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Math and reading are related, and math problems are often accompanied by problems
in reading. In the present study, we used a dimensional approach and we aimed to
assess the relationship of reading and math with the cognitive skills assumed to underlie
the development of math. The sample included 97 children from 4th and 5th grades
of a primary school. Children were administered measures of reading and math, non-
verbal 1Q, and various underlying cognitive abilities of math (counting, number sense,
and number system knowledge). We also included measures of phonological awareness
and working memory (WM). Two approaches were undertaken to elucidate the relations
of the cognitive skills with math and reading. In the first approach, we examined the
unique contributions of math and reading ability, as well as their interaction, to each
cognitive ability. In the second approach, the cognitive abilities were taken to predict
math and reading. Results from the first set of analyses showed specific effects of math
on number sense and number system knowledge, whereas counting was affected by
both math and reading. No math-by-reading interactions were observed. In contrast,
for phonological awareness, an interaction of math and reading was found. Lower
performing children on both math and reading performed disproportionately lower.
Results with respect to the second approach confirmed the specific relation of counting,
number sense, and number system knowledge to math and the relation of counting to
reading but added that each math-related marker contributed independently to math.
Following this approach, no unique effects of phonological awareness on math and
reading were found. In all, the results show that math is specifically related to counting,
number sense, and number system knowledge. The results also highlight what each
approach can contribute to an understanding of the relations of the various cognitive
correlates with reading and math.

Keywords: math, reading, working memory, approximate number system, phonological awareness

INTRODUCTION

The Triple Code Model (Dehaene, 1992, 1997) suggests that numbers are expressed in three
different codes that are at the base of our ability to count and process numerosity. They have distinct
functional neuroarchitectures and are related to performance on particular tasks (Van Harskamp
and Cipolotti, 2001). The first one is a verbal code, connected to the linguistic system, that is used
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to recover well-learned arithmetic facts using memory, such
as simple addition and multiplication tables (Gonzdlez and
Kolers, 1982). The second one is a visual code that represents
and spatially manages numbers in Arabic format (Ashcraft and
Stazyk, 1981; Dahmen et al., 1982; Dehaene and Cohen, 1991;
Weddell and Davidoft, 1991). Finally, the third code is the
analog magnitude representation, which gives a representation
of analogical quantity on a mental number line (approximate
calculation and magnitude comparison) (Chochon et al., 1999;
Spelke and Dehaene, 1999). According to this model, the verbal
code is used in particular for counting, addition, and easy
multiplication, while approximate calculation and comparison
are sustained more by the non-verbal codes.

From a developmental perspective, some studies proposed
that language is essential for the growth of numerical
competencies (Hauser et al., 2010), and mathematical language
was found to be a unique significant predictor of numeracy
performance (Purpura and Logan, 2015). There is also evidence
that the structure of the language system in which one grows
up shapes the development of numerical concepts. For example,
Chinese children have been found to have an advantage in
arithmetic tasks because in Chinese the base 10 number system is
transparently represented in the structure of the number words
(Geary et al., 1996). On the counterpart, speakers of Munduruku,
who lack words for numbers beyond 5, are able to compare and
add large approximate numbers, but they fail in exact arithmetic
for large numbers (Pica et al., 2004). Others, however, argue that
numerical competence, at least for some aspects, can develop
independently from linguistic skills (Landerl et al., 2004). Landerl
et al. (2004) support the theory that the number system is able
to develop independently from the language domain. However,
the relationship between linguistic and numerical skills is still
under debate as well as the role of domain general cognitive
markers as possible shared cognitive underpinning of reading
and math skills. In the present study, we addressed the issue of
the specificity of cognitive markers of math abilities and whether
reading ability might also affect numerical competencies.

It is known that math and reading skills are related (Cirino
et al., 2018; Koponen et al., 2020), and the co-occurrence of
reading and math disorders can be between 2.3% and 40% (Lewis
et al., 1994; Lander] and Moll, 2010; Moll et al., 2015; Koponen
etal., 2018). In a recent meta-analysis, Joyner and Wagner (2020)
reported that children with math disorders have a two times
greater chance of having reading disability. According to the
multiple deficit model (Pennington, 2006; McGrath et al., 2020),
the relationship between math and reading can be accounted
for by shared factors, which may act at different levels (genetics,
cognitive, and behavioral).

