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Converging evidence demonstrates a strong link between reading and mathematics: multiple 
cognitive processes are shared between reading and mathematics, including the representa-
tion and retrieval of symbolic information, attention, working memory, and cognitive control. 
Additionally, multiple brain networks are involved in both math and reading, and last, common 
genetic factors might influence both reading and math. 
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Hence, it comes as no surprise that there are meaningful associations between (aspects of) math 
and reading abilities. Moreover, comorbidity rates between math learning disabilities (MD) and 
reading disabilities (RD) are high (up to 66%) and prevalence rate of the comorbid condition 
is reported to be more common than the prevalence rate of isolated math learning disabilities. 

Accordingly, the goal of the research topic is to explore the underline mechanisms of this 
overlap between reading and math. The research topic aims to include the following topics: 

•	 Genetics	-	it	has	been	found	that	both	RD	and	MD	are	based	on	genetic	factors	and	run	in	
families. Moreover, math problem solving shares significant genetic overlap with general 
cognitive ability and reading decoding, whereas math fluency shares significant genetic overlap 
with reading fluency and general cognitive ability. 

Hence, this topic will explore the shared and unique genetic risk factors to RD and MD, In 
addition to shared and unique genetic influence on reading and math. 

•	 Neural	 perspective	 -	 converging	 evidence	 from	 both	 structural	 and	 multiple	 functional	
imaging studies, involving a wide range of numerical tasks, points to the intraparietal sulcus 
(IPS) as a core region that involve in quantity manipulation. However, several additional 
brain areas, such as frontoparietal and temporoparietal areas were found to be involved in 
numerical tasks. Individuals with MD show deficits in a distributed, set of brain regions that 
include the IPS, fusiform gyrus in posterior brain regions and pre frontal cortex regions. 
Similarly, converging evidence indicate that the left hemisphere regions centered in the 
fusiform gyrus, temporoparietal cortex, and pre frontal cortex regions are strongly involve 
in typical reading and present lower activity, connectivity or abnormal structure in RD. 
Thus, there is a meaningful neural overlap between reading and math. Hence, the authors 
can submit empirical studies on the role of several of brain regions that are involved in math 
and reading (commonality and diversity) both in the typical and a-typical development. 

•	 Cognitive	 factors	 that	 play	 role	 in	 mathematics	 and	 reading,	 and	 comorbidity	 between	
RD and MD - There is a long lasting debate whether MD and RD originate from unique 
cognitive mechanisms or not. Multiple cognitive processes are shared between reading and 
mathematics. Therefore, impairments in any one of domain-general skills could conceivably 
play an important role in both pure and comorbid conditions. Moreover, it has been suggested 
that phonological processing has a significant role in some aspects of numerical processing 
such as retrieval of arithmetical facts. 

•	 Education	-	it	will	be	interesting	to	look	at	the	effect	of	interventions	that	aim	to	improve	
reading (such as phonological awareness) and there transfer effect on improving mathematical 
processing. Alternatively, it will be good to test whether math interventions will improve 
reading.
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Editorial on the Research Topic

Associations between Reading and Mathematics: Genetic, Brain Imaging, Cognitive and

Educational Perspectives

Converging evidence demonstrates a strong link between reading and mathematics (LeFevre et al.,
2010; Purpura and Ganley, 2014). This research topic aimed to explore the underlying mechanisms
of this overlap between reading and mathematics. The empirical studies in this special issue cover
three important, although not independent, perspectives including the neurobiological, cognitive,
and educational perspectives.

Different aspects of numerical processing are represented in different brain regions. Specifically,
the bilateral intraparietal sulcus is assumed to host preverbal innate representations of numerical
quantity, whereas the left angular gyrus, in connection with other left-hemispheric perisylvian
areas, supports the manipulation of numbers lexically. The first representations are based on spatial
processes, and are independent from reading, but, the latter shares similar brain networks and
cognitive processes with reading (Dehaene, 1992).

In accordance, mathematics represents heterogeneous cognitive abilities and involves the use of
different strategies, which rely differentially on these nonverbal and verbal representations (LeFevre
et al., 2010). There are also individual differences in the tendency to use these representations and
these may also depend on environmental factors, such as socioeconomic status (SES). For example,
Demir-Lira et al. tested neural predictors of math gains (up to 3 years) by examining activations
in brain regions related to verbal numerical representations and spatial numerical representations.
This association was moderated by SES: Activity in verbal brain regions (left inferior frontal gyrus)
predicted math in children with high SES, while activity in spatial brain regions (superior parietal
lobe) predicted math in children with low SES.

Atypical development of mathematics and reading tends to co-occur (comorbidity) of
mathematics learning disabilities (MD) and reading disabilities (RD) is more common than the
prevalence of MD without RD (Von Aster and Shalev, 2007) It has been suggested that these two
conditions represent distinct subtypes of MD, i.e., MD-only vs. MD/RD, of which the latter may
depend on weaknesses in the verbal code shared with reading (Ashkenazi et al., 2013; Szűcs, 2016).
In line with this hypothesis, Slot et al. reported that phonological awareness influenced both math
and literacy, and was a shared risk factor for MD, RD and spelling disabilities. On the other hand,
Evans and Ullman, suggest that this common mechanism is related to procedural memory and its
underlying brain systems.
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Multiple cognitive processes are shared between reading
and mathematics, including the representation and retrieval of
symbolic information, attention, working memory, and cognitive
control. This is nicely illustrated by Chu et al. who showed in a
3-year longitudinal study that cognitive skills that are relevant
to reading (e.g., phonological awareness) as well as cognitive
skills that are specific to mathematics (e.g., sensitivity to relative
quantity) predicted preschoolers’ mathematics achievement.

To further explore the role of reading in mathematics,
Bonifacci et al. compared the abilities of bilingual and
monolingual children in numerical and arithmetical tasks with
or without verbal components. Interestingly, bilingual children,
who had better verbal skills, outperformed monolingual children
in numerical tasks with a verbal (e.g., knowledge of digits) but not
with nonverbal (e.g., quantity comparison) tasks.

