congruency effects
at the behavioural level are the result of processes leading up to
stimulus categorization. The LRP is a measure of selective motor
activation showing larger deflections at scalp sites contralateral to

the moved hand. A later onset of the stimulus-locked but not the
response-locked LRP for the incongruent compared to the congru-
ent trials indicates a stimulus conflict prior to motor preparation,
whereas the opposite indicates a conflict at the response level
(Smulders et al., 1995).
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. Methods

.1. Participants

Eighteen subjects participated in the experiment of which fifteen were included
n the analyses (aged between 19 and 35 years M = 23.7, S.D. = 1.36; 13 female, 2

ale). The three subjects were discarded because more than 25% of their EEG epochs
ontained artefacts (for further detail see: behavioural and ERP analyses). All sub-
ects were native Dutch speakers and had normal or corrected-to-normal vision and

ere paid for their participation. Written informed consent was obtained accord-
ng to the Declaration of Helsinki and as approved by the Ethical Committee of the
niversity of Utrecht.

.2. Apparatus, stimuli and procedure

In each trial, the stimuli were displayed on a 22-in. CRT monitor using the Presen-
ation software (Neurobehavioral Systems, Albany, CA). The paradigm was a slightly
dapted version of our previous study (Gebuis, Cohen Kadosh, de Haan, & Henik,
009).

For the symbolic comparison task, the stimuli consisted of Arabic numbers rang-
ng from 1 to 9, which were presented in pairs with a small (1–2, 2–3, 3–4, 4–5, 5–6,
–7, 7–8, 8–9) or large numerical distance (1–6, 2–7, 3–8, 4–9). Depending on the
ondition numbers were presented in a small font size (height 1.7◦ visual angle) or
large font size (height 2.4◦ visual angle). For the non-symbolic comparison task

he stimuli consisted of groups of dots ranging from 8 to 16. This relatively large
umber of dots is used to rule out possible subitizing effects. Depending on the con-
ition, small (0.38◦ in diameter) or large dots (0.53◦ in diameter) were presented. In
ach trial, groups of dots ranging from 8 to 16 were randomly distributed within a
re-specified area (3.05◦ square). Again, two numerical distances were used, a small
umerical distance of 4 (7–11, 8–12, 9–13, 10–14, 11–15, 12–16) and a large numer-

cal distance of 7 (7–14, 8–15, 9–16). To exclude the possibility that the participant
erived the correct answer on the basis of visual sensory properties, these were
ontrolled for: in the congruent condition an array of dots with more and physically
arger dots (which together constitute a larger surface area), had to be compared

ith an array of dots with fewer and physically smaller dots (which together con-
titute a smaller surface area). In the incongruent condition an array with more but
hysically smaller dots (which together constitute a smaller surface area) was com-
ared to an array with fewer but physically larger dots (which together constitute a

arger surface area) (see for further details: Gebuis, Cohen Kadosh, et al., 2009). The
entres of the stimuli were positioned 2.0◦ to the left and right side of the fixation
ross on a grey background and the viewing distance was approximately 57 cm.

The two comparison tasks each consisted of two judgment conditions: (1)
umerical size and (2) physical size judgment. Thus a total of four tasks were admin-

stered, each consisting of (128) congruent and (128) incongruent trials, which again
onsisted of (64) small and (64) large numerical distance trials. The order of the four
omparison tasks was counter balanced between participants. Each trial began with
fixation cross (500 ms), followed by the stimulus (until response) and a random

nter trial interval (1250–1500 ms). Participants responded by pressing the button
orresponding to the side at which the target (the numerically or physically largest
f the two stimuli) was presented. Half of the trials were presented with the target
n the left side and half of the trials with the target on the right side. Prior to each
omparison task participants received instructions and performed 20 practice trials.
etween each comparison task participants could take a break.