A first candidate shared cognitive factor underlying reading
and math is phonological processing, which might explain
problems with the verbal code. Many studies have found that
phonological processing difficulties predict early numeracy skills
(Bonifacci et al., 2016) and the emergence of mathematical
difficulties (Leather and Henry, 1994; Hecht et al, 2001;
Rasmussen and Bisanz, 2005) and suggest that phonological
awareness might be a shared underlying deficit of both disorders
(Slot et al., 2016). Rapid automatized naming (RAN) is another

important shared factor and is clearly distinct from phonological
awareness (e.g., de Jong and van der Leij, 1999; Kirby et al., 2010).
Naming speed has been found to explain a significant portion
of the common variance of reading and math (Geary, 2011;
Koponen et al., 2007, 2019, 2013; Fuchs et al., 2016; Balhinez
and Shaul, 2019) and, together with timed counting, the largest
amount of the overlap between the fluency of reading and math
(Koponen et al., 2007, 2020). Also, domain-general processes,
such as processing speed or working memory (WM), have been
proposed to account for the relationship between math and
reading as well as the comorbidity of math and reading problems
(Bull and Johnston, 1997; Willcutt et al., 2013). A meta-analysis
by Daucourt et al. (2020) suggested that domain-general risk
factors underlie the co-occurrence of reading and math to a
greater extent compared to the co-occurrence of reading and
ADHD. Also, the genetic correlation between reading and math
was higher than between reading and ADHD. In particular, there
is evidence that a weakness in verbal WM leads to difficulties in
storing and remembering arithmetic facts (Swanson and Sachse-
Lee, 2001; Koponen et al., 2007, 2013; Simmons and Singleton,
2008; Vanbinst et al.,, 2015). Whereas some authors suggested
that specific components of WM are related differentially to
mathematics (Wilson and Swanson, 2001; Simmons et al., 2012),
other studies note that the whole WM system is linked to
mathematical knowledge development (Simmons et al., 2008;
Zhang and Lin, 2015).

Two approaches have been used to enhance the understanding
of the cognitive factors that underlie the common and
specific aspects of reading and math. In one approach,
underlying cognitive deficits of reading and math disorders
are examined, with a particular emphasis on the shared
and distinct markers of comorbid conditions and single
deficits. In the other approach, underlying cognitive factors are
used to predict common and unique variance in individual
differences in reading and math in unselected samples.
Hereafter, we will discuss main evidence deriving from
the two approaches.

Studies on Cognitive Deficits Underlying
Reading and/or Math Disorders

The main aim of these studies is to examine the various deficits
that are characteristic of the single- and comorbid-deficit groups.
The results of these studies might have implications for the
diagnosis and treatment of disorders in reading (RD) and math
(MD). Of particular interest is whether the deficits of the
comorbid group, MD + RD, can be characterized as an additive
combination of the deficits found in the single MD and RD group.
From a methodological point of view, the disorder conditions
are dichotomous independent variables on which each deficit
variable is regressed as a function of the cognitive skill and
importantly both main effects of reading and math as well as their
interaction are tested. The test of the interaction effect reveals
whether the deficit in the comorbid group is an additive or non-
additive combination of the deficits in the single-deficit groups.
The approximate number system (ANS) has been
proposed as a specific deficit underlying math impairments
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(Butterworth and Laurillard, 2010; Piazza et al., 2010). ANS
involves an automatic, non-symbolic, approximate sense of
number that is available before the start of schooling, and
that survives beyond the lifespan. Others propose a deficit
in accessing numerosities from symbols (Noél and Rousselle,
2011; De Smedt et al., 2013). Schneider et al. (2017), in a
meta-analysis, found that symbolic magnitude comparison
skills were more strongly related to broader mathematical
competence, e.g., counting, arithmetic, or algebra, compared
to non-symbolic tasks. Within this view, symbolic numerical
magnitude processing is thought to be as important to arithmetic
development as phonological awareness is to reading (Vanbinst
et al.,, 2016), as also documented by studies on children with
math and reading disorder (MD-RD) (Landerl et al., 2004, 2009).

As said, a main issue is whether the two disorders and their
comorbid phenotype might have distinct or common causes.
Considering children with reading impairments, Simmons and
Singleton (2008) hypothesized a weakness in the verbal code and,
in particular, in recalling numerical facts. Indeed, several studies
reported that children with dyslexia are slow in calculation,
arithmetic fact retrieval, and, in particular, have difficulties with
multiplication (Simmons and Singleton, 2006; Boets and De
Smedt, 2010; De Smedt and Boets, 2010).

Most studies show that the MD + RD can be characterized
by an additive combination of the deficits found in the single
MD and RD group; this means that children with comorbid
MD and RD usually show a summation of symptoms from the
two disorders (e.g., phonological deficit and counting). van der
Sluis et al. (2004) found that MD-only children were impaired
in naming of digits and quantities, whereas RD-only children
were impaired in digit and letter naming. The MD-only group
also showed problems in executive functioning. The performance
of the group with double deficits could best be described as an
additive combination of the deficits underlying each disorder (see
for similar results Willburger et al., 2008). Also, Landerl et al.
(2009) found distinct cognitive profiles for RD and MD groups,
with weaknesses in phonological awareness for the first, deficits in
the processing of symbolic and non-symbolic magnitudes for the
second, and additive cognitive deficits for the RD + MD group.
Other studies (Cirino et al., 2007; Jordan et al., 2003) found that
the RD-only group outperformed the RD + MD and MD-only
group, with the latter groups showing a similar math profile.
Finally, Moll et al. (2015) examined deficits in the underlying
factors of reading and math. They found that factors underlying
numerical difficulties in children with RD were different from
the factors underlying numerical problems in children with MD.
Children with RD were impaired in phoneme awareness and in
RAN but not in simple reaction time (Bonifacci and Snowling,
2008). Furthermore, RD-only children performed more weakly
on all tasks tapping verbal number skills, but they had no
difficulty with either the non-symbolic number comparison or
in locating numbers on the number line. Their weaknesses were
particularly marked when numbers had to be transcoded. The
MD group, instead, showed deficits in processing numerosities
and in all math tasks. The cognitive profile of the RD + MD
group did not differ from the single-deficit groups in mathematics
and literacy skills but manifested a weaker performance than the

