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In a spatial attention paradigm, Fischer etal. (2003) showed that merely perceiving a
number shifted attention according to the magnitude of the number. Low numbers shifted
attention to the left and high numbers shifted attention to the right. This suggests that
numbers are represented by the mental number line — a spatial image schema that is
ordered from left to right with increasing magnitude. In six experiments, we used the
spatial attention paradigm of Fischer etal. (2003) to investigate if and when such mental
representations are activated. Participants detected visual targets that were preceded by
low and high numbers. Between experiments we manipulated how participants processed
the number. Participants either merely perceived the number, as in the experiments by
Fischer etal. (2003) processed the number’s parity, or processed the number’s magnitude.
Our results provide little support for the idea that numbers shift spatial attention. Only
in one of the two experiments in which participants processed number magnitude did
participants respond faster to targets in congruent locations (left for low magnitudes and
right for high magnitudes) than in incongruent locations. In the other five experiments
number magnitude did not affect spatial attention. This shows, in contrast to Fischer etal.’'s
(2003) results, that the mental number line is not activated automatically but at best only
when it is contextually relevant. Furthermore, these results suggest that image schemas
in general may be context-dependent rather than fundamental to mental concepts.
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NUMBER-INDUCED SHIFTS IN SPATIAL ATTENTION: THE
NECESSITY OF MAGNITUDE INFORMATION

Dehaene etal. (1990, 1993) demonstrated that low numbers are
associated with faster left side responses and high numbers are
associated with faster right side responses, an effect also known
as the spatial-numerical association of response codes (SNARCs).
These findings suggest that whenever a number is perceived an
internal spatial representation of magnitude is automatically acti-
vated, in the form of a horizontally oriented mental number line,
with increasing magnitude from left to right. The SNARC effect
is thought to arise through activation of spatial codes associated
with the magnitude of the number.

But what exactly is represented by the mental number line?
The mental number line orders numbers according to magnitude
by spatially placing them on a horizontal line. Thus, the mental
number line is an image schema of number magnitude. How-
ever, magnitude does not represent number meaning completely.
People also have other knowledge about numbers, such as what
constitutes a round number or a number’s parity. Such knowl-
edge is not captured by the mental number line. Therefore the
question is whether the mental number line is activated automati-
cally whenever people represent numbers or only when magnitude
information is relevant. Some results from SNARC studies sug-
gest that the effect depends on task requirements. When subjects
were asked to perform an orientation discrimination task on a line

or triangle superimposed on a digit a SNARC effect was found
(Fias etal., 2001; Lammertyn etal., 2002). However, this effect
was not consistent over tasks and disappeared when participants
were asked to report the color of the digit, or to identify the shape
superimposed on the digit.

Moreover, several researchers argue that the SNARC effect is at
least partly due to response-related activation of spatial informa-
tion (Otten etal., 1996; Fischer, 2003; Keus and Schwartz, 2005;
Keus etal., 2005; Gevers etal., 2006; Daar and Pratt, 2008). Par-
ticipants usually make left/right responses to the numbers, which
creates a direct and task-relevant link between number and spa-
tial response codes. To avoid response effects, a better way to
test activation of mental image schemas is to look at modula-
tion of performance on an irrelevant target (e.g., Fischer etal.,
2003; Richardson etal., 2003; Meier and Robinson, 2004; Pecher
and Boot, 2011; Zanolie etal., 2012). Fischer etal. (2003) used
a simple target detection task in which the target locations were
on the left or right side of the fixation point. Prior to presenta-
tion of the target participants perceived a number that was low
or high in magnitude (1, 2 or 8, 9) in the center of the screen.
The number did not predict the target location and thus was irrel-
evant for the task. Importantly, because participants responded
only with their preferred hand by pressing the spacebar, there
was no interference of spatial response codes. In addition, the
target stimulus was a white circle, whereas in classical SNARC
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tasks some attribute of the number (e.g., parity) is the relevant
stimulus. Fischer etal. (2003) showed that participants were faster
to detect a target on the left side of the visual field after per-
ceiving a low number than a high number, and faster to detect
a target on the right side of the visual field after perceiving a
high number than a low number. Based on these results Fischer
etal. (2003) claimed that mere observation of numbers auto-
matically activates spatial representations associated with number
meaning, which in turn influences the allocation of attention in
the visual field. These results suggest that whenever people per-
ceive numbers they activate a spatial, horizontal mental number
line.

The results of Fischer have widespread implications for the
question how we represent concepts. The idea of a mental num-
ber line may be a good example of a metaphorical mapping
that grounds abstract concepts in concrete, spatial domains,
as proposed in the conceptual metaphor theory (Lakoff and
Johnson, 1980, 1999; Lakoff, 1987; Gibbs, 1994). In this the-
ory, mental concepts take their structure from concrete image
schemas, which are dynamic patterns of multi-modal activation
that emerge from recurring perceptual and action experiences
(Johnson, 1987; Hampe and Grady, 2005) such as vertical ori-
entation or balance. According to the conceptual metaphor theory,
image schemas are fundamental for the representation of abstract
concepts.

A metaphor explanation for number representation is sup-
ported by studies showing a strong association between number
magnitude and space. As such, the results of Fischer etal. (2003)
suggest that an image schema in the form of a mental number
line is activated when people perceive a number. On this account,
the mental number line might be essential for the representa-
tion of numbers. However, to our knowledge, there have been
only two published reports of exact replications of the Fischer
etal. (2003) study in which all aspects of the experimental design
were kept precisely the same and reported the same results (Ris-
tic etal., 2006; Dodd etal., 2008). Dodd etal. (2008) did not
find attention effects with other ordinal sequences such as letters,
days and months, showing that the attention effect was specific
for numbers. Only when participants made an ordinal relevant
decision on the cue (letter, day, or moth) after target detection
an attention effect was found. Furthermore, in a modified ver-
sion of the Fischer etal. (2003) experiment Galfano etal. (2006)
replicated the number-attention effect. Other replication attempts
of Fischer etal’s (2003) in which one or more aspects of the
experimental design were changed, have not always been success-
ful (Galfano etal., 2006; Ristic etal., 2006; Casarotti etal., 2007;
Bonato etal., 2008). For example, shorter presentation time of
the number cues, number cue trials intermixed with arrow cue
trials, and lower ratios of valid vs. invalid trials (Bonato etal.,
2008) resulted in null effects. Casarotti etal. (2007) and Bonato
etal. (2008) performed conceptual replications of Fischer etal.
(2003) but found no number-induced attention effect, although
Casarotti etal. (2007) did show that naming the numbers leads
to a number-induced attention effect. In contrast, other studies
obtained effects on attention-related ERP components but failed
to show behavioral effects (Salillas et al., 2008; Ranzini et al., 2009).
Such mixed findings suggest that merely perceiving numbers may

not activate the mental number line in every context. Additional
evidence shows that instructions can cause the opposite spatial
effects (Galfano etal.,, 2006; Ristic etal., 2006), which suggests
that the left-to-right mental number line is easily overruled by
alternative spatial image schemas.

