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A B S T R A C T

Spatial constituents of adult symbolic number representation produce effects of size-value congruity, Spatial
Numerical Association of Response Codes (SNARC), and numerical distance. According to behavioral experi-
ments, these effects belong to distinct processing stages. Yet, these effects evoke overlapping responses in both
early and late Event Related Potentials (ERPs). To probe whether these overlaps indicate sharing of resources, all
relevant stimulus and response conditions were factorially combined in a numerical value comparison task. To
secure ERP validity, same numbers were compared against variable reference values. This design resulted in
previously unobserved interactions in behavior but inhibited late ERP effects. All effects arose early in the P1
component (around 100ms) and most showed hemispheric specificity. Independency of congruity and SNARC
effects was observed, whereas SNARC and numerical distance were closely intertwined. Differences in hemi-
spheric specificity, rather than stage-wise separation, were key to independence.

1. Introduction

The acquisition of numerical symbols is a major feat of abstraction
in human development. The ability to visually distinguish and manip-
ulate multiple objects in space precedes the act of counting in child-
hood. Yet, human development does not fully detach numerical sym-
bols from their sensorimotor origins (Fischer, 2018). Spatial
associations still play a role in representing numerical magnitude in
adulthood (Fias & Fischer, 2005; Moyer & Landauer, 1967; Restle,
1970). These associations are held responsible for a range of effects in
symbolic number representation experiments. Among these effects,
probably the three most frequently studied ones are: size-value con-
gruity (Besner & Coltheart, 1979; Henik & Tzelgov, 1982), Spatial
Numerical Association of Response Codes (SNARC) compatibility
(Dehaene, Bossini, & Giraux, 1993), and numerical distance (Moyer &
Landauer, 1967). All of these effects involve distinct aspects of spatial
representation but potentially tap into common resources. To in-
vestigate what these effects have in common, our study combines them
in a single experiment, using behavioral and Event-Related Potential
(ERP) measures.

1.1. Congruity

As more objects normally occupy larger amounts of space, numer-
ical magnitude may show associations with spatial size, leading to the
size-value congruity effect. This effect typically occurs in speeded choice
reaction time experiments when single numbers are judged against a
reference number. The task may involve judging numbers explicitly
according to their numerical magnitude (Schwarz & Heinze, 1998;
Schwarz & Ischebeck, 2003), physical size (Besner & Coltheart, 1979;
Henik & Tzelgov, 1982), or leaving these properties implicit, as in
parity judgment – “odd or even” (Viarouge, Hubbard, & McCandliss,
2014). The typical result consists of faster and/or more accurate re-
sponses to small numbers presented in small font size or large ones in
large font (congruent), as compared to small numbers in large font or
large ones in small font (incongruent; Banks & Flora, 1977; Besner &
Coltheart, 1979; Henik & Tzelgov, 1982; Paivio, 1975; Schwarz &
Heinze, 1998; Schwarz & Ischebeck, 2003).

The congruity effect is often called a numerical Stroop effect
(Stroop, 1935) as, akin to this effect, size-value congruity engenders
interference of a task-irrelevant dimension with a task-relevant one (or
between two task-irrelevant dimensions, as in the parity task). There is
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an ongoing debate about whether the effect arises in visual encoding,
where numerical magnitude and physical size might be jointly re-
presented, and/or in the decision-making stage (Santens & Verguts,
2011). Generally speaking, decision-making has perceptual, cognitive
and motor components (Jarvstad, Hahn, Rushton, & Warren, 2013). We
may wonder, which of these are involved in congruity, as well as in
other effects of spatial number representation. Addressing such ques-
tions experimentally benefits from high-temporal resolution measures,
in particular ERPs.

ERP studies revealed that congruity affects both early and late ERP
components, such as N1, P3 and the lateralized readiness potential
(LRP; Kadosh, Kadosh, Kaas, Henik, & Goebel, 2007; Schwarz & Heinze,
1998; Soltész, Goswami, White, & Szűcs, 2011; Szűcs & Soltész, 2007).
Size-value congruity thus seems to occur at multiple processing stages
and involve a range of processes, such as contextual analysis, conflict
monitoring and action selection (Szűcs & Soltész, 2007).

1.2. SNARC

A second spatial feature associated with numerical representation
involves the ordering of numbers (Fischer, 2018). Small numbers are
preferably associated with the left side and large numbers with the right
side (at least in Western cultures). Typically, responses to small num-
bers using the left hand are compatible and thus facilitated, while those
using the right hand are incompatible and thus inhibited, and vice versa
for large numbers. This effect, known as the Spatial Numerical Associa-
tion of Response Codes (SNARC) effect, was observed in magnitude as
well as in parity judgment tasks (Dehaene et al., 1993). The implicit
character of the latter suggests that the effect might reflect an intrinsic
spatial property of number representation, such as a mental number
line (Dehaene et al., 1993). SNARC effects have been found in children
(Van Galen & Reitsma, 2008) and, with non-symbolic number pre-
sentations, even in infants (Bulf, de Hevia, & Cassia, 2016).

At the very least, the SNARC effect is well entrenched: it is in-
dependent of stimulus presentation format (symbolic vs. non-symbolic,
e.g., dot patterns; Cohen Kadosh et al., 2011), and modality (e.g., au-
ditory instead of visual; Nuerk, Wood, & Willmes, 2005; Weis, Estner, &
Lachmann, 2016; Weis, Estner, van Leeuwen, & Lachmann, 2016).
Moreover, SNARC-like effects are quite widespread, as they can also be
found with symbolic magnitudes other than numbers, for instance with
pitch (Prpic et al., 2016; Weis, Estner, Lachmann et al., 2016; Weis,
Estner, van Leeuwen et al., 2016), non-symbolic and non-conceptual
magnitudes such as luminance (Fumarola et al., 2014; Ren, Nicholls,
Ma, & Chen, 2011), real and illusory geometrical magnitudes (Fumarola
et al., 2016; Prpic et al., 2018) and conceptual magnitude (e.g., the size
of animals; Shaki, Petrusic, & Leth-Steensen, 2012). The pervasive
character of these effects suggests that the left-right ordering may be
intrinsic to magnitude.