.3. Electrophysiological recordings

EEGs were recorded from 64 scalp electrodes according to the International
0/20 EEG system (sampling rate of 2048 Hz) using the Active Two system (BioSemi,
msterdam, The Netherlands) relative to the common mode sense (CMS). Extremely

ow-noise recordings free of interference are achieved by physically integrating
he first amplifier stage with a sintered Ag–AgCl electrode. This so-called Active-
lectrode is a sensor with very low output impedance. The ground consists of the
ctive CMS and the passive driven right leg (DRL) electrode that form a feedback loop
riving the subject’s average potential as close as possible to the analog-to-digital
onverter (i.e. the amplifier ‘zero’) reference voltage in the A/D-box. Therefore,
mpedance measurements or gain adjustments are not required (Schutter, de Weijer,

euwese, Morgan, & van Honk, 2008; but for a more elaborate explanation see:
ww.biosemi.com). The vertical electro-oculogram (VEOG) was recorded from elec-

rodes attached above and below the left eye and the horizontal electro-oculogram
HEOG) from the outer canthi of both eyes.

.4. Behavioural and ERP analyses

For each subject included in the analyses, median reaction times of the correct

rials were calculated for each task condition.

EEG and EOG data were analyzed using Analyzer Software (1.05). Noisy elec-
rodes were excluded from the analyses. A noisy electrode was defined as a single
lectrode that resulted in the rejection of more than 25% of all epochs recorded.
z, C3, C4, the electrodes of interest, were not amongst them. EEG signals were
eferenced off-line to the average of all included electrodes and segmented into
gia 48 (2010) 394–401

epochs from 200 ms prior to 1000 ms after the presentation of the stimulus. Epochs
were filtered with a bandpass filter (0.05 Hz, 12 dB octave; 40 Hz, 24 dB/octave) and
corrected for eye movements according to the blink algorithm of Gratton, Coles,
and Donchin (1983). Trials with artefacts (difference criterion of 100 �V within
an epoch; low activity criterion of 0.5 �V within a 100-ms time window) or an
incorrect response were rejected from further analyses. Three subjects were dis-
carded because more than 25% of the trials contained artefacts. The baseline was
defined as the mean of the 100-ms period before stimulus onset. The baseline for
the response-locked LRPs was −550 to −450 ms. For both the ERPs and LRPs grand
average waveforms were created for each condition and filtered at 8 Hz, 12 dB/octave
for visualization purposes only.

For correct-response trials only, P3 latency was estimated in single trials at the
Pz electrode as the largest peak within the time window of 300–800 ms after stim-
ulus presentation (Smulders, Kenemans, & Kok, 1994). The P3 amplitude was also
analyzed to allow comparison with previous studies and was estimated at the Pz
electrode as the largest peak within the time window of 300–800 ms after stimulus
presentation. Stimulus-locked and response-locked lateralized readiness potentials
(sLRP and rLRP, respectively) were computed by subtracting the electrode ipsilat-
eral to the response hand from the electrode contralateral to the response hand.
Subsequently, the obtained difference waves for both hands were averaged [mean
(C3 − C4) left-hand movement + mean (C4 − C3) right-hand movement/2]. Jackknife
averaging was used to accurately estimate the difference in sLRP and rLRP onset
(Miller, Patterson, & Ulrich, 1998). For each condition averages were obtained by
omitting one participant from the sample. Therefore, we had to correct the obtained
F-values as follows: Fc = F/(n − 1)2 (Ulrich & Miller, 2001). As recommended by Miller
et al. (1998) the relative criterion method was applied to each subsample waveform
using the 50% criterion for the sLRPs and 90% for the rLRPs.

To compare the two distinct notations a repeated measures ANOVA was
performed with Notation (symbols and dots) × Congruency (congruent and incon-
gruent) × Distance (small and large) as within subject variables for both the physical
size as well as the numerical size judgment task. If present, to further disentan-
gle three-way interactions simple effects analyses were performed per notation
condition.

