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Abstract. Basic numerical processing has been regularly assessed using numerical nonsymbolic and symbolic compar-
ison tasks. It has been assumed that these tasks index similar underlying processes. However, the evidence concerning
the reliability and convergent validity across different versions of these tasks is inconclusive. We explored the reliability
and convergent validity between two numerical comparison tasks (nonsymbolic vs. symbolic) in school-aged children.
The relations between performance in both tasks and mental arithmetic were described and a developmental trajec-
tories” analysis was also conducted. The influence of verbal and visuospatial working memory processes and age was
controlled for in the analyses. Results show significant reliability (p < .001) between Block 1 and 2 for nonsymbolic task
(global adjusted RT (adjRT): r = .78, global efficiency measures (EMs): r = .74) and, for symbolic task (adjRT: r = .86,
EMs: r = .86). Also, significant convergent validity between tasks (p <.001) for both adjRT (r = .71) and EMs (r = .70) were
found after controlling for working memory and age. Finally, it was found the relationship between nonsymbolic and
symbolic efficiencies varies across the sample’s age range. Overall, these findings suggest both tasks index the same
underlying cognitive architecture and are appropriate to explore the Approximate Number System (ANS) characteris-
tics. The evidence supports the central role of ANS in arithmetic efficiency and suggests there are differences across the

age range assessed, concerning the extent to which efficiency in nonsymbolic and symbolic tasks reflects ANS acuity.
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The Approximate Number System (ANS) is a founda-
tional cognitive system that allows us to represent the
cardinality of sets of objects in an analogue format.
Due to the imprecise nature of the ANS, it has been
suggested that mental representations of quantities are
oriented in a “mental number line” (Dehaene &
Changeux, 1993; Whalen, Gallistel, & Gelman, 1999)
increasingly overlapping with increasing numerosity
in a way that performance improves when the distance
between the numerosities to be compared is larger, or
more precisely: Follows the Weber’s law: the extent to
which two stimuli can be discriminated depends upon
the ratio between them (Izard & Dehaene, 2007).
Several studies support the idea that humans rely on
number sense in order to solve certain tasks involving
symbolic stimuli. This implies the existence of an inter-
face between the system of verbal numerals and the
analogue representations system (non-verbal) (Izard &
Dehaene, 2007; Rousselle & Noél, 2007).

Following this idea, it has been suggested that the
ANS plays an important role in the emergence of
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individual differences in math performance (Desoete,
Ceulemans, De Weerdt, & Pieters, 2012; Halberda, Ly,
Wilmer, Naiman, & Germine, 2012; Libertus, Feigenson, &
Halberda, 2011; Mazzocco, Feigenson, & Halberda, 2011).
For this reason, the development of this system has
received special attention, both concerning the study of
typical development of numerical processing (Castro,
Estévez, & Pérez, 2011; Halberda, Mazzocco, & Feigenson,
2008; Landerl & Kolle, 2009) and the study of mathemat-
ical learning disabilities (Castro, Reigosa, & Gonzdlez,
2012; Iuculano, Tang, Hall, & Butterworth, 2008;
Mussolin, Mejias, & Noél, 2010; Rousselle & Noél, 2007).

Four indices: Accuracy, Weber fraction, numerical
ratio and distance effects, have been commonly used
to study the ANS, on the assumption they all assess
the acuity of mental representations on nonsymbolic
numerosities. Acuracy is usually calculated as the pro-
portion of trials the subjects answer correctly (Inglis &
Gilmore, 2014). The Weber fraction is proposed to
reflect the precision of mental representations and is
estimated (on the assumption that individual accuracy
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on a nonsymbolic comparison task depends upon the
numerosities to be compared and the precision of the
corresponding numerical representations) as the value
that best fit the behavioral data (Halberda & Feigenson,
2008; Inglis & Gilmore, 2014). The numerical ratio
effect (NRE) (De Smedt & Gilmore, 2011; Tuculano et al.,
2008; Mussolin et al., 2010; Rousselle & Noél, 2007)
refers to an increase in reaction time (RT) and a decrease
in accuracy in numerical discrimination when the ratio
between the numerosities to be compared increasingly
approaches the value of 1 (e.g., it’s easier to compare
5 to 10: ratio = .5 than 8 to 10: ratio = .8). The numerical
distance effect (NDE) refers to a decrease in RT during
numerical discrimination with increasing numerical
distance between the numerosities to be compared
(e.g., it’s easier to compare 2 to 6 than 2 to 3; Rousselle &
Noél, 2007).

Multiple numerical comparison tasks, either in non-
symbolic (e.g., dot sets) or symbolic (e.g., Arabic digits)
format, have been used to elicit the numerical pro-
cessing effects described above. Different versions of
these tasks have been used: intermixed presentation
(dots of two different colors, intermixed but non-
overlapping in the same stimulus (Halberda et al., 2008);
paired presentation (pairs of sets of dots or Arabic digits
are simultaneously presented; Holloway & Ansari,
2009; Maloney, Risko, Preston, Ansari, & Fugelsang,
2010; Rousselle & Noél, 2007) and sequential presenta-
tion of two stimuli (Halberda et al., 2008; Holloway &
Ansari, 2009). In general, it could be assumed that
performance in numerical comparison tasks (although
the tasks are presented in different formats) is compa-
rable; since it should express similar underlying pro-
cesses. However, although this tasks have been used
to draw conclusions on the development of numerical
mental representations during childhood (either based
upon the aforementioned effects, accuracy or the
Weber fraction), there is debate concerning whether
the different measures are reliable indices of the
ANS acuity. In fact, data concerning the reliability of
these measures (degree to which the repeated appli-
cation of a task to the same subject produces the same
results- American Educational Research Association,
American Psychological Association y National Council
on Measurement in Education, 1999) is rarely reported.
Reliability analyses are particularly relevant because
when a measurement is unreliable it reduces the like-
lihood of detecting differences between groups, based
on this measure, even if those differences do exist.

