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Shifts of spatial attention cued by irrelevant numbers:
Electrophysiological evidence from a target

discrimination task

Anne-Marie Schuller1, Danielle Hoffmann1, Valérie Goffaux2, and Christine Schiltz1

1FLSHASE, ECCS Unit, Institute of Cognitive Science and Assessment, University of
Luxembourg, Walferdange, Luxembourg
2Institute of Psychology, University of Louvain, Louvain-la-Neuve, Belgium

Fischer et al. demonstrated that a centrally presented number can shift attention to the left/right when its
magnitude is small/large. Two electrophysiological studies described these attentional effects as event-
related potentials (ERPs) at centro-parietal sites. Since both studies used target detection tasks, it
remains currently unknown whether similar results would be obtained with a discrimination task. We
used ERPs to test whether digit cues also induce attention shifts when participants perform a feature-
discrimination task on targets. ERPs were recorded whereas subjects discriminated the colour of lateral
targets that were preceded by a central non-predictive digit. Analysis of cue-locked controlateral vs.
ipsilateral ERP activity showed the emergence of early preparatory attention-directing components in
parietal and frontal regions. Moreover, target-locked P1 components at occipito-parietal sites were
significantly modulated by digit magnitude-target side congruency. These results demonstrate that
irrelevant digit cues also bias sensory processing when embedded in a feature-discrimination task.

Keywords: Embodiment; ERPs; Numerical cognition; Visuo-spatial attention.

Numbers are omnipresent in literate cultures. For
adults who followed mandatory school curricula,
they are overlearned symbols that refer to exact
numerical quantities. Although it is nowadays
widely accepted that adults share a core number
sense for quantities with young children and even
animals (Cantlon, 2012), reading and understand-
ing of number symbols require a culturally
mediated learning process that usually takes place
during the first years of schooling (Ansari, 2008;
Mejias & Schiltz, 2013; Mussolin, Martin, & Schiltz,
2011). During this learning process, number sym-
bols are systematically associated with abstract
quantity representations, and they are being

impregnated with the typical characteristics of this
analogue quantity representation that is organised
as a functio n of numerical proximity and in which
representational precision is decreasing with set
size in accordance with Weber’s law. This abstract
number representation is often termed “mental
number line” (Dehaene, 2001).

In Western cultures, the representational num-
ber continuum is oriented from left to right, such
that small/large numbers are associated with left/
right space. Paradigms reaching from number line
bisection (e.g. Ashkenazi & Henik, 2010; Calabria
& Rossetti, 2005; de Hevia, Girelli, & Vallar, 2005;
Fischer, 2001; Loetscher, Bockisch, Nicholls, &
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Brugger, 2010; Longo & Lourenco, 2007) over
random number generation (Loetscher et al.,
2010) to priming (backwards priming: Stoianov,
Kramer, Umiltà, & Zorzi, 2008; forward priming:
Herrera & Macizo, 2011) have successfully been
used in both healthy subjects and patient popula-
tions to demonstrate the existence of number–
space interactions (e.g. Zorzi, Priftis, & Umiltà,
2002; but see also Doricchi, Guariglia, Gasparini,
& Tomaiuolo, 2005). But it is not yet clear at what
processing stage spatial processing is interacting
with numerical representations.

Several recent behavioural studies, for instance,
report that number symbols can act as central cues
which orient visuo-spatial attention to lateralised
targets (Dodd et al., 2008; Fischer, Castel, Dodd, &
Pratt, 2003; Hoffmann, Goffaux, & Schiltz, 2011;
Van Galen & Reitsma, 2008). It was observed that
small/large centrally presented Arabic digits
speeded up the detection of left/right lateralised
targets, even when the digit was irrelevant and
non-predictive of the target side. But it has also
been shown that context and task parameters
heavily influence the visuo-spatial orienting asso-
ciated with digit cues (Galfano, Rusconi, &
Umiltà, 2006; Ristic, Wright, & Kingstone, 2006).
The spatial reference frame indicated by potential
target locations seems to play an important role,
since it was reported that number-induced atten-
tional shifts can be abolished by simply adding
vertical target locations to the classically used
horizontal target locations (Ristic et al., 2006).
The task performed on the digit cue is another
critical variable, since studies with active tasks
tend to produce stronger effects than simple passive
viewing (e.g. Casarotti, Michielin, Zorzi, & Umiltà,
2007; Dodd et al., 2008). Moreover, when partici-
pants imagine a clock face in association with the
digit cues, orienting effects are reversed (Ristic
et al., 2006, cf. also Bächtold, Baumüller, &
Brugger, 1998 for similar results obtained when
asking to imagine a reversed ruler).

However, it remains to be investigated whether
the task performed on the lateral target also
influences the attentional orienting effects. Indeed,
so far attentional cueing paradigms with numbers
mainly used detection tasks (Dodd et al., 2008;
Fischer et al., 2003; Hoffmann et al., 2011; Van
Galen & Reitsma, 2008). A detection task has
typically low response-related demands that are
dedicated to spatial properties of the target. It
might thus create a mental set in which visuo-
spatial processing aspects predominate and which
conditions the processing of the central number

cue so that it is automatically interpreted as a
spatial cue. In contrast, this might not (or less) be
the case when participants are required to process
the visual features characterising the target (e.g.
colour and shape). It is indeed known that task-
related control settings stored in working memory
can influence cue processing and the associated
visuo-spatial orienting effects (e.g. Folk, Reming-
ton, & Wright, 1994; Pratt & Hommel, 2003). In
these studies, colour of centrally presented non-
predictive arrow cues was salient when colour was
kept in short-term memory. This contrasted with
the situation in which spatial information was
predominant in the paradigm and consequently
the spatial characteristics of the task-irrelevant
arrows condition were causing the cueing effect.
To fully comprehend the role of Arabic digits as
central non-predictive visuo-spatial attention cues,
it is consequently critical to test whether orienting
effects with numbers are also observed in the
context of feature-discrimination tasks, which cre-
ate a task context focusing on the target’s features
rather than its spatial location.

