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Abstract

This study investigated the relation between symbolic and nonsymbolic magnitude process-
ing abilities with 2 standardized measures of math competence (WRAT Arithmetic and Key-
Math Numeration) in 150 3"- grade children (mean age 9.01 years). Participants compared
sets of dots and pairs of Arabic digits with numerosities 1-9 for relative numerical magni-
tude. In line with previous studies, performance on both symbolic and nonsymbolic magni-
tude processing was related to math ability. Performance metrics combining reaction and
accuracy, as well as weber fractions, were entered into mediation models with standardized
math test scores. Results showed that symbolic magnitude processing ability fully mediates
the relation between nonsymbolic magnitude processing and math ability, regardless of the
performance metric or standardized test.

Introduction

The development of effective numerical and mathematical skills is of critical importance for
success in today’s society. However, as many as one in four economically active individuals fail
to develop those skills [1], placing them at higher risk of unemployment, physical and mental
illness, and arrest and incarceration [2,3]. Furthermore, the United States lags behinds its eco-
nomic peers in terms of math skills development, ranked 21°* of 23 countries in a recent report
by the Institute of Education Sciences [4]. Due to the cumulative nature of math skills, improv-
ing the earliest foundations of math skills offers the best hope for mitigating the burgeoning
problem of low numeracy. Therefore a deeper understanding of those foundations must be
reached.

A growing body of evidence suggests one critical foundation for math development is the
ability to represent and manipulate nonsymbolic numerical magnitude (i.e., the number of
items in a set of objects). Studies suggest this ability is present in human infants [5,6], preliter-
ate human cultures [7], and even non-human primates [8,9]. This makes nonsymbolic magni-
tude processing an ideal candidate mechanism upon which numerical and mathematical skills
may be scaffolded.
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Nonsymbolic magnitude processing ability varies between individuals and is typically
indexed by performance on nonsymbolic numerical comparison tasks, in which individuals
judge which of two sets of dots is the more numerous. Performance on this task has been found
to correlate with math competence in children and adults [10-12] and is atypical in children
with mathematical learning disabilities (dyscalculia) [13]. Furthermore, the brain systems
thought to support nonsymbolic magnitude processing are structurally and functionally atypi-
cal in children with dyscalculia [14,15]. Such findings lend support to the ‘magnitude represen-
tation hypothesis’ that nonsymbolic magnitude processing is a critical foundation for math
competence.

Despite the intuitive appeal of the magnitude representation hypothesis, recent evidence
suggests that the relation between nonsymbolic magnitude processing and math competence
may not be entirely straightforward. A number of studies have reported no significant correla-
tion between nonsymbolic magnitude comparison performance and math competence [16-
18]. Instead findings indicate that performance on symbolic number comparison (i.e., compar-
ing the relative magnitude of two Arabic digits) predicts math ability [19-22]. Generally
speaking, symbolic number knowledge is well known to predict later math achievement
[23,24]. Furthermore, a recent meta-analysis suggests that the relation between symbolic num-
ber skills and math is stronger than that between nonsymbolic magnitude processing and math
[25].

Such findings suggest first that the relation between nonsymbolic magnitude processing and
math competence may not be as robust as initially thought, and second that the ability to repre-
sent and process quantity information through symbols (i.e., Arabic digits) may in fact be of
greater importance for the development of math skills. This perspective is often referred to as
the ‘symbol mapping hypothesis.” In a recent review,[26] noted that the relation between sym-
bolic number comparison and math achievement appears to be more robust than the relation
between nonsymbolic number comparison and math achievement, noting that no clear explan-
atory pattern is currently evident. It should be noted that two recent meta-analyses identified
small but robust relations between nonsymbolic magnitude processing and math achievement
[27,28]. Chen and Li (2014) in particular suggest that the failure to find a significant association
between nonsymbolic skills and math achievement in some studies may be due to insufficient
power to detect what is essentially a small but true relation. Thus, neither nonsymbolic nor
symbolic skills can be discounted as foundational competencies for math achievement despite
inconsistent findings.

The extant literature provides a conflicting mixture of results, against which a purely non-
symbolic or symbolic account of the foundations of math competence seems insufficient. This
suggests the importance of forging a mechanistic account that incorporates both symbolic and
nonsymbolic abilities. One approach to solving this puzzle is to consider the developmental
trajectory of numerical and mathematical skills. Nonsymbolic skills are either acquired very
early in infancy or are innate; basic symbolic number skills are acquired in the years preceding
school entry; and basic arithmetic skills are acquired and refined in the first years of elementary
school. Such a developmental framework negates the need to position nonsymbolic and sym-
bolic skills as alternative foundations.

Instead, it allows for the hypothesis that nonsymbolic skills influence the acquisition of sym-
bolic number skills, which in turn influence the acquisition of arithmetic skills. In other words,
it is possible that symbolic skills mediate the relation between nonsymbolic skills and math
competence. This ‘mediation hypothesis’ is supported by [29] who showed that numerical
ordering skill mediates the relation between nonsymbolic magnitude processing and arithmetic
skill in adults, while controlling for performance on symbolic magnitude comparison. These
authors suggest that “the representation of order in numerical symbols serves as an ideal
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stepping stone” (p. 260) between nonsymbolic magnitude processing and math. A second
recent study showed that nonsymbolic magnitude processing at 3 years of age predicts math
skills measured at 4 years, but that this relation is fully mediated by symbolic number skills
measured at 3 and a half years [30]. Those authors suggest that nonsymbolic magnitude pro-
cessing ability influences math achievement “by facilitating the learning of Arabic numerals,
number words and their understanding of the meaning of these symbols” (p. 503). In contrast,
another recent study, which tested the relation between nonsymbolic and symbolic number
skills and math achievement in fifth graders, did not find evidence for a mediating relation
[28]. Instead, that study found evidence for independent contributions of both symbolic and
nonsymbolic skills to math ability, albeit a stronger relation between math and symbolic versus
nonsymbolic number skills. Thus, the limited extant literature provides an inconsistent
account of the mediating role of symbolic number skills on the relation between nonsymbolic
magnitude processing acuity and math achievement.