A possible explanation for these mixed findings is that people
do not always activate magnitude information when they process
numbers, at least not to the same extent. The activation of magni-
tude likely depends on its relevance in the context, with stronger
activation if magnitude is relevant and weaker or no activation if
magnitude is not relevant. Research on the flexibility of concepts
has shown that representations contain more context-relevant
than context-irrelevant features (Barclay etal., 1974; Anderson
etal., 1976; Barsalou, 1982; Tabossi, 1988; Zeelenberg et al., 2003;
Pecher etal., 2004, 2007). Given the evidence that concepts are
context-dependent, it seems reasonable to assume that magnitude
information is also context-dependent and thus might not be fully
activated whenever a number is perceived. As a consequence, acti-
vation of the mental number line image schema should also be
context-dependent.

In the current study we attempted to replicate Fischer etal.’s
(2003) findings twice. Their paper has constituted an important
test of the idea that the mental number line is activated automati-
cally and is still considered an important paper. For example, the
paper has been cited 256 times in the 11 years since it was pub-
lished, and received its highest number of citations in the last years
(33 and 31 citations in 2012 and 2013 in ISI web of knowledge,
respectively). However, as reviewed above, there have been failures
to replicate their finding albeit with different experimental proce-
dures than in the original study. Therefore, an exact replication is
in order. In addition, to test if context-dependency might explain
previous mixed findings we investigated the effect of context on
activation of the mental number line image schema by directly
manipulating the importance of magnitude information. We con-
ducted a series of experiments in which we varied task-related
processing of numbers at three levels: not necessary, necessary
but magnitude-irrelevant, and necessary and magnitude-relevant.
The question was to which degree numbers have to be processed
in order to activate the mental number line image schema and
induce a number-induced visual spatial attention effect. In Exper-
iment 1 we tried to replicate the findings of Fischer etal. (2003) by
administering the exact same paradigm in which participants per-
ceived a number that was irrelevant for the target detection task.
In Experiment 2 we additionally asked participants to report the
parity of the number after each trial. We reasoned that reporting
the parity of the number required participants to actively process
the number but would keep magnitude information irrelevant.
If activation of magnitude information is context-dependent, we
would expect little activation of the mental number line. However,
in classical SNARC studies parity judgments often induce spatial
response effects, suggesting that magnitude information might be
context-independent. In Experiment 3 we asked the participant
to report the magnitude of the number by judging whether the
number was higher or lower than 5. We expected to find a number-
induced attention effect in this experiment since the participant
had to explicitly process magnitude, thereby activating the mental
number line image schema.
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In order to ensure enough power we doubled the number of
participants as tested by Fischer etal. (2003). All other meth-
ods and analyses were identical (if possible) to the experiment
conducted by Fischer etal. (2003). Below, we report these three
experiments. To anticipate the results, we did not replicate Fischer
etal’s (2003) effect of number magnitude on spatial attention,
unless number magnitude was task-relevant (Experiment 3). Of
course, one failure to replicate does not invalidate the original
result. However, when several attempts to replicate the origi-
nal finding fail to do so, this informs us that the original effect
may at least be fragile. Therefore, we replicated our set of three
experiments exactly as reported below, leading to a second exact
replication of Fischer etal.’s (2003) experiment.

EXPERIMENT 1

METHOD

Participants

Twenty students of the Erasmus University Rotterdam participated
for course credit.

Stimuli

The number set consisted of the Arabic digits 1, 2, 8, and 9. The
target stimulus was a small circle, which was presented at a 7° visual
angle from fixation in one of two placeholders (rectangular frames
slightly larger than the circle) to theleft or right of a central fixation
point. All stimuli were white on a black background. Participants
were seated ~70 cm from the screen.

Procedure

The paradigm followed that of Fischer etal. (2003), see Figure 1
for an overview of a trial sequence. A fixation sign was presented
for 500 ms, followed by one of four digits (1, 2, 8, or 9) for 300 ms.
The digit was replaced by the fixation with a random duration of
250, 500, 750, or 1000 ms (as in Fischer et al., 2003), after which the
target was presented randomly in one of the two placeholders on
80% of all trials. Participants had to respond as fast as possible by
pressing the spacebar with their preferred hand when they detected
the target. Participants were instructed to maintain fixation at
the center of the screen throughout the experiment, either at the
fixation sign or at the digit. They were informed that the digits (1,
2, 8, or 9) did not predict the target location and were irrelevant
for the detection task. Participants first received a practice session
of 20 trials. The experiment consisted of six blocks separated by
self-paced breaks. Each block consisted of 160 trials, in which
128 target trials and 32 catch trials (no-target) were randomly
presented, resulting in 960 trials total.

RESULTS AND DISCUSSION

Trials with incorrect responses to the target were excluded from the
analysis (1.04%). Trials with reaction times more than 2.5 standard
deviations faster or slower than the subject’s mean reaction time
were also excluded from analysis (2.92%).