Addressing the role of sensory-motor task
constraints on spatio-numerical associations
(SNAs) perfectly integrates within the recently
highlighted framework of embodied cognition
(Fischer & Brugger, 2011). This theoretical
approach emphasises the link between cognition
and action (Barsalou, 2008; Lakoff & Nunez,
2000). It conceptualises cognitive processing no
longer as amodal and abstract but as intrinsically
linked with sensory-motor execution and steering
processes. For numerical cognition, the hierarch-
ical categories of grounded, embodied and situ-
ated processing have been proposed to account for
the different types of SNAs (e.g. Fischer, 2012;
Fischer & Brugger, 2011; Lindemann & Fischer,
2014). The present empirical work is based on this
framework and especially addresses the level of
situated number processing. Based on the obser-
vations that SNAs in attentional cueing paradigms
are strongly affected by experimental contexts
(Galfano et al., 2006; Ristic et al., 2006), we tested
whether irrelevant non-predictive Arabic digits
also cue visuo-spatial attention when embedded
within a target discrimination task. Several other
studies in this special issue also operate at the
same conceptual level and use original paradigms
to provide additional instances of situated number
processing. Lisi et al. (2014), for instance, show
that the specific context of opto-kinetic visual
stimulation affects basic parity and magnitude
judgement tasks, whereas Shaki, Seri, and Fischer
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(2014) demonstrate that the order in which addi-
tion operators are presented impacts mental
addition.

When asking whether target-related task con-
straints influence attentional shifts induced by
non-predictive number cues, it is especially inter-
esting to investigate the electrophysiological cor-
relates of these orienting effects. It has indeed
been reported that target-related early visual
event-related potentials (ERPs) associated with
(voluntary) attentional orienting are weaker with
localisation than feature-discrimination tasks
(Chanon & Hopfinger, 2011). Consequently, it is
possible that similar task-related modulations
might also occur in attentional paradigms with
non-predictive central number cues. Two inde-
pendent ERP studies using Arabic digit cues in the
context of a target detection task indicated that
passively viewing uninformative digits before lat-
eral target detections induced both cue-locked and
target-related modulations of ERPs located at
anterior and central electrode sites in accordance
with number–space congruency rules (Ranzini,
Dehaene, Piazza, & Hubbard, 2009; Salillas, El
Yagoubi, & Semenza, 2008). In contrast, no target-
locked attentional modulations were observed
over early visual areas in the occipital cortex in
either study. This absence of occipital attention
effects is surprising given the reports of early
target-locked visual modulations in ERP studies
investigating reflexive orienting (e.g. Hillyard,
Vogel, & Luck, 1998; Luck, Woodman, & Vogel,
2000), as well as orienting induced by central non-
predictive cues such as eye gaze (e.g. Schuller &
Rossion, 2001, 2004, 2005; but see Chanon &
Hopfinger, 2011; Fichtenholtz, Hopfinger,
Graham, Detwiler, & LaBar, 2007, 2009; Magnée,
Kahn, Cahn, & Kemner, 2011). Using a target
detection task might have weakened the number-
related attentional modulations that are recorded
over occipital electrodes, as has been observed
with voluntary orienting paradigms (Handy &
Mangun, 2000). Nevertheless, this hypothesis
remains to be tested, since to date all ERP
attention studies using central non-predictive digit
cues are based on target detection paradigms and
there are no reports relying on target feature-
discrimination tasks.

Here we used ERPs to investigate the electro-
physiological response pattern associated with
visuo-spatial attention cueing induced by task-
irrelevant (non-predictive) Arabic digits in a target
discrimination task. Evoked potentials were meas-
ured as participants performed a lateral colour

discrimination task that was preceded by a brief,
uninformative and centrally presented digit (i.e. 1,
2, 8 and 9). We used colour discrimination rather
than detection in order to test whether spatio-
numerical congruency effects would also be
observed when the task requires subjects to focus
on the visual features of the target, rather than
simply reporting its presence at two potential
spatial locations. In line with previous behavioural
(Casarotti et al., 2007; Dodd et al., 2008) and ERP
(Chanon & Hopfinger, 2011) reports, we reasoned
that this more complex feature-oriented task
might be an optimal paradigm for highlighting
attentional amplitude enhancements of early tar-
get-evoked components (P1 and N1) in occipital
electrodes. In line with the previous studies on
number–space interactions (Ranzini et al., 2009;
Salillas et al., 2008), we predicted that the atten-
tional shifts induced by the centrally presented
numbers should lead to amplitude enhancements
of cue- and target-evoked electrophysiological
components, when left/right targets are preceded
by small/large digits, respectively.