Then again, the SNARC effect is opposite in cultures where numbers
are read from right to left (Shaki, Fischer, & Petrusic, 2009). SNARC can
be overturned by reversing the order of numbers in the working
memory representation (Abrahamse, van Dijck, Majerus, & Fias, 2014)
or by training participants to represent numbers as time on an analog
clock face (Bächtold, Baumüller, & Brugger, 1998), suggesting that the
effect is mediated by the present memory representation.

The SNARC effect is commonly understood as being akin to sti-
mulus-response (SR) compatibility, which is well known from previous
studies of two-handed responses to lateralized stimuli in perceptual-
motor tasks (starting from Fitts & Seeger, 1953). A difference with this
classical effect is that with numbers, compatibility can be implicit as
demonstrated by its occurrence in the parity task (Dehaene et al.,
1993). A related issue is that in the classical SR effect, the role of the
stimulus could be understood in terms of physical laterality, whereas
with numbers the laterality can be a matter of their contextualized
representation. For this reason, we will adopt the neutral term “re-
sponse compatibility”.

ERP studies initially found SNARC-related moderation of LRP and
consequently associated the SNARC effect with action selection (Szűcs
& Soltész, 2007) or response preparation (Gevers, Verguts, Reynvoet,
Caessens, & Fias, 2006; Keus & Schwarz, 2005) stages. However, a more
recent study has revealed SNARC effects also on earlier, stimulus-re-
lated components: N1, N2, and P3 (Gut, Szumska, Wasilewska, &
Jaśkowski, 2012). These effects were interpreted as evidence for digit
magnitude categorization, numerical conflict detection, and mon-
itoring. According to current ideomotor theory (Hommel, Müsseler,
Aschersleben, & Prinz, 2001), perception shares a common code with
motor behavior, such that actions are represented by their perceivable
effects (Shin, Proctor, & Capaldi, 2010). Therefore, it is possible that the
early effects of SNARC involve the implicit activation of anticipated
motor responses, which may affect even the earliest perceptual com-
ponents of ERP (Nikolaev, Ziessler, Dimova, & van Leeuwen, 2008). The
SNARC effect may also be manifested in preparatory lateralization of
executive attention, as suggested by the hemispheric specificity of
SNARC effects on P3 (Gut et al., 2012). In sum, as with the congruity
effect, numerous ERP components may be sensitive to the SNARC ef-
fect, suggesting that it involves both early and late processes.

1.3. Numerical distance

We will consider a third effect involving sensorimotor components
of symbolic number representation: the numerical distance effect (Moyer
& Landauer, 1967). Typically, this effect is observed in magnitude
judgment tasks; the closer in magnitude a number is to the reference,
the more time participants need to determine the correct answer. At
least for symbolic numbers in their common Arabic representation, this
effect cannot be ascribed to similarity in shape, as “4” and “5” differ in
shape as much as “4” and “6” do.

Most explanations consider the numerical distance effect to result
from noise in a continuous number representation, such that numbers
are more difficult to distinguish if their difference is small. In principle,
the representational continuum could be some abstract magnitude
currency (Walsh, 2003). However, in the context of the other effects
discussed here, a more likely substrate for this noisy continuum would
be spatial representation of numerosity, such as the mental number line
assumed for the SNARC effect (Dehaene et al., 1993).

Krajcsi and Kojouharova (2017) provide an intriguing alternative
explanation, in which the distance effect involves the categorical re-
presentations “large” and “small”. The former has associations to
numbers, of which the strengths are proportional to their numerical
values; they are inversely proportional for the latter. Hence, the larger
the numerical distance between two digits, the more distinct their ca-
tegorical associations. Krajcsi and Kojouharova (2017) showed that
learning of contrasting categorical associations modifies the distance
effect, which puts the authors in the same camp as the opponents of
intrinsic spatial representation of the SNARC effect.

In our view, Krajcsi and Kojouharova’s (2017) explanation offers a
new perspective on the numerical distance effect as a form of response
compatibility. Both 5 and 6 are “small” compared to a reference
number 7. However, 5 is more strongly associated with the “small”
category than 6, which is more strongly associated with “large”. Hence,
for 5 there is compatibility between categorical representation and the
response, but incompatibility for 6. The opposite would be the case
when 5 and 6 are compared against a reference 4. Thus, response
compatibility mechanisms might underlie the numerical distance effect,
as they do with the SNARC effect.

In ERP studies, the numerical distance effect is most prominent over
the parietal areas between 124 and 300ms (Avancini, Galfano, & Szűcs,
2014; Dehaene, 1996; Libertus, Woldorff, & Brannon, 2007; Schwarz &
Heinze, 1998; Soltész et al., 2011; Szűcs & Csépe, 2005; Szűcs & Soltész,
2007; Temple & Posner, 1998). In this interval, numerical distance
moderates a number of ERP components, including N1 (Merkley, Shimi,
& Scerif, 2016; Temple & Posner, 1998) as well as its frontal
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counterpart (Jiang et al., 2010). Curran, Tucker, Kutas, and Posner
(1993) mention a second posterior positivity (210–250ms latency),
commonly denominated as P2p, that reprises the P1 at the same sites.
Larger P2p amplitude was observed for close than for far numerical
distances (Dehaene, 1996; Jiang et al., 2010; Libertus et al., 2007;
Temple & Posner, 1998). Several studies also reported that the distance
effect on ERPs may continue after 300ms and affect the amplitude and
latency of the following P3 component (Avancini et al., 2014; Dehaene,
1996; Grune, Mecklinger, & Ullsperger, 1993; Jiang et al., 2010;
Libertus et al., 2007; Schwarz & Heinze, 1998). Thus, as with congruity
and SNARC effects, both early and late ERP components are sensitive to
numerical distance.

