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1 | INTRODUCTION

Dazhi Cheng®* | VYujie Lu¥*® | Xinlin Zhou'??3

Abstract

Non-verbal number sense has been shown to significantly correlate with arithmetic
fluency. Accumulated behavioral evidence indicates that the cognitive mechanism
relies on visual perception. However, few studies have investigated the neural mech-
anism underlying this association. Following the visual perception account, we
hypothesized that there would be a neural association in occipital areas of the brain
between non-verbal number sense, arithmetic fluency, and visual perception. We
analyzed event-related potentials that are sensitive to neural responses while partici-
pants performed five cognitive tasks: simple addition, simple subtraction, numerosity
comparison, figure matching, and character rhyming. The single-trial ERP-behavior
correlation approach was used to enhance the statistical power. The results showed
that the N1 component significantly correlated with reaction time at occipital elec-
trodes on all tasks except for character rhyming. The N1 component for arithmetic
fluency (simple addition and subtraction) and character rhyming correlated with the
reaction time for numerosity comparison and figure matching. The results suggest
that there are neural associations between arithmetic fluency, non-verbal number
sense, and visual perception in the occipital cortex, and that visual perception is the

shared mechanism for both non-verbal number sense and arithmetic fluency.

KEYWORDS
arithmetic fluency, event-related potentials, non-verbal number sense, single-trial ERP-
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Beilock, 2011). First, non-verbal number sense has been linked to indi-
vidual differences in mathematics achievement in typically developing

Non-verbal number sense is the ability to perceive the number of
items in a typical visual or auditory array with more than three items.
Several lines of evidence suggest that skill in this ability correlates
with mathematics achievement (e.g, Halberda, Mazzocco, &
Feigenson, 2008; Libertus, Feigenson, & Halberda, 2011; Lyons &
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children (e.g., Bonny & Lourenco, 2013; Halberda et al., 2008; Hal-
berda, Ly, Wilmer, Naiman, & Germine, 2012; Inglis, Attridge,
Batchelor, & Gilmore, 2011; Libertus et al., 2011; Libertus,
Feigenson, & Halberda, 2013; Mazzocco, Feigenson, &
Halberda, 2011; Mundy & Gilmore, 2009). Second, children with
developmental dyscalculia show severe impairment in numerosity
judgment (e.g., Cheng, Xiao, Chen, Cui, & Zhou, 2018; Geary, Bailey, &
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Hoard, 2009; Landerl, Bevan, & Butterworth, 2004; Piazza
et al, 2010). Specifically, they had deficits in counting dots
(Butterworth, 2005; Landerl et al., 2004; Zhang et al., 2016). Third,
training on non-verbal number sense can facilitate mathematical
development (e.g, Hyde, Khanum, & Spelke, 2014; Park &
Brannon, 2013).

Domain-specific explanations for the association emphasize
shared processing of quantity (Hyde et al., 2014; Landerl et al., 2004;
Park & Brannon, 2013). The processing of numerical quantity has thus
been proposed to underlie the association between non-verbal num-
ber sense and arithmetic fluency (e.g., Halberda et al., 2008). Evidence
for this idea comes from neuroimaging studies which showed that
processing numerosity and doing arithmetic problems activated the
same brain areas (i.e., bilateral intraparietal sulcus) (e.g., Ansari &
Dhital, 2006; Izard, Dehaene-Lambertz, & Dehaene, 2008).

In contrast, a domain-general hypothesis provides an alternative
explanation for the association between numerosity processing and
arithmetic fluency from the viewpoint of general cognitive processing.
Visual perception, as measured by a geometric figure-matching task,
has emerged as a critical general cognitive mechanism that is shared
between non-verbal number sense and arithmetic fluency (Cheng
et al., 2020; Cui, Zhang, Cheng, Li, & Zhou, 2017; Wang, Sun, &
Zhou, 2016; Zhou, Hu, Yuan, Gu, & Li, 2020; Zhou, Wei, Zhang, Cui, &
Chen, 2015). For example, Zhou et al. (2015) showed that visual per-
ception measured with such a task could fully account for the associa-
tion between non-verbal number sense and arithmetic fluency. Cheng
et al. (2018) and Zhou and Cheng (2015) found that the children with
developmental dyscalculia had concurrent deficits in visual perception
processing and non-verbal number sense, and that the visual percep-
tion deficit accounted for the non-verbal number sense deficit.

Although some behavioral evidence points toward an association
between non-verbal number sense, arithmetic fluency, and visual per-
ception, the neural mechanisms underlying such an association
remains unclear. The aim of the current investigation was to deter-
mine a neural mechanism underlying the association between non-
verbal number sense and arithmetic fluency. Based on the visual
perception hypothesis, we expected the association in the brain to be
located in the occipital cortex.