However, closer inspection reveals a pattern that may explain the apparent inconsistencies.
The mediation model reported in by vanMarle et al. (2014) considered four possible mediating
variables: verbal counting, give-a-number (counting out a requested number of objects from a
pile), numeral recognition, and numeral comparison. Results indicate that only verbal counting
and give-a-number tasks mediated the relation between nonsymbolic magnitude processing
and math achievement. Numeral recognition did not correlate with nonsymbolic magnitude
processing, while numeral comparison did not predict math achievement. Thus, the two tasks
that did mediate the nonsymbolic magnitude processing—math relation were strongly ordinal
in nature, suggesting in concert with Lyons and Beilock (2011) that knowledge of the ordinal
relationships between numbers, not necessarily their magnitudes, is the active mediator.

On the other hand, Fazio et al (2014) investigated the mediation relation using tests of mag-
nitude processing as opposed to order processing. The absence of a significant mediation
model in their study suggests, therefore, that symbolic ordering skills mediate the relations
between nonsymbolic magnitude processing and math achievement, while symbolic magnitude
processing does not. Even so, it is important to note that Fazio et al.’s symbolic ‘magnitude
understanding’ variable comprised performance on magnitude comparison of fractions and
number line estimation with fractions and whole numbers, while the nonsymbolic magnitude
understanding variable comprised performance on magnitude comparison of whole numbers
and fractions. Thus, these two variables may capture potentially non-overlapping cognitive
dimensions (e.g., visuospatial demands of number line estimation vs. whole number magnitude
comparison). Such a lack of overlap at the cognitive level is supported by the fact that the vari-
ables did not correlate with one another. The extent of cognitive disparity between these two
variables may explain why no mediation relation was observed in that study.

In summary, evidence for the relation between nonsymbolic and symbolic number process-
ing and math achievement is mixed and sometimes contradictory. Two studies suggest this
confusion may be resolved by considering symbolic number skills as a mediator between non-
symbolic magnitude processing and math achievement. The results of Lyons and Beilock
(2011) and vanMarle et al (2014) suggest that understanding of the ordinal properties of sym-
bolic numbers serves this function. In contrast, Fazio et al. (2014) reported no evidence for a
mediating relation between nonsymbolic and symbolic number skills and math achievement.
Several questions therefore remain regarding (a) the robustness of the mediating role of sym-
bolic number skills and (b) the cognitive mechanisms underlying any such relation.

The purpose of the present study was to address these issues by testing the hypothesis that
symbolic magnitude processing mediates the relation between nonsymbolic magnitude pro-
cessing and math achievement. It is the first study to do so using single, overlapping tasks to
index both nonsymbolic and symbolic magnitude processing. Furthermore, we tested our
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mediation model on two standardized metrics of math achievement: one focused on arithmetic
and calculation skills and the other focused on knowledge of the base 10 system and other
basic number knowledge. In so doing, we tested the hypothesis that symbolic magnitude pro-
cessing mediates the relation between nonsymbolic magnitude processing and math ability in
the early school years, and that this relation holds true for multiple math achievement indices.

It is important to note that although the major focus in this study is nonsymbolic and sym-
bolic magnitude processing, these are not the only cognitive variables thought to influence the
development of math ability. The role of working memory in particular has received much
attention in previous research, and working memory capacity has been related to a range of
numerical and mathematical abilities (for a review see [31]. Brain regions subserving working
memory and numerical magnitude processing show some degree of overlap, notably in the
intraparietal sulcus [32], and thus it is possible that working memory may play an influential
role in the relation between magnitude processing and math ability. Therefore, in addition to
examining the mediation hypothesis described above, we also examined the role of working
memory in that relationship.

Method
Participants

This study was approved by the Behavioral and Social Sciences IRB Committee at Vanderbilt
University. Written assent obtained from all participants, and written consent was obtained
from parents/guardians. The sample was drawn from the final cohort of a larger, longitudinal
study spanning 4 years [33]. The symbolic and nonsymbolic magnitude comparison tasks were
administered only in the final year of the study, and for that reason the current results focus
exclusively on 3™ grade children. Participants were recruited from a large metropolitan school
district in the southeast United States. We excluded students whose teachers identified them as
not speaking English or scored below a standard score of 80 on both subtests of the two-subtest
Wechsler Abbreviated Intelligence Scale (T-Scores are reported in Table 1) (WASI; Wechsler,
1999). Our sample consisted of 160 children in 3" grade, seven of whom had accuracy of 50%
on either the symbolic or the nonsymbolic number comparison and were consequently
removed from further analysis due to the inability of the weber fraction calculation to fit a

Table 1. Descriptive Statistics for Experimental and Cognitive Measures.

Measure Mean St Dev
Symbolic Accuracy (% Correct) 87.95 8.31
Reaction Time (ms) 747.61 120.55
P 926.33 222.08
w .33 .23
Nonsymbolic Accuracy (% Correct) 81.7 7.94
Reaction Time (ms) 728.89 106.19
P 998.17 202.62
w .48 .27
WRAT Arithmetic Standard Scores 99.54 15.8
KeyMath Numeration Standard Scores 102.42 11.8
WRAT Reading Standard Scores 99.33 14.58
Working Memory Test Battery Mazes Recall Standard Scores 4.03 3.7
Working Memory Test Battery Word List Recall Standard Scores 15.00 3.66

doi:10.1371/journal.pone.0148981.1001
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model to their data. An additional three were removed due to 100% accuracy on the symbolic
task, again yielding no fit for the weber fraction model. Thus, the final sample consisted of 150
children (mean age 9.01 yrs, St Dev = 0.37; 87 Females).

Experimental Tasks and Cognitive Measures

Nonsymbolic Number Comparison. Participants were simultaneously presented two sets
of dots and asked to indicate via button press which set was more numerous (i.e., which set
contained more dots). Stimuli were presented for 1000ms and separated by 1000ms fixation.
Dot sets ranged in value from 1-9. 48 number pairs were presented, with the ratio between sets
(ratio = smaller number/larger number) ranging from 0.2-0.777. Numbers pairs were assigned
to one of three ratio ‘bins’: small, medium, or large. The small ratio condition contained 16 tri-
als with ratios of 0.2, 0.222, and 0.25. The medium ratio condition contained 16 trials with
ratios of 0.5 and 0.556. The large ratio condition contained 16 trials with ratios of 0.714, 0.75,
and 0.778. Split-half reliability estimates for this task have been reported range from .47 to .88
[17,34], and test-retest reliability from .06 to .79 [35]. Cronbach’s alpha’s for accuracy and reac-
tion time in this sample were .87 and .94 respectively.