3. Results

3.1. Reaction time results (Fig. 1a and b)

In the numerosity comparison tasks a distance effect was
present [F(1,14) = 226.174, p < 0.001]. Subjects responded faster
to large (symbolic task: 419 ms; non-symbolic task: 440 ms)
compared to small (symbolic task: 475 ms; non-symbolic task:
496 ms) numerical distance trials. The main effect for congru-
ency [F(1,14) = 51.886, p < 0.001] was also significant, reflecting
the faster responses to congruent (symbolic task: 409 ms; non-
symbolic task: 448 ms) compared to incongruent (symbolic task:
486 ms; non-symbolic task: 490 ms) trials. Congruency and dis-
tance interacted [F(1,14) = 20.222, p = 0.001]: the congruency effect
was smaller for the large (symbolic task: 48 ms; non-symbolic
task: 27 ms) compared to the small (symbolic task: 107 ms; non-
symbolic task: 57 ms) numerical distance trials. Notation and
congruency [F(1,14) = 5.753, p = 0.031] interacted as well, reflect-
ing a smaller congruency effect for dot [t(1,14) = -2.924, p = 0.011]
compared Arabic-number notation [t(1,14) = −11.308, p < 0.001].

In the physical size comparison tasks a congruency
[F(1,14) = 8.987, p = 0.010] and distance [F(1,14) = 83.367, p < 0.001]
effect were present. Subjects responded faster to the small com-
pared to large (symbolic task: 417 versus 430 ms; non-symbolic
task: 392 versus 395 ms) numerical distance trials. Note that
this numerical distance effect is opposite to the pattern of what
was found in the numerical judgment task (for an explanation
see Section 4). Furthermore, faster responses were given to
congruent compared to incongruent (symbolic task: 390 versus
457 ms; non-symbolic task: 372 versus 415 ms) trials. In contrast
to the numerosity comparison tasks, a main effect for notation
[F(1,14) = 11.711, p = 0.004] reflected faster responses in the dot

notation compared to the Arabic-number notation condition. In
addition, an interaction between distance and congruency was
significant [F(1,14) = 61.090, p < 0.001] due to larger congruency
effects for the large (symbolic task: 88 ms; non-symbolic task:
44 ms) compared to the small numerical distance trials (symbolic

http://www.biosemi.com/
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Fig. 1. Behavioural results of the four congruency tasks. The error rates (bottom panels) and the reaction times (upper panels) are shown for the numerosity (left panels)
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nd the physical size (right panels) comparison tasks. Data for Arabic numbers are
ongruency for both notation conditions on both comparison tasks as well as measur
rials. In addition, the small numerical distance trials show larger congruency effects
ongruency effects in the physical size comparison tasks.

ask: 59 ms; non-symbolic task: 28 ms). The interaction between
otation and congruency [F(1,14) = 5.315, p = 0.037] also reached
ignificance reflecting a smaller congruency effect for the dot
t(1,14) = −7.212, p < 0.001] compared to Arabic-number notation
t(1,14) = −7.181, p < 0.001].

.2. Error rates

Except for notation in the physical size comparison tasks, all
ain effects as well as the two and three-way interactions were

ignificant [F(1,14) > 4.5, p < 0.05] for both comparison tasks. Fig. 1c
nd d reveals that the error rates of the different conditions follow
he same pattern as they do for reaction time: in the incongru-
nt compared to congruent trials, errors as well as reaction times
ncrease. Hence, there is no sign of differential speed-accuracy
rade-offs between conditions that could complicate our chrono-

etric analysis.