The issue of reliability has been primarily examined
through test-retest assessments, correlating data obtained
in the first and second half of an experiment (e.g.,
Waechter, Stolz, & Besner, 2010). If a measure is reli-
able, the data obtained in a block of stimuli (e.g., first
half of the experiment) will be highly predictive of the
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results obtained in another block of stimuli (e.g., second
half of the experiment).

Following this idea, Maloney et al. (2010) evaluated
the test-retest reliability of the numerical distance
effect in a sample of 48 adults in nonsymbolic and
symbolic numerical comparison tasks. The results
showed the numerical distance effect is a reliable mea-
sure in both tasks’ formats; being much more reliable
the numerical distance effect measurements obtained
in the nonsymbolic task. Using a similar procedure,
Sasanguie, Defever, van den Bussche, and Reynvoet
(2011) evaluated 47 adults, but only in nonsymbolic
tasks. They found significant NDE reliability levels in
the paired comparison and same-different tasks, but
not in the priming tasks; which did not correlate with
the former tasks. Thus, the authors suggested priming
tasks should be used with caution when assessing the
ANS. In 2011, Gilmore, Attridge, and Inglis, evaluated
101 adults with different ANS measures, using tasks
presented in nonsymbolic and symbolic format. The
results showed significant reliability for all tasks
administered (nonsymbolic and symbolic). Similar
results were obtained by Price, Palmer, Battista, and
Ansari (2012), when studying Weber fraction and
the numerical ratio effect reliability elicited by three
versions of nonsymbolic comparison tasks (paired,
sequential and intermixed presentations) in a sample
of 39 adults. They found significant reliability in all
tasks, being the Weber fraction values more reliable than
those of RT. In general, paired presentation designs
(Maloney et al., 2010; Price et al., 2012; Sasanguie et al.,
2011) have shown larger internal reliability. This could
be explained because these tasks are not influenced
by additional cognitive processing demands such as,
higher working memory capacity involvement in the
sequential condition or visual resolution in intermixed
presentations (Price et al., 2012).

In contrast, it has recently been reported by Inglis
and Gilmore (2014) that overall accuracy is the most
reliable index compared to weber fraction and numer-
ical ratio effect (accuracy and RT) in nonsymbolic com-
parison tasks. In this study, the NRE was reported to
show poor test-retest reliability and no correlations
with either Weber fractions or accuracy (Inglis and
Gilmore, 2014). Additionally, it has been suggested by
Dietrich, Huber, & Nuerk (2015) the interpretation that
a smaller NRE/NDE reflects a better ANS acuity is
problematic when participants struggle with the task
and exhibit performance close to the chance level;
since a smaller NRE/NDE might indicate floor effects.

On the other hand, convergent validity studies of the
different versions of these tasks (e.g., nonsymbolic vs.
symbolic format) have yielded inconsistent results, with
some of the studies reporting no correlation between
nonsymbolic and symbolic tasks used to explore
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ANS characteristics. For example, in the Maloney et al.
(2010) study, the authors found no correlation between
performance (using numerical distance effect mea-
sures) in the nonsymbolic vs. the symbolic version of a
small numerosities comparison task. In contrast, data
from Gilmore et al. (2011) did show a significant corre-
lation between these tasks (in this study performance
was assessed using accuracy). However, they found no
correlation between measures when large numerosi-
ties were compared.

Additionally, inconsistent evidence is available also
concerning whether there is a relation between children
individual performance in nonsymbolic and symbolic
tasks exploring the ANS precision. Several studies have
failed to find correlations between accuracy or numer-
ical distance effect measures in nonsymbolic vs. sym-
bolic comparison tasks involving small numerosities
(Desoete et al., 2012; Lonnemann, Linkersdorfer,
Hasselhorn, & Lindberg, 2011). Conversely, Holloway
and Ansari (2009) found a significant correlation between
the mean RT of two (nonsymbolic vs. symbolic) ver-
sions of a small numerosities comparison task. Similar
results were obtained by Gilmore, Attridge, De Smedt,
and Inglis (2014), by correlating the accuracy between
the nonsymbolic and symbolic versions of a compar-
ison task involving small numerosities and an approx-
imate addition task. The authors of this study suggest
the correlation between performance in nonsymbolic and
symbolic comparison tasks in children (but not adults),
could be due to differences in numerical skills maturation
during development, in that case, children’s performance
probably could reflect not only the ANS precision, but
could also be modeled by interference from domain-
general cognitive processes, such as working memory
demands necessary to perform the tasks.