1.4. Three effects sharing common resources?

Even though the spatial features invoked in size-value congruity,
SNARC, and numerical distance effects are distinct, they may depend on
shared processing resources. In behavioral studies, this issue has tra-
ditionally been addressed with a factorial design. Any observed inter-
actions are understood to indicate overlapping processing stages; ab-
sence of interactions is taken to indicate that factors belong to distinct
processing stages (for a recent review, see Sternberg, 2018). For ex-
ample, congruity and SNARC factors were combined in parity (Fitousi,
Shaki, & Algom, 2009) and numerical magnitude (Weis, Theobald,
Schmitt, van Leeuwen, & Lachmann, 2018) judgment tasks. Both stu-
dies showed that these effects occur independently (i.e., no interaction
between congruity and SNARC factors). The authors concluded that the
size-value congruity effect in behavior arises early, presumably in a
perceptual decision stage (Santens & Verguts, 2011; c.f. contextual
analysis; Szűcs & Soltész, 2007), while SNARC takes effect in a later
stage.

On the other hand, behavioral studies have shown a correlation
between SNARC and numerical distance effect sizes in individuals
(Viarouge et al., 2014), and interactions between the SNARC effect and
physical distance in the peripersonal space (Lohmann, Schroeder,
Nuerk, Plewnia, & Butz, 2018). These observations would suggest that
numerical distance and SNARC tap into the same resources, in ac-
cordance with Krajcsi and Kojouharova´s (2017) account of numerical
distance effect in terms of response compatibility. The issue of de-
pendency of numerical distance and SNARC, therefore, remains open.
We are not aware of any behavioral studies which addressed this issue
in a factorial design.

The sparseness of interactions in behavioral studies is inconsistent,
at least on the face of it, with ERP studies showing that numerical
concepts invoke spatial associations at multiple processing stages, af-
fecting a range of processes. We have seen that congruity, SNARC, and
numerical distance all affect both early and late ERP components.
According to the common extension of Donders’ subtraction method
(Donders, 1868) to neuroimaging and psychophysiology, interactions in
factorial designs reveal shared resources also in ERP. However, this
would assume that ERP generation is a linear process, which is ques-
tionable (Alexander, Trengove, & van Leeuwen, 2015). Instead of ad-
ditivity we may encounter moderation, which may give rise to false
alarms and misses in linear analyses (Cohen, 2014). Thus, interactions
in ERPs are neither sufficient nor necessary for observing dependencies
between processes (Loizides, Achilleos, Iannetti, & Mitsis, 2015).
Therefore, it is unsurprising that ERP studies have been inconclusive
about interactions. For example, Soltész et al. (2011) observed an in-
teraction between numerical distance and congruity effects in children,
but failed to find one in adults.

Despite these complications, it may still be worthwhile to apply a
factorial design in combination with ERP measurements. ERPs (besides
their counterparts in magnetoencephalography) are the only measures
having sufficient temporal resolution to study the time course of pro-
cessing with high precision. False alarms and misses may be countered
in ERPs on a case-by-case basis, e.g. in light of brain signals’

propagation direction across the scalp and the delays in arrival this may
cause in certain components across locations. None of the previous ERP
studies tested the stimulus and response factors that evoke size-value
congruity, SNARC compatibility, and numerical distance-related re-
sponses in a single experiment. Thus we independently varied the fol-
lowing factors: numerical value, font size, response laterality, and nu-
merical distance.

We will consider sequential ERP components known to be sensitive
to these factors, such as N1, P2p, and P3. In addition, we consider the
P1 component, which is indicative of early perceptual processes related
to the physical characteristics of stimuli, such as their size (Busch,
Debener, Kranczioch, Engel, & Herrmann, 2004). Generally, since ERP
components are highly sensitive to differences in physical stimulus
features, we apply a fully balanced design, using comparisons between
physically identical stimuli wherever possible.

Stimuli will be presented foveally, so that initial visual processing
takes place in both hemispheres. Number processing may be differ-
entiated between the two hemispheres, as has been shown for SNARC
(Gut et al., 2012) and numerical distance (Avancini et al., 2014) effects.
Lateralized responses will be performed with right and left hands. Hand
responses are preferentially initiated in the contralateral hemisphere
(Aziz-Zadeh, Iacoboni, & Zaidel, 2006). For these reasons, the left and
right hemispheres are included as a separate factor in our analyses.

2. Material and method

2.1. Participants

Twenty-six healthy adults (five males, median age=21 years, age
range: 18–28 years) were recruited via the cloud-based participant
management software “Sona-Systems” in the Faculty of Psychology and
Educational Sciences at KU Leuven. All participants were right-handed,
as indexed by a handedness inventory (Oldfield, 1971). All reported
normal or corrected-to-normal vision. Six participants were excluded
from further analyses: three because of failure to follow task instruc-
tions, one due to technical issues during the EEG recording, one due to
more than 33% of trials removed in artifact rejection, and one due to
less than 30 trials per condition remaining after artifact rejection. Thus,
the data of 20 participants were included in the analysis. The study was
conducted according to the guidelines of the Helsinki convention and
approved by the departmental ethics committee of the KU Leuven. All
participants gave their written consent after being informed about the
procedure and were given the opportunity to ask questions and receive
explanation about the experiment.

2.2. Stimuli

Stimuli were six digits (2, 3, 5, 6, 8, & 9) printed in grey against a
black background. Stimuli were presented in the center of a 40 x 30 cm
screen with a refresh rate of 75 Hz and a resolution of 1600× 1200
pixels at a distance of 60 cm. The digits were of two font sizes: 1° and 3°
of visual angle.

2.3. Procedure

The experiment was operated in Python 2.7 (Python Software
Foundation) and took place in a dimly lit and shielded room.
Participants were seated in front of a computer screen, placed at eye
level and at arm’s length on a table. Participants rested their index
fingers on the Q and P keys of a QWERTY keyboard connected to the
computer and responded by pressing one of the keys. The task involved
numerical value comparison with a reference number. We used two sets
of four numbers: 2, 3, 5, 6 in reference to 4, and 5, 6, 8, 9 in reference to
7. Both sets shared the numbers 5 and 6. In the first set, 5 and 6 were
larger than reference number 4 whereas in the second set, 5 and 6 were
smaller than reference number 7 (Fig. 1A). In addition, in the first set 5
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was numerically closer than 6 to reference number 4, and in the second
set, vice versa to reference 7. Thus, the numbers 5 and 6 in both sets
were differently related to the reference in an entirely balanced
manner.

