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A B S T R A C T   

Background: A hallmark of the approximate number system (ANS) is ratio dependence. Previous work identified 
specific event-related potentials (ERPs) that are modulated by numerical ratio throughout the lifespan. In adults, 
ERP ratio dependence was correlated with the precision of the numerical judgments with individuals who make 
more precise judgments showing larger ratio-dependent ERP effects. The current study evaluated if this rela
tionship generalizes to preschoolers. 
Method: ERPs were recorded from 56 4.5 to 5.5-year-olds while they compared the numerosity of two sequen
tially presented dot arrays. Nonverbal numerical precision, often called ANS acuity, was assessed using a similar 
behavioral task. 
Results: Only children with high ANS acuity exhibited a P2p ratio-dependent effect onsetting ~250 ms after the 
presentation of the comparison dot array. Furthermore, P2p amplitude positively correlated with ANS acuity 
across tasks. 
Conclusion: Results demonstrate developmental continuity between preschool years and adulthood in the neural 
basis of the ANS.   

1. Introduction 

Humans and various nonhuman animals are thought to rely on the 
Approximate Number System (ANS) to represent number without 
counting [1]. The ANS obeys Weber’s law such that accuracy for 
comparing numerosities depends on their ratio rather than their abso
lute numerical difference (e.g., [1]). The Weber fraction derived from 
such a numerosity comparison task provides a quantitative estimate of 
ANS precision, with smaller Weber fractions (w) indicating more precise 
discrimination acuity. Weber fractions decrease dramatically over the 
first year of life and reach peak sensitivity around 30 years of age (e.g., 
[2–5]). ANS acuity throughout the lifespan predicts formal math ability 
substantiating the importance of studying ANS acuity in general, and 
ultimately its potential contribution toward math education [6–8]. 

Meanwhile, a growing body of research has demonstrated that non- 
symbolic number approximations are modulated by non-numerical 

visual stimulus features co-varying with number (e.g., total surface area, 
density), which also affect estimates of ANS acuity (e.g., [9–16]). In 
turn, this evidence led to an ongoing debate between the approach of a 
unique system for representing number versus other theoretical postu
lations of a more general mental mechanism for representing magnitude 
(e.g., [17–21]). 

Nevertheless, converging neuroimaging and electrophysiological 
data have associated the ANS with the bilateral horizontal segment of 
the intraparietal sulcus (IPS) (e.g., [1,22–29], see also [30]). Neural 
signatures observed with both fMRI and EEG demonstrate ratio depen
dent neural signals throughout human development. For example, in the 
neural adaptation paradigm recovery of the BOLD signal was observed 
to be proportional to the ratio between the adapted and infrequently 
presented numerosities [31]. Furthermore, the P2p effect, namely, the 
second ERP positivity over parietal areas, onsetting ~200 ms post
stimulus in adults [26] or later in children (e.g., ~350 ms poststimulus 
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in 5–6 year-olds; [32]), was also found to be modulated by numerical 
ratio (or distance; but see [33]). In that research, the P2p showed more 
pronounced ERP positivity for comparisons of easier ratios (e.g., 1 vs. 2) 
than for harder ratios (e.g., 3 vs. 4; e.g., [26,32,34–38]). Notably, the 
neural sources of the ratio dependent effects on the P2p-latency 
component have been modeled as arising from right or bilateral IPS 
regions, thus providing a robust functional link between P2p modula
tions reported with ERP research and IPS activation found in fMRI 
studies [26,28,39]. 

Previous research has revealed a variety of brain-behavior correlates 
with fMRI and EEG measures using both nonsymbolic and symbolic 
numerical stimuli. For example, in an fMRI paradigm, 9–12-year-olds 
children with high compared to low mathematical skills showed more 
pronounced recruitment of the right IPS when engaging in subtraction 
[40]. Moreover, 7.5–10.4 year-old children’s symbolic number skills 
were predictive of IPS activity during addition [41]. In other studies 
ratio effects observed in the BOLD signal while children engage in a 
non-symbolic number comparison task were associated with mathe
matical achievement [42–43] (see also e.g., [22,44–45]). Additional 
developmental studies using fMRI found correlations between IPS acti
vation and ANS acuity as measured by the Weber fraction. Lasne and 
colleagues [46] found that adult participants with higher ANS acuity 
showed more differential patterns of fMRI activation in the right lateral 
intraparietal cortex (LIP). Similarly, Kersey and Cantlon [47] found 
neural tuning to numerosity in the right IPS of 3-6-year-old children, 
which also correlated significantly with individual Weber fractions. 