Event-related potentials (ERPs) recorded from the scalp are an
ideal tool for investigating potential neural mechanisms that link non-
verbal number sense and arithmetic fluency. First, ERPs over the
occipital cortex can demonstrate that visual perception has occurred.
For example, a study combining electroencephalography (EEG) and
functional magnetic resonance imaging (fMRI) found that visual stimuli
presented in the left or right visual fields induced larger N1 ERP com-
ponents over the contralateral side than over the ipsilateral side of
the occipital cortex, corresponding to greater activation in the contra-
lateral middle occipital gyrus than in the ipsilateral middle occipital
gyrus (Novitskiy et al., 2011). Second, ERPs can be recorded at high
temporal resolution, allowing visual perception to be detected at very
early stages of cognitive processing, which is important when studying

perception during arithmetic fluency and character rhyming.

Associations between non-verbal number sense and arithmetic
fluency can be found using a correlation approach based on individual
differences (e.g., Cui et al, 2019; Halberda et al, 2008; Zhou
et al, 2015). Indeed, ERP-behavior correlations have been used to
determine the neural mechanisms underlying associations, with
single-trial interindividual correlation typically being applied to greatly
enhance statistical power (Zhou, Li, Zhou, Li, & Cui, 2018).

To maintain consistency with the procedures used in previous
behavioral studies of the association between non-verbal number
sense and arithmetic fluency (e.g., Cheng et al., 2018; Cui et al., 2017
Cui et al,, 2019; Wang et al., 2016; Zhang, Liu, Chen, & Zhou, 2019;
Zhou et al., 2015; Zhou & Cheng, 2015), we used similar tasks in the
current study, including numerosity comparison, figure matching, sim-
ple addition, simple subtraction, and character rhyming.

According to the visual perception hypothesis, we predicted that
when measuring non-verbal number sense or arithmetic fluency, a
correlation between an ERP component and task behavior should be
observed at the occipital electrodes. Then, the arithmetic ERP at
occipital electrode(s) should correlate with the reaction time and/or

error rate for both non-verbal number sense and visual perception.

2 | MATERIALS AND METHODS

21 | Participants

Forty healthy right-handed university students (19 males and
21 females) were recruited from Peking University, Tsinghua Univer-
sity, and Beijing Geely University. Participants majored in a wide range
of disciplines other than mathematics. Their average age was
19.8 years (range: 18-23 years). Participants self-reported having nor-
mal or corrected-to-normal eyesight and normal hearing. All proce-
dures were approved by the institutional review boards (IRBs) of
Beijing Normal University. Participants gave their written informed
consent before the experiment and were compensated 200 RMB
(about 30 USD) for their time.

2.2 | Procedures

The experiment had five tasks: figure matching, numerosity compari-
son, simple addition, simple subtraction, and character rhyming. The
task order was balanced across participants using a Latin-square
design. The experiment was performed on a computer and tasks were
presented using E-prime software (Carnegie Mellon University, Pitts-
burgh, PA). In each trial, a 200-400 ms fixation was presented
followed by a blank screen for 300 ms. Target stimuli were then pres-
ented for 100 ms followed by another black screen that lasted until
participants used the keyboard to choose an answer. When partici-
pants chose the answer, the next trial began automatically after a fix
intertrial interval (ITI) for 1,000 ms. The experimental procedure and

task paradigm are shown in Figure 1.
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tasks) and a schematic depicting the experimental procedure. ITl, intertrial interval

23 | Tasks

2.3.1 | Figure matching

This task was adapted from the picture test in Ekstrom, French,
Harman, and Dermen (1976). Each trial containing one target picture
in the center of the monitor and two candidate pictures beneath the
target. The pictures were constructed from 240 abstract line figures.
Participants were asked to judge which of the two candidate pictures
was the same as the target. Choices were made by pressing the “Q”
(left candidate) and “P” (right candidate) keys on the keyboard. The

task comprised 120 trials that were divided into two 60-trials blocks.

2.3.2 | Numerosity comparison

Three dot arrays were presented simultaneously on the screen. The target
array was presented in upper part of the screen, and two candidate arrays
were presented in the lower half of the screen. Participants were asked to
judge which candidate array contained the same number of dots as the tar-
get array. However, as this was not a matching task, the layout of the dots
differed even when the number of dots was the same. For half of the trials,
the total area taken up by the dots was the same for all three arrays. For
the other half, the average area for a single dot (total area/number of dots)
was the same for all three arrays. Dot size varied and dots were randomly
distributed within a circle. Choices were made by pressing the “Q” (left can-
didate) and “P” (right candidate) keys on the keyboard. The task comprised
120 trials that were divided into two 60-trials blocks.