The two sets of numbers were presented in separate blocks.
Independently, in half of the blocks, numbers were responded to as
small with the left hand and as large with the right hand; vice versa in
the other half of the blocks. Each block was presented twice in random
order. Within blocks, half of the numbers were randomly presented in
small font (1°of visual angle) and in the other half in large font (3° of
visual angle). Numerical value varied randomly within blocks, ex-
cluding repetitions of identical stimuli in subsequent trials. Half of the
trials contained the numbers 5 or 6, both of which were repeated 50
times in each block. Eight blocks of 200 trials were presented in random
order, yielding 1600 trials in total.

Prior to the start of each block, participants received an instruction
for minimally 10 s, e.g.: “if the number is larger than 4, press P,
otherwise press Q” in a font size of 0.5° of visual angle. They then re-
ceived ten practice trials, in order to avoid an increase of response times
due to switching of instruction. During the practice trials, feedback
about correctness and response time was given for 2000ms.

Each trial started with a fixation cross in the center of the screen
presented for a random interval ranging from 1200 to 1500ms. The
stimulus was presented until participant’s response with a timeout of
2000ms. In the inter-trial interval, a black screen was presented for a
fixed 1000ms period. With 5-minute breaks between blocks, the ex-
periment took approximately 2.5 h to complete.

2.4. EEG recording

The EEG was recorded using a 256 channel Geodesic Sensor Net
(Electrical Geodesics Inc., Eugene, OR). The net included the electrodes

for recording horizontal and vertical electrooculogram. The sampling
frequency was 250 Hz. The vertex electrode was used as a reference.
EEG signal was filtered online with a 0.1 Hz high-pass filter and a
100 Hz low-pass filter.

2.5. Analysis of behavioral data

Error rates and reaction times (RT) were analyzed for trials con-
taining the numbers “5” and “6” only. Responses faster than the in-
dividual average minus two standard deviations or slower than plus two
standard deviations were designated as outliers. On average 4.42%
trials (SD=1.04%) per participant and per condition were outliers;
these trials were excluded from analyses. Only correct responses were
analyzed for RT. The data were analyzed with R (R Core Team, 2013)
and Python 2.7.

2.6. EEG analysis

EEG was analyzed for trials containing the numbers “5” and “6”
only, again excluding outliers. For analyzing the EEG data, we used
BrainVision Analyzer (Brain Products GmbH, Gilching, Germany) and
Python 2.7. Electrodes on the neck and cheeks were excluded since they
are liable to neck and face muscles artifacts. Finally, of the 256 re-
corded channels, 161 were used in the analysis. The EEG signal was
filtered using a Butterworth zero phase filter with the low cutoff at
.53 Hz and the high cutoff at 30 Hz at 48 dB/oct.

We corrected for eye movement artifacts in continuous EEG re-
cording using independent component analysis (ICA) with the Infomax
Restricted algorithm (Jung et al., 1998). We selected a 400 s interval
arbitrarily from the fourth block of the experiment as a training dataset
for computing the unmixing matrix. ICA components were auto-
matically identified by picking up blinks and saccades, as evidenced by
their characteristic shape and maximum at frontal sites. After removing
these components, the EEG was reconstructed.

Subsequently, the data were segmented into epochs of 600ms
length, including a 100ms prestimulus interval. To remove artifacts due
to bad electrode contact and large muscle movement, we applied the
following thresholds on EEG amplitude: the amplitude difference be-
tween 2 sample points should not exceed 50μV; the amplitude differ-
ence should not be more than 100μV in an interval of 100ms. The
epochs containing activity below 0.5μV in an interval of 100ms were
also removed. Epochs with bad intervals were excluded from the da-
taset. Channels having more than 3% bad epochs were removed. We
removed on average 2.5 channels (SD=3.2 channels) per participant.
After artifact removal there were on average 44.52 (SD=3.88; range:
35–49) epochs per condition per participant.

Consistently with the previous literature on numerosity judgment,
we focused our analysis on the N1, P2p, and P3, and additionally on P1,
which is sensitive to stimulus size (Busch et al., 2004). Consequently,
we selected the regions of interest in the areas of their typical locations
(Luck, 2005): over the left and right occipital areas for P1 and N1. P2p
was also analyzed over these areas, corresponding to previous reports of
its location as occipito-posterior (Dehaene, 1996; Jiang et al., 2010)
and its prominence in the grand-averaged curves of our analysis. P3 was
analyzed over the left and right parietal areas. We averaged signals of
seven electrodes, around the landmark electrodes of the International
10–20 System of Electrode Placement: O1, O2, and P3, P4. Epochs were
averaged for each participant and condition separately. The averaged
epochs were baseline corrected by subtracting the mean amplitude in
the interval −100ms – 0 from each point of an epoch. Using visual
inspection of the grand averaged waveforms, we extracted for four
components, the mean amplitude in the intervals: P1: 90–140ms, N1:
140–200ms, P2p: 200–250ms, and P3: 250–350ms.

For statistical analyses, we used repeated-measures ANOVAs with
the factors: numerical value (small: 5 and large: 6), font size (small and
large), numerical distance to the reference number (close and far),

Fig. 1. A: Stimuli and task. B: Stimulus and response conditions and derived
interactions.
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response laterality (left and right hand) and, in the ERP analysis,
hemisphere (left and right). For post hoc analyses, we used the Fisher’s
Least Significant Difference (LSD) test.

2.7. Derivation of conditions

The above-mentioned factorial designs display only numerical dis-
tance as a main effect; congruity and SNARC effects would appear as
interactions (Fig. 1B). Interactions involving numerical value and font
size designate size-value congruity: large values in large font and small
values in small font constitute congruent conditions; small values in
large font and large values in small font constitute incongruent condi-
tions.

SNARC effects are designated as interactions of numerical value and
hand. Numerical value 5 responded to with the left hand, and 6 with the
right hand may thus count as SNARC compatible, while 5 responded to
with the right hand, and 6 with the left hand count as incompatible. On
this account, numerical value 5 qualifies as intrinsically small and 6 as
intrinsically large, independently of how they were responded to.
Therefore this SNARC effect will be called I(ntrinsic)-SNARC effect.