Other research has explored brain-behavior correlations in numeri
cal processing using EEG (e.g., [36–37,48–51]). For instance, 
Gomez-Velazquezet al. [48] recorded EEG from 8-to-10-year-old chil
dren as they engaged in both non-symbolic and symbolic numerical 
comparisons. They observed smaller P2p amplitudes at 300–400 ms 
poststimulus for children with low compared to average and high 
mathematical achievement. Furthermore, P2p amplitudes in both 
non-symbolic and symbolic number comparison tasks positively corre
lated with children’s mathematical achievement and IQ scores. 
Gomez-Velazquez and colleagues suggested that children with difficulty 
in mathematics represent numerosity differently than typically devel
oping children, possibly relying more on memory and attentional efforts 
to perform such tasks [48–49]. Another study by Gouet et al. [50] 
trained a group of 6–7 year-old children on nonsymbolic addition and 
another group on color comparisons using the same dot arrays in a 
pretest-posttest design. The findings revealed similar gain in mathe
matical achievement among both groups at the behavioral level. How
ever, the P2p amplitudes significantly increased across sessions only in 
the group that was trained on nonsymbolic addition problems. More
over, this increase in P2p amplitude positively correlated with mathe
matical achievement. 

Using a sequential same/different judgment task with adult partici
pants, Paulsen and Neville [36] found that non-symbolic numerosities 
elicited positive-polarity deflections in ERPs between 350–450 ms 
poststimulus that were sensitive to numerical difference. These ERP 
effects were further modulated at the group level by task proficiency 
reflected by behavioral accuracy. Moreover, in another study with 
adults centro-fronal distance-related ERPs at 360–440 ms poststimulus 
were observed but the effect was smaller for adults with lower mathe
matical proficiency [37]. In that same study, individual differences in 
distance-related ERPs correlated with behavioral Weber fractions, with 
larger amplitude distance-related differences being associated with 
lower Weber fractions (better ANS acuity). 

The aim of the present study was to evaluate whether ratio- 
dependent ERP signals that have been associated with numerosity 
comparisons vary as a function of ANS acuity in preschool children. We 
chose this younger age group (i.e., 4.5–5.5-year-old children) to assess 
whether correlations between Weber fraction and brain signals predate 
formal mathematical instruction. We specifically focused on the P2p 
ERP component because prior EEG research identified it as a prominent 

marker for modulations by numerical ratio. We recorded EEG while 
children made numerosity comparison judgments and measured their 
Weber fractions in a separate task. Based on studies reviewed above 
from adults and older children, we expected that preschoolers with 
higher ANS acuity (indicated by a smaller Weber fraction) would show 
more pronounced P2p amplitude differences as a function of numerical 
ratio – reflecting a key neural-behavioral developmental link. 

2. Materials and methods 

2.1. Participants 

We anticipated a high attrition rate based on previous published 
studies with comparable tasks and this age group. We therefore collected 
data from 75 children with the goal of including at least 50 children to 
be comparable with the sample sizes of prior EEG/ERP studies with 
similar age group and tasks (e.g., [32,48–50,52]). 

Fifty-six children (4.4–5.5 years, mean age = 5.07, 34 male) were 
included in the final analysis (i.e., 75% of our participants’ sample). 
Data from 19 additional children were discarded (see 2.2.3. Recording 
and analysis of EEG data section for details). Children were recruited 
from the greater Research Triangle, NC, USA, community. Parents pro
vided written informed consent for their child’s participation prior to 
the study, using a protocol approved by the Duke University Institu
tional Review Board. Children were rewarded with a small toy and 
parents were compensated for their time and travel expenses. 