To control for the possibility that visual cues drive task results rather than judgment of
numerosity, we randomly varied four visual parameters using the method presented in Gebuis
and Reynvoet (2014). Total surface area of dots, area extended by dots, average dot diameter,
and dot density were manipulated to provide two sets of dots for each trial where visual cues
indicated a larger numerosity (congruent) or were contraindicative (incongruent) in approxi-
mately half of the total trials. Regression analyses predicting the number ratio of dot sets
(larger-smaller/ larger) from stimulus parameter (difference in visual properties) confirmed
that no single visual parameter significantly predicted number ratio.

Symbolic Number Comparison. Participants were shown two simultaneously presented
Arabic digits and asked to indicate via button press which of the two was numerically larger
(e.g., 8 is larger than 3). The values of the digits and number pairs were identical to those for
the nonsymbolic comparison task. Cronbach’s alpha’s for accuracy and reaction time in this
sample were .80 and .97 respectively.

Achievement Measures. Arithmetic: The WRAT Arithmetic subtest includes oral and writ-
ten items including counting, reading number symbols, solving oral problems and written
computations ranging from simple arithmetic to calculus. At this age, alpha has been reported
at .87 (Fuchs et al., 2014). The manual reports split-half reliability of .94.

Numeration: The KeyMath Numeration subtest measures early number awareness including
place value and number sense, magnitude of numbers, fractions, decimals, percentages, expo-
nents, integers, multiples, and factors. Reliability for this measure has been reported as in “the
upper .80s and 90s” [36].

Reading: The WRAT Reading Subtest requires participants to read aloud letters and words
until ceiling is reached. The manual reports split-half reliabilities of .98.

Working Memory: Working Memory Test Battery for Children, Mazes Recall (Pickering &
Gathercole, 2001). This test requires participants to recall routes drawn through two-dimen-
sional mazes of increasing complexity. Working Memory Test Battery for Children, Word List
Recall (Pickering & Gathercole, 2001). This test requires participants to recall a spoken list of
monosyllabic words.

Experimental Task Metrics. To analyze performance on the nonsymbolic and symbolic
number comparison tasks, we computed two performance metrics, one to index overall perfor-
mance and one to index the impact of ratio on performance. The first metric, ‘Performance’
(P), was based on the method reported by [37] and combines reaction time and error rates
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according to the following formula; P = RT(1+2ER). P is conceptually similar to the commonly
used measure inverse efficiency (RT/Accuracy) in that it essentially corrects reaction times
according to error rates and controls for speed-accuracy trade-offs. The second metric we com-
puted was ‘weber fraction’(w). w derives from the Weber-Fechner Law and is essentially a met-
ric of the noise in an individual’s representation of numerical magnitude. w can be thought of
as indexing the ratio between two numbers necessary to consistently discriminate those num-
bers with 75% accuracy and is therefore a metric of the individuals sensitivity to the ratio
between the two numbers being compared. To compute our w scores we used the formula
employed by[38]. Kolmogorov-Smirnoff tests indicated that P was not normally distributed for
either nonsymbolic (p < .001) or symbolic (p = .010) comparison. The same was true for non-
symbolic (p < .001) and symbolic (p < .001) weber fractions. Therefore we log transformed
each of the variables. The distributions of log10 values for symbolic and nonsymbolic P and
nonsymbolic w were normal (p > .05 for each), while symbolic w remained skewed (p = .002).
However, the transformation did reduce the skewness of symbolic w from 1.845 to 0.347, indi-
cated an improved distribution. Therefore the log transformed values for each variable were
used for subsequent analyses. Outlier correction was carried out to remove trials which fell out-
side 3 standard deviations above or below the participant’s mean reaction time.

Results

The means and standard deviations for the experimental (Symbolic P and w, nonsymbolic P
and w) and cognitive measures are reported in Table 1 (data in SI Table). Note that the w
scores observed in the current sample are higher than those reported in some previous studies
using samples of children of similar ages. The reason for this discrepancy is not clear; however,
differences in overall accuracy, as well as the distribution of accuracies across ratios between
studies may influence estimations of individual weber fractions.

Correlations

First, we replicated previous findings by showing significant correlations between each of our
experimental metrics and math achievement. Pearson’s r coefficients among our experimental

Table 2. Correlations between experimental and cognitive measures.

. Symbolic P (Log10)

. Symbolic w (Log10)
. Nonsymbolic P (Log10)

© 0 N O O A~ ODN =

10. Nonsymbolic w (Log10)

11. WRAT Reading (Standard Score)

12. Mazes Recall (Raw Score)

13. Word List Recall (Raw Score)

*% p< .01
*p <.05

doi:10.1371/journal.pone.0148981.1002

. WRAT Arithmetic (Standard Score)
. KeyMath Numeration (Standard Score)

. Symbolic P Ascending (Log10)

. Symbolic P Descending (Log10)
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. Nonsubitizable Nonsymbolic P (Log10)
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-28%* - 42%*  71*¥¥ 44%*  44%*  40**  98%*  Q6%*

-29%*  -36%*  52**  B{¥*  47**  Bi*¥¥*  71¥*  70**  71**
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28%*  209**  -30**  -27* -30%  -24* -19%* - A7* -17* -18%  22%*

25%*  27** - 19¥ -.16* -20%  -19*  -24%*  -DP3¥*  _DPE¥* .24¥%  3ZF¥*  D{*¥

PLOS ONE | DOI:10.1371/journal.pone.0148981 February 9, 2016 6/14



@’PLOS ‘ ONE

The Mediating Relation between Symbolic and Nonsymbolic Foundations of Math Competence

metrics and achievement measures are reported in Table 2. Because our nonsymbolic compari-
son paradigm included quantities in the subitizable range, we computed the above correlations
after separating the nonsymbolic trials into those with numerosities of less than or equal to 4
(subitizable) and with numerosities above 4 (nonsubitizable). Splitting the trials in this manner
reduced trial numbers to the extent that we were unable to fit reliable models for w scores; so,
this analysis reports P scores only. Furthermore, to account for possible influences of ordering
ability in the symbolic comparison task, we split symbolic comparison trials into ascending
(i.e., right number larger than left) and descending pairs (i.e., left number larger than right).
Again, this reduced the number of trials to the extent that we were not able to fit reliable mod-
els for w scores; so, this analysis reports P scores only.