Notably, because the reference numbers were varied (4 vs. 7), half
of the times 5 and 6 were responded to as “small”, and half of the times
as “large”. A second SNARC effect may occur, if compatibility depends
on response categories. In this case, responses classified as “small”
would preferably be given with the left-hand and responses classified as
“large” preferably with the right hand. We will therefore refer to this
effect as C(ategorical)-SNARC.

In our ANOVAs, C-SNARC effects are designated by three factors:
numerical value, numerical distance, and hand. The number 5 qualifies
as small with the far reference 7 and as large with the close reference 4,
whereas 6 qualifies as large with the far reference 4 and as small with
the close reference 7. These designations determine the C-SNARC
compatible and incompatible hand conditions. Note that the distinction
between I-SNARC and C-SNARC allows us to determine whether the
left-right ordering is based on intrinsic numerical value, current cate-
gorical assignment, or a mixture of both.

Finally, we may consider a SNARC effect designated by numerical
distance and hand. We will call this a D(istance)-SNARC effect. D-
SNARC means that close numerical distances (i.e. between 4 and 5 or
between 6 and 7) are preferably responded to with the left hand, and far
distances (between 5 and 7 and between 4 and 6) preferably with the
right hand. These constitute the D-SNARC compatible conditions; the D-
SNARC incompatible conditions are vice versa. A D-SNARC effect
would support the view elaborated in the introduction that the nu-
merical distance effect, like the SNARC effect, is based on response
compatibility, and thus that both effects are interdependent.

3. Results

3.1. Behavioral results

On average, participants gave 97.45% (SD=1.6%) correct re-
sponses. The ANOVA on error rates revealed a main effect of numerical
value, F(1, 19)= 6.5, p= .02, η2= .25, with more errors for the larger
number. Additionally, there was a main effect of numerical distance, F
(1, 19)= 31.8, p < .001, η2= .63, with more errors for the smaller
distance.

Average response time was 474.5ms (SD=72.8ms). An ANOVA on
response times showed a main effect of font size, F(1, 19)= 20.8, p <
.001, η2= .52, with fast responses to the larger stimuli. Furthermore,
there was a main effect of numerical distance, F(1, 19)= 35.6, p <
.001, η2= .65, with faster reaction times for the larger numerical dis-
tance. Additionally, there was a triple interaction between numerical
value, font size, and numerical distance, F(1, 19)= 9.0, p= .007,
η2= .32 (see Fig. 2A). Post hoc tests revealed that responses were
slowest when the large numerical value was presented in small font at a

small numerical distance. In contrast, participants were fastest when
the large numerical value was presented in a large font at a large nu-
merical distance. This interaction could be represented as a crossover
between numerical distance and size-value congruity (Fig. 2B), with a
(very small) congruity effect for the far numerical distance, and a
somewhat larger, negative effect of congruity for the near numerical
distance. This interaction will be shown in the discussion to allow di-
agnosing the present numerical distance effect.

I-SNARC, C-SNARC or D-SNARC effects would have been manifested
in interactions involving the factor of response laterality (left-right
hand). However, none of these effects were close to significance
(F<1).

3.2. EEG results

3.2.1. P1
An ANOVA on P1 amplitude revealed no main effects; numerical

value still provided a tendency, F(1, 19)= 4.1, p= .056, η2= .18. An
interaction between numerical value and hemisphere, F(1, 19)= 12.6,
p= .002, η2= .40, revealed that higher amplitude for the large (6)
rather than small (5) numerical value was more prominent over the
right hemisphere (p < .001) than over the left (p= .03).

Note also that large and small font sizes differed in latency on all
ERP components. This effect may easily be understood, e.g. in terms of
stimulus discriminability. This illustrates the principled issue that
comparing across non-identical stimuli is a potential source of con-
founding. Size-value congruity effects compare between different
numbers (5 and 6) in different font sizes. Given that numerical value
and font size are balanced over congruent and incongruent conditions,
this does not threaten the validity of the congruity effect.

Fig. 2. RT results. A: Interaction between numerical value, font size, and nu-
merical distance. B: Interaction between numerical distance and size-value
congruity. Error bars indicate standard errors of the means across 20 partici-
pants.
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Fig. 3 shows the interactions obtained for P1 between the stimulus
and response conditions of our design; Fig. 4 shows the same effects re-
graphed to visualize the effects involving congruity, SNARC, and dis-
tance effects. There was an interaction between hemisphere, numerical

value, and font size, F(1, 19)= 17.3, p < .001, η2= .48. Fig. 3A–C
shows that the previously observed effect of numerical value is mod-
erated by both hemisphere and font size: In the left hemisphere, a larger
amplitude was observed for large numbers in small font while the right

Fig. 3. P1 results. A-C: Interaction between hemisphere,
numerical value, and font size. A: grand-averaged poten-
tials for left and right occipital ROIs. B: difference maps
(large minus small numerical value) for large and small
font size at the P1 peak latency. C: mean amplitude in the
interval 90–140ms after stimulus onset. D: mean ampli-
tude for the interaction between numerical value and re-
sponse laterality (I-SNARC). E: mean amplitude for the
interaction between numerical distance, numerical value
and response laterality (C-SNARC). F-H: Interaction be-
tween hemisphere, numerical distance, and response la-
terality (D-SNARC). D: grand-averaged potentials for left
and right occipital ROIs. E: difference maps (close minus
far distance) for the left and right hands at P1 peak la-
tency. F: mean amplitude in the 90–140ms interval after
stimulus onset. Error bars indicate standard errors of the
means across 20 participants.
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hemisphere showed a larger amplitude for large values in large font. As
a size by value interaction designates size-value congruity, the result
suggests opposing congruity effects between the hemispheres. How-
ever, post hoc analyses showed that the interaction was not significant
over the right hemisphere (p= .3), but significant over the left hemi-
sphere (p= .002; Fig. 4A–C). According to the interaction, incongruent
stimuli are reflected in higher amplitude than congruent ones. We
conclude that the effect in the left hemisphere is a negative congruity
effect.

We obtained an interaction tendency of numerical value and re-
sponse laterality, F(1, 19)= 3.78; p= .067; η2= .17. As shown in
Fig. 3D, the opposing tendencies are in the direction expected for the I-
SNARC effect. However, this effect only reached significance for the
non-dominant hand (p= .005).