2.3.3 | Simple addition

We used a simple single-digit addition task. For each trial, an addition
problem was presented in the middle of the upper part of the screen

and two candidate answers, one of which was correct, were pres-
ented side by side in the lower part of the screen. Participants were
asked to choose the correct answer by pressing the “Q” (left candi-
date) and “P” (right candidate) keys on the keyboard. There are 81 pos-
sible single-digit addition problems starting from 1 + 1 and ending at
9 + 9. To avoid repeating the same problem more than once, this test
only had 81 trials.

234 | Simple subtraction

The subtraction problems were the reversed calculations from the
single-digit addition. Thus, there are 81 possible problems starting
from 2 to 1 and ending at 18 to 9. Again, to avoid repeating problems,
this test only had 81 trials. All other aspects of the task were the same
as the simple addition task.

2.3.5 | Character rhyming

Two Chinese characters were presented simultaneously on the
screen. Participants were asked to judge whether they rhymed or not.
This test had 120 trials.

24 | ERPrecording and preprocessing

EEGs were recorded using a 32-channel NeuroScan recording system
(Neurosoft Inc., Sterling, VA). Scalp electrodes were online referenced
to the left mastoid and off-line algebraic re-referenced to the average
of the left and right mastoids. The distribution of electrodes was set
according to the international 10-20 system. Vertical electrooculo-
grams (EOGs) were recorded supra- and infra-orbitally at the left eye
and horizontal EOGs were recorded from the left vs. right orbital rim.



Ll ET AL

WILEY-_L5%t

Impedances for all electrodes were kept below 5 kQ. EEG and EOG
signals were filtered with a 0.05-100 Hz bandpass filter and continu-
ously sampled at 1000 Hz/channel.

The ERP data were analyzed using NeuroScan EDIT software
Version 4.3 (Neurosoft Inc., Sterling, VA) and Matlab R2015a
(Mathworks Inc., Natick, MA). Offline, a direct current (DC) correction
was applied, and ocular artifacts were then corrected. The trigger
threshold for ocular artifacts was set to 10%. The minimum number of
sweeps that were required to construct an averaged vertical EOG arti-
fact was 20. The duration of the average artifact was 400 ms. After
correcting for ocular artifacts, the continuous EEG data were seg-
mented into epochs starting from 200 ms before stimulus onset and
continuing until 1,500 ms after stimulus onset. A 200-ms pre-stimulus
period served as the baseline. EEG data were detrended and baseline
corrected. Epochs outside the range of —100 to 100 pV at any chan-
nel except for the horizontal and vertical EOGs were rejected as
artifacts.

2.5 | ERP analysis

After preprocessing, data from remaining trials with correct responses
were averaged for each task and for each participant. The mean num-
ber of valid trials (epochs) included in the averaged ERPs were
87.2 + 11.3 (SD) for figure matching, 82.5 + 13.8 for numerosity com-
parison, 72.1 + 6.0 for simple addition, 70.2 + 8.1 for simple subtrac-
tion, and 99.6 + 15.3 for character rhyming. The averaged waveform
was low-pass filtered at 30 Hz (zero-phase, 12 dB/octave). The grand
average for each task was obtained by averaging across the individual

participant averages, separately for each task.

2.6 | ERP-behavior correlation analysis

An ERP-behavior correlation analysis can determine how non-verbal
number sense, arithmetic fluency, and visual perception are associated
in brain. We applied a single-trial (item-wise) interindividual correla-
tion that has been used in a previous functional neuroimaging study
(Zhou et al., 2018). In this two-step process, first, an interindividual
correlation was performed on each trial. Then, a one-sample t test
was conducted on the r-values for all trials. The traditional mean-trial
interindividual correlation simply performs a correlation on the aver-
aged responses. The single-trial correlation can be more effective than
the mean-trial correlation because it can filter out much of the noise
that exists after the first step (Zhou et al., 2018).

In the single-trial interindividual correlation approach in the current
ERP study, first we computed the correlation between the ERP
(i.e., magnitude of the potential) and behavior (i.e., reaction time or error
rate) for each trial of a task after rejecting artifacts during
preprocessing. And only correct trials were included in the correlation
analysis between ERP and reaction time. Then we performed a one-
sample t test on the correlation coefficients obtained for all trials of the

task against zero. The analysis was performed separately for each task.

This technique can also be used to assess ERP-behavior correla-
tions across two different tasks (e.g., the ERP for simple addition and
the behavioral responses for numerosity comparison). This correlation
can indicate whether the ERPs are generally associated with a certain
type of cognitive processing. There are no one-to-one corresponding
relationships between the ERPs and the behavioral responses in the
correlation analysis. Therefore, the ERPs for each trial within a task
(e.g., task A) were first correlated with the behavioral response for
each trial of another task (e.g., task B). For example, if task B had
30 trials, there would be 30 r-values for each trial from task A. The
r-values were then averaged and represented the correlation coeffi-
cient for that trial in task A. After calculating the average r-values for
each trial in the task A, we then performed a one-sample t test on all
the average r-values against zero.