Mediation Analyses

To investigate the potential mediating role of symbolic number comparison in the relation
between nonsymbolic comparison and math achievement, we conducted four mediation analy-
ses using SPSS v20 and Preacher and Hayes’s (2008) INDIRECT” macro. The indirect effect
was examined by the generation of confidence intervals with the endpoints determined by the
bias-corrected and accelerated method (Hayes, 2009). If zero is outside the confidence interval,
the indirect effect is consequently not zero (Hayes, 2009). WRAT Reading standard scores,
mazes recall, and word list recall were included as covariates in these analyses to control for
reading ability, visuospatial and phonological working memory respectively.

Note that mediation analyses are correlational; so causation should not be inferred. This is
especially true in the present study because the independent, mediating, and dependent vari-
ables were collected concurrently. That said, the variables used in the present study can be
assumed to measure skills acquired in the appropriate chronological order. A large body of
research indicates that nonsymbolic magnitude processing skills are evident within the first
months of infancy[39-41]. Arabic digits are typically learned in the years prior to school entry
[42,43], and formal math skills are typically learned during the first years of school [44].

The coefficients and standard errors for the mediation models using WRAT Arithmetic as
the dependent variable. As shown, the indirect effect (ab path) was significant for each analysis,
while the ¢’ path was not, and importantly, the confidence intervals did not contain zero for
any of the models (Table 3). These results indicate full mediation whereby the relation between
math skills by nonsymbolic number processing was completely accounted for by symbolic
number processing skills (Figs 1 and 2).

To account for possible influences of the nonsymbolic task including sets in subitizing
range, we replicated the mediation models after separating the nonsymbolic trials into those
with numerosities of less than or equal to 4 (subitizable) and below and those with

Table 3. Confidence intervals for all mediation models.

Independent Variable Mediator Dependent Variable Lower CI Upper CI
Nonsymbolic P Symbolic P WRAT Arithmetic -81.25 -34.61
Nonsymbolic w Symbolic w WRAT Arithmetic -15.95 -4.61
Nonsymbolic P Symbolic P KM Numeration -53.56 -18.39
Nonsymbolic w Symbolic w KM Numeration -10.99 -3.11
Symbolic P Nonsymbolic P WRAT Arithmetic -8.02 39.3
Symbolic w Nonsymbolic w WRAT Arithmetic -5.43 3.8
Symbolic P Nonsymbolic P KM Numeration -15.87 13.09
Symbolic w Nonsymbolic w KM Numeration -5.78 0.74
doi:10.1371/journal.pone.0148981.1003
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(A)
" C(-25.71, SE=13.88, p = .07)
ND"(SL‘;E;’&"CP I WRAT Arithmetic

Symbolic P
(Log10)
a (.79, SE =.07)** b (-71.42, SE = 15.27)**

i ¢’ (30.99, SE=17.76
NonsymbolicP | _ _ _ _¢'(30.99,SE=17.76) WRAT Arithmetic
(Log10) ab (-56.71, SE= 11.43)

(B)
" C(-12.2, SE =5.46)*
Non(vaorzzg)llcw WRAT Arithmetic

Symbolic w
(Log10)
a (.61, SE =.09)** b (-16.04, SE = 4.54)**
i ¢’ (-2.41, SE= 5.95)
Nonsymbolicw | _ _ _ _ ¢ (241562595 | WRAT Arithmetic
(Log10) ab (-9.8, SE=2.92)

Fig 1. Mediation models for WRAT Arithmetic using (A) log transformed P scores and (B) log transformed w
scores.

doi:10.1371/journal.pone.0148981.g001

numerosities above 4 (nonsubitizable). Splitting the trials in this manner reduced trial numbers
to the extent that we were unable to fit reliable models for w scores; so, this analysis reports P
scores only. As with the main analyses, all models showed significant indirect effects and confi-
dence intervals did not include zero, indicating full mediation. Furthermore, to account for
possible influences of ordering ability in the symbolic comparison task, we split symbolic com-
parison trials into ascending (i.e., right number larger than left) and descending pairs (i.e., left
number larger than right). Again, this reduced the number of trials to the extent that we were
not able to fit reliable models for w scores; so, this analysis reports P scores only. As with the
main analyses, all models showed significant indirect effects and confidence intervals did not
include zero, indicating full mediation.

To investigate the extent to which working memory ability mediated the relation between
nonsymbolic magnitude processing and math ability, we replicated the four mediation models
above, but instead of including our two working memory measures as covariates we included

(A) N
Nonsymbolic P € (-36.52, SE = 9.16)* KeyMath 3
(Log10) Numeration

Symbolic P
(Log10)
a (.79, SE =.07)** b (-42.95, SE = 10.22)**

NonsymbolicP | _ _ _ _ C_'('_Zfl,_si:ilfg o KeyMath 3
(Log10) ab (-34.10, SE= 9.07) Numeration

(B) i (-12.12, SE = 3.69)**
Nonsymbolicw c(-12.12, .69) KeyMath 3
(Log10) Numeration

Symbolic w
(Log10)
a (.61, SE =.09)** b (-9.94, SE = 3.08)**

Nonsymbolicw | _ _ _ _ ¢/(6055E=404) KeyMath 3
(Log10) ab (-6.07, SE= 1.91) Numeration

Fig 2. Mediation models for KeyMath 3 Numeration using (A) log transformed P scores and (B) log
transformed w scores.

doi:10.1371/journal.pone.0148981.9002

PLOS ONE | DOI:10.1371/journal.pone.0148981 February 9, 2016 8/14



@’PLOS ‘ ONE

The Mediating Relation between Symbolic and Nonsymbolic Foundations of Math Competence

them as possible mediators in the model. In all four models, the mediating role of symbolic
magnitude comparison remained significant, while for working mazes memory and word list
recall scores, the direct effects on math (b paths) were not significant (p > .05 in all cases). Fur-
thermore, in contrast to symbolic magnitude processing, for both working memory measures,
the bias corrected confidence intervals for the test of indirect effects contained zero, indicating
a lack of mediation. Therefore it appears that the relation between nonsymbolic magnitude
processing and math ability is independent of working memory capacity.