By analysing ERPs elicited by both digit cues
and targets, we were able to characterise the
attentional shifts induced by digit cues (i.e. cue-
locked components) as well as their direct effects
on target processing (i.e. target-locked compo-
nents). In line with Salillas et al.’s (2008) and
Ranzini et al.’s (2009) studies, we were especially
interested in P1 for the target-related analysis
(Hillyard et al., 1998; Mangun, 1995). P1 is a
positive ERP component peaking approximately
100 ms after stimulus onset and typically showing
an occipital scalp distribution. It is one of the most
important ERP components related to spatial
attention since stimuli presented at attended loca-
tions systematically elicit larger P1 components
than stimuli presented at unattended locations
(e.g. Hillyard et al., 1998; Mangun, 1995). This is
the case for both reflexive and top-down orienting:
Attention shifts generated by non-predictive (e.g.
peripheral flash) and predictive cues (e.g. central
arrow) produce similar amplifications of the P1.
Even cueing which originates from representations
that are held in working memory can modulate
this component (e.g. Awh, Anllo-Vento, &
Hillyard, 2000; see Awh & Jonides, 2001 for a
review). P1 is consequently a favourite candidate
for expressing potential modulations due to task-
related constraints and therefore a component of
major interest for our study. Furthermore, we
investigated the cue-locked attentional ERP
components “early directing attention negativity”
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(EDAN), “anterior directing attention negativity”
(ADAN) and “late directing attention positivity”
(LDAP). All the three electrophysiological
components are supposed to reflect processes
underlying voluntary attention shifting (Eimer,
1993; Harter, Miller, Price, Lalonde, & Keyes,
1989; Hopf & Mangun, 2000; Nobre, Sebestyen, &
Miniussi, 2000; Praamstra, Boutsen, & Hum-
phreys, 2005; Praamstra & Kourtis, 2010) and
have previously been described in number-cueing
studies (Ranzini et al., 2009). They are observed as
relative negativities appearing approximately 200,
300 and 500 ms after cue onset over contra-lateral
parietal, frontal and occipital regions, respectively,
for EDAN, ADAN and LDAP. Finally, we also
assessed the presence of a cue-locked N1-P2p
complex over parietal electrodes, known to be
an electrophysiological signature of magnitude
processing (e.g. Dehaene, 1996; Temple & Posner,
1998).

We expect that automatic encoding of the mag-
nitude information conveyed by the task-irrelevant
Arabic digit cues (i.e. N1-P2p components) induces
unintentional visuo-spatial attention shifts (i.e.
EDAN, ADAN and LDAP components), resulting
in enhanced responses to the visual target (i.e. P1
components). It will be discussed how central
uninformative digit cues affect the cue-locked
and target-related attentional components in the
present target colour discrimination paradigm.
Moreover, the observed SNAs will be positioned
in the context of the embodied number cognition
framework.

MATERIALS AND METHODS

Participants

A total of 17 paid volunteers (5 males, aged 19–38
years, mean age 27.2 years) participated in the
study. All of them were right-handed and had
normal or corrected-to-normal vision. Subjects
provided their agreement to take part in this
research and the session lasted about 40 minutes.

Stimuli and procedure

Participants were seated in a comfortable chair at
80 cm from an LCD monitor screen (800 × 600
pixels), their head restrained by a chin rest. The
task was programmed in Eprime (Schneider,
Eschmann, & Zuccolotto, 2002). The stimuli

presentation is shown in Figure 1 and occurred as
follows: At the beginning of each trial, a central
fixation cross (blue, size Arial 28 bold) appeared
between two lateralised boxes (6.3 × 3.9 cm,
eccentricity distance of 6.88° of visual angle from
the centre of the screen). After 500 ms, the
fixation cross was replaced with one of four
possible digit cues presented in 14-point Arial
bold font in black colour. The digit cues were
either of small magnitude (1 or 2, small digit) or
had a larger magnitude (8 or 9, large digit). After a
650 or 900 ms stimulus onset asynchrony (SOA)
random interval, a lateralised target appeared in
either the centre of the left box (target left) or the
right box (target right). The target was a red or a
green asterisk (Arial 14 pt) flashing up for 100 ms.
Participants were asked to give their response as
quickly as possible. The digit cue disappeared
independently of the response, after a random
interval of 1,200, 1,500 or 1,800 ms, thus allowing
the participants to answer without contaminating
the next ERP trials. The variation of the interval
was chosen to ensure that participants maintained
attention from trial to trial. The lateralised boxes
stayed on screen during the whole experiment.
The next trial was presented after a 500 ms delay.

Digit magnitude, target location, target colour
and presentation delays were presented in a
randomised order.

Task and design

Participants were required to indicate the colour
(red or green) of the target by pressing the
correspondent button on the response box with
their index or middle finger of their right domin-
ant hand. Throughout the experiment, subjects
were instructed to maintain fixation on the central
cue and to response as accurate and as fast as
possible once the target had appeared. Partici-
pants were told that the digit cue was completely
irrelevant to the task and that the side on which
the target appeared was random.

The experiment consisted of two blocks. Prior to
each block, 24 practice trials were run to allow the
participants to familiarise with the corresponding
response keys, reversing between the blocks. The
order of the response mapping blocks was counter-
balanced between participants. A feedback screen
informed participants on the percentage of correct
responses, and only if this percentage was above
90% the experimental block began, else the prac-
tice trials were run again. A total of 408 trials were
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run, 204 trials with a small magnitude digit cue and
204 trials with a large magnitude digit cue. Twenty-
four catch trials, where no target followed the cue
and no answer was required, were also presented to
maintain the attention of the subjects during the
experiment and to prevent anticipations. As such,
a total of 384 trials included the presentation of
the lateralised target (192 left targets and 192
right targets). Target location could be congruent
(target left/small digit and target right/large digit)
or incongruent to the spatial attention shifts

hypothetically induced by the digit, thus resulting
in 96 congruent trials when the target appeared left
and 96 congruent trials when the target appeared
right (and the same amount of incongruent trials).