Likewise, studies dedicated to explore the relations
between basic numerical processing and arithmetic
performance have also contributed evidence on the
convergent validity of different ANS measures. If both
nonsymbolic and symbolic tasks index the ANS,
results from both tasks should predict or correlate with
arithmetic performance. In this regard the evidence is
also inconsistent. Several studies involving children
exhibiting typical development of numerical process-
ing or children with arithmetic learning disabilities
support in a similar way the relevance of nonsymbolic
skills as predictors of subsequent arithmetic perfor-
mance (Halberda et al., 2012; Libertus et al., 2011;
Mussolin et al., 2010; Reigosa-Crespo et al., 2013;
Wong, Ho, & Tang, 2015). In contrast, other studies
highlight symbolic and mapping skills preponderant
role as predictors of arithmetic success in children
(Castro et al., 2012; De Smedt & Gilmore, 2011; Landerl &
Kolle, 2009; Lonnemann et al., 2011; Rousselle & Noel,
2007; Sasanguie, Gobel, Moll, Smets, & Reynvoet, 2013).
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In the present study, we explore whether the perfor-
mance in two numerical comparison tasks (nonsym-
bolic and symbolic) involving small numerosities (4-9)
are correlated. Finding a statistically significant corre-
lation between the tasks would indicate they both
index the same underlying neurocognitive system, or
in other words, that both tasks could be considered as
appropriate ANS measures. For this, test-retest reli-
ability and convergent validity analysis between the
results of the tasks (overall accuracy, RT and efficiency
measures) are conducted. Additionally, the relations
between the tasks and arithmetic performance -assessed
using a mental arithmetic test- are evaluated. The
influence of domain-general cognitive processes (verbal
and visuospatial working memory) in numerical pro-
cessing will be controlled for; since previous studies
have reported a significant contribution of these pro-
cesses to numerical cognition (Alloway & Passolunghi,
2011; Ashkenazi, Rosenberg-Lee, Metcalfe, Swigart, &
Menon, 2013; Szucs, Devine, Soltesz, Nobes, & Gabriel,
2013; see Cragg & Gilmore, 2014 for a review).

Methods
Participants

The sample comprised 101 Chilean school children
(61 boys); ages ranging between six years and 10 months
to 14 years and one month (M = 9.7 years). See Table 1
for a detailed sample description by grade and gender.
A sample selection criterion of 50t to 95t percentile on
the Raven’s Colored Progressive Matrices Test (Raven,
Court, & Raven, 1992) was used in order to include in
the study children exhibiting typical intellectual capac-
ities. Written consent from all parents was obtained, and
all participants provided verbal assent for assessments.

Materials
Simple reaction time task

Some children are relatively slow in pressing keys when
responding to stimuli. In order to control for that, the
RT of all experimental tasks (described below) were

Table 1. Sample Details

Sex

School Grade N Male (female)
Grade 1 15 9 (6)

Grade 2 16 9(7)

Grade 3 16 10 (6)

Grade 4 20 14 (6)

Grade 5 18 11 (7)

Grade 6 16 8 (8)

Total 101 61 (40)
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adjusted taking a Simple RT measure into account (see
Statistical Analysis section). Children were presented
with a happy yellow face on a white background. This
stimulus was counterbalanced, appearing on the left or
the right side of the screen. Children were asked to
press one of two specific keys, depending on the side
where the stimulus appeared. The task consisted of
20 trials. Each trial started with the presentation of
the stimulus, which remained on the screen until a
response was given. Then, a white screen was pre-
sented during a variable (100 to 1500 ms) inter-stimulus
interval (ISI). Six practice trials were presented before
starting the task.

Numerical tasks

Comparison Tasks: Each task (nonsymbolic and sym-
bolic) consisted of 60 comparison pairs (with numer-
osities 1 to 9) that varied among four experimental
conditions: small ratios (.33 and .50), large ratios (.66,
.75 and .85), close numerical distances (1 and 2) and far
numerical distances (4 and 5). The trials were pre-
sented in two separate blocks of 30 stimuli each. Each
trial started with the presentation of a comparison pair
until a response was given, followed by an ISI of 500 ms
(black screen) during which a red fixation cross
remained in full view. Six practice trials were given
before starting the task. Comparison pairs for nonsym-
bolic task consisted of two white squares (side = 55 mm)
containing a variable number of white circles. Children
were instructed to select the one that contained more
elements (or less, according to instruction). Both white
squares were presented on a black background and were
separated by a red fixation cross (distance between
squares = 8 mm). To prevent children to use strategies
based on low-level continuous variables, we generated
three sets of arrays controlling for density (array
density and dot size were kept constant), surface (total
occupied area and luminance were kept constant)
and area (total occupied area and dot size were kept
constant). Comparison pairs for symbolic task consisted
of two white Arabic digits (Arial font size 60), presented
on a black background. Children were instructed to
select the digit with the largest (or smaller, according to
instruction) numerical size. Participants were encour-
aged to answer as quickly as they could without
making mistakes.

For this study, only comparison pairs above the sub-
itizing range were analyzed.

Arithmetic Mental Test: Item-timed computerized
test consisted of 56 trials presented in two blocks:
28 simple additions and 28 subtractions. All blocks
included white Arabic digits, (numerosities 1 to 9) in
Arial font size 60, presented on a black background.
Items were presented horizontally in the form “2 + 4”.
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Below these, two response alternatives, one correct
and one incorrect, were simultaneously displayed on
the left and right sides of the screen. Incorrect answers
were created by adding or subtracting 1 or 2 from the
solution. The correct answer position was counterbal-
anced across trials. Each trial started with the presenta-
tion of the stimulus until a response was provided and
followed by an ISI of 500 ms (black screen) during
which a red fixation cross remained in full view. Six
practice trials were given before starting the task.
Children were asked to select the correct answer as
quickly as they could without making mistakes.