It seems intuitively logical that nonsymbolic magnitude processing abilities influence the
acquisition of symbolic number skills, because nonsymbolic magnitude processing abilities are
evident in early infancy, while symbolic skills are not. However, a range of evidence suggests
that this relation may be bidirectional, with the acquisition of symbolic skills prompting a
refinement of nonsymbolic magnitude representations [45]. Given that the current sample
comprised 3"-grade children who were highly familiar with Arabic digits, it is possible that by
this age, symbolic number skills had exerted and influence on nonsymbolic magnitude repre-
sentations. Therefore, we replicated the above mediation analyses, but entered symbolic magni-
tude processing as the independent variable and nonsymbolic magnitude processing as the
mediator. In all four models the confidence intervals contained zero (Table 3), suggesting that
nonsymbolic magnitude processing does not mediate the relation between symbolic magnitude
processing and math performance.

Discussion

A growing body of literature suggests that the ability to compare numerical magnitudes serves
a critical foundation for math development. Some studies have shown that nonsymbolic mag-
nitude processing predicts math ability, while others have shown that symbolic magnitude pro-
cessing is instead the key predictor (for a review see [26]). This conflicting pattern of results
has led to confusion as to how symbolic and nonsymbolic number skills respectively scaffold
later math abilities. An alternative hypothesis considers a developmental framework whereby
nonsymbolic skills influence later math ability by facilitating the acquisition of symbolic skills.
The present study provides evidence in support of this hypothesis, showing that symbolic mag-
nitude comparison fully mediates the relation between nonsymbolic magnitude comparison
and math ability on two separate math achievement measures, even when controlling for read-
ing ability and working memory.

The present findings address an emerging debate regarding this ‘mediation hypothesis’ and
the role symbolic number knowledge plays in facilitating the relation between nonsymbolic
number processing and math achievement. Lyons and Beilock (2011) found that numeral
ordering ability mediates the relation between nonsymbolic magnitude processing and math
achievement in adults, when controlling for symbolic magnitude comparison. Those results
left open the question of whether symbolic magnitude processing, in addition to ordering abil-
ity, mediates the relation between nonsymbolic magnitude processing and math ability. Subse-
quently, vanMarle et al. (2014) reported that symbolic number knowledge mediates the
relation between nonsymbolic magnitude processing in preschoolers. However, the mediating
relation reported in that study was driven by the effects of counting based tasks, namely, verbal
counting and ‘give-a-number,” which essentially tap into ordering as opposed to magnitude
processing abilities. Thus, the question of whether basic symbolic magnitude processing medi-
ates the relation between nonsymbolic magnitude processing and math achievement remains
open.

Recently reported data from Fazio et al. (2014) used magnitude processing tasks, including
number line estimation, fraction comparison and whole number comparison, to investigate the
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mediation hypothesis. Their results revealed no evidence of a mediating relation, but instead
independent contributions of symbolic and nonsymbolic number processing to math achieve-
ment. However, that study’s metrics of symbolic and nonsymbolic magnitude processing were
cognitively dissimilar due to their composition, thus complicating the interpretation of the
absence of mediating relation.

The present results provide evidence that is convergent and consistent with several previous
studies showing that symbolic number skills mediate the relation between nonsymbolic magni-
tude processing and math ability. While previous studies have provided evidence for this medi-
ating relation using measures primarily engaging symbolic ordering processes, the present
study shows that basic symbolic magnitude processing also mediates the relation between non-
symbolic magnitude processing and math ability. Two further points are also noteworthy.
First, the mediation models were significant for both our measure of general task performance
(P) as well as our measure of ratio sensitivity (w). While w is widely considered to be a metric
of the acuity of the mental representation of numerical magnitude, several recent studies have
called into question the extent to which it represents a superior metric to mean accuracy
[34,35] or other more general task performance metrics. The present data suggest no signifi-
cant advantage of using w over P.

The second noteworthy point is that the mediation models were significant for both our
measures of math achievement. Our first measure was the Arithmetic subtest of the WRAT,
which includes oral and written items including counting, reading number symbols, solving
oral problems and written computations ranging from simple arithmetic to calculus. The sec-
ond measure was the Numeration subtest of the KeyMath3 battery, which measures early num-
ber awareness including place value and number sense, magnitude of numbers, fractions,
decimals, percentages, exponents, integers, multiples, and factors. While some overlap in these
measures exists, the Numeration test can be thought of as measuring more basic numerical
knowledge, while the WRAT Arithmetic subtest measures acquired formal calculation skills.

The fact that our mediation model was significant for both measures suggests that the devel-
opmental mediation framework is a general one that relates to a broad range of mathematical
and numerical abilities. It is interesting to note, however, that although both models were sig-
nificant, the direct effect of nonsymbolic magnitude processing was marginally nonsignificant
(p =.07) in the mediation model for the performance (P) variable. This effect was significant
when word list recall was not included in the model, suggesting perhaps that WRAT arithmetic
is more influenced by phonological working memory than KeyMath Numeration. This sug-
gests that the two measures of math ability are partially but not completely overlapping. It also
suggests that while symbolic magnitude processing seems to facilitate development of a wide
range of math skills, nonsymbolic magnitude processing may have a stronger relation with
some acquired math skills than others. This variation is of relevance for the development of
educational interventions that seek to improve math skills by enhancing Nonsymbolic magni-
tude processing. Improving that acuity may be of greater benefit for basic number skills than
for formal arithmetic.

The present study also investigated the role of working memory in the relation between
nonsymbolic magnitude processing and math ability. Our results indicated via bivariate corre-
lations that working memory measures were associated with math outcomes. However, media-
tion models indicated that this relation did not influence the relation between nonsymbolic
magnitude processing and math outcomes. These results suggest, therefore, that while both
nonsymbolic magnitude processing and working memory are related to math achievement,
those relations are independent of one another.

It is important to acknowledge that because the present data were collected concurrently,
the ability to draw inferences regarding the causal pathways between our independent variables
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is limited, as it is possible that the acquisition of symbolic number knowledge has a reciprocal
influence on nonsymbolic magnitude processing skills [45,46]. At the same time, the mediation
model we tested is in line with a theoretical perspective with strong grounding in existing evi-
dence. Nonsymbolic magnitude processing skills are observable in human infants long before
symbolic skills are acquired, and nonsymbolic skills have been shown to predict later math
ability in longitudinal research (e.g. [11]). However, we tested the alternate hypothesis that
nonsymbolic magnitude processing mediated the relation between symbolic magnitude pro-
cessing and math performance by reversing the symbolic and nonsymbolic magnitude process-
ing in the model. In each alternate model, results suggested that symbolic magnitude
processing had not yet exerted an influence on nonsymbolic magnitude processing. Thus,
while the present results suggest that nonsymbolic magnitude processing influences symbolic
processing and not the other way around, it is possible that the alternate pathway emerges later
in development. Future longitudinal research that collects measures at sequential time points
and across different age groups is required to fully disentangle this open empirical question.