Wei et al. approached this issue of interaction between
reading and mathematics by analyzing sex differences. Assuming
that males outperform females in spatial ability while females
outperform males in verbal abilities, it can be predicted that
males should be better in nonverbal mathematical tasks but
not in verbal tasks. Wei et al. observed indeed that males
outperform females in approximate arithmetic, which require
spatial processing, and this difference was explained by gender
differences in spatial ability.

Turning to the educational perspective with focus on reading
and mathematics in the classroom, Rapoport et al. examined
teachers’ beliefs and practices about the link between reading
and mathematics, by focusing on the role of executive functions.
Dowker examined the effect of an individualized numeracy
intervention, aiming to further determine whether children
with MD-only and children with MD/RD require different
interventions. Numeracy, reading comprehension and nonverbal
IQ were measured before and after the intervention. Although
literacy measures correlated with numeracy, they did not
influence children’s mathematical progress, or the effectiveness
of intervention.

In adults, academic skills are crucial to make decisions in daily
life Against this background, Vágvölgyi et al. examined functional
illiteracy, defined by the inability to use reading, writing,
and calculation skills or his/her own and the community’s
development. They proposed a new definition and add numerical
aspects, in addition to the linguistic aspects, to a definition of
functional illiteracy.

To sum, the current research topic adds to unraveling the
communalities and differences between reading andmathematics
learning and its atypical development. The studies in this
research topic point to shared mechanisms (e.g., phonological
awareness, procedural learning) as well as mechanisms that
are clearly distinct between reading and math (e.g., spatial-
numerical processes). Future studies should investigate these
mechanisms in more detail at the neural level, by focusing
on the overlap in networks between reading and different
mathematical tasks. It could also be that these shared and
independent mechanisms, and consequently the overlap between
reading and mathematics, changes across development (De
Smedt et al., 2009). Developmental studies are needed in order
to determine how the overlap evolves over developmental
time. Finally, there is a need for examining the effects of
interventions that focus on factors that are either common
or specific to reading and math. If a particular skill is
causally related to both reading and mathematics, then
interventions focused at this skill should have effects on
both reading and mathematics. These studies are also needed
from an educational point of view, as effective interventions
will help to improve children’s mathematics and reading
skills.
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Factors That Influence Improvement
in Numeracy, Reading, and
Comprehension in the Context of a
Numeracy Intervention
Ann Dowker*

Experimental Psychology, University of Oxford, Oxford, UK

In a randomized controlled trial 104 primary school children, who received an

individualized numeracy intervention, Catch Up Numeracy, were compared with

100 children, who received matched-time teaching, and 107, who received

business-as-usual teaching. They were assessed before and after intervention,

on the Number Screening Test and on both the reading and comprehension

components of the Salford Sentence Reading Test. Those who received the intervention

improved significantly more than the controls in numeracy but not in reading or

comprehension. Numeracy, reading, and comprehension scores were significantly

correlated. Both reading and numeracy predicted improvement in comprehension, but

only comprehension predicted improvement in reading, and neither literacy measure

predicted improvement in numeracy. Children eligible for free school meals scored lower

than others on all pre-tests and post-tests, but did not differ in their levels of improvement.

Age negatively predicted improvement in reading and comprehension, but not numeracy.

Gender affected comprehension but not reading or numeracy.

Keywords: intervention studies, randomized controlled trial, numeracy, reading, reading comprehension, primary

school children, influences on academic improvement, gender

INTRODUCTION

This study deals with an investigation of certain factors that influence children’s levels of
improvement in response to a mathematics intervention. We will discuss both the general levels
of response to the mathematics intervention, and the question of whether the extent of progress is
influenced by children’s performance in measures of literacy.

Evidence shows that reading and mathematical abilities are correlated, and in particular that
reading and mathematical disabilities often show comorbidity (Miles et al., 2001; Fuchs et al.,
2004; Dirks et al., 2008; Rubinsten, 2008; Slot et al., 2016). Moreover, children with comorbid
mathematics and reading disabilities tend to do less well on mathematical tasks than children
with mathematical disabilities without reading disabilities (Jordan and Montani, 1997; Jordan and
Hanich, 2000; Jordan et al., 2003). This association is far from invariable and discrepancies between
reading and arithmetic are common (Jordan et al., 2003; Landerl et al., 2009). Some studies suggest
that there are common factors underlying mathematical and reading disabilities, e.g., phonological
abilities (Slot et al., 2016). Other studies suggest that this may be only true of those who do
have comorbid reading and mathematical difficulties. Moll et al. (2015) found that children with
mathematical difficulties alone tend to have deficits in processing numerosities, while those with
combined reading and mathematical difficulties tend to have deficits in phonological awareness.

7
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It is important to understand more about the relationships
between reading and arithmetic, in order to increase our
understanding of both arithmetical development and reading
development in their own right, and possibly of the factors that
may influence the nature, treatment and outcomes of reading
difficulties and arithmetical difficulties.

There are several issues that limit the conclusions that can
be drawn with regard to existing studies of the influences
of reading ability on the nature and outcomes of children’s
mathematical difficulties. One is that most studies have compared
children who have mathematical difficulties with and without
comorbid reading difficulties, but have not investigated the effects
of continuous variations in reading ability on mathematical
difficulties. Another is that neither arithmetic nor reading is a
unitary ability.

Arithmetical ability is not a single entity but is made
up of many components (Dowker, 2005, 2015) and different
components appear to be differentially related to reading ability.
It is usually found that reading difficulties are more associated
with difficulties in retrieval of arithmetical facts than with other
aspects of arithmetic (Miles et al., 2001; Simmons and Singleton,
2006, 2009; Goebel and Snowling, 2010).

Reading also has different components: most notably
decoding ability and comprehension. Most studies of the
relationships between reading and mathematics have not
separated the effects of decoding (usually treated as synonymous
with reading) and comprehension. Those studies, that have
separated the two, have tended to suggest that decoding is
more associated with arithmetical fluency, possibly because
phonological awareness contributes to both (De Smedt et al.,
2010; Jordan et al., 2010) while comprehension is more
associated with mathematical reasoning and word problem
solving (Pimperton and Nation, 2010; Vukovic et al., 2010; Bjork
and Bowyer-Crane, 2013; Bjorn et al., 2016).