2.2. EEG numerical comparison task 

2.2.1. Stimuli and apparatus 
Stimuli consisted of images of two dinosaurs on a grey background, 

each “holding” an array of colored dots. The two dinosaurs and their 
corresponding arrays were presented successively and will hereafter be 
referred to as S1 and S2 for the first and second dot array stimuli, 
respectively. There were 16 possible pairs of dot arrays, eight pairs for 
each one of two ratio conditions (1:2 and 3:4; see Table 1). Half of the 
pairs within each ratio condition increased in quantity from S1 to S2 (S1 
< S2) and half decreased from (S1 > S2). The numerosity of S2 was 
balanced across the two ratio conditions (with one exception). Each of 
the 16 pairs was repeated 6 times, yielding a total of 96 trials. 

Unique dot arrays were generated by the stimulus program for each 
trial. To discourage the use of non-numerical perceptual cues, cumula
tive surface area of the numerical arrays was congruent with numerosity 
in one third of the trials (i.e., larger numerosity had larger cumulative 
surface area by equating dot size for S1 and S2), and incongruent with 
numerosity on another third (i.e., smaller numerosity had larger cu
mulative surface area). On the remaining trials, cumulative surface area 
was equated between S1 and S2. Importantly, dot diameter for each S2 
numerosity in the 1:2 ratio condition was identical to that in the 3:4 
condition. Pairs of dot stimuli were presented in 1 of 5 isoluminant 
colors to keep children engaged but importantly were equated across the 
S2 stimuli in the two ratio conditions. 

Table 1 
Pairs of stimuli (dot arrays) used in the EEG numerical comparison task by ratio 
condition. S1= first stimulus, S2 = second stimulus.  

1:2 Ratio 3:4 Ratio 
S1 S2 S1 S2 

6 12 9 12 
8 16 12 16 
12 24 18 24 
16 32 24 32 
12 6 12 9 
24 12 16 12 
32 16 21 16 
48 24 32 24  
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One out of 6 randomly selected sounds, presented with an intensity 
of ~55 dBSPL, was presented following each response (irrespective of 
accuracy) to encourage the child to continue the task. Stimulus gener
ation and presentation were controlled by Matlab 7.10.0 (The Math
Works Inc., Natick, MA). 

2.2.2. Procedure 
Participants were seated in front of a 20-in monitor in an electrically 

shielded booth at a distance of ~ 35 cm. An experimenter sat next to the 
child in another chair, facing the monitor. Each trial started with the 
presentation of a green dinosaur at the center of the screen for 1200 ms, 
followed by the appearance of the S1 dot array for 2000 ms. A red 
dinosaur image was then presented for 1200 ms, followed by the S2 dot 
array presented for 2000 ms. A blank grey screen was then presented for 
1500 ms, followed by presentation of both of the previously displayed 
dinosaur images along with their corresponding dot arrays until a 
response was made. Children were asked to use their right hand to touch 
the dinosaur that held the greater number of dots as quickly and as 
accurately as possible. Dinosaur images were assigned randomly to the 
left and right screen locations. Once a response was made, the selected 
dinosaur was framed with a red rectangle for 1000 ms along with a 
short, pleasant sound. The inter-trial interval (ITI) was controlled by an 
experimenter observing the child from a video camera and was a min
imum of 500 ms (Fig. 1). ERPs were time-locked to the onset of S2. Given 
that responses were not made until the third phase of the trial when S1 
and S2 were presented simultaneously, this allowed us to record brain 
activity that was not contaminated by motor preparation. 

The experimenter only initiated a new trial when the child was 
attending to the screen. Short breaks between trials were taken as 
needed. During the breaks, children were given feedback about their 
behavior and offered small rewards or snacks. Children were first pre
sented with a short set of practice trials to ensure they understood the 
task before starting the EEG recordings. 

2.2.3. Recording and analysis of EEG data 
EEG was continuously recorded from 32 channels mounted in a 

customized, elastic electrode-cap (Duke 32 Waveguard cap layout, 
Advanced Neuro Technology, the Netherlands), referenced to the 
average of all channels. Channels covered the whole head from above 
the eyebrows to below the inion and were equally spaced across the cap. 
Blinks and eye movements were monitored from two electrodes placed 
at the external canthi and one below the left orbit. During data collec
tion, recordings were low-pass filtered with a cutoff at 138 Hz and 
digitized with a 512 Hz sampling rate. Electrode impedances were kept 
below 10 kΩ for the eye channels, below 2 kΩ for the ground and 
mastoid channels, and below 5 kΩ for all other channels. 