We also note that while the symbolic task used is a simple magnitude comparison judgment,
some processing of numerical order may influence performance on this task. Given that partic-
ipants always had to select the larger of the two numbers and that the position of the larger
number on the left or the right was counterbalanced, it seems unlikely that ordering would be a
uniform strategy across the entire task, but ordering strategies may have been invoked in a sub-
set of trials. Thus, future studies should include explicit ordering tasks to comprehensively dis-
entangle the contributions of magnitude processing and order processing to the proposed
mediation framework.

Furthermore, it should be noted that much of the recent literature refers to nonsymbolic
magnitude processing in the context of an ‘Approximate Number System’ (ANS), a cognitive
system that allows the ordering and comparison of magnitudes without use of verbal or visual
labels. Given that the current study employed a nonsymbolic comparison task that included
dots within the subitizing range, we cannot be certain that only the ANS was engaged in the
resolution of that task, and therefore we refer to nonsymbolic magnitude comparison and not
‘ANS acuity’. Future studies should seek to replicate the current findings using only numeros-
ities outside the subitizing range.

A final limitation of the present study is that our model did not control for inhibitory con-
trol processes. Some recent studies have suggested that performance on nonsymbolic compari-
son tasks may be driven, at least in part, by individual differences in inhibitory control
processes [18,47]. Thus future research should control specifically for inhibitory control when
assessing the mediating role of symbolic magnitude processing so as to more completely char-
acterize what is being mediated.

In conclusion, results of the present study are consistent with the theory that Nonsymbolic
magnitude processing influences math ability by facilitating the learning of Arabic digits.
These results are also consistent with results from previous studies showing that symbolic
numerical ordering ability mediates the relation between nonsymbolic magnitude processing
and math ability. Thus, the mediating role of symbolic number skills appears to encompass
both magnitude and ordering abilities. A more precise representation of numerical magnitude
allows for more effective mapping of Arabic digits onto mental representations of numerical
magnitude. This stronger mapping subsequently facilitates more effective acquisition of formal
mathematical skills. Further research is required to establish more precisely the interplay
between ordinal knowledge versus magnitude knowledge and their respective contributions to
this mediating framework.

PLOS ONE | DOI:10.1371/journal.pone.0148981 February 9, 2016 11/14



@’PLOS ‘ ONE

The Mediating Relation between Symbolic and Nonsymbolic Foundations of Math Competence

Supporting Information

S1 Table. Study data used for reported analyses.
(SAV)

Acknowledgments

This research was supported by R01 HD053714 and Core Grant #HD15052 from the Eunice
Kennedy Shriver National Institute of Child Health & Human Development to Vanderbilt
University. The content is solely the responsibility of the authors and does not necessarily rep-
resent the official views of the Eunice Kennedy Shriver National Institute of Child Health &
Human Development or the National Institutes of Health. Thanks to Kris Preacher for advice
and instruction on mediation analysis, and Eric D. Wilkey for assistance with calculating weber
fractions.

Author Contributions

Conceived and designed the experiments: GRP LSF. Performed the experiments: GRP LSF.
Analyzed the data: GRP. Contributed reagents/materials/analysis tools: GRP LSF. Wrote the
paper: GRP LSF.

References
1. Gross J, Hudson C, Price D. The Long Term Costs of Numeracy Difficulties. 2009.
2. BynnerJ, Parsons S. Does Numeracy Matter?. London: The Basic Skills Agency; 1997.

3. Parsons S, Bynner J. Does numeracy matter more. NRDC (National Res Dev Cent adult Lit Numer.
2005;

4. Goodman, M., Finnegan, R., Mohadjer, L., Krenzke, T., & Hogan J. Problem Solving in Technology-
Rich Environments Among U. S. Adults: [Internet]. 2014. Available: http://nces.ed.gov/pubs2014/
2014008.pdf

5. WynnK, Bloom P, Chiang WC. Enumeration of collective entities by 5-month-old infants. Cognition.
Elsevier; 2002; 83: 55-62.

6. Wynn K. Psychological foundations of number: numerical competence in human infants. Trends Cogn
Sci. 1998; 2: 296-303. PMID: 21227212

7. PicaP,LemerC,lzard V, Dehaene S. Exact and approximate arithmetic in an Amazonian indigene
group. Science (80-). 2004; 306: 499-503. Available: http://www.ncbi.nIm.nih.gov/entrez/query.fcgi?
cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15486303

8. Nieder A, Miller EK. A parieto-frontal network for visual numerical information in the monkey. Proc Natl
Acad Sci U S A. 2004; 101: 7457-7462. doi: 10.1073/pnas.0402239101 PMID: 15123797

9. Cantlon JF, Brannon EM. Shared system for ordering small and large numbers in monkeys and
humans. Psychol Sci. 2006; 17: 401—406. doi: 10.1111/1.1467-9280.2006.01719.x PMID: 16683927

10. Halberda J, Feigenson L. Developmental change in the acuity of the “Number Sense”: The Approxi-
mate Number System in 3-, 4-, 5-, and 6-year-olds and adults. Dev Psychol. 2008; 44: 1457—65. doi:
10.1037/a0012682 PMID: 18793076

11. Mazzocco MMM, Feigenson L, Halberda J. Preschoolers’ Precision of the Approximate Number Sys-
tem Predicts Later School Mathematics Performance. Santos L, editor. PLoS One. 2011; 6: e23749.
doi: 10.1371/journal.pone.0023749 PMID: 21935362

12. Libertus ME, Feigenson L, Halberda J. Preschool acuity of the approximate number system correlates
with school math ability. Dev Sci. 2011; no—no. doi: 10.1111/].1467-7687.2011.01080.x

13. Piazza M, Facoetti A, Trussardi AN, Berteletti |, Conte S, Lucangeli D, et al. Developmental trajectory of
number acuity reveals a severe impairment in developmental dyscalculia. Cognition. Elsevier; 2010;