Most studies of the relationships between reading and
arithmetic have been cross-sectional and have not involved
longitudinal studies. In particular, few have looked at the
influence of either reading or arithmetic on response to
intervention in the other subject. An exception is a study
by Fuchs et al. (2004). They gave a 16-week mathematical
problem-solving intervention to children who were assessed to
be at risk of reading disability, mathematics disability, both or
neither. All at-risk groups showed less improvement than the
no-risk group in computation and labeling; and those at risk
of both showed less improvement in conceptual underpinnings.
However, mathematics-related abilities were better predictors
of improvement than reading-related abilities. Thus, it seems
that reading-related limitations are a negative predictor of
improvement in mathematics, but not as much as mathematical
limitations.

Although mathematics-related limitations have in some
studies (Fuchs et al., 2004) proved a negative predictor of
improvement as well as current performance, we predicted
that initial mathematics score would be a negative predictor of
improvement, since parallel forms of the same test were being
used, and there is more room for improvement if scores are lower
to start with.

The present study was carried out in the context of an
evaluation, funded by the Education Endowment Fund of a
numeracy intervention. The evaluation included pre-tests and
post-tests not only in numeracy but in reading (decoding)
and comprehension, making it possible to investigate both the
specificity of effects of the intervention on numeracy, and
more generally, whether numeracy influenced performance and
improvement in reading or comprehension, and vice versa.
There was also some information about the children’s socio-
economic status, which made it possible to investigate its
effects on performance and improvement in all the domains
studied.

The intervention studied was Catch UpTM Numeracy,
developed by the author in collaboration with Graham
Sigley and the Catch UpTM Trust (Dowker and Sigley,
2010; Holmes and Dowker, 2013; Dowker and Morris,
2014). The target pupils for this intervention are primary
school pupils, who have numeracy difficulties (not necessarily
amounting to dyscalculia), and its key focus is assessing and
targeting specific strengths and weaknesses. The intervention
begins by assessing the children on 10 components of
early numeracy. Each child is assessed individually by a
trained teacher/teaching assistant. This assessment is used
to construct a “Catch Up Numeracy” learner profile, which
determines the entry level for each of the 10 Catch Up
Numeracy components and the appropriate focus for numeracy
teaching. Children are provided with mathematical games
and activities targeted to their specific levels in specific
activities.

The children receive two 15-min sessions per week for ∼30
weeks, focusing on the components with which they have
difficulty.

The 10 components include: (1) Counting orally; (2) Counting
objects; (3) Reading andwriting numbers; (4) Comparing, adding
and subtracting tens and units; (5) Ordinal numbers; (6) Word
problems; (7) Translation between different formats (numerals,
number words and sets of objects; (8) Derived fact strategies (the
use of known facts, combined with arithmetical principles such
as commutativity, to derive new facts; e.g., if 8 + 6 = 14, then 6
+ 8 must also be 14); (9) Estimation of quantities and of answers
to arithmetic problems and (10) Remembered number facts.

For a detailed account of the intervention programme, see
Holmes and Dowker (2013). The focus of the present study
is more on the characteristics in children that may influence
improvement in general, and response to intervention in
particular.

The present investigation involved a randomized controlled
study, which compared children, who underwent the
intervention, with controls, who received business-as-usual
teaching. There was an additional control group, who received
equivalent time for individualized numeracy intervention not
using Catch Up. However, this part of the study proved
problematic, as the randomization of the groups was
within schools, and there was evidence that there was often
communication between the staff involved, so that the staff
supposedly administering the equivalent-time measure were
often adopting Catch Up techniques from other staff (this issue
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is being addressed in an ongoing follow-up study). Several
predictions were made.

(1) On the basis of earlier findings (Dowker and Sigley, 2010;
Holmes and Dowker, 2013), it was predicted that children
who underwent Catch Up Numeracy would show more
improvement than controls.

(2) It was predicted that girls might perform better at reading
and comprehension, given that studies often show better
literacy performance by girls (e.g., OECD, 2015).

(3) No gender difference was expected for improvement in any
of the domains.

(4) It was predicted that pupils eligible for free school meals
would perform less well in all domains, given that most
studies show a strong effect of SES on academic performance
(e.g., Melhuish et al., 2008; Dickerson and Popli, 2016).

(5) It was also expected at pupils eligible for free school meals
might also show less improvement and, in the case of
mathematics, less response to intervention, on the basis of
somewhat parallel findings with regard to literacy (Torgesen
et al., 1999).

(6) It was predicted that chronological age might negatively
predict improvement in all domains, as any weaknesses
might become harder to correct, whether by external
intervention or by standard teaching, as children become
older.

(7) As most studies show that academic skills correlate with one
another and with IQ (e.g., seeMellanby and Theobald, 2014),
it was expected that scores in reading, comprehension and
numeracy would all correlate significantly with one another;
and that all would correlate with an IQ measure.

(8) As regards influences on improvement, it was tentatively
predicted that reading would predict levels of improvement
in comprehension and vice versa, but that numeracy would
not influence improvement in either.

(9) It was, however, expected that reading would influence
improvement in, and possibly response to, intervention
in numeracy, but that comprehension would not. This
was because the numeracy task predominantly involved
computation and number understanding, and contained
only a small element of word problem solving; and previous
findings had suggested the former are more strongly related
to decoding and the latter to comprehension (e.g., Fuchs
et al., 2004).

METHODS

Ethics
The NFER has a well-developed Code of Practice that
contains detailed ethical protocols. These protocols govern
all research undertaken by NFER and the trial lies within
them.

Parents gave active written consent for all eligible pupils put
forward for the intervention and testing, and the Catch Up team
confirmed that consent had been received before continuation of
the trial.

Parental consent was obtained (see above). Interventions were
carried out by teachers or teaching assistants already employed

by the schools. All researchers involved in testing had undergone
enhanced Criminal Records Bureau/ Disclosure and Barring
Services checks.

Design and Participants
The larger-scale study originally included 336 participants. All
had been selected by their schools as low attainers in numeracy,
who might benefit from intervention. Six pupils from each of 53
primary schools were randomly assigned to one of three groups:
a control group that received business-as-usual teaching, a Catch
Up Numeracy intervention group that received the intervention
as described above, and an “matched time” group that received
two 15 min sessions a week without Catch Up Numeracy, to
replicate the one to one nature of the intervention. One hundred
and twelve pupils were assigned to each group. Due to 25 children
moving from their schools, or being consistently absent for tests,
the number of participants was reduced to 311: 104 in the Catch
Up Numeracy group, 100 in the Matched Time group, and 107 in
the Business as Usual group.