The traditional mean-trial interindividual correlation was also
used. This involved first computing the mean ERP across trials and the
mean performance for each task for each participant. Then, we per-
formed a correlation analysis between the mean ERP magnitudes and
the behavioral data across participants. These results were compared

with those from the single-trial correlation.

3 | RESULTS

3.1 | Behavioral results

Table 1 shows the mean reaction times for correct trials and the error
rates for figure matching, numerosity comparison, simple addition,
simple subtraction, and character rhyming. The mean-trial Pearson
correlation coefficients for the five tasks are also listed. The correla-
tions were typically weak.

3.2 | ERPcomponent N1

The early N1 component of the ERP occurred at bilateral occipital
electrodes for all five tasks (figure matching, numerosity compari-
son, simple addition, simple subtraction, and character rhyming)
around 75 ms after stimulus onset and with a peak at around
150 ms. Figure 2 (red lines) shows the grand averaged ERP wave-
forms of the whole interval (from 200 ms before stimulus onset to
1,500 ms after stimulus onset) at bilateral occipital electrodes for
the five tasks. The time interval of the N1 component (between
75 ms to 150 ms after stimulus onset) is marked with vertical dot-

ted lines.

3.3 | Interindividual ERP-behavior correlation for
the five tasks

We first analyzed the single-trial and mean-trial interindividual ERP-
behavior correlations for figure matching, numerosity comparison,

simple addition, simple subtraction and character rhyming. The
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TABLE 1

Pearson's correlations between behavioral measures among the five tasks. Mean reaction times for correct trials (millisecond and SE

in brackets) and their correlations are above the diagonal. Error rate (% and SE in brackets) and their correlation are below the diagonal

Task 1
1,009 (65)

1. Figure matching 25.0(1.3) -

2. Numerosity comparison 29.5(1.9) 577

3. Simple addition 7.9(1.2) 24

4. Simple subtraction 10.7 (1.6) 39"

5. Character rhyming 14.8 (2.1) 29
iAbbreviations: ER, error rate; RT, reaction time.
p <.05.

p < .01

magnitude of the potential at each time point for each electrode was
used as the ERP data and reaction time was used as the
behavioral data.

The single-trial ERP-behavior correlations waveforms for the
whole interval and the topographic t-value maps for the correlation
between the N1 component and behavior are presented in Figure 2
for the five tasks (blue lines, correlations waveforms; blue box, topo-
graphic t-value map). At left/right occipital electrodes, we observed
significant positive ERP-behavior correlations (p < .05, Bonferroni
corrected) between the N1 component and reaction time for figure
matching, numerosity comparison, simple addition, and simple sub-
traction, but not for character rhyming. When correcting a p-value of
.05 using the Bonferroni method, .05 is divided by the number of elec-
trodes and the number of time points. Thus the corrected p-value was
9.80 x 1077 (.05/30/1701). For figure matching and numerosity com-
parison, significant positive ERP-behavior correlations (p < .05,
Bonferroni corrected) were observed at the right occipital electrode
(02), with the highest t-values being 6.86 and 8.30, respectively. For
simple addition and simple subtraction, significant positive ERP-
behavior correlations (p < .05, Bonferroni corrected) were observed at
bilateral occipital electrodes (O1 and O2), with the highest t-values
being 6.95 and 6.91 for simple addition, and 7.69 and 5.70 for simple
subtraction, respectively.

We also analyzed the single-trial ERP-behavior correlation
between the N1 component (mean magnitude of the potential
between 75 ms to 150 ms after stimulus onset) at whole brain elec-
trodes and reaction time for each task. The significant positive corre-
lations (p < .05, Bonferroni corrected) were only observed at occipital
electrodes. Table 2 shows the t-values for the correlation at occipital,
parietal, central, and frontal electrodes.

The traditional mean-trial ERP-behavior correlations waveforms
for the whole interval and the topographic t-value maps for the corre-
lation between the N1 component and behavior are presented in
Figure 2 for the five tasks (cyan lines, correlation waveforms; cyan
box, topographic t-value map). We compared the results with those
from the single-trial ERP-behavior correlation. At right/left occipital
electrodes, we again observed positive ERP-behavior correlations
between the N1 component and reaction time for figure matching,

numerosity comparison, simple addition, and simple subtraction, but

2 3 4 5

973 (56) 906 (40) 1,053 (72) 1,428 (104)
82" 01 .03 A3

- 20 19 .33

26 - 91" 76"

24 73" - 73"

15 517 60" -

not for character rhyming. Although the uncorrected p-values were
significant (less than .05), those after Bonferroni correction were not.
For figure matching and numerosity comparison, positive ERP-
behavior correlations (p < .05 uncorrected) were observed at the right
occipital electrode (02), with the highest t-values being 2.38 and 4.08,
respectively. For simple addition and simple subtraction, positive ERP-
behavior correlations (p < .05, uncorrected) were observed at bilateral
occipital electrodes (O1 and O2), with the highest t-values at O1 and
02 electrodes being 2.92 and 2.63 for simple addition, and 2.96 and
2.37 for simple subtraction, respectively.