Besides number–space congruency effects
which constitute the focus of the present study,
the target colour discrimination paradigm also
comprised a classical Simon compatibility effect
(Simon, 1969). Simon effects arise when partici-
pants have to give left- vs. right-sided responses to
object features of stimuli (here: target colour)

Fixation
500 ms

+

8

8

8

Cue
650 or 900 ms Cue-evoked ERPs

Target-evoked ERPs

Behavioural response

- Magnitude-related ERPs (Figure 2)
      small (1.2) vs. large  large cue (8,9)
        P1, N1 and P2p

- Attention-directing ERPs (Figure 3)
      EDAN – ADAN – LDAP

- Effects of attentional shifts
      P1 and N1 (Figure 4) 

- Correct reactions
- RTs

Target
100 ms

Task: Colour
discrimination (red
or green target)

Cue offset
after 1,200, 1,500
or 1,800 ms

ITI
500 ms

Figure 1. Trial sequence example. A trial began with a fixation cross for 500 ms, and then the digit cue (small or large) was shown
centrally. After a variable time (SOA 650 or 900 ms), the coloured target (100 ms) appeared in either the left or right box with equal
probability. The subjects had to perform a colour-discrimination task (red or green). The response keys were randomly assigned and
changed during the experiment. All conditions were randomised during the experiment. [To view this figure in colour, please visit
the online version of this Journal.]
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appearing on the left or the right side of the
display. Yet, it is important to note that the left/
right responses were perfectly counterbalanced
with respect to the sides of target appearance and
digit magnitude in the present study. Moreover,
Gevers, Caessens, and Fias (2005) reported that
number–space congruency effects observed during
parity judgement tasks did not interact with Simon
effects. Since the present paradigm also relies on a
magnitude-irrelevant passive viewing task and our
central objective was to study electrophysiological
correlates of number–space congruency, Simon
compatibility effects will not be analysed further.

ERP recording and data analysis

Recordings were made using tin electrodes
mounted in a 64-channel electrode cap using the
extended 10–20 system with a midline electrode
AFz (Cap, Amplifier and acquisition software ANT
Neuro. Enschede, the Netherlands). Offline the
Electroencephalogram (EEG) was re-referenced to
a common average reference. Electrode impedances
were kept below 5 kΩ. EEG signal was sampled at a
digitisation rate of 512 Hz. The EEG was filtered
offline between 0.1 Hz (high-pass) and 30 Hz (low-
pass). Then, EEG and electrooculogram (EOG)
artefacts were processed using a (−150, 150 µV)
semi-automatic procedure to mark the artefacts. All
epochs were visually inspected, and any epochs with
detectable eye movements and artefacts were
removed manually. Only correct trials were consid-
ered. Averages were generated for each subject and
each of the conditions in epochs from −200 to 800
ms. Baseline correction was done on −200 to 0 ms
interval before event onset. The grand average
waveforms were filtered for visualisation purposes
only with a bandpass of 2–20 Hz (see Figures 2–4).

ERP data analysis

The analysis of the cue- and target-related ERP
components (P1, N1, P2p, EDAN, ADAN and
LDAP, see Figure 1) was performed over selected
time intervals at electrode locations where these
ERP components were most evident on scalp
topography.

Cue-evoked ERPs

Magnitude-related ERPs. The central presentation
of a digit cue gave rise to an occipito-parietal P1,
an N1 and a P2p component (see Figure 2). Mean

amplitude of these components was computed on
posterior occipito-parietal electrodes P5/P6, P7/P8,
PO5/PO6 and PO7/PO8 in the time windows
centred around the peaks (P1: 80–120 ms; N1:
135–175 ms; and P2p: 190–260 ms). Repeated
analyses of variance (ANOVAs) included digit
magnitude (small vs. large digit), hemisphere [left
hemisphere (LH) vs. right hemisphere (RH)] and
electrode position as factors. Greenhouse–Geisser
correction was used to correct p-values for factors
containing more than two levels.

Attention-directing ERPs. The anticipatory spatial
attention-related components EDAN, ADAN and
LDAP were measured on ERPs averaged across
laterality of the presumed attentional shifts. Thus, as
illustrated at the top-right of Figure 3, ipsilateral
activity was measured for each subject by averaging
ERPs for small digits over the LH and ERPs evoked
by large digits over the RH. For controlateral
activity, the opposite was done (ERPs for small digits
were averaged over RH and for large digits over LH;
Harter et al., 1989; Nobre et al., 2000; Praamstra &
Kourtis, 2010). EDAN was most prominent on
parietal site P5/P6 and was measured in the time
window 240–470 ms. Mean amplitude differences of
ADAN were calculated on frontal electrodes F5/6
and F7/8 between 540 and 690 ms. And the LDAP
was most prominent on parietal P5/P6 electrodes
between 490 and 740 ms (see Figure 3).