Identification and rejection of artifacts was done offline using an 
automated computer algorithm after the manual setting of artifact 
amplitude-rejection levels for each child individually. Then, artifact 
parameters used were verified visually (and adjusted if needed) by 
checking randomly selected epochs of each child. Artifacts were iden
tified on a time window from -300 ms before stimulus onset to 1000 ms 
poststimulus, based on setting parameters for: (a) ocular artifacts – a 
max-min amplitude difference from an eye blink channel, a max-min 
amplitude difference from two frontal channels, and a max-min ampli
tude difference from an eye movement channel pair, and (b) bad 
channels – a max-min amplitude difference from all other channels 
(caused by drifts, movements, etc.). Epochs detected as containing 
ocular artifacts and/or those with 4 or more bad channels were 
excluded. 

The data were then digitally band-pass filtered between 0.016 and 
30 Hz and re-referenced to the algebraic average of the left and right 
mastoids. Selective ERP averages time-locked to the onset of S2 and 
relative to a 200 ms prestimulus baseline were extracted from each 
participant for each ratio condition. Data from 19 children had to be 
excluded from further analyzes because they had fewer than 15 usable 
correct trials for either the 1:2 or 3:4 ratio conditions. On average 34.2 
(SD = 6.2) and 29.6 (SD = 6.5) usable correct trials were obtained for 
each child for the 1:2 and 3:4 ratio conditions, respectively. This means 
that approximately 74% of correct trials for the 1:2 ratio condition and 
71% of correct trials for the 3:4 ratio condition were included for each 
child. Finally, grand averages across all participants as well as separated 

Fig. 1. Illustration of trial structure, duration, and stimuli in the EEG numerical comparison task. 
Note. Children were asked to choose the dinosaur that held the greater number of dots in the “until response” phase. Extracted ERPs were time-locked to the onset of 
S2. S1= first stimulus, S2 = second stimulus. 

M. Pinhas et al.                                                                                                                                                                                                                                 



Trends in Neuroscience and Education 30 (2023) 100197

4

for groups of high versus low ANS acuity (based on the median split of w 
scores in the behavioral task – see 2.3.1. Behavioral assessment of ANS 
acuity below) were computed for each ratio condition and for the ratio- 
effect difference wave (3:4 ratio condition minus 1:2 ratio condition). 

The selection of ERP components and latencies for analysis was 
guided by previous research and visual inspection of the grand-average 
waveforms and topographical maps across participants. Signal was 
pooled from two parieto-occipital electrodes defined for the statistical 
analysis of the numerical-ratio effect: one left parieto-occipital electrode 
(ANT site LIO; located halfway between P3 and O1 in terms of the in
ternational 10–20 system) and the corresponding electrode on the right 
(ANT site RIO; located halfway between P4 and O2 in terms of the in
ternational 10-20 system; see Fig. 2) (e.g., [26,32,34–38,48,52]). We 
then analyzed mean ERP amplitudes across these respective sites from 
250 ms to 550 poststimulus onset (i.e., post S2 array onset). This time 
window comprises the second posterior positive component that follows 
the P1 and N1 components, and reflects the latency range in which 
previous studies observed bilateral parieto-occipital ratio-related effects 
in children (e.g., [32,48,50]). 

A repeated-measures analysis of variance (ANOVA) on these ERP 

mean amplitudes for trials followed by correct responses was conducted 
to evaluate the posterior ratio effect (250–550 ms), with ANS acuity as a 
between-participants variable (high, low), and numerical ratio (easy, 
hard) and laterality (left, right) as within-participants variables. A sig
nificance level of p < .05 was employed. 

2.3. Behavioral assessments 

2.3.1. Behavioral assessment of ANS acuity 

2.3.1.1. Stimuli and apparatus. This task resembled the EEG task but 
contained more numerical ratios, allowing a better estimate of ANS 
acuity as defined by the Weber fraction for each child. In addition, the 
two stimuli were presented simultaneously. The stimulus set contained 
pairs of isoluminant colored dot arrays presented against a grey back
ground. Each dot array was framed by a black square. There were 23 
levels of difficulty in ratio pairs ranging from 1:5 to 53:54 (12:60, 12:48, 
12:36, 12:28, 12:24, 13:24, 14:24, 16:27, 15:24, 17:24, 18:24, 20:25, 
29:35, 20:24, 24:28, 21:24, 24:27, 25:28, 49:54, 50:54, 51:54, 52:54, 