In Figure 2A, the reaction times to the target are plotted.
In the left panel reaction times to targets presented at the left
are plotted, in the right panel reaction times to targets pre-
sented at the right are plotted. The mean reaction times on
the target task were submitted to a 2 (Magnitude: high vs. low
digit) x 2 (Side: left vs. right) x 4 (Delay: 250, 500, 750,

Fixation

(500 ms)

Digit

(300 ms)

Time

Variable delay
(250/500/750/1000 ms)

Target

(Until response)

Exp 2: Parity judgment
Exp 3: Magnitude judgment

FIGURE 1 | The trial sequence started with a 500 ms fixation cross,
followed by a 300 ms digit (1, 2, 8, 9) display, and a variable delay of
250, 500, 750, or 1000 ms. Then a target was presented randomly in one
of the two placeholders on 80% of all trials. Participants had to respond as
fast as possible by pressing the spacebar when they detected the target. In
Experiment 2 and 3 participants decided after target detection whether the
previously seen digit was odd or even (Experiment 2 and Replication
Experiment 2) or whether the digit was higher or lower than 5 (Experiment
3 and Replication Experiment 3).

or 1000 ms) repeated measures analysis of variance (ANOVA).
We found main effects for Delay, F(3,57) = 15.10, p < 0.0001
and Side, F(1,19) = 5.67, p = 0.028. Participants responded
faster to targets after delays of 500 and 750 ms, compared to
delays of 250 and 1000 ms. Participants also responded faster
to targets on the right compared to targets on the left. The
main effect for Magnitude was not significant, F < 1. The
Magnitude x Side interaction effect did not reach significance,
F(1,19) = 0.03, p = 0.863. Because the ANOVA p-values can-
not be used to provide evidence in favor of the null hypothesis
(it can only be used to reject it), we further analyzed the interac-
tion effects between magnitude (high vs. low number) and side
(left vs. right) using the Bayesian information criterion (BIC;
see Wagenmakers, 2007; Masson, 2011). The posterior prob-
ability favoring the null hypothesis was ppic(Hp | D) = 0.81
for the two-way interaction between magnitude and side. BIC
values between 0.75 and 0.95 should be considered positive
evidence for a hypothesis (Wagenmakers, 2007; Masson, 2011).
Thus, it appears that merely perceiving numbers did not affect
spatial attention. This could be because magnitude informa-
tion was not activated, or magnitude information was not
relevant for the task, or the number was not processed at
all. None of the other interaction effects were significant (all
ps > 0.05).
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FIGURE 2 | Reaction times for the target detection task of experiments 1, 2, and 3. Error bars represent standard errors of the mean difference between
adjacent data points. (A) Shows the RTs of Experiment 1, (B) shows the RTs of Experiment 2, and (C) shows the RTs of Experiment 3.

EXPERIMENT 2

From the results of Experiment 1 it is clear that merely perceiv-
ing numbers did not result in a number-induced attention effect
in a mental number line congruent fashion. It is possible that
participants completely ignored the numbers since they were task-
irrelevant. In Experiment 2 numbers were made relevant by asking
participants to make a parity judgment. In the original SNARC
effect, making a parity judgment leads to faster RTs for the left
hand when a low number is presented and faster RTs for the
right hand when a high number is presented. At the same time,

however, parity is unrelated to magnitude and thus to a num-
ber’s position on the mental number line. However, if magnitude
is activated automatically and independent of context, an inter-
action should be found between number magnitude and target
position.

METHOD

Participants

Twenty-seven students of the Erasmus University Rotterdam, who
did not participate in Experiment 1, participated for course credit.
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Two participants were excluded due to a high percentage of errors
in the catch trials (>8%) and one participant was excluded due
to high percentage of errors made in the parity judgment task
(12.71%), resulting in 24 remaining participants.

Stimuli and procedure

All stimuli were the same as in Experiment 1. The same pro-
cedure as in Experiment 1 was conducted, with the addition of
an interval of 200 ms after each target response followed by a
display instructing participants to make a parity judgment on
the digit. Participants responded to the target by pressing the
spacebar with their right hand. For making the parity judgment
participants responded with their left hand with their middle-
and index finger by pressing the “z” and “x” keys for odd or
even. The assignment of response keys to parity was counter-
balanced across participants. In order to keep the procedure as
similar as possible to that of Experiment 1 responses to the tar-
get were always made by the preferred hand, which in all cases
was the right hand (see also Fischer etal., 2003). Participants first
received a practice session of 20 trials. The experiment consisted
of three blocks separated by self paced breaks. Each block con-
sisted of 160 trials, in which 128 target trials and 32 catch trials
(no-target) were presented in random order, resulting in 480 trials
total.

RESULTS AND DISCUSSION

Trials with incorrect responses to either the target (0.90%) or par-
ity judgment (4.04%) were excluded from the analysis. Trials with
reaction times more than 2.5 standard deviations faster or slower
than the subject’s mean reaction time were also excluded from
analysis (3.44%).

In Figure 2B, the reaction times to the target are plotted. In the
left panel reaction times to targets presented at the left are plot-
ted, in the right panel reaction times to targets presented at the
right are plotted. The mean reaction times on the target task were
submitted to a 2 (Magnitude: high vs. low digit) x 2 (Side: left
vs. right) x 4 (Delay: 250, 500, 750, or 1000 ms) repeated mea-
sures ANOVA. We found main effects for Delay, F(3,69) = 27.40,
p < 0.0001, and Side, F(1,23) = 18.35, p < 0.0001. Participants
responded faster to targets after delays of 500-750 ms, compared
to delays of 250—1000 ms. Participants responded faster to targets
on the right side compared to targets on the left. The main effect
for Magnitude was not significant, F(1,23) = 0.78, p = 0.388.
Again, we did not find a Magnitude x Side interaction effect,
F(1,23) = 0.17, p = 0.686. Number magnitude did not affect
visual spatial attention. None of the other interactions were sig-
nificant (all ps > 0.05). We further analyzed the interaction effects
between magnitude and side using the BIC. The posterior prob-
ability favoring the null hypothesis was pgic(Ho | D) = 0.82 for
the two-way interaction between magnitude and side. This shows
that there is more evidence for the null hypothesis than for the
alternative hypothesis.

In order to test whether participants showed a SNARC effect
on the parity decision we performed a 2 (Magnitude: high vs.
low digit) x 2 (Side: left vs. right) x 4 (Delay: 250, 500, 750,
or 1000 ms) repeated measures ANOVA with Group (congru-
ent vs. incongruent response mapping) as between subjects factor

(see Priftus etal., 2006). We did not find a significant Magni-
tude x Side x Group interaction, F(1,22) = 0.01, p = 0.975.
Also, the Magnitude x Side interaction remained non-significant,
F(1,22) = 0.16, p = 0.696.