RD group in some language measures (phonological awareness
and verbal I1Q). Importantly, none of the RD-by-MD interactions
were significant, demonstrating again that the cognitive deficits
of the comorbid group were simply the sum of the deficits of the
single-disability group.

In summary, studies on cognitive deficits show that children
with math problems have deficits in the processing of numerosity,
both non-symbolic and symbolic, whereas children with a
reading disorder tend to have deficits in those math-related
abilities that require the use of the verbal code. Moreover, the
deficits in the comorbid group were mainly found to be an
additive effect of the deficits underlying each single disorder,
suggesting that each disorder has specific markers that concur in
comorbid conditions.

Studies on Shared and Distinct
Predictors of Reading and Math in
Typical Populations

The main aim in the studies with unselected samples has been
to examine the unique effects of a range of underlying cognitive
abilities on reading and math. Shared abilities, having an effect on
both reading and math, can account for their relation or overlap
(e.g., McGrath et al,, 2011; Koponen et al., 2020). Cognitive
abilities that are specifically related to either math or reading are
responsible for their differentiation. From a methodological point
of view, all variables in these studies are usually considered to be
continuous, and reading and math are simultaneously regressed
on all the cognitive abilities.

A range of studies has focused on the shared and specific
predictors of math and reading. In some of these studies, reading
and math were specified as indicators of a common latent
variable. In one of the first of this type of studies, Koponen
et al. (2007) showed that letter knowledge and counting ability
in kindergarten together with RAN in grade 4 predicted the
common variance of reading and math fluency. This study
did not include measures of number sense. In a more recent
longitudinal study by the same group (see also Koponen et al,,
2013, 2020), from first to second grade, the shared variance of
reading and math fluency was almost fully explained by serial
retrieval fluency, a latent variable which, in their structural
equation model, was formed by RAN and counting. Also,
phonological awareness, number comparison, and processing
speed were predictors of shared reading and math fluency.
Surprisingly, Koponen et al. (2020) did not find a specific
relation of number sense, number comparison, and number
writing with math. In an earlier longitudinal study from first
to third grade, Fuchs et al. (2016) also observed that RAN
had an effect on both reading and math skills, alongside with
attentive behavior, reasoning, and visuospatial memory, albeit
through retrieval measures. However, unlike Koponen et al.
(2020), Fuchs et al. also found distinct predictors for reading
(language, phonological memory, and RAN) and math (attentive
behavior, reasoning, and WM). In a cross-sectional study with
children from first to third grade, Balhinez and Shaul (2019)
showed that the common predictors of reading and math might
change over time. In particular, RAN was specific to math
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in first grade but predicted both reading and math fluency
in later grades, whereas WM predicted both abilities in first
and second grade but no longer in third grade. Finally, in
a recent study, Vanbinst et al. (2020) examined the common
and unique predictors of reading and math in kindergarten
children. Interestingly, they included a range of cognitive abilities
deemed to be specifically related to reading and math. Their
results showed that non-symbolic and symbolic magnitude
comparisons were unique predictors of math, whereas numeral
recognition and phonological awareness were related to both
reading and math. Similarly, Child et al. (2019) found in second
grade children that numerosity, tested through a non-symbolic
magnitude comparison task, was uniquely related to math,
whereas phonological awareness and WM were related to both
reading and math.

In summary, the studies adopting a continuous approach
suggest a number of candidate shared predictors of reading and
math, in particular phonological processing, RAN, counting, and
WM. In contrast, some studies suggest that symbolic and non-
symbolic number processing skills are unique predictors of math
skills. However, most of these studies were conducted on young
children, mainly from the end of the preschool to the first years of
primary school. Little is known on the relations of the cognitive
correlates of math with reading in older children who already
mastered the first stages of reading and math acquisition.

Present Study

In this study, we aimed to assess the relationship of reading
and math with the cognitive skills assumed to underlie the
development of math. We hypothesized that tasks related to the
number sense domain would be related only to math and not to
reading. In addition, we expected that cognitive skills related to
the phonological domain (phonological awareness) and domain-
general abilities, in particular WM, would be related to both
math and reading.

We used both approaches mentioned above to examine
these relationships. In the cognitive deficit approach, our main
question was whether the effects of math and reading on
the various cognitive correlates were additive or, alternatively,
whether the combination of skills in reading and math had
additional positive or negative effects on the performance of the
cognitive skills presumed to underlie the development of math.