Working memory tasks

Digit span tests are a well-validated measure of working
memory thought to involve both the executive and
phonological working memory systems. In such tasks,
participants listen to a series of numbers and are asked
to recite them in order (forward version) or in reverse
order (backward version). The Corsi blocks task (Milner,
1971) has been considered as a visuospatial counter-
part for the verbal-memory span tasks.

Phonological working memory was assessed using
The Digit Span Scale (backward) of the Wechsler
Intelligence Scale for Children- Revised (WISC- R)
(Sattler, 1982).

Visuospatial working memory: In the present study
we used designed a computerized working memory
task, similar to the Corsi blocks task. Thus, the visu-
ospatial task was equivalent to the Digit Span test.
Children were presented with a grid of 20 squares on
a white background. Each trial involved presenting a
sequence in which grid squares change color from
white to red. Within each sequence, the corresponding
stimuli change colors every 300 ms. After the sequence,
the screen color changed to pink background and chil-
dren had to respond by clicking with the mouse the
grid squares that changed from white to red (in reverse
order the color of squares changed in the original
sequence). The task consisted of 14 sequences (2, 3,4, 5,
6, 7 or 8 stimuli, each numerosity is repeated twice).
Four practice trials were given before starting the task.
One score was given for each consecutive pair of
objects that was remembered in the correct order.
In this way, a trial consisting of five objects gave a
maximum of four points. The span score was calcu-
lated as the sum of scores across 14 trials.

Procedures

Children were individually assessed in a quiet room
at the school. The experimental tasks were adminis-
tered in two sessions of 30 — 40 minutes. In the first
session, Raven’s Colored Progressive Matrices Test,
Working Memory and Simple Reaction Time tasks
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were administered. The numerical tasks were admin-
istered in the second session: Comparison tasks (in
counterbalanced order) and Arithmetic Mental Test.

Statistical analysis

Tasks performance was assessed using accuracy, RT and
efficiency measures. Median RT and efficiency measures
included correct responses only. All children included in
this study obtained a correct responses’ percentage
above 50% in each experimental condition. The median
RT of correct responses per condition were adjusted,
subtracting the median of simple RT for each participant
out of the corresponding condition median RT (adjRT).
This RT adjustment procedure allows controlling for the
variability due to individual differences in general pro-
cessing speed. The efficiency measures (EM) were cal-
culated by dividing adjRT by the proportion of correct
responses (EM = adjRT /proportion of correct responses).
This is an inverse measure (higher efficiency measures
represent worse performance) which seizes the rela-
tionship between RT and accuracy (see Table 2 for a
detailed global EMs description by grade in numerical
comparison tasks and arithmetic achievement).

Shapiro-Wilk’s normality test and Levene’s variance
homogeneity test were employed to test the depen-
dent variables fit parametric assumptions concerning
homogeneous variance and normal data distribution.
When the variables didn’t completely fit the assumptions
nonparametric correlations and logarithmic transfor-
mations were applied to the variables for the corre-
sponding analysis.

To test for the presence of classical numerical process-
ing effects (NRD and NDE), different repeated measures
ANOVAs for both presentation formats (nonsymbolic
and symbolic) were conducted on adjRT data. Previous
works focused on the assessment of numerical mental
representations via the ratio and distance effects have
used different formulas to calculate these effects. This
may as well be a reason for the previously described
inconsistency among the studies. Thus, in order to

Table 2. Mean of Global Efficiency Measures (EMs) by Grade for
All Tasks

Nonsymbolic ~ Symbolic

School Arithmetic ~ comparison comparison
Grade N task task task

Grade 1 15 7,528.59 1,630.84 1,604.91
Grade 2 16  5,613.86 1,448.48 1,297.83
Grade 3 16  3,766.79 1,274.53 1,173.16
Grade4 20 2,622.28 1,159.46 967.45
Grade 5 18 2,943.23 1,038.42 942 .87
Grade 6 16 2,344.74 1,161.94 875.57
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avoid the effect of choosing a specific formula, over
other possible ones, the results of each task were col-
lapsed into four experimental conditions: small (.33 and
.50) and large numerical ratios (.66, .75 and .85), close
(1 and 2) and far numerical distances (4 and 5).

Reliability and convergent validity using the corre-
sponding accuracies, EMs or median of adjRT analyses
were conducted. Test—retest analysis was conducted to
assess reliability. Accuracies, efficiency and adjRT mea-
sures for the first block of trials corresponding to each
experimental condition and global block measures were
correlated with the corresponding measures of the sec-
ond block of trials (for nonsymbolic and symbolic tasks).
To assess convergent validity between tasks, accuracy,
adjRT and efficiency measures for each experimental
condition and global task measures of the nonsymbolic
task were correlated with the corresponding experi-
mental condition measures in the symbolic task.

In order to account for the significant covariations
between domain-general cognitive processes and
numerical processing systematically reported in the
literature, additional convergent validity analysis con-
trolling for the effects of domain-general cognitive pro-
cesses (verbal and visuospatial working memory) and
age were conducted via partial correlations and factor
analysis. Likewise, to explore the relationship between
the ANS measures and arithmetic achievement, partial
correlations controlling for the effect of working memory
processes and age between global nonsymbolic and
symbolic efficiency measures and global efficiency in
mental arithmetic were conducted.