14. Price GR, Holloway ID, Rasanen P, Vesterinen M, Ansari D. Impaired parietal magnitude processing in
developmental dyscalculia. Curr Biol. Elsevier; 2007; 17: 1042—1043. doi: 10.1016/j.cub.2007.10.013

15. Rykhlevskaia E, Uddin LQ, Kondos L, Menon V. Neuroanatomical correlates of developmental dyscal-
culia: combined evidence from morphometry and tractography. Front Hum Neurosci. 2009; 3: 51. doi:
10.3389/neuro.09.051.2009 PMID: 20046827

PLOS ONE | DOI:10.1371/journal.pone.0148981 February 9, 2016 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148981.s001
http://nces.ed.gov/pubs2014/2014008.pdf
http://nces.ed.gov/pubs2014/2014008.pdf
http://www.ncbi.nlm.nih.gov/pubmed/21227212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=15486303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=15486303
http://dx.doi.org/10.1073/pnas.0402239101
http://www.ncbi.nlm.nih.gov/pubmed/15123797
http://dx.doi.org/10.1111/j.1467-9280.2006.01719.x
http://www.ncbi.nlm.nih.gov/pubmed/16683927
http://dx.doi.org/10.1037/a0012682
http://www.ncbi.nlm.nih.gov/pubmed/18793076
http://dx.doi.org/10.1371/journal.pone.0023749
http://www.ncbi.nlm.nih.gov/pubmed/21935362
http://dx.doi.org/10.1111/j.1467-7687.2011.01080.x
http://dx.doi.org/10.1016/j.cub.2007.10.013
http://dx.doi.org/10.3389/neuro.09.051.2009
http://www.ncbi.nlm.nih.gov/pubmed/20046827

@’PLOS ‘ ONE

The Mediating Relation between Symbolic and Nonsymbolic Foundations of Math Competence

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mundy E, Gilmore CK. Children’s mapping between symbolic and nonsymbolic representations of num-
ber. J Exp Child Psychol. Elsevier Inc.; 2009; 103: 490-502. doi: 10.1016/j.jecp.2009.02.003 PMID:
19327782

Price GR, Palmer D, Battista C, Ansari D. Nonsymbolic numerical magnitude comparison: reliability
and validity of different task variants and outcome measures, and their relationship to arithmetic
achievement in adults. Acta Psychol (Amst). Elsevier B.V.; 2012; 140: 50-7. doi: 10.1016/j.actpsy.
2012.02.008

Fuhs MW, McNeil NM. ANS acuity and mathematics ability in preschoolers from low-income homes:
contributions of inhibitory control. Dev Sci. 2013; 16: 136—48. doi: 10.1111/desc.12013 PMID:
23278935

Holloway ID, Ansari D. Mapping numerical magnitudes onto symbols: the numerical distance effect and
individual differences in children’s mathematics achievement. J Exp Child Psychol. Elsevier; 2009;
103: 17-29. doi: 10.1016/j.jecp.2008.04.001 PMID: 18513738

Sasanguie D, De Smedt B, Defever E, Reynvoet B. Association between basic numerical abilities and
mathematics achievement. Br J Dev Psychol. 2012; 30: 344-57. doi: 10.1111/j.2044-835X.2011.
02048.x PMID: 22550952

Bugden S, Price GR, McLean DA, Ansari D. The role of the left intraparietal sulcus in the relationship
between symbolic number processing and children’s arithmetic competence. Dev Cogn Neurosci.
2012; 2: 448-57. doi: 10.1016/j.dcn.2012.04.001 PMID: 22591861

Bugden S, Ansari D. Individual differences in children’s mathematical competence are related to the
intentional but not automatic processing of Arabic numerals. Cognition. Elsevier B.V.; 2011; 118: 32—
44. doi: 10.1016/j.cognition.2010.09.005 PMID: 20970782

Jordan NC, Kaplan D, Ramineni C, Locuniak MN. Early Math Matters: Kindergarten Number Compe-
tence and Later Mathmetics Outcomes. Dev Psychol. 2009; 45: 850-867. doi: 10.1037/a0014939
PMID: 19413436

LeFevre J-A, Fast L, Skwarchuk S-L, Smith-Chant BL, Bisanz J, Kamawar D, et al. Pathways to mathe-
matics: longitudinal predictors of performance. Child Dev. 2010; 81: 1753-67. doi: 10.1111/j.1467-
8624.2010.01508.x PMID: 21077862

Schneider M, Beeres K, Coban L, Merz S, Schmidt SS, Stricker J, et al. Associations of Non-Symbolic
and Symbolic Numerical Magnitude Processing with Mathematical Competence: A Meta-analysis. Dev
Sci. doi: 10.1007/s13398-014-0173-7.2

De Smedt B, Noél M-P, Gilmore C, Ansari D. How do symbolic and non-symbolic numerical magnitude
processing skills relate to individual differences in children’s mathematical skills? A review of evidence
from brain and behavior. Trends Neurosci Educ. Elsevier; 2013; 2: 48-55. doi: 10.1016/j.tine.2013.06.

001

Chen Q, Li J. Association between individual differences in non-symbolic number acuity and math per-
formance: A meta-analysis. Acta Psychol (Amst). 2014; 148: 163—172. doi: 10.1016/j.actpsy.2014.01.
016

Fazio LK, Bailey DH, Thompson C a, Siegler RS. Relations of different types of numerical magnitude
representations to each other and to mathematics achievement. J Exp Child Psychol. Elsevier Inc.;
2014;123: 53-72. doi: 10.1016/j.jecp.2014.01.013 PMID: 24699178

Lyons IM, Beilock SL. Numerical ordering ability mediates the relation between number-sense and
arithmetic competence. Cognition. 2011; 121: 256-61. doi: 10.1016/j.cognition.2011.07.009 PMID:
21855058

van Marle K, Chu FW, Li Y, Geary DC. Acuity of the approximate number system and preschoolers’
quantitative development. Dev Sci. 2014; 1-14. doi: 10.1111/desc.12143 PMID: 24498980

Raghubar KP, Barnes M a., Hecht S a. Working memory and mathematics: A review of developmental,
individual difference, and cognitive approaches. Learn Individ Differ. Elsevier Inc.; 2010; 20: 110-122.
doi: 10.1016/j.lindif.2009.10.005