Previous studies on the relations of math and reading with
underlying cognitive skills have adopted a design with four
groups: two single (MD and RD) and a double (MD + RD)
deficit group and one group of typically developing children.
The analysis of the data in such a design is straightforward:
(multivariate) analysis of variance to examine the main effects
of RD (yes or no) and MD (yes or no) and the MD-by-RD
interaction effect. In principle, this means that each cognitive skill
is regressed on three independent variables: the RD factor, the
MD factor, and a factor for the RD-by-MD interaction. However,
the deficit groups in such a design are the result of cut-offs
on math and reading ability, which are generally considered
as continuously distributed abilities. Such cut-offs are always
somewhat arbitrary, and the outcomes of the study might be
affected by the chosen cut-off (e.g., Landerl and Moll, 2010).

Moreover, the use of extreme groups requires extensive screening,
and it is therefore not very efficient. In this study, we adopted a
continuous perspective, but following the approach in previous
studies with various deficit groups, we examined the effects
of reading and math skills as well as their interaction on the
cognitive skills believed to underlie math development.

In the second approach, the cognitive abilities were used
to predict math and reading ability. One question here was
whether the various cognitive abilities contribute independently
to individual differences in math and reading ability. A further
question was whether the cognitive abilities are uniquely
related to math and reading or related to what math and
reading have in common.

The study was conducted with Italian fourth- and fifth-
grade children. We administered measures of reading and
arithmetic, non-verbal IQ, and various underlying cognitive
abilities of arithmetic (counting, number sense, and number
system knowledge). We also included measures of WM and
phonological ability.

MATERIALS AND METHODS

Participants
The sample consisted of 97 children (mean age = 9.8, SD = 0.6,
55.7% females), attending the 4th (57 children) and the 5th (40
children) grades of primary school, selected from five classes.

Participants were selected from schools in suburban areas in
the north of Italy. From an initial sample of 126 children, we
included in the study only participants with a complete dataset
collected (29 children were excluded). All the remaining children
met the following inclusion criteria: intellectual functioning
within the normal range (>70 standard score), as measured
through the matrix task of the Kaufman Brief Intelligence Test
(KBIT-2, Kaufman and Kaufman, 2014; Bonifacci and Nori,
2016) and the absence of neurological impairment, sensory
deficits, and neurodevelopmental disorders. Families were from
a low to high socio-economic status (6.8% low, 23% medium-
low, 43.2% medium, 23% medium-high, and 4% high), measured
through the Hollingshead Four-Factor Index.

Parents provided written informed consent prior to the
experiment. The Ethical Committee of the University of Bologna
approved the study design.

Measures

Children were administered tests assessing intellectual
functioning, formal math skills, and reading tasks. A detailed
description of the task is detailed below.

Non-verbal IQ

Children were administered the Matrices subtest of K-BIT 2
(Kaufman and Kaufman, 2014; Bonifacci and Nori, 2016). The
test is a measure of non-verbal IQ. Depending on the age range,
children were shown pictures (starting from one up to a matrix
of 12 elements) and they were asked to choose among five to
six images the one that best fitted with the target picture. For
example, on top, there might be a picture of rain associated with
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an umbrella and the sun associated with a question mark and
then pictures below that include gloves, socks, sunglasses, and
shoes. The correct answer is that the sun goes with sunglasses.
There are different starting points based on the participants
age, and the task stops after four consecutive wrong responses.
There are 46 items; a score of 1 is given for each correct answer
and the maximum score is 46. Split-half reliability coefficient in
developmental age (4-18 years) was 0.87.

Working Memory

Children were administered the digit span task (forward and
backward) sequencing test (memory) of the subtest of the WISC-
IV (Wechsler, 2003; Italian adaptation, Orsini et al., 2012).
Children were required to repeat forward and backward series
of numbers of increasing length. The task was stopped after two
failures on a series of the same length. The score is the number
of digits’ series that they can repeat correctly. The maximum
score is 16 for the forward and 16 for the backward. The test-
retest reliability was 0.79 for digits forwards and 0.74 for digits
backward (Orsini et al., 2012). We added the scores of the forward
and backward span into one score for WM.

Phonological Awareness

Children were administered the phonological processing, a
subtest of the NEPSY-II battery (Korkman et al, 2007).
Phonological processing is designed to assess phonological
awareness through different tasks, with different starting points
according to participants’ age. The task starts with syllables
blending [Me-la — Mela (apple)], then with recognition of
syllables within different words [e.g., which words contain the
sound “aci” — “Bacio” (kiss)]. For age 9-11, tasks of elision
of syllables within a word (say “stop” but without “p”) or by
substituting one phoneme in a word with another (say “roba”
with “s” instead of “b”) were administered. There are 53 items and
the maximum score is 53. Reliability scores are not reported in the
Italian test manual, but a good internal reliability (r > 0.80) and
test-retest reliability = 0.78 were reported in the original manual
(Brooks et al., 2009).