On the other hand, to explore developmental trends
in the data, correlations between global efficiency
measures and age were conducted. Finally, to explore
whether the relationships among tasks varied with
age, a correlation between age and the residuals result-
ing from regressing the symbolic global efficiency onto
the nonsymbolic global efficiency was conducted, fol-
lowing the procedure previously used by Gilmore et al.,
2014. Additionally, an ANOVA was conducted including
the residuals of the regression of EM in comparison
tasks (symbolic vs. nonsymbolic) as dependent vari-
able and school grades as between factor (grades 1 to 6)
in order to describe the possible interactions between
the relationship symbolic and non symbolic numeric
comparison by school grade.

Results

Numerical Effects Analyses: Ratio and Distance
Effects

In order to determine whether the numerical processing
effects (NRE and NDE) were elicited by the tasks, data
was analyzed using two repeated measures ANOVAs
with experimental conditions as within-subject factors:
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1. Numerical ratio (small and large) as within-subject
factor, and 2. Numerical distance (close and far) as
within-subject factor. These analyses revealed both
tasks elicited the classical numerical effects in the
group: Nonsymbolic task: NRE, F(1, 100) = 262.39,
MSE = .026, p < .001; and NDE, F(1, 100) = 234.69,
MSE = .031, p < .001. Symbolic task: NRE, F(1, 100) =
260.47, MSE = .003, p < .001; and NDE F(1, 100) =
329.50, MSE = .003, p < .001.

Reliability Analysis

Reliability analyses were performed using accuracy,
median of adjRT and EMs calculated for each exper-
imental condition: small and large ratios, and close
and far numerical distances. Additionally, reliability
was explored for each task using overall accuracy,
adjRT and EM. Significant correlations (p < .001) were
found between Block 1 and 2 for each experimental
condition in nonsymbolic and symbolic tasks (for both
adjRT and EMs). The analysis between global adjRT
and global EMs for the first and second blocks of trials
showed significant correlation too, for both nonsym-
bolic and symbolic tasks. Low or no statistically sig-
nificant correlations between the accuracy measures
for Blocks 1 and 2 were found. See details in Table 3
and Figures 1 and 2.

Convergent Validity Analysis. Correlations between
nonsymbolic and symbolic tasks

To analyze convergent validity the corresponding
accuracy, adjRT and EMs for each experimental condi-
tion between tasks were correlated. Significant correla-
tions (p < .001) were found between the experimental
conditions of both tasks (for both adjRT and EMs). The
global tasks analysis between nonsymbolic and sym-
bolic comparison tasks showed significant correlation
too, for both adjRT and EMs. In all cases, accuracy
showed lower or non-statistically significant correla-
tions. See details in Table 4 and Figures 3 and 4.

Numerical comparison and working memory tasks’
correlation analysis

In order to analyze the interaction, and possible con-
tribution of domain-general cognitive processes to
performance in numerical comparison, a correlation
analysis including nonsymbolic and symbolic global
EMs and visuospatial and verbal working memory
measures was conducted.

Significant negative correlations were found between
global EM in nonsymbolic comparison task and both,
backwards visuospatial working memory scores
(r = =34, p < .01) and backwards digit span scores
(r = -.24, p < .05); and between symbolic global EM
and backwards visuospatial working memory scores
(r =-.59, p <.001) and backwards digit span scores
(r=-.35,p <.001).

Likewise, significant negative correlations between
adjRT in nonsymbolic comparison task and both, back-
wards visuospatial working memory scores (r = —.32,
p <.01) and backwards digit span scores (r =—.21, p < .05)
were found. In addition, significant negative correla-
tions between adjRT in symbolic comparison task and
both, backwards visuospatial working memory scores
(r = =56, p < .001) and backwards digit span scores
(r =-.23, p < .01) were found.

No significant correlations between accuracy in
comparison tasks and backwards visuospatial and
verbal working memory scores were found.

Analysis controlling for the effect of working memory
processes

The partial correlation analyses between global nonsym-
bolic and symbolic EMs and adjRT were conducted,
controlling for the contribution of available verbal and
visuospatial (backward) working memory measures
and age, to numerical comparison. Again, high and
statistically significant correlation (p < .001 — p < .05)
supported the convergent validity between nonsym-
bolic and symbolic tasks (See Table 4 for details).

Table 3. Correlations between Blocks 1 and 2 (adjRT, EMs and Accuracy) for Each Experimental Condition and Global Task Performance in

the Nonsymbolic and Symbolic Tasks

Correlation coeficient ()

Experimental ~ adjRT adjRT EM Nonsymbolic EM Symbolic ~ Accuracy Accuracy
condition Nonsymbolic task ~ Symbolic task  task task Nonsymbolic task  Symbolic task
Global task 78%H% .86%%* 74 .86%** 30%* .18

Small ratio 81 725 740 697 .05 .08

Large ratio 78%% L824 VA \idd 78 33%* 21*

Close distance  .66*** 815 .68%** VA iad 24 .16

Far distance .83%H* 79FHE .68*** 73 .06 27*

Note: * p < .05; * p < .01; ** p < 001
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Figure 1. Median of adjusted RT (ms) for block 1 vs. block 2 in the nonsymbolic and symbolic comparison tasks. Horizontal
axis: adjusted RT (AdjRT) for block 1; Vertical axis: AdjRT for block 2. The top row shows scatterplots of AdjRT for global block.
On the second and third rows, scatterplots of AdjRT for small and large numerical ratio conditions are presented. On the two
last rows scatterplots of AdjRT for close and far numerical distance conditions are presented.