In addition to reaction time, we performed the same series of ana-
lyses for error rate. We did not find any significant correlations at
occipital electrodes between the N1 component and error rate for any
task, regardless of whether we used the single-trial or mean-trial ERP-
behavior correlation. Table 3 shows the mean t-values at the O2 elec-
trode for single-trial and mean-trial ERP-behavior correlations between
75 ms to 150 ms after stimulus onset for the five tasks.

3.4 | ERP-behavior correlation between the
academic ERP and cognitive behavior

To determine the neural mechanism underlying the association
between non-verbal number sense and arithmetic fluency and the role
of visual perception in this context, we analyzed the single-trial ERP-
behavior correlation between the ERPs for the three academic tasks
(simple addition, simple subtraction, and character rhyming) and reac-
tion times for the two cognitive tasks (figure matching and numerosity
comparison). Figure 3 shows the single-trial ERP-behavior correlations
waveforms at occipital electrodes (01 and O2) for the whole interval
and the topographic t-value maps for the correlation between the N1
component and behavior.

For the single-trial ERP-behavior correlation between academic
ERPs and reaction time for figure matching, we observed significant
positive correlations (p < .05, Bonferroni corrected) for all three aca-
demic tasks between the N1 component and reaction time at right/
left occipital electrodes. Positive correlations were observed at bilat-
eral occipital electrodes (01, O2) for simple addition, with the highest
t-values being 7.18 and 5.90, respectively. A positive correlation at
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FIGURE 2 The ERP waveforms, the ERP-behavior correlations waveforms at occipital electrodes (O1 and O2), and topographic t-value maps
for the five tasks. The ERP waveforms are presented with red lines (left-side y-axis). The single-trial ERP-behavior correlations waveforms are
presented with blue lines (right-side y-axis). The traditional mean-trial ERP-behavior correlations waveforms are presented with cyan lines (right-
side y-axis). The topographic t-value maps for the single-trial correlations between the N1 component and behavior are presented in the blue box.
The topographic t-value maps for the mean-trial correlations between the N1 component and behavior are presented in the blue box

the right occipital electrode (O2) was observed for simple subtraction, significant positive correlations (p < .05, Bonferroni corrected) between
with the highest t-value being 8.72. We also observed a positive cor- the N1 component and reaction time at the right occipital electrode
relation at the left occipital electrode (O1) for character rhyming, with (02) for simple addition and simple subtraction, with the highest
the highest t-value being 5.51. t-values being 7.71 and 9.43, respectively. We also found a positive

For the single-trial ERP-behavior correlation between academic correlation at the left occipital electrode (O1) (181 ms after stimulus

ERPs and reaction time for the numerosity comparison, we observed onset) for character rhyming, with the highest t-value being 6.96.
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TABLE 2 The t-values for single-trial ERP-behavior correlation between the N1 component at different electrodes and reaction time for each

of the five tasks
Occipital Parietal Central Frontal
Task o1 Oz 02 P3 Pz P4 C3 Cz C4 F3 Fz F4
Figure matching 076 559 692 -0.25 1.81 4.56 -1.27 -0.06 085 -047 -004 -0.36
Numerosity 175 664  9.07 -2.25 -0.98 3.27 -291 -1.71 -041 -201 -090 -1.05
comparison
Simple addition 808" 758 550 4.95 1.94 4.07 0.81 0.55 -056 -101 -091 -259
Simple subtraction 714" 562" 505 2.87 -0.50 2.23 -0.28 0.12 -121 -089 -013 -1.78
Character rhyming 019 015 061 -2.85 -221 —0.46 —2.70 -0.23 -1.33 -084 -069 -1.09

‘p < .05, Bonferroni corrected.

TABLE 3 Mean t-values for single-

ERP-RT lati ERP-ER lati
correlation correlation trial and mean-trial ERP-behavior
Task Single-trial Mean-trial Single-trial Mean-trial correlations (75-150 ms after stimulus
Figure matching 4.67 181 101 0.23 gnset) at electrode O2 for each of the
five tasks

Numerosity comparison 5.74 2.85 -1.05 -0.18

Simple addition 3.34 1.48 -0.61 0.29

Simple subtraction 3.10 1.25 0.78 0.09

Character rhyming 0.17 0.92 -0.79 0.33

Abbreviations: ER, error rate; RT, reaction time.