EXPERIMENT 3

From Experiment 2 it is clear that processing the number on parity
is not enough to obtain number-induced attention effects. This is
consistent with the idea that magnitude representation is context-
dependent. In Experiment 3 participants were required to make a
magnitude judgment in order to make magnitude task-relevant. If
magnitude information is represented by a spatial image schema
we would expect a number-induced attention effect.

METHOD

Participants

Twenty-two students of the Erasmus University Rotterdam, who
did not participate in Experiment 1 or 2, participated for course
credit. Two participants were excluded due to a high percentage
of errors in the catch trials (>10%), resulting in a total of 20
participants.

Stimuli and procedure

All aspects of the experiment were exactly the same as in Exper-
iment 2, with one exception. Instead of a parity judgment,
participants were asked whether the digit was higher or lower
than 5.

RESULTS AND DISCUSSION

Trials with incorrect responses to either the target (1.13%) or mag-
nitude judgment (3.25%) were excluded from the analysis. Trials
with reaction times more than 2.5 standard deviations faster or
slower than the subject’s mean reaction time were also excluded
from analysis (5.62%). In Figure 2C, the reaction times to the tar-
get are plotted. In the left panel reaction times to targets presented
at the left are plotted, in the right panel reaction times to targets
presented at the right are plotted. The reaction times on the tar-
get task were submitted to a 2 (Magnitude: high vs. low digit) x 2
(Side: left vs. right) x 4 (Delay: 250, 500, 750, or 1000 ms) repeated
measures ANOVA. As expected, we found an interaction effect for
Magnitude x Side, F(1,19) = 5.65, p = 0.028. After seeing a low
number participants were faster to respond to a target on the left
side compared to a target on the right side, and after seeing a high
number participants were faster to respond to a target on the right
side compared to a target on the left side. We found a main effect
for Delay, F(3,57) = 20.29, p < 0.0001. Delay did not interact
with magnitude or side. The main effects for Magnitude and Side
were not significant (Fs < 1). None of the other interactions were
significant (all ps > 0.05).

To test at which delays the Magnitude x Side interac-
tion effect was significant we first performed a 2 (Magnitude:
high vs. low) x 2 (Side: left vs. right) repeated measures
ANOVA for each delay. We only found a significant Magni-
tude x Side interaction effect at delays 500 and 750 ms, respectively
F(1,19) = 6.12, p = 0.023 and F(1,19) = 5.24, p = 0.034.
For delays 250 and 1000 ms we found Fs < 1. Then we per-
formed post hoc one-tailed t-tests at delays 500 and 750 ms.
We found a significant difference for targets presented at the
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left at delay 750 ms, #(1,19) = 2.00, p = 0.06. However, this
would not be significant when tested two-tailed. At a delay
of 500 ms we did not find a significant difference for tar-
gets presented at the right #(1,19) = 1.59, p = 0.12. All other
ps > 0.162.

We further analyzed the interaction effects between magnitude
and side using the BIC. The posterior probability favoring the
alternative hypothesis was ppic(H;| D) = 0.75 for the two-way
interaction between magnitude and side, which provides positive
evidence for a number-induced effect on spatial attention.

In order to test whether participants showed a SNARC effect
on the magnitude decision we performed a 2 (Magnitude: high
vs. low digit) x 2 (Side: left vs. right) x 4 (Delay: 250, 500, 750,
or 1000 ms) repeated measures ANOVA with Group (congruent
vs. incongruent response mapping) as between subjects factor (see
Priftus etal., 2006). Interestingly, we found a significant Magni-
tude x Side x Group interaction, F(1,18) = 6.03, p = 0.024.
Participants were faster to make the magnitude decision when the
response mapping was congruent (right finger — high number and
left finger — low number) compared to incongruent (right finger —
low number and left finger — high number). Although this compar-
ison, by necessity, is a between subjects comparison, Dehaene et al.
(1993) in their original SNARC report also conducted a between
subjects comparison to demonstrate the presence of number-
space mappings. Also the Magnitude x Side interaction remained
significant, F(1,18) = 7.27, p = 0.009. However, we should be
cautious to draw conclusions from these data because the effects
on the secondary task might be affected by the target detection
task.

Additionally, we performed an overall analysis on the data from
all three experiments; a 3 (Experiment: 1, 2, and 3) x 2 (Magni-
tude: high vs. low digit) x 2 (Side: left vs. right) x 4 (Delay: 250,
500, 750, or 1000 ms) repeated measures ANOVA. Of most interest
is that we did find an Experiment x Magnitude x Side interaction
effect, F(2,61) = 3.65, p = 0.032. This finding, combined with
the BIC values of the three separate experiments, confirms that
the effect of number magnitude on spatial attention was present
in Experiment 3 but absent in Experiments 1 and 2. However,
the Experiment x Magnitude x Side x Delay interaction did not
reach significance, F(6,183) = 0.56, p = 0.76.

REPLICATION OF EXPERIMENTS 1-3

In the three experiments described above, we tried to replicate the
finding that merely perceiving a number affects spatial attention.
We found that spatial attention was not affected by number mag-
nitude. Even when participants processed the number in a parity
judgment task, there was no effect on spatial attention. Only when
participants processed number magnitude did we find that atten-
tion was directed to the left by low numbers and to the right by
high numbers. Below we report the results of exact replications of
our three experiments, including the exact replication of Fischer
etal. (2003). We tested 24 participants in each experiment.

REPLICATION EXPERIMENT 1

RESULTS AND DISCUSSION

Trials with incorrect responses to the target were excluded from the
analysis (5.4%). Trials with reaction times more than 2.5 standard

deviations faster or slower than the subject’s mean reaction time
were also excluded from analysis (2.94%).