Mathematical Knowledge

The BDE-2 (Biancardi et al., 2016), developmental dyscalculia
battery, was administered. The BDE-2 is composed of nine tests
plus three optional tests (of which only “repetition of numbers”
was administered) for the fourth and fifth primary classes. We
performed Cronbach’s alpha and factorial analysis to test the
internal consistency, and for the purpose of the present study,
tasks were grouped in four main areas: counting, number sense
knowledge, number system knowledge, and math.

Counting

In this task, the examiner asks the children to count aloud from 80
to 140 and records the time. Then, the experimenter asks the child
to count backward from 140. The time given to do so is the time
that the child needed to count forward from 80 up to 140. The
score is the total of numbers the child said correctly backward
within the allotted time.

Number Sense

This was evaluated using two different subtests: triplets and
insertion. On the triplet task, children have 2 min to indicate
on a paper record form the largest number in 18 sets of three
numbers (e.g., 30,100, 31,000, and 30,009). The score is the total
number of answers they give correctly in 2 min. The maximum
score is 18. On the insertion task, children have 2 min to place a
target number at the correct place in a series of three numbers
arranged in ascending order. For example, they have to put
on a paper record form the number 10 in the correct position
between the numbers 5, 8, and 15. The number of items is 18.
The score is the total number of correct items done in 2 min.
The maximum score is 18. Cronbach’s alpha based on the two
scales was 0.64.

Number System Knowledge

This task was evaluated using three different subtests: number
reading, number writing, and repetition of number. In the
number reading task children have 1 min to read aloud a
list of numbers of increasing difficulty (three to six digits).
The score is the total number of Digits they read correctly.
Number writing and repetition give two scores. First, the child
has to repeat the number (repetition of numbers), and then,
the child has to write the number (number writing). There
are 18 numbers, among which there are numbers with the
0 (e.g., 807 or 5,010) and numbers with 4, 5, and 6 digits
(e.g., 27,463 or 346,879). A score of 1 is given for each
number that the child repeats (repetition score) or writes
(writing score) correctly. The maximum score for both scales
is 18. Each of the three scores was converted to a z-score.
Then, the three scores were added to obtain one score for
number system knowledge. Cronbach’s alpha based on the three
scales was 0.78.

Math and Reading Ability

Standard tests for math and reading fluency were administered.

Math

This task was evaluated using four subtests of the BDE-2
(Biancardi et al., 2016) referred to the calculation ability and
speed: multiplication, mental calculation, quick calculation, and
approximate calculation. Multiplication—the examiner reads 18
items in random order (e.g., 3 x 4, 7 x 9...). Children have
3 s to give an answer to each operation. The score is the total
number of answers they give correctly within 3 s. The maximum
score is 18. Mental calculation—the examiner reads 18 operations
(nine additions and nine subtractions), and children have 30 s
to answer each operation with the correct result. The score is
the total of answers they give correctly. The maximum score is
18. Quick calculation—children have 2 min to write the correct
results of as many mixed operations as possible (additions,
subtractions, multiplications, and divisions) up to a maximum
of 40. The score is the total of answers they give correctly in
2 min. Approximate calculation—children have 2 min to indicate
the correct result of 18 operations, indicating it from the four
options. For example, the operation is 75:5 and they have to
choose between 80, 375, 15, and 5. The score is the total of
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answers they give correctly in 2 min. The maximum score is
18. Cronbach’s alpha of the sum score, calculated over the four
tests, was 0.79.

Reading

The reading materials were two texts taken from the MT reading
test, the Italian battery used to assess text reading speed and
accuracy (Cornoldi et al., 2017). Children were required to read
as fast and accurate as possible, and reading comprehension was
not tested. The texts were different for the two different grades of
primary school. The text used to assess children from the fourth
grade of elementary school has 141 words, while that for children
from the fifth grade has 236 words. For the purpose of the present
study, we calculated reading fluency, that is, the number of words
read aloud correctly in 1 min. Then, we compute the z-score
within each grade using the reading fluency in order to have a
unique score of this variable by grade. The test manual reports
reliability coefficients between 0.75 and 0.87 for accuracy scores
and between 0.94 and 0.97 for reading speed.

RESULTS

Descriptive Statistics

We considered scores with a mean of more than 3.3 standard
deviations from the grade mean as outliers. There were eight of
such scores, three in fourth and five in fifth grade. Each outlier
score belonged to a different child. There were three children with
very low scores on number sense and two on number system
knowledge. Three children had very high scores on math or
reading fluency. All outliers were coded as missing.

Descriptive statistics for the children’s variables, separated by
grade, are reported in Table 1.

Next, we computed the correlations among the variables.
To control for grade, we computed within-grade standardized
scores. Then, the eight missing scores, less than 1% of the total
number of data points, were estimated using the EM method
in SPSS. Correlations among the variables for the full sample,
controlling for grade, are reported in Table 2.