.3. ERP results

.3.1. P3 latency (Fig. 2)
For the numerosity comparison tasks the results revealed a dis-

ance [F(1,14) = 31.547, p < 0.001] as well as a congruency effect
F(2,26) = 23.976, p < 0.001]. The P3 peak appeared around a later
oint in time for numerically small compared to numerically

arge distance trials as well as incongruent compared to congru-
nt trials. Congruency and distance interacted [F(2,26) = 23.976,

< 0.001] indicating a larger congruency effect for smaller numeri-
al distance trials. In addition, congruency interacted with notation
F(1,14) = 12.356, p = 0.003] reflecting a smaller congruency effect
or the dot notation [t(1,14) = −2.767, p = 0.015] compared to
rabic-number notation [t(1,14) = −5.692, p < 0.001].
as solid lines and those for dots as dashed lines. The results reveal a clear effect of
more accurate or faster responses are given for congruent compared to incongruent
merosity comparison, whereas the large numerical distance trials reveal the largest

In the physical size comparison tasks a distance [F(1,14) = 5.728,
p = 0.031] as well as a congruency [F(1,14) = 29.456, p < 0.001] effect
were present. The P3 peak appeared around a later point in time
for large compared to small as well as incongruent compared
to congruent trials. Note that, similar to what was found in the
behavioural results, the numerical distance effect for the physical
size comparison is again opposite to the pattern of what was found
in the numerical judgment task (for an explanation see Section 4).
Moreover, distance and congruency interacted, the distance effect
was larger for the large compared to the small numerical distance
[F(1,14) = 8.194, p = 0.013] trials.

3.3.2. P3 amplitude (Fig. 2)
In the numerosity comparison tasks main effects for distance

[F(1,14) = 13.053, p = 0.003], congruency [F(1,14) = 5.806, p = 0.030]
and notation [F(1,14) = 8.538, p = 0.011] were present. The main
effect of notation reflects the overall larger peaks obtained for the
Arabic number compared to the dot notation condition. The main
effects for congruency and distance refer to the larger peak ampli-
tude for congruent compared to incongruent and large compared
to small numerical distance trials.

In the physical size comparison tasks the results revealed a con-
gruency effect only [F(1,14) = 8.596, p = 0.011].

3.3.3. sLRP (Fig. 3)
In the numerosity comparison tasks the data revealed a trend

towards significance for the effect of congruency [F(1,14) = 3.12,

p = 0.09] and a significant distance effect [F(1,14) = 9.38, p = 0.008]. A
two-way interaction between notation and distance [F(1,14) = 9.45,
p = 0.008] was present, as well as a three-way interaction between
notation, congruency and distance [F(1,14) = 14.983, p = 0.002]. To
disentangle the effects underlying the three-way interactions, sim-
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Fig. 2. Grand average ERPs at the Pz electrode. The results of the numerosity comparison (upper panels) and the physical size comparison (lower panels) of both the Arabic-
number notation (left panels) and the dot notation (right panels) conditions are presented. Black lines represent congruent, grey lines incongruent trials; Solid lines represent
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arge, dashed lines represent small numerical distance conditions. In both tasks and
ater time point for incongruent trials compared to congruent trials) and peak ampl
umerical distance effects for the incongruent trials are opposite for both comparis
ompared to numerosity comparison tasks for the large numerical distance trials an

le effects analyses were performed. In the Arabic-number notation
ondition the results revealed a trend towards significance for con-
ruency [F(1,14) = 3.53, p = 0.07] as well as a significant distance
ffect [F(1,14) = 14.054, p = 0.001] and interaction [F(1,14) = 4.45,
= 0.045]. In the dot notation condition an interaction between
istance and congruency was present [F(1,14) = 9.12, p = 0.006]. In
he physical size comparison tasks there was a significant congru-
ncy [F(1,14) = 18.14, p = 0.001] as well as a distance [F(1,14) = 13.44
= 0.003] effect.

.3.4. rLRP (Fig. 4)
For both the numerosity comparison as well as the physical size

omparison tasks, no significant main effect or interaction was
resent.