In Figure 3A, the reaction times to the target are plotted. In
the left panel reaction times to targets presented at the left are
plotted, in the right panel reaction times to targets presented
at the right are plotted. The mean reaction times on the target
task were submitted to a 2 (Magnitude: high vs. low digit) x 2
(Side: left vs. right) x 4 (Delay: 250, 500, 750, or 1000 ms)
repeated measures ANOVA. We found main effects for Delay,
F(3,69) = 37.68, p < 0.0001 and Magnitude, F(1,23) = 8.37,
p = 0.008. Participants responded faster to targets after delays
of 500 and 750 ms, compared to delays of 250 and 1000 ms.
Participants also responded faster to targets after seeing low num-
bers compared to high numbers. The main effect for Side was
not significant, F < 1, nor was the Magnitude x Side interac-
tion effect, F(1,23) = 0.13, p = 0.722. The posterior probability
favoring the null hypothesis was ppic(Hp | D) = 0.82 for the two-
way interaction between magnitude and side, providing positive
evidence for the null hypothesis (Wagenmakers, 2007; Masson,
2011). None of the other interaction effects were significant (all
ps > 0.05).

Also, when we performed an analysis of Experiment 1 and
Experiment 4 combined using the BIC. The posterior probabil-
ity favoring the null hypothesis was ppic(Hp | D) = 0.86 for the
two-way interaction between magnitude and side, confirming that
there is more evidence for the null hypothesis than for the alter-
native hypothesis. With these results we replicated the results of
Experiment 1, and confirm that merely perceiving numbers did
not affect spatial attention.

REPLICATION EXPERIMENT 2

RESULTS AND DISCUSSION

Trials with incorrect responses to either the target (2.13%) or par-
ity judgment (3.28%) were excluded from the analysis. Trials with
reaction times more than 2.5 standard deviations faster or slower
than the subject’s mean reaction time were also excluded from
analysis (5.35%).

In Figure 3B, the reaction times to the target are plotted. In the
left panel reaction times to targets presented at the left are plotted,
in the right panel reaction times to targets presented at the right are
plotted. The mean reaction times on the target task were submitted
to a 2 (Magnitude: high vs. low digit) x 2 (Side: left vs. right) x 4
(Delay: 250, 500, 750, or 1000 ms) repeated measures ANOVA. We
found main effects for Delay, F(3,69) = 48.91, p < 0.0001, and
Side, F(1,23) = 19.78, p < 0.0001. Participants responded faster to
targets after delays of 500, 750, and 1000 ms, compared to delays of
250 ms. Participants responded faster to targets on the right side
compared to targets on the left. The main effect for Magnitude was
not significant, F(1,23) = 1.17, p = 0.291. Again, we did not find
a Magnitude x Side interaction effect, F(1,23) = 0.85, p = 0.367.
None of the other interactions were significant (all ps > 0.05). We
thus replicated the findings of our Experiment 2, showing that
number magnitude did not affect visual spatial attention. We fur-
ther analyzed the interaction effects between magnitude and side
using the BIC. The posterior probability favoring the null hypoth-
esis was ppic(Hp | D) = 0.76 for the two-way interaction between
magnitude and side. This shows that there is more evidence for
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FIGURE 3 | Reaction times for the target detection task of replications experiments 1, 2, and 3. Error bars represent standard errors of the mean
difference between adjacent data points. (A) Shows the RTs of Replication Experiment 1, (B) shows the RTs of Replication Experiment 2, and (C) shows the
RTs of Replication Experiment 3.

the null hypothesis than for the alternative hypothesis. Also, when In order to test whether participants showed a SNARC effect
we performed an analysis of Experiment 2 and Experiment 5 com-  on the parity decision we performed a 2 (Magnitude: high vs.
bined using the BIC. The posterior probability favoring the null low digit) x 2 (Side: left vs. right) x 4 (Delay: 250, 500, 750,
hypothesis was ppic(Hp | D) = 0.80 for the two-way interaction or 1000 ms) repeated measures ANOVA with Group (congru-
between magnitude and side. This confirms that there is more ent vs. incongruent response mapping) as between subjects factor
evidence for the null hypothesis than for the alternative hypothesis. ~ (see Priftus etal., 2006). As in Experiment 2, we did not find a

www.frontiersin.org September 2014 | Volume 5 | Article 987 | 7


http://www.frontiersin.org/
http://www.frontiersin.org/Cognition/archive

Zanolie and Pecher

Numberinduced shifts in spatial attention

significant Magnitude x Side x Group interaction, F(1,22) =0.02,
p = 0.887. Also, the Magnitude x Side interaction remained
non-significant, F(1,22) = 0.81, p = 0.378.

REPLICATION EXPERIMENT 3

RESULTS AND DISCUSSION

Trials with incorrect responses to either the target (1.46%) or
magnitude judgment (2.59%) were excluded from the analysis.
Trials with reaction times more than 2.5 standard deviations
faster or slower than the subject’s mean reaction time were also
excluded from analysis (5.17%). In Figure 3C, the reaction times
to the target are plotted. In the left panel reaction times to
targets presented at the left are plotted, in the right panel reac-
tion times to targets presented at the right are plotted. The
reaction times on the target task were submitted to a 2 (Mag-
nitude: high vs. low digit) x 2 (Side: left vs. right) x 4 (Delay:
250, 500, 750, or 1000 ms) repeated measures ANOVA. Con-
trary to our expectations, we did not replicate the interaction
effect for Magnitude x Side that we obtained in Experiment
3, F(1,23) = 0.00, p = 0.973. We found a main effect for
Delay, F(3,69) = 27.07, p < 0.0001 and Side, F(1,23) = 6.71,
p = 0.016. The main effect for Magnitude was not significant
(F < 1). None of the other interactions were significant (all
ps > 0.05).

We further analyzed the interaction effects between magnitude
and side using the BIC. The posterior probability favoring the
null hypothesis was ppic(H;! D) = 0.82 for the two-way interac-
tion between magnitude and side, which shows that there is more
evidence for the null hypothesis than for the alternative hypothesis.

We also performed an overall analysis on the data from all three
experiments; a 3 (Experiment: 1, 2, and 3) x 2 (Magnitude: high
vs. low digit) x 2 (Side: left vs. right) x 4 (Delay: 250, 500, 750, or
1000 ms) repeated measures ANOVA. We did not find an Exper-
iment x Magnitude x Side interaction effect, F(2,69) = 0.32,
p=0.729. This finding, combined with the BIC values of the three
separate experiments, confirms that the effect of number magni-
tude on spatial attention was not present in any of the replication
experiments.