The 311 children included 146 boys (49 in the CatchUp group,
39 in the Matched Time group and 58 in the Business as Usual
group) and 165 girls. The overall mean age of the participants
was 97.51 months with a standard deviation of 14.85. The ages of
the different groups are given in Table 1. An ANOVA showed no
significant group difference in ages.

Tests
Before the start of intervention, the children were given the
Non-Reading Intelligence Test (Young and McCarty, 2012); the
Numeracy Screening Test (Gillham et al., 2012) and the New
Salford Sentence Reading Test (Bookbinder et al., 2012). The
latter includes tests of both Reading and Comprehension. They
were given parallel forms of the same tests,∼8 months later, after
the intervention; except for the Non-Reading Intelligence Test,
which was not repeated.

RESULTS

Table 1 gives the mean starting ages of the children in the Catch
Up, Matched Time, and Business as Usual groups and their
initial standard scores, for all the tests. A multivariate analysis
of variance was carried out with Assignment (Catch Up vs.
Matched Time vs. Business as Usual) as the grouping factor, and
Age, Non-Reading Intelligence Test standard score, and initial
standard scores in Numeracy, Reading, and Comprehension as
the dependent variables. The table gives the resulting F-values,
p-values, and effect sizes (partial eta squared). The multivariate
F(5, 306) = 1.34; p= 0.25; partial eta squared= 0.021.

As can be seen, there were no significant differences between
the groups in age or in any of the initial test scores.

Table 2 gives the post-test scores. A multivariate analysis of
variance was carried out with Assignment (Catch Up vs. Matched
Time vs. Business as Usual) as the grouping factor, and post-test
standard scores in Numeracy, Reading, and Comprehension as
the dependent variables. The table gives the resulting F-values,
p-values, and effect sizes (partial eta squared). The multivariate
F(3, 308) = 2.03; p= 0.11; partial eta squared= 0.019.

Again, none of the comparisons were significant.
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TABLE 1 | Starting ages and initial test scores in all groups and results of ANOVAs comparing the groups.

Group Catch Matched Business Total Degrees F p Partial eta

up time as usual of freedom squared

N 104 100 107 311 − − − −

Age in months 96.56 (14.69) 97.39 (14.89) 98.03 (15.16) 97.51 (14.9) 2, 309 0.317 0.728 0.002

NRIT standard score 90.91 (14.46) 94.89 (16.6) 93.33 (13.27) 93.02 (14.85) 2, 309 1.855 0.158 0.012

Numeracy pre-test standard score 80.3 (12.19) 82.74 (12.7) 82.75 (10.91) 81.89 (11.96) 2, 309 1.549 0.214 0.01

Reading pre-test standard score 96.54 (18.99) 100.02 (19.65) 96.02 (18.43) 97.48 (19.04) 2, 309 1.32 0.268 0.009

Comprehension pre-test standard score 98.96 (16.6) 101.35 (17.0) 97.03 (15.95) 99.06 (16.55) 2, 309 1.76 0.174 0.011

TABLE 2 | Post-test scores in all groups and results of ANOVAs comparing groups.

Group Catch Matched Business Total Degrees F p Partial eta

up time as usual of freedom squared

N 104 100 107 311 − − − −

Numeracy post-test standard score 89.02 (14.36) 90.97 (14.65) 87.65 (11.53) 89.68 (13.58) 2, 309 1.961 0.142 0.013

Reading post-test standard score 99.49 (20.42) 102.51 (17.33) 97.95 (17.58) 99.97 (18.5) 2, 309 1.365 0.257 0.009

comprehension post-test standard score 100.87 (16.54) 103.68 (14.67) 99.75 (15.55) 101.48 (15.64) 2, 309 1.521 0.22 0.01

Table 3 gives the standard score gains in Numeracy, Reading,
and Comprehension. A multivariate analysis of variance was
carried out with Assignment (Catch Up vs. Matched Time
vs. Business as Usual) as the grouping factor, and standard
score gains in Numeracy, Reading, and Comprehension as the
dependent variables. The table gives the resulting F-values, p-
values, and effect sizes (partial eta squared). The multivariate
F(3, 308) = 2.295; p= 0.078; partial eta squared= 0.022.

As can be seen, there was a significant effect of Assignment on
Numeracy Standard Score Gain, but not on gains in Reading or
Comprehension. Tamhane 2 post-hoc tests showed that the Catch
Up group made significantly more gains in Numeracy than the
Business as Usual group, but neither the Catch Up group nor the
Business as Usual group differed significantly from the Matched
Time group.

A univariate analysis of covariance was carried out to
investigate whether there were group differences in Numeracy
standard score gain after controlling for Numeracy pre-test
Standard score, Age, and Non-reading Intelligence standard
score. Numeracy pre-test Standard score was a highly significant
covariate [F(1, 306) = 50.7; p < 0.001; partial eta squared = 0.42]
and Age was also independently significant [F(1, 306) = 5.09; p =
0.025; partial eta squared = 0.0.016]. Non-reading Intelligence
was not a significant covariate [F(1, 306) = 2.234; p = 0.136;
partial eta squared = 0.007]. The main effect of Assignment
(Catch Up vs. Matched Time vs. Business as Usual) remained
significant [F(2, 306) = 3.667; p = 0.027; partial eta squared =

0.023].
Other measures of numeracy gain were examined, and gave

similar results. Themean gain inmonths in Number Age over the
intervention period was 17.56 months (s.d. 13.07) for the Catch
Up group, 16.89 (s.d. 14.99) for the Matched Time group, and
12.68 months (s.d. 12.19) for the Business as Usual group. Gain
in Number Age was divided by gain in chronological age to give

the Ratio Gain (so that if a child gained exactly as many months
in Number Age as they had in chronological age, the Ratio Gain
would be 1). The mean Ratio Gain was 2.14 (s.d. 1.58) for the
Catch Up group. 2.11 (s.d. 1.81) for the Matched Time group,
and 1.54 (s.d. 1.47) for the Business as Usual Group.