As expected, the correlation between phonological awareness
and WM was substantial [#(95) = 0.521, p < 0.01]. Also, a high
correlation was found between counting and number system
knowledge [r(95) = 0.545, p < 0.01]. Of most interest were the
correlations of the cognitive skills with math and reading. As
expected, the relations of math with its underlying cognitive
skills, counting, number sense, and number system knowledge,
were highly significant [all 7(95) > 0.5, p < 0.01). We found
moderate relations of reading with counting [r(95) = 0.418,
p < 0.01] and number system knowledge [r(95) = 0.315,
p < 0.05], whereas its correlation with number sense was
not significant.

Prediction of Cognitive Abilities From
Math and Reading

In this approach, we conducted regression analyses on the within-
grade standardized scores to examine the unique contributions
of arithmetic and reading ability, as well as their interaction, in
the prediction of phonological awareness, WM, and the cognitive
correlates of math. Note that in these analyses, reading, math,
and the interaction of reading and math were the independent
variables, although this does not imply that they act causally. In
these analyses, we controlled for IQ. The results of the analyses
are presented in Table 3.

We found an effect of math on phonological awareness. The
effect of reading just missed significance (p = 0.085). We also
found an interaction effect of math by reading. For a better
understanding of the interaction effect, we formed groups of
lower (score below the mean) and higher (score above the mean)
performing children in math and reading. Cross classification
of math (below or above average) and reading (below or above
average) resulted in four groups. The mean scores of these groups
are displayed in Figure 1.

The figure clearly shows that the lower performing children on
both math and reading obtained a disproportionately lower score
in phonological awareness.

Unexpectedly, we found no significant effects of reading or
math on WM. Separate analyses for forward and backward
memory span gave similar results.

TABLE 1 | Descriptive statistics for grade 4 and grade 5.

Grade 4 Grade 5

Max Mean SD Skew Kurt Mean SD Skew Kurt
Age (years) 9.52 0.48 0.07 —2.06 10.24 0.45 0.47 0.97
General cognitive ability (n correct items) 46 28.61 6.72 —0.03 0.50 31.48 6.63 —0.59 -0.62
Phonological awareness (n correct items) 53 46.44 3.19 —0.58 —0.01 47.65 3.28 -0.70 —0.28
Working memory (n correct items) 32 14.00 1.91 0.53 —0.26 15.03 2.79 0.31 —0.51
Counting a -0.27 1.69 0.26 0.81 0.38 2.02 —0.02 —0.47
Number sense a —0.07 1.37 —0.86 0.68 0.57 1.22 —1.04 0.68
Number system knowledge a —0.81 212 —0.53 0.05 1.57 1.97 —1.42 1.98
Math (n correct items) 94 50.17 12.21 0.80 1.71 67.97 14.45 —0.44 —1.00
Reading (words per minute) 141/236 85.34 21.16 0.62 -0.21 11417 28.43 -0.27 0.45

Means for reading fluency cannot be compared between grades because different (grade-appropriate) texts were used to assess words read per minute.

az-scores over grades.
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TABLE 2 | Pooled within-grade correlations among the variables.

Measure 1 2 3 4 5 6 7
General cognitive ability

Phonological awareness 0.310*

Working memory 0.229* 0.521**

Counting 0.268** 0.431** 0.193

Number sense 0.402** 0.269* 0.174 0.276*

Number system knowledge 0.241* 0.547** 0.353** 0.545* 0.310*

Math 0.322** 0.459** 0.183 0.622** 0.515** 0.629**

Reading 0.149 0.304* 0.104 0.418* 0.193 0.315* 0.310*

*n < 0.01. **p < 0.001.

The results with respect to the math-related cognitive skills
were clear. Math was uniquely related to number sense and
number system knowledge, whereas reading did not make
a significant contribution. For counting, however, both math
and reading made an independent contribution. The effect
of math was about twice as large as the effect for reading.
There were no math-by-reading interactions on the math-related
cognitive skills.

Prediction of Math and Reading by the
Cognitive Abilities
In this approach, we also used the within-grade standardized
scores, but now, we regressed math and reading ability on the
cognitive abilities. In these analyses, we also controlled for IQ
but omitted WM as we did not find any relationships with math
and reading in the previous analyses. To examine the specific
contributions of the cognitive abilities, we also conducted a set of
regression analyses in which we controlled for reading ability in
predicting math and for math in predicting reading. The results
are reported in Table 4.

The main results of these analyses were that counting made
a specific contribution to both reading and math. Number sense
and number system knowledge were specifically related to math.
In addition to our previous analysis in which each cognitive skill
was regressed on reading and math (see Table 3), this approach
revealed that counting, number sense, and number system
knowledge made independent, that is, unique contributions to
math. These analyses also show that phonological awareness did
not describe independent variance in reading and math, although

TABLE 3 | Results of the regression analyses predicting the cognitive abilities from
math, reading, and the interaction of math and reading: standardized regression
coefficients and R?.