Additionally, we performed an overall analysis on the interac-
tion effects between magnitude and side for Experiments 3 and 6
combined using the BIC. The posterior probability favoring the
null hypothesis was pgic(H;! D) = 0.51 for the two-way interac-
tion between magnitude and side, which shows that there is about
as much evidence for the null hypothesis as for the alternative
hypothesis. This confirms that the magnitude x side interaction
effect is very fragile.

GENERAL DISCUSSION

In the present study we tried to replicate the finding that merely
perceiving a number affects spatial attention, an original effect
found by Fischer etal. (2003). We investigated whether activation
of the mental number line and subsequent direction of spatial
attention in an image schema congruent manner was modulated
by the relevance of magnitude information. In six (two sets of
three) experiments, of which two were exact replications of the
original study of Fischer etal. (2003) we manipulated the degree
to which magnitude information was task-relevant. In five of

the six experiments we obtained no effect of number magni-
tude on spatial attention. Even when participants processed the
number in a parity judgment task, there was no effect on spa-
tial attention. Only when participants actively processed number
magnitude, by deciding whether the number was higher or lower
than 5, we found in one of two experiments that attention was
directed to the left by low numbers and to the right by high
numbers. Thus, unlike Fischer etal. (2003) we did not find that
(merely) perceiving a number-induced a shift of visual spatial
attention. At best we found that when magnitude information is
actively processed spatial representations associated with number
meaning are activated, producing a corresponding shift in spatial
attention.

The absence of image schema activation when participants
merely perceived the numbers is in accordance with results from
studies showing that instructional differences can impair a visual
spatial attention effect (e.g., Galfano et al., 2006; Ristic et al., 2006).
This indicates that activation of the mental number line is very
sensitive to the relevance of magnitude. Even the original SNARC
effect (in which the effect is found directly in manual responses to
the numbers) is smaller when the number is processed only super-
ficially (Fias, 2001; Wood etal., 2008). At first sight it might seem
surprising that we also did not obtain a number-induced spatial
attention effect when participants had to judge the parity of the
number. Such results appear to contradict Casarotti etal. (2007)
who showed that naming a number leads to a number-induced
attention effect. However, one might argue that naming a number
is more neutral than judging the parity of a number. When par-
ticipants need to make a parity decision they attend to the parity
feature of the number instead of magnitude, thus, making it more
difficult to activate another feature such as magnitude. However,
the results do not rule out that magnitude information is activated
to some degree. For example, parity and magnitude might both
be activated, but when a parity decision has to be made, magni-
tude information may be inhibited. This alternative mechanism is
less likely, however, because it fails to explain why no effect was
obtained in Experiment 1.

Not finding a number-induced attention effect when par-
ticipants judge the parity of the number also appears to con-
tradict findings with the original SNARC paradigm, in which
researchers tend to obtain interaction effects of response side and
number magnitude when participants make parity judgments.
Note, however, that there is a fundamental difference between
the underlying mechanisms of the original SNARC effect and
the number-induced visual spatial attention effect. The origi-
nal SNARC effect is found when participants make a response
to the number itself. For example, in a parity judgment task,
participants have to decide as quickly as possible whether the
number is odd or even, thus the number itself is the tar-
get. Due to the requirement of binary, bimanual responses the
response location becomes relevant, possibly activating a hor-
izontal mental representation due to the horizontal response
locations themselves (see Proctor and Cho, 2006, for a related
argument). In studies examining the number-induced effect on
spatial attention, however, there is no activation of spatial response
codes because participants have to respond unimanually to an
unrelated target. Thus, one could argue that spatial attention
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effects are more likely to reflect the underlying mental repre-
sentation of numbers than the original SNARC effect, because
the latter might additionally be influenced by response-related
processing (e.g., Keus and Schwartz, 2005; Keus etal., 2005;
Daar and Pratt, 2008).

The findings of Experiment 3, which we failed to replicate
in Experiment 6, are somewhat consistent with studies showing
order-related effects on spatial processing for other concepts that
have an ordinal sequence, such as letters, days, and months (Gev-
ers etal., 2003, 2004). Recently, it has been argued that ordinality
may also drive spatial-numerical associations (Shaki and Gevers,
2011). As such, Dodd etal. (2008) showed that order-relevant
processing leads to an attention effect. However, with respect to
our current results, we cannot tease apart whether the number-
induced attention effect in Experiment 3 is driven by magnitude
(cardinality) or ordinality, because the mental number line in itself
represents both ordinality and cardinality. Besides, our results
indicate that the spatial image schema only occasionally affects
attention when magnitude information is relevant since we could
not replicate our own finding. The combined results of our six
experiments suggests that the spatial image schema represents
magnitude at best, but not other aspects of numbers, such as
parity.

Not only context may explain the inconsistent findings in the
literature concerning the number-induced attention effect, indi-
vidual differences may also explain the inconsistencies. A recent
line of research has shown that math proficiency modulates the
strength of the SNARC effect irrespective of visual spatial work-
ing memory capacities (Hoffmann etal., 2014). These findings
suggest that math proficient participants have automatic access
to numerical representations, whereas non-proficient participants
have difficulty in inhibiting irrelevant numerical information,
such as magnitude information when performing a parity judg-
ment. Other studies, however, have obtained no relation between
math proficiency and the strength of the original SNARC effect
(Cipora and Nuerk, 2013).

In five of the six experiments we found shorter reaction times
for targets presented on the right side. These results correspond
to work of Henderson (e.g., Henderson and Hollingworth, 1998)
showing that participants prefer to look at the right side of the
visual field. However, his preference is unrelated to the effect
of number magnitude, and therefore cannot explain our lack of
number-induced spatial effects on attention.

In conclusion, the current study provides very little evi-
dence for an automatically activated mental number line.
Such an effect would have been evidence for the concep-
tual metaphor theory, which states that metaphors provide
grounding for abstract concepts by connecting them to more
concrete domains. Fundamental for the conceptual metaphor
theory is that image schemas are essential for the represen-
tation of abstract concepts. The results of our experiments
demonstrate that activation of the mental number line is not
automatic and might be sensitive to task-related importance
of magnitude. Even when magnitude was task-relevant, we
only found number-induced effects on spatial attention in one
of our experiments, and could not replicate our own find-
ing. This suggests that the effect is weak in relevant contexts

and absent in all other contexts. Therefore, the mental num-
ber line does not seem to play an important role in number
processing.