. Discussion

In the present study we investigated at which stage in the
ransition from perception to action, different magnitude systems
nteract. Using a conflict paradigm and electro-cortical readout

easures for stimulus evaluation and selective motor activation,
he answer is clear cut: interactions for both symbolic and non-
ymbolic notation take place before the end of stimulus evaluation
P3 peak latency), and before the start of selective motor prepa-
ation (LRP). These results support the early interaction account

nd are in line with the notion of a magnitude system that sub-
erves numerosity presented both in symbolic and in non-symbolic
otation.

The behavioural data revealed similar interaction patterns for
he two notation conditions, Arabic numbers and dots, which is
oth notations, a congruency effect is present in the latency (peaks appear around a
data (peaks are larger or congruent compared to incongruent trials). Note, that the
ditions. A larger delay and smaller peak amplitude are present in the physical size

e versa for small numerical distance trials.

in agreement with the results of our previous study (Gebuis, Cohen
Kadosh, et al., 2009). We extended the results of our previous study
by revealing numerical distance effects as well as the interaction
of numerical distance and congruency at the behavioural and ERP
level. When numerosity interacted with physical size as well as the
reverse, response time and the number of errors increased for the
incongruent compared to the congruent trials. In addition, the con-
gruency effect was affected by the numerical distance, though in
opposite direction for the two comparison tasks. In the numerosity
comparison task the effect of congruency increased with decreas-
ing numerical distance while the reverse occurred in the physical
size comparison task, a result, also obtained in previous studies
(Cohen Kadosh, Cohen Kadosh, Linden, et al., 2007; Schwarz &
Heinze, 1998). A tentative explanation for these results is as fol-
lows: When subjects have to judge numerical size, numbers with a
large numerical distance are easier to compare than numbers with
a small numerical distance. Consequently, when number has to be
judged, the relative fast responses to the large compared to the
small numerical distance trials will receive less interference from
the unattended physical size dimension. However, when physical
size has to be judged, the subject has to suppress the response to
the incorrect numerical dimension. Since the large compared to
the small numerical distance trials are still easier to discriminate,
they are also less easy to suppress. Therefore, large compared to
small numerical distance trials induce larger interference effects

when physical size is compared. These behavioural results cannot
be explained on the basis of the relative speed of processing account
(Schwarz & Ischebeck, 2003). In the ERP data, an onset latency
effect for the sLRP (which is explained below) was present. This
finding indicates equal processing time for both magnitude dimen-
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istance effects (numerically small condition is dashed line; numerically large co
onditions.

ions before the initiation or execution of the response (Lansbergen
Kenemans, 2008). Therefore it is more likely that the relative

trength (rather than speed) of the two competing processes deter-
ines the degree of interference (Cohen, Dunbar, & McClelland,

990).
The comparable behavioural patterns for Arabic numbers as

ell as dots hint at a similar timing of interaction, however the
ehavioural results cannot differentiate between the early and

ate interaction account. To be able to distinguish between both
ypotheses we looked at the P3 component at a parietal electrode
ite. The results of the P3 latency nicely mimicked the behavioural
ongruency effects with its peaks appearing around a later point
n time for incongruent compared to congruent trials. Such a con-
ruency effect for P3 latency is indicative of conflict processing
t the stimulus evaluation level (De Houwer, 2003; Schmidt &
heesman, 2005; van Veen & Carter, 2005) and consequently is in
greement with the early interaction account. Interestingly, similar
o the behavioural results, the numerical distance effect influ-
nced the P3 latency differentially for both comparison tasks. Larger
elays for small numerical distances in the numerosity compari-
on task and the reverse for the physical size comparison task were
btained.