There was a marginally significant triple interaction of numerical
value, distance, and response laterality, F(1, 19)= 4.3, p= .051,
η2= .19 (Fig. 3E). The opposing tendencies in Fig. 3E are in the

direction expected for the C-SNARC effect, but significance was re-
stricted to the non-dominant hand, where higher amplitude was ob-
served for large than for small values for the far numerical distance
(p < .001).

As shown in Fig. 3F–H, there was an interaction between hemi-
sphere, numerical distance and response laterality, F(1, 19)= 8.4, p=
.009, η2= .31. The numerical distance effect is moderated by both
hemisphere and response laterality. Whereas the left hemisphere shows
a larger amplitude for the ipsilateral hand independently of numerical
distance (p= .2), the right hemisphere shows a cross-over interaction
of response laterality and numerical distance, F(1, 19)= 8.4, p= .009,
η2= .31, in which the larger amplitude is reserved for the far-left and
close-right conditions, as opposed to the close-left and far-right condi-
tions. This effect could be understood as a right-hemispheric D-SNARC
effect: close numerical distances are preferably associated with a left-
hand response; far distances preferably with a right-hand response
(Fig. 4D–F).

Fig. 4. P1 results. A-C: Interaction between hemisphere and congruity. A: the grand-averaged potentials for the left and right occipital ROIs. B: the difference map
(incongruent minus congruent) at the P1 peak latency. C: the mean amplitude in the interval 90–140ms after stimulus onset. D-F: Interaction between hemisphere
and D-SNARC effect. D: grand-averaged potentials for left and right occipital ROIs. E: difference map (D-SNARC incompatible minus compatible) at P1 peak latency.
F: mean amplitude in the interval 90–140ms after stimulus onset. Error bars indicate standard errors of the means across 20 participants.
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3.2.2. N1
An ANOVA revealed higher N1 amplitude for the small rather than

large numerical value, F(1, 19)= 38.1, p < .001, η2= .67. This effect
was more prominent over the right than left occipital areas, as was
evident from the interaction between hemisphere and numerical value,
F(1, 19)= 8.2, p= .01, η2= .30 (Fig. 5). The post hoc test showed that
the difference between large and small numerical values was significant
in both hemispheres (both p < .001). A marginally significant inter-
action of hemisphere and response laterality, F(1,19)= 4.28, p= .053,
η2= .18, showed a slightly larger amplitude for the left hand over the
left hemisphere only.

3.2.3. P2p
An ANOVA revealed a much higher P2p amplitude for the large than

for the small font size, F(1, 19)= 113, p < .001, η2= .86, which was
partially explained by the latency shift between these conditions
(Fig. 6A). The interaction between hemisphere and response laterality,
F(1, 19)= 6.1, p= .02, η2= .24, showed that the amplitude was
higher for the left than for the right hand over the left hemisphere (p=

.003), but there was no difference over the right hemisphere (p= .9).
Furthermore, there was an interaction between hemisphere, distance,
and font size, F(1, 19)= 5.1, p= .04, η2= .21 (Fig. 6). The post hoc
test revealed a higher amplitude for the close than for the far distance,
but only for large font size over the right hemisphere (p < .001).

3.2.4. P3
An ANOVA on P3 amplitude revealed no main effects (a marginally

higher amplitude was observed over the right than left hemisphere, F(1,
19)= 4.1, p= .058, η2= .18, but two interactions (both of which also
occurred for P1). The interaction between hemisphere and numerical
value, F(1, 19)= 16.5, p < .001, η2= .46, showed that the amplitude
was higher for large than small numerical value over the right
(p< .001) but not over the left hemisphere (p= .5).

There was an interaction between hemisphere, numerical value, and
font size, F(1, 19)= 6.0, p= .02, η2= .24. Fig. 7A–C shows higher
amplitude for the large numerical value, independently of font size
(p= .3), for the right hemisphere. For the left hemisphere, the graph
shows a crossover interaction (p= .02), with higher amplitudes for

Fig. 5. N1 results. Interaction between hemisphere and abso-
lute value. A: the grand-averaged potentials for the left and
right occipital ROIs. B: the difference map (small minus large
numerical value) at the N1 peak latency. C: mean amplitude in
the interval 140–200ms after stimulus onset. Error bars in-
dicate standard errors of the means across 20 participants.

Fig. 6. P2p results. Interaction between hemisphere,
distance, and font size. A: grand-averaged potentials
for the left and right occipital ROIs. B: difference maps
(close minus far numerical distance). C: mean ampli-
tude in the interval 200–250ms after stimulus onset
marked by a grey bar in A. Error bars indicate standard
errors of the means across 20 participants.
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incongruent conditions, in other words, a negative congruity effect. The
same effect as over the left hemisphere in P1, therefore, returns in P3
(see Fig. 7D–F).

Table 1 shows a schematic overview of results (above-mentioned
marginally significant ones are shown in parentheses). Behavioral re-
sults (error rates and RT) show robust effects of numerical distance.
ERP results show a great deal of hemispheric specificity for all com-
ponents. ERP effects and interactions occurred most frequently with
numerical value and, to some extent, font size. A noticeable feature is
the predominant involvement of P1. Effects and interactions of P3 to
some degree mirror those of P1. Effects and interactions for N1 and P2p
deviate from this pattern.