A further multivariate of variance were performed with
Assignment (Catch Up vs. Matched Time vs. Business as Usual)
as the grouping factor; and Number Age Gain and Ratio Gain as
the dependent variables. The multivariate F(2, 309) = 4.914; p =

0.008; partial eta squared = 0.03. There were significant group
differences for Number Age Gain [F(2, 309) = 4.39; p = 0.013;
partial eta squared = 0.027] and for Ratio Gain [F(1, 209) = 4.71;
p = 0.01; partial eta squared = 0.029]. Tamhane 2 post-hoc tests
showed that for Number Age Gain, the Catch Up Numeracy
group differed significantly from the Business as Usual Group,
but the Matched Time group did not differ significantly from
either; and that for Ratio Gain, the Catch Up Numeracy and
Matched Time groups differed significantly from the Business as
Usual group, but not from one another.

Gender Effects
Table 4 gives boys’ and girls’ pre-test standard scores, for all the
tests. A multivariate analysis of variance was carried out with
Gender (Boys vs. Girls) as the grouping factor, and Non-Reading
Intelligence Test standard score, and pre-test standard scores
in Numeracy, Reading, and Comprehension as the dependent
variables. The table gives the resulting F-values, p-values, and
effect sizes (partial eta squared). The multivariate F(4, 307) = 5.48;
p < 0.001; partial eta squared= 0.063.

As can be seen, girls scored higher in both the intelligence test
and the comprehension test, but there were no significant gender
differences in numeracy or in reading.

Table 5 gives boys’ and girls’ post-test standard scores, for
all the tests. A multivariate analysis of variance was carried out
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TABLE 3 | Gains in standard scores in all groups and results of ANOVAs comparing groups.

Group Catch Matched Business Total Degrees F p Partial eta

up time as usual of freedom squared

N 104 100 107 311 − − − −

Numeracy standard score gain 8.73 (11.77) 8.22 (13.56) 4.79 (1.79) 7.19 (12.14) 2, 309 3.276 0.039 0.021

Reading standard score gain 2.59 (11.05) 2.97 (14.19) 1.93 (11.73) 2.49 (12.37) 2, 309 0.185 0.831 0.001

Comprehension standard score gain 1.91 (14.87) 2.28 (13.93) 2.42 (14.26) 2.2 (14.32) 2, 309 0.034 0.967 0.000

TABLE 4 | Pre-test scores of boys and girls and results of ANOVAs comparing genders.

Boys Girls Total Degrees of freedom F p Partial eta squared

N 146 165 311 − − − −

Non-reading intelligence test standard score 90.79 (14.41) 95.01 (14.99) 93.02 (14.85) 1, 310 6.325 0.012 0.02

Numeracy pre-test standard score 82.37 (13.61) 81.44 (13.39) 81.89 (11.96) 1, 310 0.478 0.49 0.001

Reading pre-test standard score 97.29 (20.68) 97.56 (17.44) 97.48 (19.04) 1, 310 0.017 0.896 0

Comprehension pre-test standard score 97.08 (16.75) 101.1 (15.76) 99.06 (16.55) 1, 310 4.81 0.029 0.015

TABLE 5 | Post-test scores of boys and girls and results of ANOVAs comparing genders.

Boys Girls Total Degrees of freedom F p Partial eta squared

N 146 165 311 − − − −

Numeracy standard score post-test 89.48 (13.61) 88.78 (13.39) 89.68 (13.57) 1, 310 0.213 0.644 0.001

Reading standard score post-test 100.28 (20.37) 99.8 (16.68) 99.97 (18.5) 1, 310 0.053 0.819 0

Comprehension standard score post-test 101.54 (16.41) 101.46 (14.98) 101.48 (15.64) 1, 310 0.002 0.967 0

with Gender (Boys vs. Girls) as the grouping factor, and pre-test
standard scores in Numeracy, Reading, and Comprehension as
the dependent variables. The table gives the resulting F-values,
p-values, and effect sizes (partial eta squared). The multivariate
F(3, 308) = 0.066; p < 0.978; partial eta squared= 0.001.

As can be seen, there were no significant gender differences in
any of the post-test scores.

Table 6 gives boys’ and girls’ standard store gains. A
multivariate analysis of variance was carried out with Gender
(Boys vs. Girls as the grouping factor, and standard score gains
in Numeracy, Reading, and Comprehension as the dependent
variables. The table gives the resulting F-values, p-values, and
effect sizes (partial eta squared). The multivariate F(4, 307) =

2.107; p < 0.099; partial eta squared= 0.099.
The only significant group difference was for Comprehension

Standard Score Gain, where boys made greater gains.

Effects of Free School Meal Status
Table 7 gives the initial standard scores on all tests for the
children in the Free School Meals and No Free School Meals
groups. A multivariate analysis of variance was carried out with
Free School Meal status (Free School Meals vs. No Free School
Meals) as the grouping factor, and Non-Reading Intelligence
Test standard score, and initial standard scores in Numeracy,
Reading, and Comprehension as the dependent variables. The
table gives the resulting F-values, p-values, and effect sizes (partial
eta squared). The multivariate F(4, 307) = 9.91; p < 0.001; partial
eta squared= 0.11.

Table 8 gives the post-test standard scores on all tests for the
children in the Free School Meals and No Free School Meals
groups. A multivariate analysis of variance was carried out with
Free School Meal status (Free School Meals vs. No Free School
Meals) as the grouping factor, and post-test standard scores
in Numeracy, Reading, and Comprehension as the dependent
variables. The table gives the resulting F-values, p-values, and
effect sizes (partial eta squared). The multivariate F(3, 306) =

12.12; p < 0.001; partial eta squared= 0.103.
Table 9 gives the standard gains on all tests for the children

in the Free School Meals and No Free School Meals groups. A
multivariate analysis of variance was carried out with Free School
Meal status (Free School Meals vs. No Free School Meals) as the
grouping factor, standard score gains in Numeracy, Reading, and
Comprehension as the dependent variables. The table gives the
resulting F-values, p-values, and effect sizes (partial eta squared).
The multivariate F(3, 306) = 1.55; p= 0.202; partial eta squared=

0.015.
Thus, children eligible for free school meals performed

significantly less well on all pre-tests and post-tests than children,
who were not eligible for free school meals, despite the fact
that all of the children were selected for their low attainment in
numeracy. Socio-economic status clearly has a strong effect on
primary school children’s performance in literacy and numeracy.
However, free school meal status had no effect on children’s
gains.