REFERENCES

Anderson, R. C., Pichert, J. W., Goetz, E. T., Schallert, D. L., Stevens, K. V., and
Trollip, S. R. (1976). Instantiation of general terms. J. Verbal Learn. Verbal Behav.
15, 667-679. doi: 10.1016/0022-5371(76)90059-1

Barclay, J. R., Bransford, J. D., Franks, J. J., McCarrell, N. S., and Nitsch, K. (1974).
Comprehension and semantic flexibility. J. Verbal Learn. Verbal Behav. 13, 471—
481. doi: 10.1016/S0022-5371(74)80024-1

Barsalou, L. W. (1982). Context-independent and context-dependent information
in concepts. Mem. Cognit. 10, 82-93. doi: 10.3758/BF03197629

Bonato, M., Priftis, K., Marenzi, R., and Zorzi, R. (2008). Normal and impaired
reflexive orienting of attention after central nonpredictive cues. J. Cogn. Neurosci.
21, 745-759. doi: 10.1162/jocn.2009.21054

Casarotti, M., Michielin, M., Zorzi, M., and Umilta, C. (2007). Temporal order
judgment reveals how number magnitude affects visuospatial attention. Cognition
102, 101-117. doi: 10.1016/j.cognition.2006.09.001

Cipora, K., and Nuerk, H.-C. (2013). Is the SNARC effect related to the level of
mathematics? No systematic relationship observed despite more power, more
repetitions, and more direct assessment of arithmetic skill. Q. J. Exp. Psychol.
(Hove) 66, 1974-1991. doi: 10.1080/17470218.2013.772215

Daar, M., and Pratt, J. (2008). Digits affect actions: the SNARC effect and response
selection. Cortex 44, 400—-405. doi: 10.1016/j.cortex.2007.12.003

Dehaene, S., Bossini, S., and Giraux, P. (1993). The mental representation of parity
and number magnitude. J. Exp. Psychol. Gen. 122, 371-396. doi: 10.1037/0096-
3445.122.3.371

Dehaene, S., Dupoux, E., and Mehler, J. (1990). Is numerical comparison digital?
Analogical and symbolic effects in two-digit number comparison. J. Exp. Psychol.
Hum. Percept. Perform. 16, 626—641. doi: 10.1037/0096-1523.16.3.626

Dodd, M. D., van der Stighel, S., Adil Leghari, M., Fung, G., and Kingstone, A. (2008).
Attentional SNARC: there’s something special about numbers (let us count the
ways). Cognition 108, 810-818. doi: 10.1016/j.cognition.2008.04.006

Fias, W. (2001). Two routes for the processing of verbal numbers: evidence from the
SNARC effect. Psychol. Res. 65,250-259. doi: 10.1007/s004260100065

Fias, W., Lauwereyns, J., and Lammertyn, J. (2001). Irrelevant digits affect feature-
based attention depending on the overlap of neural circuits. Cogn. Brain Res. 12,
415-423. doi: 10.1016/50926-6410(01)00078-7

Fischer, M. H. (2003). Spatial representation in number processing — evidence from
a pointing task. Vis. Cogn. 10, 493-508. doi: 10.1080/13506280244000186

Fischer, M. H,, Castel, A. D., Dodd, M. D., and Pratt, J. (2003). Perceiving numbers
causes spatial shifts of attention. Nat. Neurosci. 6, 555-556. doi: 10.1038/nn1066

Galfano, G., Rusconi, E., and Umilta, C. (2006). Number magnitude orients
attention, but not against one’s will. Psychon. Bull. Rev. 13, 869-874. doi:
10.3758/BF03194011

Gevers, W., Ratinckx, E., De Baene, W., and Fias, W. (2006). Further evidence that
the SNARC effect is processed along a dual-route architecture: evidence from
the lateralized readiness potential. Exp. Psychol. 53, 58-68. doi: 10.1027/1618-
3169.53.1.58

Gevers, W., Reynvoet, B., and Fias, W. (2003). The mental representation of ordinal
sequences is spatially organized. Cognition 87, B87-B95. doi: 10.1016/S0010-
0277(02)00234-2

Gevers, W., Reynvoet, B., and Fias, W. (2004). The mental representation of ordinal
sequences is spatially organized: evidence from days of the week. Cortex 40,
171-172. doi: 10.1016/S0010-9452(08)70938-9

Gibbs, R. W. (1994). The Poetics of Mind: Figurative Thought, Language, and
Understanding. New York, NY: Cambridge University Press.

Hampe, B., and Grady, J. (eds). (2005). “From perception to meaning: image
schemas,” in Cognitive Linguistics (Berlin: Mouton de Gruyter).

Henderson, J. M., and Hollingworth, A. (1998). “Eye movements during scene view-
ing: an overview,” in Eye Guidance while Reading and While Watching Dynamic
Scenes, ed. G. Underwood (Oxford: Elsevier), 269-293.

Hoffmann, D., Mussolin, C., Martin, R., and Schiltz, C. (2014). The impact of
mathematical proficiency on the number-space association. PLoS ONE 9:¢85048.
doi: 10.1371/journal.pone.0085048

Johnson, M. (1987). The Body in the Mind. The Bodily Basis of Meaning, Imagination
and Reason. Chicago: Chicago University Press.

www.frontiersin.org

September 2014 | Volume 5 | Article 987 | 9


http://www.frontiersin.org/
http://www.frontiersin.org/Cognition/archive

Zanolie and Pecher

Numberinduced shifts in spatial attention

Keus, I. M., Jenks, K. M., and Schwartz, W. (2005). Psychophysiological evidence
that the SNARC effect has its functional locus in a response selection stage. Cogn.
Brain Res. 24, 48-56. doi: 10.1016/j.cogbrainres.2004.12.005

Keus, I. M., and Schwartz, W. (2005). Searching for the functional locus of the
SNARC effect: evidence for a response-related origin. Mem. Cognit. 33, 681-695.
doi: 10.3758/BF03195335

Lakoff, G. (1987). Women, Fire, and Dangerous Things. Chicago: Chicago University
Press. doi: 10.7208/chicago/9780226471013.001.0001

Lakoff, G., and Johnson, M. (1980). Metaphors We Live By. Chicago: The University
of Chicago Press.