Factor analysis

Principal components analyses with varimax rotation
were conducted in order to examine clustering among
variables. A cutoff point of + —.70 was used on rotated
factor loadings for principal factors extraction to
include a variable in a factor. The resulting two factor
solution accounted for 74.77 % of the cumulative vari-
ance, indicating that these solutions effectively charac-
terized the variance in these data. The first factor
included the global nonsymbolic and symbolic numer-
ical comparison EMs (domain-specific factor, factor
loadings: .93 and .79 respectively). The second factor
included the backward visuospatial span and the
backward Digit Span scores (domain-general factor
loadings: .84 and .72 respectively).

Correlation between ANS and Exact Mental Arithmetic

Partial correlations between global nonsymbolic and
symbolic EMs (controlling for the effect of domain-
general cognitive processes) and global EM in mental
arithmetic showed high and statistically significant
correlations between exact mental arithmetic and both,
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nonsymbolic (r = —.29, p < .01) and symbolic efficiency
(r=-.46,p <.001).

Developmental trends’ analysis

Significant negative correlation between global efficiency
measures and age were found in both, nonsymbolic
(r=-.29,p <.01) and symbolic (r = -.62, p < .001) com-
parison tasks. Likewise, significant negative correla-
tion between age and the residuals resulting from
regressing the symbolic global efficiency onto the non-
symbolic global were found (r = -.55, p < .001), sug-
gesting the relationships among the tasks varied across
the samples’ age range. The ANOVA conducted on the
residuals of the regression of efficiency in symbolic vs.
nonsymbolic comparison tasks as dependent variable,
and the school grade as the between factor showed a
significant effect of grade, F(5, 87) = 7.8084, p <. 001.
Planned comparison analysis performed showed there
was no statistically significant difference in the rela-
tionship between the tasks for children in grade 1 and
grade 2, but that both groups are significantly different
from children of all the remaining grades. Likewise,
second graders are not significantly different from
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Figure 2. Efficiency measures (EM) for block 1 vs. block 2 in the nonsymbolic and symbolic comparison tasks. Horizontal axis:
EM for block 1; Vertical axis: EM for block 2. The top row shows scatterplots of EM for global block. On the second and third
rows, scatterplots of EM for small and large numerical ratio conditions are presented. On the two last rows scatterplots of EM

for close and far numerical distance conditions are presented.

Table 4. Correlations between nonsymbolic and symbolic tasks (adjRT and EM) for each experimental condition and global task

Correlation coefficient (r)

Experimental condition adjRT EMs Accuracy
Global task T1E*(69%4) 70 (667%) 344 (.32%%)
Small ratio 76 (73544 5 (7244%) 11 (.14)
Large ratio 56*** (.59%*%) 54 #** (56%*) .33 #* (.31*)
Close distance 51 % ((55%+%) A6 (A7) 28 (.26%%)
Far distance 77 % (754 5 (7244%) 18 (21%)

Note: Partial correlations controlling for age, visual and verbal working memory, are shown in parentheses.

*p <.05; % p <.01; ** p <.001.

third graders, but are significantly different compared to
fourth, fifth and sixth graders. In contrast, third graders
are only significantly different from sixth graders. No sta-
tistically significant differences among fourth, fifth and
sixth graders were found (see Table 5 and figure 5).

Discussion

In the present study, we report adequate reliability
and convergent validity for two comparison tasks
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(nonsymbolic and symbolic) involving small numer-
osities, designed for the ANS assessment. The corre-
lations found between the tasks both in efficiency
measures and adjRT suggest the same neurocognitive
system underlies nonsymbolic and symbolic tasks.
Also, the performance on mental arithmetic tasks sig-
nificantly covaried with the ANS efficiency measures.
Finally, a developmental trends analysis performed
on the global efficiency measures and grade showed
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Figure 4. Efficiency measures (EM) for nonsymbolic vs. symbolic comparison tasks. Horizontal axis: EM for nonsymbolic task;
Vertical axis: EM for symbolic tasks. The top row shows the scatterplot of EM for global task. On the second row scatterplots of
EM for small and large numerical ratio are presented. On the last row scatterplots of EM for close and far numerical distance

conditions are presented.

Table 5. Differences between School Grades in the Residuals of
EMs for Symbolic vs. Nonsymbolic Comparison Tasks

Grade1l Grade2 Grade3 Grade4 Grade5

Grade 2 -

Grade 3 2.86 ** -

Grade4 4.66 *** 2.72%* -
Grade5 4.17** 231* -
Grade 6 5.39 ***  355%%*  247*%

Note: * p < .05; ** p < .01; *** p < .001; — (not significant)
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the relationship between nonsymbolic and symbolic
numeric comparison varies with age. Surprisingly,
all analysis including accuracies showed low or non-
statistically significant figures.

Regarding the reliability analysis, our data is consis-
tent with previous studies (Gilmore et al., 2011; 2014;
Maloney et al., 2010; Price et al., 2012; Sasanguie et al.,
2011). The results showed both high and significant
correlations among individual adjusted RT and effi-
ciency measures between the two blocks of stimuli in
both comparison tasks (symbolic and nonsymbolic).
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Figure 5. Differences in the residuals of EMs for symbolic vs.
nonsymbolic comparison tasks by grade.