Similar ANOVAs were carried out with both Assignment and
Free School Meals Status as grouping factors, to investigate the
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TABLE 6 | Standard score gains of boys and girls and results of ANOVAs comparing genders.

Boys Girls Total Degrees of freedom F P Partial eta squared

N 146 165 311 − − − −

Numeracy standard score gain 7.11 (10.74) 7.34 (13.14) 7.19 (12.14) 1, 310 0.028 0.866 0

Reading standard score gain 2.99 (12.89) 2.23 (11.64) 2.49 (12.37) 1, 310 0.299 0.585 0.001

Comprehension standard score gain 4.46 (14.36) 0.37 (13.96) 2.2 (14.32) 1, 310 6.57 0.011 0.021

TABLE 7 | Mean starting ages and pre-test standard scores of children with and without free school meals and results of ANOVAs comparing groups.

Free school No free school Total Degrees of F p Partial eta

meals meals freedom squared

N 110 211 311 − − − −

Non-reading intelligence standard score 87.69 (13.19) 95.22 (14.89) 92.69 (14.76) 1, 310 20.110 <0.001 0.058

Numeracy pre-test standard score 76.94 (10.47) 84.12 (11.77) 81.71 (11.83) 1, 310 29.287 <0.001 0.083

Reading pre-test standard score 91.12 (17.75) 100.12 (18.58) 97.09 7(18.77) 1, 310 17.67 <0.001 0.052

Comprehension pre-test standard score 94.09 (16.61) 101.09 (15.85) 98.73 (16.42) 1, 310 13.769 <0.001 0.041

TABLE 8 | Mean post-test standard scores of children with and without free school meals and ANOVAs comparing groups.

Free school No free school Total Degrees of F p Partial eta

meals meals freedom squared

N 110 201 311 – – – –

Numeracy post-test standard score 85.37 (12.41) 91.11 (13.48) 89.68 (13.42) 1, 310 14.888 <0.001 0.045

Reading post-test standard score 93.13 (19.23) 103.04 (17.25) 99.97 (18.51) 1, 310 19.416 <0.001 0.058

Comprehension post-test standard score 94.18 (15.56) 104.23 (14.67) 101.48 (15.64) 1, 310 30.234 <0.001 0.087

TABLE 9 | Mean standard score gains by children with and without free school meals.

Free school meals No free school meals Total Degrees of freedom F p Partial eta squared

N 110 201 311 – – – –

Numeracy standard score gain 8.43 (12.46) 6.66 (11.79) 7.26 (12.03) 1, 310 1.504 0.221 0.004

Reading standard score gain 2.01 (13.31) 2.92 (11.87) 2.61 (12.36) 1, 310 0.375 0.541 0.001

Comprehension standard score gain 0.09 (13.72) 3.23 (14.49) 2.17 (14.29) 1, 310 3.362 0.068 0.11

possibility of interactions. No significant interactions were found
for any of the dependent variables, so the results will not be
reported further.

Correlations
Pearson correlation coefficients were computed between the
initial standard scores in all three domains and the Non-Reading
Intelligence standard score, and between these scores and
chronological age in months. All correlations were significant.
With 311 participants, Numeracy correlated highly with Reading
(r = 0.449; p < 0.001) and Comprehension (r = 0.42: p < 0.001)
as well as with Non-Reading Intelligence (r = 0.279; p <0.001).
Reading correlated highly with both Comprehension (r = 0.844;
p < 0.001) and Non-Reading Intelligence (r = 0.314; p <

0.001). Comprehension also correlated highly with Non-Reading
Intelligence (r = 0.397; p < 0.001). Age correlated significantly
with standard scores inNumeracy (r= 0.274; p< 0.001), Reading

(r= 0.347; p< 0.001), and Comprehension (r= 0.339; p<0.001);
but not with Non-Reading Intelligence (r = 0.016; p= 0.77).

Pearson correlation coefficients were also computed between
the post-test standard scores in all three domains, and between
these scores and chronological age. All correlations between
scores continued to be significant. Reading correlated highly with
both Comprehension (r = 0.8; p < 0.001) and Numeracy (r =
0.376; p < 0.001). Comprehension also correlated highly with
Numeracy (r = 0.358; p < 0.001). Age continued to show a
significant correlation with Numeracy (r = 0.273; p < 0.001) but
ceased to correlate significantly with Reading (r = 0.108; p =

0.113) or Comprehension (r = 0.046; p= 0.502).

Multiple Regressions
An entry level multiple regression was carried out with Reading
Standard Score Gain as the dependent variable and Initial
Reading Standard Score, Age, Initial Comprehension Standard
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Score, Initial Numeracy Standard Score, and Non-Reading
Intelligence Standard Score as the predictors. R2 = 0.212; F(5, 306)
= 15.958, p < 0.001. Initial Reading Standard Score was a
significant negative predictor [β = −0.478, t(306) = −4.704, p <

0.001] as was Age [β =−0.27, t(306) = −4.759, p < 0.001]. Initial
Comprehension Standard Score was an independent positive
predictor [β = 0.204; t(306) = 1.978; p = 0.049], but Initial
Numeracy Standard Score was not a significant predictor [β =

0.053, t(306) = 0.862; p = 0.389] and nor was Non-Reading
Intelligence Standard Score [β= 0.063, t(306) = 1.042; p= 0.298].

Another entry level multiple regression was carried out
with Comprehension Standard Score Gain as the dependent
variable and Initial Comprehension Standard Score, Age, Initial
Reading Standard Score, Initial Numeracy Standard Score, and
Non-Reading Intelligence Standard Score as the predictors. R2

= 0.461; F(5, 306) = 29.46, p < 0.001. Initial Comprehension
Standard Score was a significant negative predictor [β = −0.841,
t(306) = −8.86, p < 0.001] as was Age [β = −0.219, t(306)
= −4.174, p < 0.001]. Initial Reading Standard Score was an
independent positive predictor [β = 0.405, t(306) = 4.346; p <

0.001]. There were trends toward Initial Numeracy Standard
Score [β = −0.106, t(306) = 1.855, p = 0.065] and Non-Reading
Intelligence Standard Score [β = −0.106, t(306) = 1.896, p =

0.059] being independent positive predictors, but neither reached
significance.