4. Discussion

We used a task involving numerical comparison to a variable re-
ference, in order to study the combined effects of numerical distance,
size-value congruity, and SNARC compatibility. Numerical distance was
varied independently of numerical value, font size, and response la-
terality. Congruity effects were designated as interactions involving
numerical value and font size. Varying response laterality (left or right
hand) enabled us to study SNARC compatibility effects. We dis-
tinguished intrinsic, categorical and distance-SNARC (I-, C-, and D-
SNARC, respectively). I-SNARC effects were considered as hand com-
patibility with numerical value (5 = small or 6 = large) irrespective of
the reference (4 or 7); C-SNARC as hand compatibility with value
(“large” or “small”) relative to the reference; D-SNARC as hand com-
patibility with numerical distance from the reference (close= small or

Fig. 7. P3 results. A–C: interaction between hemisphere, absolute value, and font. A: the grand-averaged potentials for the left and right occipital ROIs. B: difference
maps (large minus small values) for large and small font in the time window of P3. C: mean amplitude in the interval 300–500ms after stimulus onset. D–F:
interaction between hemisphere and congruity. D: grand-averaged potentials for the left and right occipital ROIs. E: difference map (incongruent minus congruent) in
the time window of P3. F: mean amplitude in the interval 300–500ms after stimulus onset. Error bars indicate standard errors of the means across 20 participants.
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far= large).
In the behavioral results, we observed main effects of numerical

value and distance in the error rates, and of font size and numerical
distance in the reaction times. The triple interaction in Fig. 2 between
numerical value, font size, and numerical distance may appear sur-
prising. Note, however, that Krajcsi and Kojouharova (2017) ascribed
the numerical distance effect to differences in association strength be-
tween numerical values and the categories “large” and “small”. For the
close numerical distances, these associations may conflict with the re-
sponse categories. Presumably, the number 5 is associated more
strongly to the “small” category and 6 more to the “large” category. But
5 is responded to as “large” compared to its close reference 4, and 6 as
“small” to its close reference 7. When numbers are far from the re-
ference (6 to 4 and 5 to 7), the categorical association and the response
are not in conflict. On the right in Fig. 2A, this condition shows a size-
value congruity effect, with faster responses for congruent than for
incongruent stimuli – discounting the overall preference for larger
fonts. By contrast, the close numerical distance conditions in the panel
on the left show a negative congruity effect. Here, congruity may have
strengthened the conflict between the categorical associations of the
numbers and their response categories.

No effects of SNARC were obtained in the behavioral data. Thus,
previous observations of independency between SNARC and congruity
(Fitousi et al., 2009; Weis et al., 2018) could not be substantiated.
SNARC effects are typically predominant at the extremes of a numerical
range rather than at the intermediate values (e.g., Figs. 2 and 3 in
Gevers et al., 2006). Whereas the range extremes in our experiment
varied between blocks, across the entire experiment they were 2 and 9,
which qualifies our target numbers, 5 and 6, as intermediate. This may
not have been optimally conducive to SNARC effects but was necessary
for being able to study all effects in a single experiment.

Dependencies between congruity, numerical distance, and SNARC
compatibility could, however, be substantiated by our ERP findings
(Table 1). Most of these effects are concentrated on P1. P1 is generally
associated with early visual perception and, specifically, with physical
properties of visual stimuli (Luck, 2005). In particular, P1 amplitude
increases with stimulus size (Busch et al., 2004). Here, P1 showed an
earlier onset for digits in larger font (visible in Fig. 3A). Only in P2p did

the difference in latency lead to a main effect of font size on amplitude.
There were interactions involving font size for all components, except
for N1.

Independently of stimulus size, we observed an effect of numerical
value (5 vs. 6) on P1 in the right hemisphere. P1 (together with N1) has
been found sensitive to spatial attention (Hillyard & Anllo-Vento,
1998). For physically balanced stimuli, this sensitivity could reflect
their spatial representation. Thus, P1 is not unlikely to reflect spatial
representation of numerical value. Effects of numerical value occur in
all ERP components except P2p and are predominantly right-hemi-
spheric, but lead to a main effect only in N1.

There was a hemisphere-specific interaction of font size and nu-
merical value in P1, with a congruity tendency over the right hemi-
sphere but inversely, a negative congruity effect over the left hemi-
sphere. A later negative congruity effect over the left hemisphere on P3
“echoes” that of P1. The persistence of this effect across earlier and later
ERP components, and its presence in the dominant left hemisphere,
may explain why congruity, in contrast to SNARC, has a moderating
effect in the behavioral data.

The opposing congruity effects between the hemispheres may be
understood in relation to hemispheric specialization for, respectively,
more holistic processing of visual stimuli in the right hemisphere versus
more analytic processing in the left hemisphere (Van Kleeck, 1989).
Hemisphere specific, Stroop-like interference of holistic and analytic
features has been reported in the literature (Alivisatos & Wilding,
1982).

A right-hemispheric congruity effect suggests that, similar to the
Stroop effect, early processing integrates holistically the relevant sti-
mulus dimension (numerical magnitude) and the irrelevant one (phy-
sical size). The left-hemispheric negative congruity effect may then
indicate a process Szűcs and Soltész (2007) identified as contextual
analysis. Analysis of the target dimension may require suppressing the
irrelevant one. This is harder to achieve if both stimuli are congruent,
and thus a negative congruity effect results.

In behavioral studies, reversals of Stroop-like effects have generally
been found as a function of stimulus type, rather than hemisphere, e.g.
in the perception of shapes of different complexity (Bavelier, Deruelle,
& Proksch, 2000; Briand, 1994; Van Leeuwen & Bakker, 1995) or be-
tween letters and shapes (Van Leeuwen & Lachmann, 2004).

We observed SNARC effects involving greater amplitude for in-
compatible conditions in P1. This may be a matter of early conflict
resolution, for which the response-incompatible condition receives
extra spatial attention. Sensitivity to a response conflict in such an early
stage should not be surprising. According to ideomotor theory (Hommel
et al., 2001), early activation of a percept may facilitate later motor
responses through their common code.

Of the SNARC effects observed, two were only marginally sig-
nificant. Firstly, the I-SNARC effect: 5 is compatible with the left hand
and 6 with the right hand. This effect arises when spatial ordering is an
intrinsic property of number representation (Dehaene et al., 1993).
Secondly, the C-SNARC effect takes into account the response cate-
gories “large” or “small”, which depend on the reference value. Be-
tween blocks, the reference varied, such that in one case, both 5 and 6
qualified as “small” and thus as left-compatible, and in the other as
“large”, hence right-compatible. The C-SNARC effect implies that spa-
tial ordering of numbers is context-dependent (Abrahamse et al., 2014;
Bächtold et al., 1998). Assuming both I- and C-SNARC effects were
obtained, a mixture of intrinsic and context-specific preferences may
characterize the spatial ordering of numbers. This would explain why
the proponents of intrinsic and context-specific SNARC effects both
claim positive results.