Figure matching

-200 0 300 600 900 1200 1500 ms

-6 W T 6 i
t value for topographic map 75-150 ms
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o 8
B 4
<
Z R A

-200 0 300 600 900 1200 1500 ms

—— Simple addition —— Simple subtraction —— Character rhyming

FIGURE 3 Single-trial correlations waveforms between the three academic ERPs and the two cognitive behaviors at occipital electrodes
(01 and O2) and topographic t-value maps for the correlation between the N1 component and behavior

To compare results, we then analyzed the mean-trial ERP-
behavior correlation between the ERPs for the same three aca-
demic tasks and reaction times for the two cognitive tasks. Figure 4

shows the mean-trial ERP-behavior correlations waveforms at

occipital electrodes (O1 and O2) for the whole interval and the
topographic t-value maps for the correlation between the N1 com-
ponent and behavior. We found only positive correlations (p < .05,

uncorrected) between the three academic ERPs and the two
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FIGURE 4 Mean-trial correlations waveforms between the three academic ERPs and the two cognitive behaviors at occipital electrodes
(01 and 02), and topographic t-value maps for the correlation between the N1 component and behavior

cognitive behaviors for the N1 component at right/left occipital
electrodes.

4 | DISCUSSION

Numerous studies have been devoted to understanding the relation-
ship between non-verbal number sense and mathematics achieve-
ment. However, little is known about the neural correlates for this
association. The aim of current study was to apply a single-trial ERP-
behavior interindividual correlational approach to examine the neural
mechanism underlying the association between non-verbal number
sense and arithmetic fluency. This analysis revealed significant ERP-
behavior correlations on 4 of the 5 tasks (figure matching, numerosity
comparison, simple addition, and simple subtraction) between the N1
component at right/left occipital electrodes (typically O2 and O1) and
reaction time. Further, the N1 component at the occipital electrodes
during arithmetic fluency tasks (simple addition and subtraction) and
character rhyming correlated with reaction time during figure
matching and numerosity comparison. These results suggest that
occipital areas might support the association between non-verbal

number sense and arithmetic fluency.

41 | The N1 component in visual perception

The N1 component is characterized by the first negativity at the lat-
eral occipital electrode sites. It has been consistently revealed with a
peak around 150 ms (Luck, 2005). It is highly sensitive to variations in
stimulus parameters, including location, color, luminance, and length.

For example, even if the task were to detect the color of the stimuli,

location-repeated stimuli would elicit larger N1 amplitudes than pres-
ented in variable locations (Yang, Fan, Wang, Fogelson, & Li, 2017).
Additionally, bright stimuli have been shown to induce shorter peak
latencies and larger N1 amplitudes than do dim stimuli (Johannes,
Munte, Heinze, & Mangun, 1995). Further, stimulus size can also mod-
ulate N1; longer stimuli were shown to elicit larger N1 amplitudes
than shorter stimuli (Wydell, Vuorinen, Helenius, & Salmelin, 2003).
Moreover, the N1 component is sensitive to the level of expertise.
When participants have some expertise or familiarity related to the
stimuli, N1 is larger than when they do not. For instance, letters or
words evoked larger N1 components than did symbols or form strings
in the left hemisphere (Bentin, Mouchetant-Rostaing, Giard,
Echallier, & Pernier, 1999). In another study, objects within partici-
pants' domain of expertise aroused larger N1 amplitudes than did
objects outside of their expertise (Tanaka & Curran, 2001). Further,
skilled adult readers exhibited significantly larger N1 components for
words than for symbolic strings, while kindergarten children who
could not yet read very well failed to show any differences in N1
based on the word/non-word string stimuli (Maurer, Brem, Bucher, &
Brandeis, 2005). Lastly, N1 is also sensitive to the direction of spatial
attention (see review by Hillyard, Vogel, & Luck, 1998) and to the par-
ticipant's state of arousal (Vogel & Luck, 2000).

Studies using visually evoked potentials, structural and functional
MR, and retinotopic mapping of visual cortical areas all support the
idea that the N1 component originates from extrastriate visual cortex
(Di Russo, Martinez, Sereno, Pitzalis, & Hillyard, 2002; Jeffreys &
Axford, 1972), reflecting early visual perception. The early visual
processing of shapes can elicit the N1 component. In a recent ERP
study, unattended changes in shape elicited significant, gradual adap-
tation effects in the range of the early N1 visual component, indicat-

ing the fast and automatic processing of shapes (Soltesz &
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Szucs, 2014). All types of visual object processing elicit the N1 com-
ponent, including but not limited to geometric-figures, dots, Arabic
digits, Chinese characters, and faces (e.g., Chen et al., 2007; Fornaciai,
Brannon, Woldorff, & Park, 2017; Park, Chiang, Brannon, &
Woldorff, 2014; Rossion, Joyce, Cottrell, & Tarr, 2003; Xue, Jiang,
Chen, & Dong, 2008). In the current study, we similarly found that the
N1 component was elicited by figure matching, numerosity compari-
son, simple addition, simple subtraction, and even character rhyming.
This is not surprising as all tasks required visual perception processing.