Fig. 2. (A) ERP traces at the two highlighted 
posterior channels averaged across all partici
pants and separated for the high and low ANS 
acuity groups. A posterior positivity emerged at 
around 250 ms poststimulus (shaded area) and 
was modulated by the ratio of the numerical 
comparison in the high ANS acuity group but 
not the low acuity group. (B) Topographic dis
tributions for hard (3:4) minus easy (1:2) ratio 
from 250 to 550 ms shown for all the children 
and separated into high and low ANS acuity 
groups. The ratio effect had a bilateral parieto- 
occipital distribution. (C) Mean amplitude 
values (micro volts; from 250–550 ms post
stimulus) of ratio by ANS acuity group. Error 
bars denote ± standard errors. Note. ANS =
Approximate number system.   
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53:54). Nine unique pairs of stimuli were generated for each ratio 
condition summing up to a total of 150 trials. One out of 6 randomly 
selected new sounds was played following a correct response. Stimulus 
controls and apparatus were identical to the task used during EEG 
recording. 

2.3.1.2. Procedure. The behavioral session to measure ANS acuity took 
place immediately following the EEG task. Two dot arrays were pre
sented simultaneously on each trial and children were instructed to 
choose the square that contained more dots. The stimuli remained 
visible on the screen until a response was made or the time limit of 12 s 
was reached. In case of a correct response, the two stimuli remained on 
the screen for another 1000 ms, while the correct array was framed by a 
thick border and accompanied by a positive sound. The ITI displayed a 
blank screen and was randomly jittered from 0 to 1000 ms. After an 
incorrect response or if the time limit was reached with no response a 
short error beep was emitted followed by the ITI (jittered 1-2 s). 

The difficulty of trials was determined by a titration procedure aimed 
at maintaining 75% accuracy. The task started with the presentation of 9 
trials of the easiest ratio condition (i.e., 1:5). The accuracy of those 9 
trials and dot values (12 and 60) were fit to a psychophysical model of 
numerical discrimination previously proposed by Halberda and Fei
genson [2], described in Eq. (1), 

Pcorrect(n1, n2) = 1 −
1
2

erfc

(
|n2 − n1|
̅̅̅
2

√
w

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n2

1 + n2
2

√

)

(1) 

This model predicts the probability of discriminating correctly be
tween n1 and n2 items (dot arrays) presented simultaneously in a 
numerical-comparison task. The estimate for w, ANS acuity, returned 
from this fit was subsequently inserted into this model to predict a ratio 
for which the subject would be 75% accurate at discriminating. The 
numerical values closest to this ratio were then presented for 9 more 
trials. The data from the most recent trials were then used to estimate a 
new value for w, which was again inserted into the model to select a new 
set of stimulus values for the ratio that predicted an accuracy of 75%, 
and so on. A final w estimate was calculated based on all of the responses 
made by the participant across all trials. 

2.3.2. Behavioral performance in the EEG task 
We analyzed behavior in the EEG task to evaluate whether children 

showed ratio dependent effects, and whether performance in the EEG 
task was correlated with performance in the behavioral task. Accuracy 
scores were submitted to a 2 × 2 repeated-measures ANOVA, with ANS 
acuity (high, low) as a between-participants variable and numerical 
ratio (easy, hard) as a within-participants variable. 

3. Results 

3.1. Behavioral assessment of ANS acuity 

Individual w ranged from 0.18 to 1.12, with a median (and mean) 
score of 0.58, and were roughly normally distributed (Shapiro-Wilk (56) 
= 0.96, p = .061). Translated into the nearest whole-number ratio, a w of 
0.58 indicated that on average participants successfully discriminated 
numerosities differing by a 5:8 ratio. A median split based on w was used 
to define high (N = 28, 18 male, mean w = 0.41, SD = 0.12) and low (N 
= 28, 16 male, mean w = 0.75, SD = 0.16) ANS acuity groups. The w for 
the two groups differed significantly, t(54) = 8.95, p < .001. However, 
they did not differ in age, t(54) = 1.34, p = .184, nor did age correlate 
with w across the whole sample, r = -.09, p = .493. 