Target-related ERPs

The appearance of the lateralised target evoked
the sensory-related occipito-parietal component
P1, with a positive amplitude followed by a
negative component N1. The inspection of these
visual components P1 and N1 showed scalp topo-
graphy and latency onset differences respective to
the lateralisation of the electrodes in relation to
the target location (Figure 4). The P1 component
peaked around 105 ms at the controlateral parietal
sites, spreading to the ipsilateral site with a mean
onset of 150 ms (see topographical map in Figure
4). The N1 component was elicited in the con-
trolateral hemisphere to the stimulation at around
170 ms (Figure 4), and the ipsilateral counterpart
peaked at occipital–parietal sites around 200 ms
post-target onset. Given these well-known differ-
ences of visual responses during lateralised pre-
sentations (Martinez et al., 1999; Schuller &
Rossion, 2005), specific time windows were chosen
to measure mean amplitude, based on 10 ms
before to 10 ms after the P1 and N1 peak for
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Figure 2. Grand average cue-evoked magnitude-related ERPs evoked by central digit cue onset (small and large digits) illustrated for the parietal electrodes P5/P6 and P05/P06.
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each target location and each hemisphere. The
exact time windows ranged from 95 to 115 ms for
the controlateral P1 and from 140 to 160 ms for
the ipsilateral P1, and from 160 to 180 ms for the
controlateral N1 and from 190 to 210 ms for
the ipsilateral N1. Mean amplitude for each sub-
ject and each condition was measured on four
pairs of electrodes (P5/6, P7/8, PO5/PO6 and PO7/
PO8). ANOVAs and planned comparisons were
performed on ERP measurements with the factors
congruency (congruent and incongruent), target
side (left/right), hemisphere (LH and RH) and
electrode position (four pairs). Greenhouse–
Geisser correction was used to correct p-values
for factors containing more than two levels.

RESULTS

Behavioural results

Response times (RTs) longer than 1,000 ms and
shorter than 200 ms were discarded (1.1% of all
trials), and mean accuracy was 97.10%. RTs for
correct trials only were submitted to a repeated-
measure ANOVA with congruency (congruent
and incongruent) and target side (left/right) as
within-subject factors. No main effect was signific-
ant (all ps > .05) but congruency interacted
significantly with target side, F(1,16) = 4.55; p =
.049, pointing out that RTs for left targets were
faster for congruent trials (mean 550 ± 76 ms) than
for incongruent trials (556 ± 75 ms; one-tailed
t test: 0.045). No difference was found when
targets appeared on the right side (congruent:
556 ± 80 ms vs. incongruent 552 ± 80 ms; one-
tailed t test: 0.18).

Cue-evoked ERPs

Magnitude-related ERPs

Centrally presented digits evoked an occipito-
parietal P1, followed by an occipito-parietal N1
and then a P2p (see Figure 2). The ANOVA on P1
amplitude did not show any statistically significant
effect. Although P1 was slightly modulated by the
magnitude of the digit cue, the magnitude effect
did not reach significance, F(1,16) = 3.385; p =
.086. On the N1 component, we observed a
significant effect of digit magnitude, F(1,16) =
15.131; p = .001, with an enhanced amplitude for
small magnitude digits compared to large digits.
A significant effect of electrode site was also

observed, F(3,48) = 3.838; p = .036. The interac-
tion between electrode site and hemisphere was
marginally significant, F(3,48) = 3.629; p = .060,
pointing out to a more pronounced N1 amplitude
for lateral compared to central electrodes.

The deflection following the N1, i.e. the P2p
complex, was also significantly modulated by digit
magnitude (Figure 2), showing an enhanced ampli-
tude for small compared to large digits,F(1,16) = 19.7;
p = .0004. Electrode site was again statistically
significant as well, F(3,48) = 22.575; p = .0001, with
higher values for the P2p on parieto-occipital sites. No
other significant effect or interaction was observed.

Attention-directing ERPs

The preparatory attentional components were
measured by comparing ipsilateral activity to con-
trolateral activity and are illustrated in Figure 3.
The statistical analyses performed on the mean
amplitude of the EDAN component showed signi-
ficant amplitude reduction for controlateral com-
pared to ipsilateral activity, F(1,16) = 4.584; p =
.049. A statistically significant effect was also found
on the more frontal component ADAN, with a
main effect of laterality, F(1,16) = 5.195; p = .037,
indicating again enhanced negativity for controlat-
eral activity. The analysis of the mean amplitude of
the late parietal component LDAP failed to reveal
a significant difference, although a clear trend for a
more positive amplitude for ipsilateral activity was
observed, F(1,16) = 3.659; p = .07.

To ensure that there were no overlapping
effects evoked by the target onset at SOA 650
ms, possibly inferring with the LDAP activity
measured between 490 and 740 ms, we ran a
supplementary analysis including SOA as factor
(650 vs. 900 ms).

The ANOVA showed no main effect of SOA,
F(1,16) = 4.833; p = .157, and no interaction
between SOA and laterality, F(1,16) = 0.039; p =
.846. These results indicate that there is no
interference effect from the target onset on the
LDAP activity. The main factor laterality was
significant, F(1,16) = 4.833; p = .043, confirming
the LDAP trend observed in the trials which do
not differentiate SOAs.