Additionally, significant ERP-behavior correlations for simple
addition, simple subtraction, numerosity comparison, and figure
matching were observed for the early N1 component (actually the ris-
ing branch) at occipital electrodes. The time window was typically
75-150 ms. The correlations we found generally show that an elec-
trophysiological index of visual perceptual processing can reflect
behavioral performance, and more specifically the importance of
visual processing during the four tasks. We did not find any correla-
tion between N1 amplitude and reaction time in the character rhym-
ing task. We propose two explanations for this finding. First, the
character rhyming task was more difficult than the simple addition
and subtraction tasks, as evidenced by the slower reaction time and
poorer error rate. Second, judging character rhyming typically includes
phonological processing, even when stimuli are visual (Booth
et al., 2006; Wei et al., 2012). Reaction time could also reflect phono-
logical processing, which might weaken the correlation during early
visual perception.

Although we found significant correlations at occipital electrodes
between the N1 component and reaction time, we did not observe
any significant correlations between N1 and error rate/accuracy for
any task. This could have been because the tasks used in current
study were relatively simple for adults. In cases like that, the reaction
time can better reflect individual differences. A second explanation
considers that the reaction time is the sum of the time used for each
mental process used to complete the task. As such, it varies
depending on individual variation in all the component mental pro-
cesses. In contrast, accuracy can only be one of two values (correct or
incorrect). Previous studies have also shown that reaction time corre-
lated with the amplitude of the N1 component, while accuracy did not
(e.g., Korinth, Sommer, & Breznitz, 2012; Wiegand et al., 2014).

4.2 | The significance of single-trial ERP-behavior
correlation

The traditional mean-trial ERP-behavior interindividual correlation
approach did not consistently result in any significant correlations.
Although some correlations were significant before correcting for
multiple comparisons, the same has found when using the pre-
stimulus interval (e.g., from —200 to O ms as baseline). The single-trial
ERP-behavior correlation approach that has been used in fMRI neuro-
imaging data analysis (Zhou et al., 2018) consistently showed the

involvement of both/right lateral occipital cortex for simple arithmetic

(addition and subtraction), numerosity comparison, and figure
matching.

However, the mean-trial correlation approach might not effi-
ciently remove enough of the noise and the traditional mean-trial cor-
relation approach cannot result in a high correlation coefficient
(Meyer et al, 2001).The single-trial ERP-behavior correlation
approach can avoid the influence of noise on statistical analyses. That
is, this approach removes much of the noise (i.e., residuals) during the
correlation analysis of each trial, and then reference test is conducted
on the weak but possibly stable correlation coefficients filtered much
of the noise. Thus, the statistical power is greatly enhanced. Note that
after correcting for multiple comparisons, we were still able to find
significant correlations with this method.

This approach could be used extensively in ERP and fMRI studies.
Reaction time reflects a sum of mental processes. The correlation
shows how the time-locked neural responses reflect the behavioral
performance. The reaction time of a simple task might be helpful for
detecting synchronized neural responses. The single-trial correlation
also provides the opportunity to compare the correlations from differ-
ent time windows or conditions.

4.3 | The neural mechanism underlying the
association between non-verbal number sense and
arithmetic fluency

From a domain-specific perspective, numerical quantity processing
might underly the association between non-verbal number sense and
arithmetic fluency (e.g., Halberda et al., 2008). Both numerosity
processing and arithmetic processing activate the same brain areas
(i.e., bilateral intraparietal sulcus) (e.g., Ansari & Dhital, 2006; lIzard
et al., 2008). However, some recent studies have questioned the
domain-specific hypothesis (e.g., Gilmore et al, 2013; Inglis
et al., 2011; Park, DeWind, Woldorff, & Brannon, 2016; Sasanguie, De
Smedt, Defever, & Reynvoet, 2012; Sasanguie, Gobel, Moll, Smets, &
Reynvoet, 2013; Vanbinst, Ghesquiere, & De Smedt, 2012). Early N1
components peaking at 180 ms over bilateral occipitoparietal sites is
sensitive to changes in numerosity presentation, which demonstrates
the existence of a human visual pathway for rapidly and directly
extracting numerosity information (Park et al., 2016). Moreover, visual
perception can account for the association between approximate
number system (ANS) acuity and arithmetic fluency (e.g., Cui
et al.,, 2019; Zhou et al., 2015). This idea is called the visual perception
hypothesis, which is a type of domain-general hypothesis. Arithmetic
is based on symbols (Arabic digits) and signs consisting of lines, which
also require visual perception. Perceiving numerosity also involves
visual perception such that apparent numerosity was shown to
decrease through adaptation to large numbers of dots and to increase
through adaptation to small numbers of dots. This is similar to adap-
tion mechanisms for other primary visual properties of a scene such
as color, contrast, size, and movement speed (Burr & Ross, 2008;
Tibber, Greenwood, & Dakin, 2012).