Predictor PA WM Count NS NSK
Q 0.189* 0.195% 0.054 0.263** 0.041
Math 0.365** 0.116 0.520** 0.423** 0.582**
Reading 0.161* 0.038 0.249** 0.023 0.128
Math by reading ~ —0.176* —0.073 0.076 0.000 —0.056
R? 0.297 —0.073 0.452 0.328 0.416

PA, phonological awareness,; WM, working memory; Count, counting; NS, number
sense; NSK, number system knowledge.
*p <0.10. *p < 0.05. **p < 0.01.

its correlation with both academic abilities was significant (see
Table 2).

DISCUSSION

We examined the relationship of various proximal markers of
math development with the common and unique aspects of math
and reading. We also investigated the relations of math and
reading with a domain-general ability, WM, and phonological
awareness, a cognitive skill generally associated with reading
development (e.g., Landerl et al., 2019). Unlike previous studies,
we used two approaches to elucidate these relationships. The
first is the deficit approach but here with math and reading as
continuous predictors. Although in the present study we actually
did not consider children with deficits, we kept the same term
in continuity with previous research. In the other approach,
regularly used in unselected samples, the cognitive abilities were
taken to predict math and reading.

We considered counting, number sense, and number
system knowledge as cognitive markers of math. As
expected, all markers were moderately to highly related to
math ability. Two math-related cognitive skills were also
related to reading, that is, counting and number system
knowledge, although their relationship with reading was
lower than with math.

Next, we conducted two types of regression analyses. In the
first type of analysis, the “deficit” approach, each cognitive skill
was regressed on math and reading as well as their interaction.
The outcomes denote the unique relations of math and reading
with each math-related cognitive skill. We found here that the
relation of number system knowledge with reading was no
longer significant when math was included in the regression
model. Thus, number system knowledge and number sense
both had a specific relation with math, but not with reading.
In contrast, counting had a unique relation with both reading
and math. Finally, in the analyses on the cognitive markers of
math, none of the math-by-reading interactions were significant.
Thus, our continuous approach in this respect led essentially
to the same results as studies that used a categorical approach,
including groups that were weak in math, reading, or both (e.g.,
Moll et al., 2015).

In the second type of analysis, reading and math were
regressed on the cognitive markers of math together with
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FIGURE 1 | Interaction of math and reading for groups of lower and higher scoring children. Error bars: 95% confidence interval (Cl).

High

phonological awareness. The results here showed that all
cognitive markers were independently related to math,
even when reading was controlled. Counting was the only
math-related skill that was also associated with reading.
In all, both types of analyses clearly suggest that math is
specifically related to counting, number sense, and number
system knowledge. The second set of analyses adds here
that each of these cognitive skills is independently related to
math. Counting was found to be specifically related to both
math and reading.

The specific relation of number sense to math seems
understandable and aligns with previous findings in younger
children (Child et al., 2019; Vanbinst et al., 2020). Following
the Triple Code Model (Dehaene, 1992, 1997), number sense
does not involve any verbal code and heavily taps numerosity
and, in this study, particularly the representation of the number
line. The finding seems in accordance with proposals to
regard number sense as the prime characteristic of a math

TABLE 4 | Results of regression analyses predicting reading and math from
underlying cognitive abilities: standardized regression coefficients and R2.

Math Math Reading Reading
Reading/math - —0.010 - —0.020
Q 0.017 0.017 -0.012 -0.012
PA 0.053 0.055 0.122 0.123
Count 0.337** 0.340** 0.320* 0.327*
NS 0.302** 0.302** 0.059 0.065
NSK 0.319** 0.320** 0.059 0.065
R? 0.595 0.596 0.199 0.199

PA, phonological awareness; Count, counting; NS, number sense; NSK, number
system knowledge. *p < 0.05. *p < 0.01.

disorder (e.g., Piazza et al., 2010). Some authors suggested that
number system knowledge might be a meaningful mediator of
the relationship between approximate number system (ANS)
skills and math competence (van Marle et al, 2014; Chu
et al,, 2015). Although it requires verbal skills, it might be
cognitively conceptualized as a bridge function that, starting
from basic ANS skills, allows to achieve higher order math
competencies such as representing large quantities precisely
and also facilitating the acquisition and storage of complex
relations between numbers, more efficiently and precisely than
does the ANS alone (Peng et al, 2017). However, note that
other studies showed the selective contribution of transcoding
to math performance over and above ANS skills (Gobel et al.,
2014; Habermann et al., 2020). As expected, counting was
specifically related to both math and reading. This finding is
in line with the results reported in previous studies (e.g., Moll
etal., 2015; Koponen et al,, 2018). Counting requires, as reading,
the activation of verbal labels and, as reading, is related to
phonological awareness.