Dumontheil I, Klingberg T. Brain Activity during a Visuospatial Working Memory Task Predicts Arithmet-
ical Performance 2 Years Later. Cereb Cortex. 2011; doi: 10.1093/cercor/bhr175

Fuchs LS, Geary DC, Compton DL, Fuchs D, Schatschneider C, Hamlett CL, et al. Effects of First-
Grade Number Knowledge Tutoring With Contrasting Forms of Practice. J Educ Psychol. 2013; 105:
58-77. PMID: 24065865

Gilmore C, Attridge N, Inglis M. Measuring the approximate number system. Q J Exp Psychol (Hove).
2011; 64: 2099-109. doi: 10.1080/17470218.2011.574710

Inglis M, Gilmore C. Indexing the approximate number system. Acta Psychol (Amst). Elsevier B.V.;
2014; 145: 147-55. doi: 10.1016/j.actpsy.2013.11.009

PLOS ONE | DOI:10.1371/journal.pone.0148981

February 9, 2016 13/14


http://dx.doi.org/10.1016/j.jecp.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19327782
http://dx.doi.org/10.1016/j.actpsy.2012.02.008
http://dx.doi.org/10.1016/j.actpsy.2012.02.008
http://dx.doi.org/10.1111/desc.12013
http://www.ncbi.nlm.nih.gov/pubmed/23278935
http://dx.doi.org/10.1016/j.jecp.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18513738
http://dx.doi.org/10.1111/j.2044-835X.2011.02048.x
http://dx.doi.org/10.1111/j.2044-835X.2011.02048.x
http://www.ncbi.nlm.nih.gov/pubmed/22550952
http://dx.doi.org/10.1016/j.dcn.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22591861
http://dx.doi.org/10.1016/j.cognition.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20970782
http://dx.doi.org/10.1037/a0014939
http://www.ncbi.nlm.nih.gov/pubmed/19413436
http://dx.doi.org/10.1111/j.1467-8624.2010.01508.x
http://dx.doi.org/10.1111/j.1467-8624.2010.01508.x
http://www.ncbi.nlm.nih.gov/pubmed/21077862
http://dx.doi.org/10.1007/s13398-014-0173-7.2
http://dx.doi.org/10.1016/j.tine.2013.06.001
http://dx.doi.org/10.1016/j.tine.2013.06.001
http://dx.doi.org/10.1016/j.actpsy.2014.01.016
http://dx.doi.org/10.1016/j.actpsy.2014.01.016
http://dx.doi.org/10.1016/j.jecp.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24699178
http://dx.doi.org/10.1016/j.cognition.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/21855058
http://dx.doi.org/10.1111/desc.12143
http://www.ncbi.nlm.nih.gov/pubmed/24498980
http://dx.doi.org/10.1016/j.lindif.2009.10.005
http://dx.doi.org/10.1093/cercor/bhr175
http://www.ncbi.nlm.nih.gov/pubmed/24065865
http://dx.doi.org/10.1080/17470218.2011.574710
http://dx.doi.org/10.1016/j.actpsy.2013.11.009

@’PLOS ‘ ONE

The Mediating Relation between Symbolic and Nonsymbolic Foundations of Math Competence

36.

37.

38.

39.

40.

41.
42.

43.
44,

45.

46.

47.

Connolly AJ. Test Review. J Psychoeduc Assess. 2011; 29: 94-97. Available: hitps://www.academia.
edu/6288854/Test_Review_A._J._Connolly_KeyMath-3_Diagnostic_Assessment

Lyons IM, Price GR, Vaessen A, Blomert L, Ansari D. Numerical predictors of arithmetic success in
grades 1-6. Dev Sci. 2014; 1-13. doi: 10.1111/desc.12152

Halberda J, Mazzocco MMM, Feigenson L. Individual differences in non-verbal number acuity correlate
with maths achievement. Nature. Nature Publishing Group; 2008; 455: 665—668. doi: 10.1038/
nature07246 PMID: 18776888

Starkey P, Cooper RG. Perception of numbers by human infants. Science (80-). 1980; 210: 1033—
1035.

Lipton JS, Spelke ES. Discrimination of Large and Small Numerosities by Human Infants. Infancy.
2004; 5: 271-290. doi: 10.1207/s15327078in0503_2

Xu F, Spelke ES, Goddard S. Number sense in human infants. Dev Sci. 2005; i: 88—101.

Wynn K. Children’s acquisition of the number words and the counting system. Elsevier; 1992;24: 220—
251.

Wynn K. Children’s Understanding of Counting. Cognition. 1990; 36: 155—193. PMID: 2225756

Ashcraft MH. The development of mental arithmetic: A chronometric approach. Dev Rev. 1982; 2: 213—
236. doi: 10.1016/0273-2297(82)90012-0

Mussolin C, Nys J, Leybaert J, Content A. How approximate and exact number skills are related to
each other across development: A review . Dev Rev. 2015; 1-15.

Piazza M, Pica P, Izard V, Spelke ES, Dehaene S. Education enhances the acuity of the nonverbal
approximate number system. Psychol Sci. 2013; 24: 1037—43. doi: 10.1177/0956797612464057
PMID: 23625879

Gilmore C, Attridge N, Clayton S, Cragg L, Johnson S, Marlow N, et al. Individual Differences in Inhibi-
tory Control, Not Non-Verbal Number Acuity, Correlate with Mathematics Achievement. PLoS One.
2013; 8: 1-9. doi: 10.1371/journal.pone.0067374

PLOS ONE | DOI:10.1371/journal.pone.0148981

February 9, 2016 14/14


https://www.academia.edu/6288854/Test_Review_A._J._Connolly_KeyMath-3_Diagnostic_Assessment
https://www.academia.edu/6288854/Test_Review_A._J._Connolly_KeyMath-3_Diagnostic_Assessment
http://dx.doi.org/10.1111/desc.12152
http://dx.doi.org/10.1038/nature07246
http://dx.doi.org/10.1038/nature07246
http://www.ncbi.nlm.nih.gov/pubmed/18776888
http://dx.doi.org/10.1207/s15327078in0503_2
http://www.ncbi.nlm.nih.gov/pubmed/2225756
http://dx.doi.org/10.1016/0273-2297(82)90012-0
http://dx.doi.org/10.1177/0956797612464057
http://www.ncbi.nlm.nih.gov/pubmed/23625879
http://dx.doi.org/10.1371/journal.pone.0067374