Ll ET AL

WILEY_L 5%

The present study has provided psychophysiological evidence
that visual perception is the mechanism underlying the association
between non-verbal number sense and arithmetic fluency. We found
that the N1 component at occipital electrodes during arithmetic com-
putation (simple addition and subtraction) was correlated with reac-
tion time on figure matching and numerosity comparison tasks. The
correlation with figure matching behavior and the correlation with
numerosity comparison behavior show a similar pattern. Visuospatial
processing in general (e.g., Berg, 2008; Hubbard, Piazza, Pinel, &
Dehaene, 2005; Krajewski & Schneider, 2009; Simmons, Willis, &
Adams, 2012; van der Ven, van der Maas, Straatemeier, & Jansen,
2013), and visual perception in particular (Kurdek & Sinclair, 2001;
Rosner, 1973; Sigmundsson, Anholt, & Talcott, 2010), have been
shown to be important for mathematics achievement. For example,
Rosner (1973) showed that visual perception was correlated with
mathematics achievement even after controlling for auditory percep-
tion. Sigmundsson et al. (2010) also found that compared with age-
matched controls, children with low mathematics achievement were
less sensitive to visually coherent motion (i.e., objects moving consis-
tently in the same direction rather than randomly). The early ERP
component response (N1) and the N1-behavior correlation suggested
that visual perceptual processing was the common mechanism under-
lying both arithmetic and numerosity processing.

In addition, single-trial ERP-behavior correlation analysis revealed
a positive correlation between the N1 amplitude during character
rhyming and reaction time to stimuli in the figure matching and
numerosity comparison tasks, although the correlation occurred later
in time than the cross-task correlation for arithmetic fluency. Written
language processing should involve visual perception (e.g., Cui
et al., 2019; Vidyasagar & Pammer, 2010). For example, children's
scores in a rapid visual temporal processing task correlated with oral
reading fluency (MclLean, Stuart, Coltheart, & Castles, 2011). It is
widely assumed that phonological deficits cause the reading difficul-
ties in dyslexia. However, emerging evidence has provided an alterna-
tive hypothesis for developmental dyslexia, holding that the reading
impairment arises from poor visual coding (Vidyasagar &
Pammer, 2010). Thus, when we used behavioral data from the figure
matching or numerosity comparison tasks as a probe (instead of com-
plex behavioral data that comes with character rhyming), we were
able to show a positive single-trial ERP-behavior correlation between
N1 amplitude and reaction time during character rhyming.

The relatively late correlation might be associated with the com-
plex structure of Chinese characters. The visual configuration of a
character plays an important role in Chinese character identification.
Visual perception processing (e.g., low-spatial-frequency sensitivity,
geometric-figure processing) can affect the recognition and encoding
of Chinese characters during reading in typically developed children
and adults (Yang et al., 2013; Zhao, Kwok, Liu, Liu, & Huang, 2017;
Zhao, Qian, Bi, & Coltheart, 2014). Chinese language is a logographic
writing system. This means that Chinese character processing primar-
ily involves visual complexity, which was evidenced by a significant

effect of stimulus length on the N1 response (Wong, Gauthier,

Woroch, DeBuse, & Curran, 2005; Xue et al., 2008). In addition, the
N1 component during arithmetic fluency tasks also correlated with
behavioral performance on numerosity comparison and figure
matching tasks. For visually complex symbols (e.g., Arabic digits, Chi-
nese character), the N1 component is mainly modulated by visual
complexity. These results indicate that there are common neuronal
associations between arithmetic, language, and visual perception in
the occipital areas. The N1 component of visual perception over
occipital areas likely underlies the neural association between non-
verbal number sense and arithmetic fluency. This result further
strengthens our understanding of how individual differences in
achievement in school mathematics are related to individual differ-
ences in the acuity of approximate number sense.

5 | CONCLUSION

In summary, the current study recorded ERPs and performed single-
trial ERP-behavior interindividual correlations to investigate the neural
mechanism underlying the association between non-verbal number
sense and arithmetic fluency. We found significant correlations
between the N1 component at occipital electrodes and behavior dur-
ing figure matching, numerosity comparison, simple addition, and sub-
traction, but not for character rhyming. Further, the N1 component at
occipital electrodes during the arithmetic fluency and character rhym-
ing tasks also correlated with reaction times on the figure matching
and numerosity comparison tasks. The results suggest a neural associ-
ation between arithmetic fluency, non-verbal number sense, and
visual perception in the occipital cortex, with visual perception being
the mechanism shared by both non-verbal number sense and arith-
metic fluency.
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