Both effects were weak and restricted to the non-dominant hand.
This might suggest that both effects are in competition. Alternatively,
the reason for the weakness of these effects may be the same as for their
absence in behavior, i.e., the target numbers 5 and 6 were intermediate
in the range of numbers used in the experiment.

Table 1
Schematic overview of all effects and interactions for error rates (Err), response
time (RT), and for the amplitude of ERP components P1, N1, P2p, and P3.

Err RT P1 N1 P2p P3

S S
V (V) V

(Hr)
Hr x V Hr x V Hr x V

(Hl x L) Hl x L
Hr x V x S = Hr x Cong Hr x V x S = Hr x

Cong
(V x L = I-SNARC)

D D
(V x D x L = C-
SNARC)
H x L x D = Hr x D-
SNARC

V x D x
S

Hr x D x
S

Note. Main effects and interactions observed in our experiment.
H=hemisphere (left/right), Hr indicates an effect over the right hemisphere;
Hl an effect over the left hemisphere; V= numeral value (5/6), S= font size,
L= response laterality: (left/right hand), D=Numerical Distance (large/
small), Cong= Size-value congruity (congruent/incongruent), I(ntrinsic)-
SNARC, C(ategorial)-SNARC and D(istance)-SNARC (compatible/incompatible)
effects are as differentiated in the main text. Marginally significant results are
shown in parentheses.
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By contrast, a strong D-SNARC-compatibility was found on P1.
Large numerical distances showed greater amplitude than small ones
for the left hand, and the opposite for the right hand. We may think of
numerical distance as represented in the same way as numerical value:
ordered from small to large as from left to right. Thus, like the other
SNARC effects before, the D-SNARC effect on P1 suggests early conflict
resolution. This was restricted to the right hemisphere. Thus, it seems
that conflict resolution took place by allocating processing resources to
the holistic characteristics of number representation, such as its posi-
tion on the mental number line. This account would be consistent with
an interpretation of the distance effect involving the mental number
line. Earlier, in our account of the behavioral effects, we had invoked
Krajcsi and Kojouharova’s (2017) concept of categorical representation
for the distance effect. However, spatial and categorical representations
are not mutually exclusive; we may encounter the former, in particular,
in the early processing stages around P1.

Previous studies reported SNARC effects at various processing
stages, particularly in the P3 component, (Avancini et al., 2014;
Dehaene, 1996; Grune et al., 1993; Jiang et al., 2010; Libertus et al.,
2007; Schwarz & Heinze, 1998). In our experiment by contrast, these
effects were restricted to P1. The reason for their absence in later
components may again be the same as for their absence in behavior: the
intermediate character of the numbers 5 and 6 within the entire range
of numbers in the experiment. This might play a smaller role in the
earlier, perceptual stages, whereas the later ERP components may be
more sensitive to the broader context, i.e., the entire range. Thus, the
difference in sensitivity between early and late ERP components is
consistent with the notion that the former operate in a narrower context
than the latter (Boenke, Ohl, Nikolaev, Lachmann, & van Leeuwen,
2009).

In contrast with behavior, no main effect of numerical distance was
observed in the ERP data. However, the D-SNARC effect may be re-
garded as a mixture of SNARC and numerical distance effects.
Numerical distance did, moreover, modulate the P2p component.
Generally, the P2p reprises the P1 effect (Curran, Tucker, Kutas, &
Posner, 1993). In line with previous observations, P2p amplitude over
the right hemisphere was higher for the close than for the far distance
(Dehaene, 1996; Jiang et al., 2010; Libertus et al., 2007; Temple &
Posner, 1998). The right-hemisphere specificity of this effect accords to
that of P1. In contrast with P1, this effect was restricted to large font
sizes.

Size-value congruity and numerical distance effects showed an in-
teraction in behavior that is not reflected in any of the ERPs analyzed.
We explained this effect, based on the categorical associations of the
numerical values. Failure to observe corresponding interactions in ERP
may be related to the non-identical size of the stimuli compared across
congruity conditions. In Fig. 3, this is shown to give rise to differences
in ERP latencies that may obscure effects on amplitude. Consequently,
P2p is the only ERP component that showed a main effect of size on
amplitude. The response laterality effects on N1 and P2p were re-
stricted to the left hemisphere. The left hemisphere is also the locus of
the congruity effect on P1. Therefore, it is possible that our analyses
missed an interaction of congruity and numerical distance, presumably
over the left hemisphere in P2p. The latency shift, as a function of font
size, might have obscured this effect.

Whereas effects of congruity on P1 were concentrated mainly on the
left-hemisphere, those of SNARC compatibility were centered on the
right-hemisphere. Consequently, they do not interact in this stage of
processing and should be considered independent. This view is in ac-
cordance with behavioral data (Fitousi et al., 2009; Weis et al., 2018).
As both effects coincide in time, their independency cannot be a matter
of different processing stages.

Rather, their lateralization may provide the key to understanding
their independence. The size-value congruity effect involves analyti-
cally discriminating the relevant from the irrelevant stimulus dimen-
sion, while the SNARC effect involves evaluating the stimulus

holistically in the context of a set of numbers. The distinction between
these processes corresponds to the differentiation of function between
the hemispheres.

Following this line of reasoning, the numerical distance and SNARC
effects should be considered interdependent: all SNARC effects occur in
the right hemisphere. In particular, the D-SNARC effect is a compat-
ibility effect of numerical distance. Thus, distance processing taps into
the same resource as SNARC, namely holistic spatial representation of
numerical value.

In sum, spatial association effects of symbolic numbers all appear
around the same time. All these effects occur early in ERP: P1 is sen-
sitive to congruity, SNARC and numerical distance. However, this does
not imply that they all tap into the same resources. Dependency appears
to be a matter of hemispheric specialization. Effects of size-value con-
gruity are predominantly left-hemispheric, while D-SNARC shows the
combined effect of compatibility and numerical distance in the right
hemisphere. The independence of the first and the latter two contrasts
with the interaction of congruity and distance effects in behavior.
However, the interaction appeared to be the result of a categorical re-
presentation of numerical distance, while the early effects observed in
EEG were based on spatial representation.
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