Target-related ERP

ANOVA on P1 amplitude showed a significant
main effect of congruency, F(1,16) = 14.27; p =
.002. Figure 4 illustrates this congruency effect for
right targets and shows the enhanced P1 for the
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Figure 3. Cue-evoked attention-directing ERPs. These preparatory attentional components are obtained by comparing activity
which is ipsilateral to the supposed attentional shifts (i.e. left for small digits and right for large digits) to controlateral activity (i.e.
right for small digits and left for large digits). EDAN was most prominent on parietal site P5/P6 and was measured in the 240–470 ms
time window. Mean amplitude of ADAN was calculated on frontal electrodes F56 and F78 between 540 and 690 ms. And LDAP
component was most prominent on parietal P5/P6 electrodes between 490 and 740 ms. Significant differences (p < .05) between
ipsilateral and controlateral trials are indicated by the grey fields, on parietal sites P5/P6 for EDAN, on frontal electrodes F5/F6 and
F7/F8 for ADAN. [To view this figure in colour, please visit the online version of this Journal.]
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congruent condition. No other main factor or
interaction was significant (ps > .1).

On the N1 amplitude, no significant effect of
congruency was found, F(1,16) = 1.566; p = .229.
Although there was no main effect of target site,
we observed two interactions reflecting the con-
trolateral activity evoked by the lateral target (see
Figure 4): target side interacted significantly with
hemisphere, F(1,16) = 4.724; p = .045, and target
side interacted significantly with hemisphere and
electrode position, F(3, 48) = 7.483; p = .0003,
revealing greater N1 amplitudes over the more
lateral electrodes on the controlateral hemisphere.

DISCUSSION

The present study investigated the electrophysio-
logical correlates of visuo-spatial attention shifts
induced by non-predictive numerical cues

presented in the context of a colour-discrimination
task. Participants passively viewed centrally pre-
sented Arabic digits just before responding to a
lateral target. Critically, participants had to per-
form a target feature-discrimination task (i.e.
colour discrimination), contrasting with the target
detection task implemented in similar ERP studies
exploring the orienting effects of non-predictive
number cues (Ranzini et al., 2009; Salillas et al.,
2008). Our results show that Arabic digit pre-
sented as central uninformative cues shortly
before a target discrimination task modulated the
amplitude of the occipital P1 components evoked
by the lateral targets. Targets appearing in the
hemifield congruent with respect to digit magni-
tude (i.e. “8” – right target) induced larger P1
peaks over occipital cortex than those identically
presented on the same side but incongruent with
respect to digit magnitude (i.e. “2” – right target).
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Figure 4. Grand average target-related ERPs evoked by the lateral targets and revealing the attentional effects induced by the
non-predictive Arabic digit cues. Congruent and incongruent ERPs evoked by (a) a right target and (b) a left target are illustrated at
parietal and parieto-temporal electrodes (P5/P6 and PO5/PO6). Significant differences (p < .005) between congruent and
incongruent trials P1 amplitude are indicated by the grey lines. No significant differences were observed for the N1 amplitude.
The inset with the head view illustrates the topography of the P1 and N1 components. [To view this figure in colour, please visit the
online version of this Journal.]
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Moreover, the attentional preparatory activities
triggered by digit magnitude in accordance with
number–space congruency rules were also
observed as significant modulations of cue-locked
components. Starting from 240 ms after the central
digit cue presentation, differentially expressed
EDAN and ADAN components were recorded
over the hemispheres controlateral to the side of
the associated attention shifts, since small/large
digits significantly modulated the amplitude of
these preparatory cue-locked activities in the
controlateral hemisphere (i.e. right/left). Our find-
ings confirm that a non-predictive number symbol
modulates the processing of an upcoming stimulus
if its location matches the spatial meaning asso-
ciated with the numeral. Remarkably, the spatial
meaning of overlearned number symbols directed
visual attention to congruent locations, even when
participants had to focus on the colour of the
target.

A large number of electrophysiological studies
exploring visuo-spatial attention could demon-
strate that attentional cues induce a sensory gain
amplification of the neuronal response to stimuli

presented briefly afterwards in the attended region
(e.g. Brefczynski & DeYoe, 1999; Hillyard et al.,
1998). When attention is voluntarily directed to a
specific target location in the visual field, it
produces multiple foci of cortical enhancement in
occipital visual cortex, and the position of these
foci within the cortex corresponds precisely with
the cortical representation of the attended target
(Brefczynski & DeYoe, 1999). Here we observed
a significant enhancement of the P1 amplitude
recorded in occipital electrodes during trials in
which targets appeared on the side that was
congruent with the magnitude of the centrally
presented non-predictive digit cue. This finding is
in line with ERP reports on voluntary attention
cueing (e.g. Kelly, Gomez Ramirez, & Foxe, 2008;
Martinez et al., 1999; Zani & Proverbio, 2009), as
well as central non-predictive eye gaze (Schuller &
Rossion, 2001, 2004, 2005). The previous studies
investigating attentional orienting following num-
ber cues (Ranzini et al., 2009; Salillas et al., 2008)
also observed P1 congruency effects, but they
were significant only at more anterior sites over
parieto-central electrodes. The authors proposed
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Figure 4. (Continued)
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that this discrepancy was due to the nature of the
digit cues that are internal representational stimuli
in contrast to the external (physically salient)
attention cues that consistently induce early visual
P1 modulation. Alternatively, these differential
(early visual vs. parieto-central) congruency
effects might also be due to methodological factors
such as task demands and perceptual load as they
have been observed in voluntary orienting para-
digms (Handy & Mangun, 2000). If analogous
influences of task demand and perceptual load
also occur during attention orienting induced by
non-predictive number cues, they could explain
why we observed P1 number–space congruency
effects over posterior-occipital electrodes, whereas
the previous ERP studies using target detection
tasks reported P1 effects over anterior and central
electrodes (Ranzini et al., 2009; Salillas et al.,
2008). Similar differences between the localisation
of P1 effects were also observed in studies on
social orienting, i.e. following centrally presented
uninformative eye gaze as cues (Chanon & Hop-
finger, 2011). Whereas some authors did find
evidence for amplitude enhancements of target-
evoked P1 components that are similar to those
observed with exogenous reflexive orienting (e.g.
Schuller & Rossion, 2001, 2004, 2005), others did
not find modulations of early visual processing
(Chanon & Hopfinger, 2011; Fichtenholtz et al.,
2007, 2009; Magnée et al., 2011). Differences in
duration of the central digit cue might also help
explain why the topography of target-related
attention effects varies between studies. Whereas
previous ERP studies briefly flashed the digit cue
for 300 ms (Ranzini et al., 2009; Salillas et al.,
2008), here the digit cue remained on the screen
until the end of the trial. Consequently, there was
no offset of the cue-related central visual stimula-
tion. This might have created a favourable context
for observing attentional modulations over occi-
pital visual regions (see also Schuller & Rossion,
2004, 2005).