To allow comparison with previous studies, we also investi-
ated the P3 amplitude, which is indicative of cognitive load (for
review see: Kok, 2001). Larger P3 amplitudes were found for
ongruent compared to incongruent trials, suggesting an increase
n cognitive load for incongruent compared to congruent trials.
he P3 amplitude (intensity of processing) and the latency (tim-
ng of mental processes) are always discussed separately as if
nly affected by distinct cognitive processes. Therefore it is not
es) and incongruent (grey lines) trials of the numerosity comparison (upper panel)
ft panels) and the dot notation (right panels) conditions. Note, that the numerical
n is solid line) for the incongruent trials are again opposite for both comparison

expected that either one of the findings are confounded by the
presence of the other (Kok, 2001; Luck, 2005). The result of a con-
flict at the level of stimulus evaluation as determined by the P3
latency (Schwarz & Heinze, 1998) as well as the effect of cogni-
tive load as reflected by the P3 amplitude are in line with previous
studies investigating the symbolic size congruency conflict (Cohen
Kadosh, Cohen Kadosh, Linden, et al., 2007; Szucs & Soltesz, 2007,
2008).

As hypothesized, the presence of P3 latency effects should
coincide with a delayed onset of the sLRP for incongruent tri-
als and the absence of such a delay for the rLRP. This was
indeed the pattern of results obtained. Delayed onset latencies
were found for incongruent compared to congruent trials for the
sLRP only. These effects were present for both notation condi-
tions when physical size was compared and only for symbolic
notation when numerical size was compared. Possibly, the less
accurate representation of dots in comparison to Arabic num-
bers could account for the absence of the sLRP onset latency
effect in the dot notation condition. This idea is in agreement
with Piazza et al. (2007) showing more accurate neuronal tun-
ing for Arabic numbers compared to dots. The sLRP onset latency
effects suggest that numerosity and physical size were processed
in equal speed and competed before selective motor prepara-
tion started, therefore similarly to the P3 latency effect, the sLRP
onset latency effect underscores the notion of an early interaction

account.

Whether a general magnitude system that processes distinct
magnitudes in a common code exists is a matter of debate (Cohen
Kadosh, 2008; Cohen Kadosh & Walsh, 2009). Our results demon-
strate that for both symbolic and non-symbolic notation the
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ongruency or distance effect was present in the onset latency.

nteraction with physical size occurs before selective response
ctivation, which is consistent with the early interaction account
nd thus the notion of a general magnitude system. Although it
as been proposed that an early interaction between magnitudes
rovides direct evidence of abstract coding (Schwarz & Heinze,
998), colour-word Stroop literature suggests otherwise. Early

nteractions between colours and words have been obtained in
olour-word Stroop paradigms (De Houwer, 2003; Lansbergen &
enemans, 2008; van Veen & Carter, 2005). Since colours and words
re processed in different areas of the brain, these interactions can-
ot arise due to the convergence onto an abstract neural code in a
imilar way as is proposed for magnitudes. Instead, it is suggested
hat these interactions arise at the semantic level between the two
emantic codes, and are the result of long-term semantic associ-
tions, or of short-term associations induced by task instructions
Cohen et al., 1990; Zhang, Zhang, & Kornblum, 1999). The latter
xplanation of a conflict induced by response codes was also pro-
osed by Cohen Kadosh, Cohen Kadosh, et al. (2008) and Cohen
adosh, Henik, et al. (2008), but they explained it in terms of conflict
t the response level only (for a similar view see: Gevers, Verguts,
eynvoet, Caessens, & Fias, 2006; Notebaert, Gevers, Verguts, & Fias,
006).

In conclusion, in our study we elucidate the timing of the
nteraction between physical size and symbolically and non-
ymbolically presented numerosity. The presence of P3 peak and
LRP onset latency effects, together with the absence of rLRP onset
atency effects suggests that these magnitudes interacted before
he preparation or initiation of a response, excluding the hypothe-
is of a late interaction account. The fact that the early interaction

ccount holds for both the dot and Arabic number notation adds
vidence to the hypothesis of a general magnitude system that sub-
erves both symbolic and non-symbolic magnitude, yet alternative
xplanations that can account for the early interaction effect remain
ossible.
s) and incongruent (grey lines) stimuli of the numerosity comparison (upper panel)
anels) and the dot notation (right panels). In both tasks and for both notations, no
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