An entry level multiple regression was carried out with
Numeracy Standard Score Gain as the dependent variable and
Initial Reading Standard Score, Age, Initial Comprehension
Standard Score, and Initial Numeracy Standard Score as
the predictors. R2 = 0.196; F(5, 306) = 14.487; p < 0.001).
The significant independent predictors were Initial Numeracy
Standard Score, which was a strong negative predictor [β =

−0.485, t(5, 306) = −7.77; p < 0.001] and Initial Comprehension
Standard Score, which was a positive predictor [β= 0.301, t(5, 306)
= 2.896; p = 0.004]. There was no significant effect of Age [β
= −0.046, t(5, 306) = 0.801, p = 0.424], Initial Reading Standard
Score [β = −0.068, t(5, 306) = −0.66, p = 0.51] or Non-Reading
Intelligence Standard Score [β = −0.009, t(5, 306) = 0.155, p =

0.877] Similar results were obtained when the same multiple
regressions were carried out separately for the Catch Up group,
the Matched Time group, and Business as Usual group. Initial
Numeracy Standard Score was a strong negative predictor of
Numeracy Standard Score Gain in the Catch Up group [β =

−0.351, t(5, 99) = −2.92; p = 0.004], the Matched Time group [β
= −0.546, t(5, 95) =−5.100; p<0.004], and the Business as Usual
group [β = −0.506, t(5, 102) = −4.976; p < 0.001]; but none of
the other predictors was significant in either group.

DISCUSSION

Firstly, the results show that, as predicted (Prediction 1),
those who underwent the interventions significantly more
improvement in numeracy than those who did not. They showed
an average of nearly 5 months greater gain in number age and
over four points greater gain in standard score than those who
underwent “business as usual.” Analysis of ratio gains showed

that children who underwent intervention also showed more
than twice the level of improvement that would be expected
from the passage of time alone, Thus, the results support earlier
findings that the Catch Up Numeracy intervention leads to a
significant improvement in mathematics performance (Dowker
and Sigley, 2010; Holmes and Dowker, 2013). There was no
significant effect of the numeracy intervention on improvement
in reading or comprehension, indicating that the effect was
specific to numeracy.

There was, however, no significant difference in improvement
between children who underwent the Catch Up Numeracy
intervention and the Matched Time intervention; though it
was found that the Catch Up Numeracy intervention differed
significantly from the Business as Usual intervention, while the
Matched Time intervention did not. In previous studies, the
Catch Up Numeracy intervention had resulted in significantly
more improvement than Matched Time intervention (Dowker
and Sigley, 2010; Holmes and Dowker, 2013). It is possible
that the current results are due to a contamination effect, as
the teaching assistants delivering the Catch Up Numeracy and
Matched Time interventions were in the same schools, and
interview evidence suggests that some of the teaching assistants
delivering Matched Time interventions were influenced by
input from those delivering Catch Up Numeracy interventions.
An ongoing randomized controlled study is currently being
conducted to compare Matched Time with Catch Up Numeracy.

It is notable that the children in general showed improvement
in all tests between pre-test and post-test. This may be due to
regression to the mean; to “Hawthorn effects” of being in schools
that were part of a study programme even in the case of controls;
or to increased familiarity with test expectations, even though
they were given parallel forms rather than repetitions of the same
test.

There were a few factors that appeared to affect initial
performance, level of improvement or both. Gender had very
little effect. Prediction (2) that girls would do better on reading
and comprehension tests was only partially confirmed. They did
do better on the comprehension pre-test, but not the post-test;
and they did not differ in reading. The group somewhat atypical,
as the children had been selected for being low attainers in
arithmetic; though their scores on literacy measures were much
higher than those on arithmetic. Prediction (3) that gender would
not influence improvement was broadly supported, Gender had
virtually no influence on performance, with one exception: boys
made significantly more gains in Comprehension than did girls.
This seems to be due to the fact that they started at a lower point,
but ended at the same point. This result is a little hard to interpret,
and would need further replication to ensure that the findings are
not due to chance. If replicated, it may reflect some differences
between boys and girls as regards the timing of developmental
changes in language comprehension.

In accordance with Prediction 4, one factor that strongly
influenced performance was SES, as indicated by free school
meal status. Children, who were eligible for free school
meals, performed much less well than other children
in all domains, both at pre-test and post-test. However,
contrary to Prediction 5, free school meal status did not
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influence level of improvement in any of the domains,
nor did it show any interaction with intervention group
assignment with regard to improvement in numeracy. Thus,
while there is a striking effect of socio-economic status on
academic performance, even within a group already selected
for low achievement in arithmetic, it does not appear to
influence the chances of improvement, or the response to
intervention.

Unexpectedly, chronological age was positively correlated
with initial standard scores in all the tested domains, despite
the fact that the scaling is carried out to control for age. One
possible explanation may be that older children did not have
to be as markedly delayed as younger children for teachers to
note that they were having difficulties and recommend them for
intervention. In accordance with Prediction 6, age was a negative
predictor of improvement in Reading and Comprehension,
even after controlling for initial scores. However, age did
not predict improvement in numeracy, either overall or in
any of the Assignment groups. Thus, the prediction that
age might be negatively associated with improvement was
supported for the literacy measures, but not for numeracy. This
is not due to intervention nullifying this relationship, since
age was not associated with numeracy improvement in the
Business as Usual group any more than in the intervention
groups. Presumably as a result of this negative association
between age and improvement, the correlations between age
and the literacy measures disappeared between pre-test and
post-test, while the correlations between age and Numeracy
persisted.

In accordance with Prediction 7, standard scores in all
domains correlated with one another, with the highest
correlation being between Reading and Comprehension;
and IQ correlated with all the pre-test standard scores. Gains
in Reading and Comprehension correlated significantly with
one another, but not with gains in Numeracy. Multiple
regressions showed that in all domains, initial scores were
negative predictors of gains in the same domain, presumably
because the lower the initial score, the more room there is for
improvement.