Thus, in both tasks, measures calculated using data
from the first half of the experiment are highly predic-
tive of the subjects’ results in the second half of the
experiment, increasing the probability of detecting
differences between groups. These results support the
test-retest reliability in both tasks (nonsymbolic and
symbolic). The correlations involving adjusted RT
and efficiency measures were above the Cohen and
Swerdlik’s (2009) acceptable range of reliability (r >
.65). In contrast, overall accuracy and accuracy per
experimental conditions were below this range of reli-
ability. Probably, these results reflect a ceiling effect,
since all the children in the sample exhibited accuracies
significantly above chance level in all experimental
conditions. Nevertheless, taking into consideration
recent reports on the favorable statistical properties of
overall accuracy as an index of ANS acuity (Inglis &
Gilmore, 2014); overall efficiency measures, which reflect
the reaction time/accuracy trade off, were included as
dependent variables in the rest of the analysis.
Concerning the convergent validity analysis, the
global task descriptors used (global individual adjusted
RT and efficiency measures) exhibited high and signif-
icant correlations between the nonsymbolic and sym-
bolic tasks. Furthermore, the data analysis conducted
by experimental condition, showed high and statisti-
cally significant correlation values across all experi-
mental conditions. In contrast, previous studies using
numerical distance effect measures have failed to find
significant correlation between nonsymbolic and sym-
bolic numerical comparison tasks (Gilmore et al., 2011;
Maloney et al., 2010). Likewise, others have found
no correlations between different measures within
the same task (e.g., between ratio effects and accuracy
in Inglis & Gilmore, 2014; between Weber fraction esti-
mates and ratio effects in Price et al., 2012). Such results
support the idea that most of the differences between
previous studies’ reports concerning reliability and
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convergent validity between the nonsymbolic and
symbolic versions of comparison tasks may primarily
be due to the use of different behavioral measures.
Note the ratio and distance effects successfully indexed
participants’ performance variability within certain
parameters (e.g., close distance vs. far distance) but
were not able to capture the absolute task performance
levels as achieved for example, with efficiency mea-
sures (combining both RT and overall accuracy of
the tasks). On the other hand, we consider the way
we explored the ANS using performance per condition
(using efficiency measures) and the global tasks per-
formance allows to avoid the effect of choosing a
specific formula to calculate the numerical processing
effects and could be employed for future reliability and
validity studies, as well as for other studies describing
numerical cognition, in order to contribute a more
homogenous and comparable performance reference
framework. Additionally, the detailed convergent
validity analysis conducted on the adjusted RT and
efficiency measures for all (corresponding) experimental
conditions between the nonsymbolic and symbolic
numerical tasks used in the present study provides a
robust description on the extent to which the tasks
similarly index the ANS, not usually available in con-
vergent validity analysis. Note again, accuracy yielded
low or non-statistically significant convergent valid-
ity values. This result is consistent (or me be a result)
of the aforementioned lower reliability found for this
measure.

In general, our findings support convergent validity
between nonsymbolic and symbolic comparison tasks,
as ANS assessment measures. These results concur
with those obtained in children by Gilmore et al. (2014),
and contrast with previous research in adults (Gilmore
et al.,, 2011; Maloney et al., 2010). Gilmore et al. (2014)
hypothesize that differences in convergent validity
between studies in children and adults may be due to
developmental differences in domain-general cogni-
tive processes whose influence may interact differently
with the ANS performance for nonsymbolic and sym-
bolic tasks. In other words, there may be differences
between children and adults in the extent to which
performance on these tasks reflects ANS acuity vs.
domain-general cognitive demands.

Several studies have highlighted the involvement
of domain-general cognitive processes (inhibitory con-
trol, working memory, executive control) on numerical
processing during childhood (Alloway & Passolunghi,
2011; Ashkenazi et al., 2013; Clayton & Gilmore, 2015;
Cragg & Gilmore, 2014; Fuhs & McNeil, 2013; Gilmore
et al., 2013; Szucs et al., 2013). For this reason, in order
to control for verbal and visuospatial working memory
contributions to numerical processing, additional con-
vergent validity analysis between global efficiency
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measures for nonsymbolic and symbolic comparison
tasks were conducted. The results showed high and
statistically significant correlations between the cor-
responding global efficiency measures even after con-
trolling for the effect of these domain-general cognitive
processes. Concurrent evidence on the specific contri-
bution of ANS to numerical performance was obtained
via Factor Analysis, using a Principal Components
Analysis method for factors extraction. This analysis
showed a two factor solution, the first one of them fun-
damentally explaining the variance of both numerical
comparison tasks and the second one primarily explain-
ing the variance of the two (backward) verbal and
visuospatial working memory tasks administered
to the children. These results support the convergent
validity between the nonsymbolic and symbolic numer-
ical comparison tasks and suggest that performance on
both tasks may be driven by the same underlying pro-
cessing; or in other words, the results suggest both
tasks index the ANS. Additionally, these results reflect
the differences in terms of cognitive architecture con-
cerning specific numerical abilities and domain-general
cognitive processes. The factor solution found here
contrasts with evidence reported in adults, showing
very low correlations in similar tasks (Gilmore et al., 2011;
Maloney et al., 2010) and challenges the hypothesis posed
by previous studies explaining the differences in perfor-
mance between children and adults in terms of the
impact of developmental differences in domain-general
cognitive process required by differently demanding
experimental tasks (e.g., Gilmore et al., 2014).