3.2. EEG numerical comparison task 

3.2.1. Behavioral performance in the EEG task 
A main effect of numerical ratio, F(1, 54) = 155.34, MSE = 0.002, p <

.001, η2
p = .74, reflected more accurate responses for the 1:2 (95.3%) 

compared to the 3:4 (84.4%) ratio. There also was a marginally signif
icant main effect of ANS acuity, F(1, 54) = 3.62, MSE = 0.02, p = .062, 
η2

p = .06, indicating that children with high ANS acuity based on the 
behavioral task tended to perform better in the EEG task (92.1%) than 
children with low ANS acuity (87.6%). The interaction between ratio 
and numerical acuity was not significant, F(1, 54) = 2.79, MSE = 0.002, 
p = .101, η2

p = .05. Finally, accuracy in the EEG task significantly 
correlated with children’s w, r = - .34, p = .011, such that higher ac
curacy on the EEG task was associated with lower w values in the 
behavioral task. 

3.2.2. EEG data 
A main effect of numerical ratio, F(1, 54) = 5.33, MSE = 51.05, p =

.024, η2
p = .09, manifested as less positive-polarity activity for the hard 

ratio condition (6.25 µV) than for the easy ratio one (8.45 µV). This is in 
line with previous results with older children and adults (e.g., [32, 
35–38,48,52]). As predicted, Numerical Ratio significantly interacted 
with ANS Acuity, F(1, 54) = 4.61, MSE = 51.05, p = .036, η2

p = .08. This 
indicated that the ratio effect was significantly larger in the high ANS 
acuity group as compared to the low ANS acuity group (i.e., -4.25 µV vs. 
-0.15 µV). Furthermore, simple effects revealed that the ratio effect was 
significant for children with high ANS acuity, F(1, 27) = 10.57, MSE =
47.97, p = .003, η2

p = .28, but not for those with low ANS acuity, F(1, 27) 
= 0.01, MSE = 54.13, p = .913 (Fig. 2). No other main effects or in
teractions were significant [main effects of ANS acuity, F(1, 54) = 0.22, 
MSE = 181.35, p = .639, and laterality, F (1, 54) = 0.65, MSE = 58.64, p 
= .423; interactions of ANS Acuity × Laterality, F (1, 54) = 0.09, MSE =
58.64, p = .763, Numerical Ratio × Laterality, F(1, 54) = 0.04, MSE =
6.64, p = .849, and ANS Acuity × Numerical Ratio × Laterality, F(1, 54) 
= 1.44, MSE = 6.64, p = .235]. 

In addition, there was a positive monotonic relationship between the 
ratio-dependent P2p effect (computed as the difference between mean 
amplitude for the hard minus the easy ratio condition within the interval 
250–550 ms poststimulus) and participants’ w estimated from the 
separately run behavioral task whereby a larger P2p ratio effect was 
associated with better ANS acuity (Spearman’s rho = .27, p = .048). 

4. Discussion 

The goal of the present study was to test whether the magnitude of 
the ratio dependent P2p component varies as a function of ANS acuity in 
typically developing preschoolers aged 4.5–5.5 years. In line with pre
vious findings in older children and adults, bilateral posterior positivity, 
onsetting at around 250 ms poststimulus, systematically differed as a 
function of the numerical ratio between dot arrays in our preschool 
sample [32,34–35,38,48,52]. Importantly, and consistent with our hy
pothesis, this ratio-dependent P2p effect was further modulated by in
dividual differences in ANS acuity. Across the whole sample there was a 
positive association between the size of the P2p ratio effect and ANS 
acuity. However when children were segregated into low and high ANS 
acuity groups based on a median split, only children with high ANS 
acuity showed a significant parietally distributed ERP effect (e.g., [26, 
32,34–35,38]). In contrast, children with lower ANS acuity did not show 
this ERP ratio-dependent effect. This substantiates the idea of a devel
opmental continuity in the way non-symbolic magnitudes are processed 
in the brain between preschool and adulthood (e.g., [24,32,47]). 