Notwithstanding this small difference concern-
ing the topography of P1 modulations, the target-
related congruency effects were remarkably sim-
ilar in the present target colour discrimination and
the previously implemented simple target detec-
tion paradigms (Ranzini et al., 2009; Salillas et al.,
2008). This indicates that the visuo-spatial orient-
ing effects induced by non-predictive Arabic digit
cues do not just require the specific context
created by the detection task but also arise when
participants need to focus on object features of
the target (such as its colour). This relative

impermeability to the target-related task charac-
teristics contrasts with the well-known influences
of the cue-related task (e.g. Casarotti et al., 2007;
Dodd, Van der Stigchel, & Hollingworth, 2009)
and the target location display (Ristic et al., 2006).
It strengthens the view that number concepts are
intrinsically linked to sensory-motor processes in
general and spatial representations in particular.
According to the numerical embodiment frame-
work proposed by Fischer, three hierarchically
organised embodiment aspects are groundedness,
embodiedness and situatedness (Fischer, 2012;
Fischer & Brugger, 2011; Lindemann & Fischer,
2014). Whereas the systematic low/high associ-
ation with small/large magnitude evidently refers
to the groundedness level of embodiment, it is less
clear to what embodiment aspect the present left-
small and right-large associations refer to. Evid-
ence from other species, such as birds, points
towards a basic role of hemispheric dominance of
attentional networks in this type of SNA (Rugani,
Kelly, Szelest, Regolin, & Vallortigara, 2010;
Rugani & Regolin, 2014; Rugani, Vallortigara,
Vallini, & Regolin, 2011) and emphasises their
groundedness aspect. On the other hand, number-
cue attention effects are also influenced by bodily
and environmental constrains such as the task
performed on the digit cue (e.g. Casarotti et al.,
2007; Dodd et al., 2009) or the characteristics of
the target display (Ristic et al., 2006), which
stresses their situatedness aspect. The latter aspect
is nevertheless narrowed down by the present data
which demonstrate that the specific context cre-
ated by target detection is not a necessary pre-
requisite for this type of SNA.

It has been proposed that gain modulations
observed in early visual areas are modulated by
top-down control originating in high-level regions
such as the parietal cortex which has direct neural
connections to occipital cortex (Brefczynski &
DeYoe, 1999; see also Lauritzen, D’Esposito,
Heeger, & Silver, 2009; Silver, Ress, & Heeger,
2007). Because the parietal cortex plays a well-
known role in magnitude processing, the atten-
tional shifts associated with numerical symbols
might well originate from this region. Bilateral
parietal regions, and especially the intra-parietal
sulcus (IPS), play a pivotal role in numerical
processing in non-human (for a review see Nieder,
2004) and human primates (for a review see
Cohen Kadosh, Lammertyn, & Izard, 2008).
Thus, we recently observed significant magnitude
effects bilaterally in the parietal cortex when we
studied the neuronal correlates of non-predictive
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number cues with fMRI (Goffaux, Martin, Dor-
mal, Goebel, & Schiltz, 2011). BOLD responses
were stronger for large (8 or 9) compared to small
(1 or 2) digits in two bilateral parietal regions (i.e.
the IPS and the inferior parietal lobule). Similarly,
Ranzini et al. (2009) observed larger ERP ampli-
tudes over parietal electrode sites for small com-
pared to large digit magnitude (see Figure 3). In
the present study, semantic processing of digit
magnitude was revealed by the presence of N1 and
P2p components which were observed bilaterally
over occipito-parietal electrodes and which were
larger for small than for large digits. This N1–P2p
complex is typically observed when participants
have to process the magnitude of Arabic digits
(Dehaene, 1996; Libertus, Woldorff, & Brannon,
2007; Liu, Tang, Luo, & Mai, 2011; Pinel,
Dehaene, Rivière, & LeBihan, 2001; Temple &
Posner, 1998) and reflects the numerical distance
effect at the level of electrophysiological responses.
Since digit magnitude was non-informative in our
paradigm, these magnitude effects on parietal
activity likely result from differences in the auto-
matic semantic processing of large vs. small num-
bers. As expected, this processing stage preceded
the visuo-spatial attention orienting which affects
the cue-locked attention-directing components
observed over parietal and frontal electrodes.