The results with respect to phonological awareness were less
clear. As in previous studies, both math and reading, although
the latter just missed significance, contributed to phonological
awareness (Child et al., 2019). But, in this study, we found
an interaction effect of math and reading. The effect of math
became stronger when reading abilities decreased. In the group
of relatively weak readers (below the mean in the sample), those
who also had relatively low math skills had the worst performance
in phonological awareness. Children with weak reading skills
and good math skills had relatively spared phonological skills.
These results are in line with previous findings that phonological
processes might be important in some aspects of arithmetic
skills and, particularly, for the comorbidity of math and reading
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disorders (Cirino et al., 2015; Slot et al., 2016). In the present
study, phonological awareness might be viewed as a marker of
the interaction of math and reading when these abilities are
observed in a dimensional and continuous perspective. However,
in the other type of regression analyses, phonological awareness
did not contribute in the prediction of reading or math (see
Table 4). Especially, the relation with math was fully captured by
the math-specific cognitive markers, which also shared variance
with phonological awareness. These results suggest that the role
of phonological awareness may fade when stronger predictors
of reading and math are considered in the regression model.
Similarly, Koponen et al. (2020) found that the contribution
of PA to the shared variance in reading and math was only
very moderate; when RAN and counting were included in the
prediction, they accounted for a higher amount of variance.
Opverall, however, it was striking that phonological awareness was
hardly related to reading and even higher with math. A difference
with earlier studies is that the current study involved older
children. Especially in a transparent orthography like Italian,
phonological awareness seems less relevant for reading in older
children and thereby the relationship between these abilities
might decrease (e.g., Landerl and Wimmer, 2000; de Jong and
Van der Leij, 2003; Brizzolara et al., 2006). Another reason for the
rather low relation between phonological awareness and reading
could be that the measure of reading in this study concerned
text reading and not the reading of a list of unrelated words.
Finally, it might be that the phonological awareness task used
was not sufficiently hard, as children’s performance was generally
high (88% and 90% correct in grades 4 and 5, respectively),
although not at ceiling, suggesting that there was relatively little
variation on this task.

Somewhat to our surprise, we did not find relations of
math and reading with WM. Also, relations were absent when
memory span forward, usually more related to reading, and
memory span backward, involving more executive functioning,
were considered separately. It is not entirely clear why effects of
reading and math on WM were not found. Possibly, the particular
tasks used to assess math, mainly very simple calculations, and
reading, texts, did not very heavily depend on WM. The absence
of a relationship between WM and reading might be interpreted
in the light of the debate as to whether phonological WM is
a direct predictor of reading skills or, rather, involves access
to representations that underlie phonological awareness tasks
(Melby-Lervig et al, 2012). Concerning math, many studies
evidenced a primary role of the visuo-spatial WM component
(Simmons et al., 2012; Zhang and Lin, 2015), and therefore,
verbal WM might play a minor role. Furthermore, WM tasks
and domain-general factors seem to be more strongly related to
complex math outcomes such as problem solving tasks (Swanson
and Beebe-Frankenberger, 2004; Fuchs et al.,, 2008, 2010) and
procedural computations (Fuchs et al., 2010). These results are in
line with previous evidence suggesting that domain-general skills
might act indirectly via more proximal predictors (Cirino et al.,
2018; Zoccolotti et al., 2020).

The present study has some limitations that could be
addressed in future investigations. First, a larger sample size
would have strengthened the generalizability of the findings.

More specific limitations are referred to the tasks adopted in
the study. The task used to assess ANS skills are not standard
ANS tasks as they involve, at least in part, transcoding skills
and number ordering. Symbolic order processing is related
to a certain degree to number sense (magnitude processing)
but does not completely overlap with it (Lyons et al., 2014;
Sasanguie et al., 2017; Sasanguie and Vos, 2018). We also have to
acknowledge that we did not include rapid automatized naming
(RAN), which is known to be an important common predictor
of reading and math. However, our main interest was in the
relation of reading ability to the cognitive markers of math
as derived from the Triple Code Model. There is already an
abundant number of studies to show the relation of RAN to
both math and reading. Finally, although we tested regression
models in order to understand different patterns of predictors,
we cannot infer causal relationships; longitudinal studies would
be necessary at this regard.

In sum, we used two approaches to examine the relationship
of reading ability with the main cognitive markers of math.
The main findings were that predicting each cognitive marker
from reading and math ability, we found that number sense
and number system knowledge were specifically related to math,
whereas counting was related to both math and reading. There
were no math-by-reading interactions. In the second approach,
all markers of math were used simultaneously to predict math
and reading, respectively. The results confirmed the previous
results on the relations of the various markers to reading and
math, but these analyses also showed that counting, number
sense, and number system knowledge independently contributed
to individual differences in math.

A potential implication of this study for research is that the
“deficit” approach can be adopted with the use of continuous
indicators of individual differences in math and reading. The
approach is fully compatible with the use of deficit groups,
and the results of the present study seem to be in line with
those of previous studies focusing on children with math and/or
reading disorders. Moreover, from an educational perspective, a
deficit approach might sometimes be too strict. Children with
low reading skills, although not in the clinical range, might
encounter subtle weaknesses also in the math domain and the
other way around. A more comprehensive awareness of shared
mechanisms underlying learning skills would allow to better
promote scholastic well-being and achievements.
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