The novel finding of a modulation of the ratio-dependent ERP effect 
in the 250–550 ms latency range as a function of ANS acuity in pre
schoolers is consistent with results from a previous study that showed 
that distance-related ERP effects correlated with individual Weber 
fractions in adults [34]. Although Paulsen et al. focused on a 
centro-frontal distance-related ERPs during a later and smaller time 
window (360–440 ms poststimulus), results of both studies observed 
ERP signatures indicating sensitivity to numerosity differences that vary 
as a function of ANS acuity at the group and individual level. 
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Given that EEG is a technique with limited spatial resolution to 
locate specific brain structures as the origin of the observed signatures, 
we cannot directly infer that our findings of ratio-dependent ERPs found 
for parietal electrodes can be traced back to parietal cortex and/or IPS 
activations. However, previous studies provided evidence for a robust 
functional link between P2p modulations and right or bilateral IPS ac
tivity [26,28,39]. Thus, our findings seem in line with results from 
previous fMRI studies linking (right) IPS activation with individual 
differences in ANS acuity (e.g., children, [47]; and adults, [46]). 

It is well documented that the parietal cortex becomes more 
specialized in processing numerical information with development (e.g., 
[22–24,47,53–54]). Interestingly, however our data indicate significant 
neurophysiological differences in numerosity processing as a function of 
ANS acuity for children within a narrow preschool age range. This is in 
line with findings of Gomez-Velazquez et al. [48] who observed more 
pronounced P2p amplitudes in an older group of children (8–10 
year-olds) with average and high compared to low mathematical 
achievement levels. Similarly, Gouet et al. [50] found an increase in P2p 
amplitudes with training in 6–7 year-olds on nonsymbolic addition 
problems that was further positively correlated with mathematical 
achievement. 

Consistent with these findings, fMRI studies associated individual 
differences in various behavioral numerical competencies with the de
gree to which the parietal cortex in general, and the IPS in particular, 
was activated in preschoolers [47], school-aged children [40–43], and 
adults [46]. Importantly, the data from both studies linking right IPS 
activity with individual Weber fractions [46–47] led the authors to 
conclude that individual perceptual sensitivity to numerosity reflects the 
precision with which numbers are represented in the parietal cortex. 
This in turn implicates this region’s key role in number processing (see 
also [25]). As such, one might speculate that lower ANS acuity in some 
children should increase with further development so that their ERPs 
will ultimately show ratio-dependence. On the other hand, the signifi
cant ratio dependent P2p effect obtained for children with high ANS 
acuity presumably reflects the development of a more adult-like neural 
mechanism underlying the processing of numerical information prior to 
formal instruction [47]. Future longitudinal research would be desirable 
to test these hypotheses. 

It is important to note that the current study did not consider mea
sures of other, domain-general, cognitive abilities that may have 
contributed to the processing of non-symbolic numerical information, 
particularly among children with low ANS acuity. Previous neurosci
entific and behavioral studies have demonstrated the contribution of 
both domain-general and domain-specific abilities to the processing of 
non-symbolic and symbolic numerical information (e.g., [7,15,40–41, 
49,55–60]). For example, Gomez-Velazquez et al. [49] suggested that 
8-9-year-old children with difficulties in mathematics probably rely 
more on memory and attentional effort when they process numerical 
information compared to children that experience less or no such diffi
culty. In addition, Demir et al. [40] found that parental socioeconomic 
status moderated the relations between mathematical achievement and 
the neural correlates of symbolic arithmetic in 9-12-year-old children. 
Future work in preschoolers should explore domain-general and 
domain-specific predictors of brain activity within the IPS during 
nonsymbolic number processing while simultaneously evaluating chil
dren’s ANS acuity and while controlling for potentially demographic 
confounds such as socioeconomic status. 

5. Conclusion 

The ability to process numerical information in our complex sensory 
environment is a vital function of human cognition. Therefore, better 
understanding the development of this ability in children is of funda
mental significance for society. Our results demonstrate that 4.5-–5.5- 
year-old preschoolers showed temporally focal, numerical-ratio- 
dependent neurophysiological signatures over parieto-occipital sites 

similar to those previously observed in adults and older children. 
Importantly, however, only children with higher ANS acuity showed the 
ratio related ERP signature whereas those with low ANS acuity did not. 
As such, these findings argue for a development of neural processing of 
numerical information with age and experience which emerges before 
formal schooling. Additional research is necessary to identify the factors 
that drive these early brain changes associated with numerosity 
discrimination given its fundamental function as a building block of 
later mathematical abilities. 
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