The cue-locked attention-directing EDAN com-
ponent that we observed over contra-lateral pari-
etal regions as a relative negativity is supposed to
reflect the parietal orienting mechanism that con-
trols spatial attention (e.g. Harter et al., 1989;
Hopf & Mangun, 2000; Praamstra & Kourtis,
2010; but see Van Velzen & Eimer, 2003). From
240 to 470 ms after the onset of central digits,
amplitudes of the relative negativities recorded on
controlateral and ipsilateral parietal electrodes
significantly differed. These characteristics of the
EDAN components consequently support the
hypothesis that small/large digits shift visuo-spatial
attention to the left/right hemi-space. Other meth-
ods such as repetitive transcranial magnetic stimu-
lation (rTMS) and fMRI further confirm the role
of parietal cortex in number–space interactions.
Thus, it was shown that rTMS stimulation of the
angular gyrus disrupts visuo-spatial search as well
as number comparison (Göbel, Calabria, Farne, &
Rossetti, 2006; Rushworth, Ellison, & Walsh,
2001). Moreover, rTMS over right angular gyrus
reduces pseudo-neglect in number interval bisec-
tion tasks (Göbel et al., 2006) and abolishes the
effect of number priming on physical line bisection
(Cattaneo, Silvanto, Battelli, & Pascual-Leone,

2009). Parietal regions that control visuo-spatial
orienting also play an important role in mental
arithmetic and numerical landmark tasks, as
demonstrated in fMRI studies by Knops and
colleagues (Knops, Thirion, Hubbard, Michel,
and Dehaene, 2009; Koten, Lonnemann, Willmes,
& Knops, 2011).

Frontal regions such as the frontal eye fields are
another critical part of the fronto-parietal atten-
tion orienting network (Chica, Bartolomeo, &
Lupiáñez, 2013; Petersen & Posner, 2012). The
cue-locked ADAN component is thought to
emerge (at least partly) from frontal generators
(e.g. Eimer, 1993; Hopf & Mangun, 2000; Nobre
et al., 2000; Praamstra et al., 2005). Like the
EDAN component, it is a relative negativity
observed over the controlateral hemisphere. Rus-
coni, Bueti, Walsh, and Butterworth (2011) pro-
vided the first direct evidence for a critical role of
frontal regions in number–space interactions, since
temporary inactivation of right frontal regions
eliminated SNAs effects in their rTMS study (see
also Rusconi, Dervinis, Verbruggen, & Chambers,
2013). Both EDAN and ADAN components were
in line with the results reported by Ranzini et al.
(2009). Together, these results strengthen the role
of these electrophysiological responses (recorded
predominantly over parieto-frontal electrodes) in
visuo-spatial orienting by overlearned symbols
that have a spatial meaning (Hietanen, Leppänen,
Nummenmaa, & Astikainen, 2008; see also Tru-
jillo & Schnyder, 2011). The weakness of LDAP
component (e.g. Harter et al., 1989) further estab-
lishes similarities with the attention-directing cue-
locked components described by Ranzini et al.
(2009) Similarly, we failed to observe significant
behavioural effects of number–space congruency,
as was the case in the ERP study of Ranzini et al.
(2009) investigating the effect of number cues on
RTs. The absence of clear behavioural effects
despite attentional modulation of the neuronal
responses recorded with ERPs can be explained
by the fact that behavioural effects are difficult to
highlight when digit cues are passively viewed as
in the present study (e.g. Bonato, Priftis, Marenzi,
& Zorzi, 2009; Casarotti et al., 2007). Moreover,
the relatively long SOAs chosen to optimise the
ERP design are also known to be suboptimal for
bringing out attentional effects in the form of RT
differences (Fischer et al., 2003).

In summary, the present data confirm and
extend the observation that task-irrelevant (non-
predictive) Arabic digit cues induce visuo-spatial
attention shifts and modulate the visual response
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to lateral targets according to number–space con-
gruency rules. We show that these modulations
are not only restricted to the context of target
detection tasks (Ranzini et al., 2009; Salillas et al.,
2008) but also occur when task settings require
participants to focus on object features of the
target. As expected from the ERP literature
(Chanon & Hopfinger, 2011; Handy & Mangun,
2000), P1 congruency effects observed during the
feature (i.e. colour) discrimination paradigm were
located more posteriorly (over the occipital cor-
tex) than the P1 modulations recorded at parietal
and central electrodes in previous target detection
paradigms (Ranzini et al., 2009; Salillas et al.,
2008). Our data support the embodiment frame-
work for number concepts (Barsalou, 2008;
Fischer, 2012; Fischer & Brugger, 2011; Lakoff &
Nunez, 2000; Lindemann & Fischer, 2014) and
specifically emphasise the intrinsic link existing
between numerical representations and spatial
attention. Considering the three hierarchical levels
of embodied number cognition proposed by
Fischer et al., we further characterised and con-
fined the situatedness aspect of non-predictive
number cues. Whereas it was known that they
can be abolished by bodily and environmental
contexts such as task on digit cue or configuration
of target display (Casarotti et al., 2007; Dodd et al.,
2008; Ristic et al., 2006), the present study
indicates that they do – in contrast – resist target
task variations. Taken together, these observations
back up the embodiment view which proposes that
abstract number concepts are rooted in concrete
sensory-motor processes.
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