Lakoff, G., and Johnson, M. (1999). Philosophy in the Felsh. New York, NY: Basic
Books.

Lammertyn, J., Fias, W., and Lauwereyns, J. (2002). Semantic influences on feature-
based attention due to overlap of neural circuits. Cortex 38, 878-882. doi:
10.1016/S0010-9452(08)70061-3

Masson, M. E. J. (2011). A tutorial on a practical Bayesian alternative to
null-hypothesis significance testing. Behav. Res. Methods 43, 679-690. doi:
10.3758/s13428-010-0049-5

Meier, B. P,, and Robinson, M. D. (2004). Why the sunny side is up: asso-
ciations between affect and vertical position. Psychol. Sci. 15, 243-247. doi:
10.1111/j.0956-7976.2004.00659.x

Otten, L. J., Sudevan, P, Logan, G. D., and Coles, M. G. H. (1996). Magnitude
versus parity in numerical judgments: event-related brain potentials implicate
response conflict as the source of interference. Acta Psychol. 94, 21-40. doi:
10.1016/0001-6918(95)00047-X

Pecher, D., and Boot, I. (2011). Numbers in space: differences between con-
crete and abstract situations. Front. Psychol. 2:121. doi: 10.3389/fpsyg.2011.
00121

Pecher, D., Zanolie, K., and Zeelenberg, R. (2007). Verifying visual properties in
sentence verification facilitates picture recognition memory. Exp. Psychol. 54,
173-179. doi: 10.1027/1618-3169.54.3.173

Pecher, D., Zeelenberg, R., and Barsalou, L. W. (2004). Sensorimotor simulations
underlie conceptual representations: modality-specific effects of prior activation.
Psychon. Bull. Rev. 11, 164-167. doi: 10.3758/BF03206477

Priftus, K., Zorzi, M., Meneghello, E, Marenzi, R., and Umilta, C. (2006).
Explicit versus implicit processing of representational space in neglact: disso-
ciation in accessing the mental number line. J. Cogn. Neurosci. 18, 680—688. doi:
10.1162/jocn.2006.18.4.680

Proctor, R. W., and Cho, Y. S. (2006). Polarity correspondence: a general principle for
performance of speeded binary classification tasks. Psychol. Bull. 132, 416-442.
doi: 10.1037/0033-2909.132.3.416

Ranzini, M., Dehaene, S., Piazza, M., and Hubbard, E. M. (2009). Neural
mechanisms of attentional shifts due to irrelevant spatial and numerical cues.
Neuropsychologia 47, 2615-2624. doi: 10.1016/j.neuropsychologia.2009.05.011

Richardson, D. C., Spivey, M. J., Barsalou, L. W., and McRae, K. (2003). Spatial
representations activated during real-time comprehension of verbs. Cogn. Sci. 27,
767-780. doi: 10.1207/515516709c0g2705_4

Ristic, J., Wright, A., and Kingstone, A. (2006). The number line effect
reflects top-down control. Psychon. Bull. Rev. 13, 862-868. doi: 10.3758/
BF03194010

Salillas, E., El Yagoubi, R., and Semenza, C. (2008). Sensory and cognitive processes
of shifts of spatial attention induced by numbers: an ERP study. Cortex 44, 406—
413. doi: 10.1016/j.cortex.2007.08.006

Shaki, S., and Gevers, W. (2011). Cultural characteristics dissociate magnitude
and ordinal information processing. J. Cross Cult. Psychol. 42, 639-650. doi:
10.1177/0022022111406100

Tabossi, P. (1988). Effects of context on the immediate interpretation of unam-
biguous nouns. J. Exp. Psychol. Learn. Mem. Cogn. 14, 153-162. doi:
10.1037/0278-7393.14.1.153

Wagenmakers, E.-J. (2007). A practical solution to the pervasive problems of p
values. Psychon. Bull. Rev. 14, 779-804. doi: 10.3758/BF03194105

Wood, G., Nuerk, H.-C., Willmes, K., and Fischer, M. H. (2008). On the cognitive
link between space and number: a meta-analysis of the SNARC effect. Psychol.
Sci. Q. 50, 489-525.

Zanolie, K., van Dantzig, S., Boot, I, Wijnen, J., Schubert, T. W., Giessner,
S., etal. (2012). Mighty metaphors: behavioral and ERP evidence that
power shifts attention on a vertical dimension. Brain Cogn. 78, 50-58. doi:
10.1016/j.bandc.2011.10.006

Zeelenberg, R., Pecher, D., Shiffrin, R. M., and Raaijmakers, J. G. W. (2003). Semantic
context effects and priming in word association. Psychon. Bull. Rev. 10, 653-660.
doi: 10.3758/BF03196528

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 31 May 2013; accepted: 19 August 2014; published online: 10 September
2014.

Citation: Zanolie K and Pecher D (2014) Number-induced shifts in spatial attention:
a replication study. Front. Psychol. 5:987. doi: 10.3389/fpsyg.2014.00987

This article was submitted to Cognition, a section of the journal Frontiers in Psychology.
Copyright © 2014 Zanolie and Pecher. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Psychology | Cognition

September 2014 | Volume 5 | Article 987 | 10


http://dx.doi.org/10.3389/fpsyg.2014.00987
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cognition/
http://www.frontiersin.org/Cognition/archive

	Number-induced shifts in spatial attention: a replication study
	Number-induced shifts in spatial attention: the necessity of magnitude information
	Experiment 1
	Method
	Participants
	Stimuli
	Procedure

	Results and discussion

	Experiment 2
	Method
	Participants
	Stimuli and procedure

	Results and discussion

	Experiment 3
	Method
	Participants
	Stimuli and procedure

	Results and discussion

	Replication of experiments 1--3
	Replication experiment 1
	Results and discussion

	Replication experiment 2
	Results and discussion

	Replication experiment 3
	Results and discussion

	General discussion
	References