Nevertheless, the factor analysis results could be
grouping the two comparison tasks together due to the
fact they both have a comparative element to them and
require similar domain-general processing, in contrast
to the different methodological and response format
of the working memory tasks. A more rigorous way of
dealing with this would be to include additional tasks,
already described in the literature as reliable indices of
the ANS in the factor analysis, in order to test whether
numerical comparison tasks and this additional indi-
ces of the ANS are grouped together, supporting the
existence of distinct cognitive architectures underlying
the tasks, or whether the current results reflect only
format characteristics of the tasks.

On the other hand, the present study supports the
relevance of the ANS in the typical development of
arithmetic abilities during childhood. Note the statisti-
cally significant and high correlations found between
nonsymbolic and symbolic numerical comparison tasks
and mental arithmetic remain, despite the contribution
of domain-general cognitive processes to performance
was controlled for. These results are consistent with pre-
vious reports on children with low math achievement
exhibiting significant differences in basic numerical
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processing when compared to controls, even when
controlling for working memory processes (Castro
et al.,, 2012; Wong et al., 2015). Nevertheless it is worth
mentioning the analysis controlling for the effect of
verbal and visuospatial working memory processes in
the sample presented here contributes new relevant
evidence in typically developing children, not avail-
able in previous reliability/convergent validity studies,
to the best of our knowledge. On this regard, other
domain-general cognitive processes (not assessed in the
present sample), have also been described to impact on
arithmetic achievement and basic numerical abilities.
That is the case of attention (LeFevre et al., 2013;
Swanson, 2011), inhibitory control (Clayton & Gilmore,
2015; Cragg & Gilmore, 2014; Fuhs & McNeil, 2013;
Gilmore et al., 2013; Szucs et al., 2013), intellectual
capacity (Alloway & Passolunghi, 2011), and phono-
logical awareness (De Smedt, Taylor, Archibald, &
Ansari, 2010; Krajewski & Schneider, 2009), just to
mention some of them. Future studies could also con-
sider controlling for these variables in the analysis.
The developmental trends” analysis conducted showed
global efficiency in both nonsymbolic and symbolic
tasks significantly improve with age. Consistent results
describing increases in numerical comparison efficiency
and in the acuity of the ANS have been previously
reported by cross-sectional (Castro et al., 2011; Lander] &
Kélle, 2009) and longitudinal studies (Libertus et al., 2011;
Reigosa et al., 2013; Sasanguie et al., 2013). Additionally,
the developmental trends” analysis showed the relation-
ship between nonsymbolic and symbolic numerical
comparison also varies across the sample’s age range.
Though it is not possible using the analysis performed
in the present study to provide deeper insight on its
nature or characteristics, the variation in the relation-
ship between the nonsymbolic and symbolic overall
efficiency described here, showing decreasing differ-
ences between the tasks with age, may reflect the effect
of experience in the ANS acuity, or; on a more basic
neurocognitive level this could be indicative of the
development of the interphase between the auditory-
verbal, the analogue and the visual-digital representa-
tional codes for numbers becoming more accessible and
automatic across developmental time. The ANOVA
showed how with age, the prediction concerning per-
formance in the symbolic comparison task, calculated
on the basis of performance in the nonsymbolic com-
parison task is increasingly accurate. This suggests
that from third grade on, children access to symbolic
numeric representations from available nonsymbolic
information becomes more automatic and also sug-
gests increasingly higher levels of development of the
nonsymbolic to symbolic interphase. Future studies,
preferably longitudinal, or including a larger age span,
from infants to adults, and which take into account the
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effects of other cognitive processes in numerical cogni-
tion are required in order to clarify the present results.

Finally, it's important to note the results described
in the present study were obtained using correlation
analyses, which allow to describe covariation patterns
between variables; but are not designed to disentangle
causality relations between these variables (is the vari-
ability in one of variables causing the values in the
other one to vary; or is there a third variable, or combi-
nation of variables, underlying the variability of them
both?). In addition to the partial correlations analysis
employed here, other statistical analysis techniques
should be considered in future studies in order to
better describe the interactions an the directionality
of the interactions between the relevant variables.
Furthermore, the theoretical interpretations of the
covariation patterns between nonsymbolic and symbolic
measures as indices of the ANS adopted here relied
on a series of previous studies; but no additional ANS
measures, other than the two numerical comparison
tasks included in the convergent validity analysis per-
formed, were included in the present study. Additional
measures, which could act as golden rule criteria (valid
or independent indices) of the ANS could also be
included in future studies in order to test for the con-
struct validity of these tasks, for example: the property
of scalar variability (Whalen et al., 1999): The mean
responses and standard deviation of the responses in
an estimation task are actually proportional to each
other as the numerosity to be estimated varies, hence
the ratio between the standard deviation and the mean
response is constant across all numerosities.

In general, the results presented here support both
the reliability and convergent validity between non-
symbolic and symbolic comparison tasks and its use
to the behavioral assessment of the ANS mental rep-
resentations. Additionally, according to the evidence
described here, the ANS is informative of arithmetic
efficiency variability during childhood. The results
also show these tasks are sensible to developmental
variations in the ANS captured by the tasks overall
efficiency in this sample’s age range, probably con-
cerning the extent to which efficiency in nonsymbolic
and symbolic tasks reflect ANS acuity and/or the
development of the analogue-symbolic interphase
involved in number processing.
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