In accordance with Prediction 8, initial score in Reading
predicted progress in Comprehension, and vice versa, indicating
that these are indeed two closely related abilities, longitudinally
as well as concurrently.

Contrary to Prediction 9, neither initial Reading score
nor initial Comprehension score predicted improvement in
Numeracy, whether for the Catch Up group, the Matched
Time group the Business as Usual group, or the sample as a
whole. Thus, it seems that, while literacy measures do correlate
with numeracy, they do not influence children’s mathematical
progress, or the effectiveness of intervention, and the factors
that influence progress in literacy seem to be different from
those that influence gains in Numeracy. Intriguingly, initial
score in Numeracy predicted progress in Comprehension but
not in Reading. This had not been expected, either in terms
of the direction of the association, or in terms of the greater
association between mathematics and comprehension than
between mathematics and reading. The latter was especially

unexpected, in view of the fact that the mathematics test
was one of numeracy, rather than mainly involving the word
problem solving and mathematical reasoning abilities, previously
found to be more associated with comprehension. However,
it is noteworthy that Haarlar et al. (2012) carried out a
twin study involving 12-year-olds, there and found higher
genetic and phenotypic correlations between mathematics and
reading comprehension than between mathematics and word
decoding.

There are some limitations to this study that should be
addressed in future studies. As mentioned above, one is the
need for an equivalent time group, which avoids the problem
of cross-contamination by using between-school rather than
within-school randomization. Also, it would be desirable if
possible to match children more precisely on their test scores
at the start. Although the initial differences between groups
were non-significant, the Catch Up group showed a somewhat
lower initial Numeracy score than the Business as Usual group
(see Table 1), seemingly resulting in the fact that although they
showed significantly greater gains, they did not differ significantly
in the post-test Numeracy score when not controlling for initial
Numeracy score.

It would also be of considerable interest to carry out studies
that include interventions in Reading and Comprehension as
well as Numeracy, in order to be able to assess influences on
response to intervention in these literacy measures as well as in
numeracy.

Finally, it would be desirable to look at the factors influencing
improvement in these domains over a wider range of ability
in these domains. Would the same factors influence or fail to
influence improvement in Numeracy children who were initially
performing at average and above-average levels, as in these
children, who were selected for weaknesses in arithmetic? Would
the finding that, for example, initial Numeracy score predicted
improvement in Comprehension but not vice versa be replicated
in a group who were better at Comprehension than Numeracy
to start with? Would such predictive relationships differentiate
between children with specific difficulties in literacy or
numeracy and those who are performing poorly in all academic
domains?

In any case, the results indicate that relationships between
different abilities, and between these abilities and other factors
such as age, are not simple or static. Future studies should focus
more on how such relationships change over time, and how initial
factors may predict changes over time in general, and response to
interventions in particular.

There are several implications for education. One is that a
structured individualized system of one-to-one teaching can lead
to quite significant improvement in children with numeracy
difficulties, and it does not need to be highly intensive to be
effective. Another is that, at least among primary school children,
such interventions can be effectively delivered at any age: age
did not affect the level of improvement that children showed.
Children’s socio-economic status, as shown by free school meal
status, also does not seem to affect response to intervention,
though it does affect the overall level of performance. The
results suggest that there are strong concurrent correlations
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between numeracy and literacy measures. However, they do not
suggest a strong longitudinal relationship between numeracy and
literacy. Numeracy improvement, whether within or outside the
context of intervention, was not predicted by either reading or
comprehension. However, it appears that numeracy, at least in
a group selected as low attainers in numeracy, can to some
extent predict children’s progress in reading comprehension
(but not decoding), at least in the short term. Since there was
no such relationship in the reverse direction, it is unlikely
to indicate a strong intrinsic relationship between numeracy
and comprehension. It is possible, however, that numeracy is
a prerequisite for, but not a consequence of, improvement in
comprehension; though there appear to be no previous studies
indicating such a relationship. More likely, some domain-general
ability may be influencing both. Such an ability is unlikely
general logical reasoning, as the intelligence measure used in this
study did not predict improvement in comprehension, and the
relationship between initial numeracy level and comprehension
remained significant even after controlling for this measure.
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Formally, availability of education for children has increased around the world over the
last decades. However, despite having a successful formal education career, adults
can become functional illiterates. Functional illiteracy means that a person cannot use
reading, writing, and calculation skills for his/her own and the community’s development.
Functional illiteracy has considerable negative effects not only on personal development,
but also in economic and social terms. Although functional illiteracy has been highly
publicized in mass media in the recent years, there is limited scientific knowledge
about the people termed functional illiterates; definition, assessment, and differential
diagnoses with respect to related numerical and linguistic impairments are rarely
studied and controversial. The first goal of our review is to give a comprehensive
overview of the research on functional illiteracy by describing gaps in knowledge
within the field and to outline and address the basic questions concerning who can
be considered as functional illiterates: (1) Do they possess basic skills? (2) In which
abilities do they have the largest deficits? (3) Are numerical and linguistic deficits
related? (4) What is the fundamental reason for their difficulties? (5) Are there main
differences between functional illiterates, illiterates, and dyslexics? We will see that
despite partial evidence, there is still much research needed to answer these questions.
Secondly, we emphasize the timeliness for a new and more precise definition that
results in uniform sampling, better diagnosis, conclusion, and intervention. We propose
the following working definition as the result of the review: functional illiteracy is the
incapability to understand complex texts despite adequate schooling, age, language
skills, elementary reading skills, and IQ. These inabilities must also not be fully explained
by sensory, domain-general cognitive, neurological or mental disorders. In sum, we
suggest that functional illiteracy must be more thoroughly understood and assessed
from a theoretical, empirical, and diagnostic perspective.
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ON THE IMPORTANCE OF LITERACY

About Literacy
According to the recent literacy rate, 85% of the adult population
in the world is literate, and therefore worldwide about 757 million
people are illiterate (UNESCO, 2015). Large-scale assessments
measuring literacy skills indicate that in developing countries,
illiteracy is more prevalent, while in developed countries,
functional illiteracy is more prevalent (Bhola, 1995, p. 18).
According to the Organization for Economic Co-operation and
Development (OECD), literacy is defined as follows:

“Literacy is defined as the ability to understand, evaluate, use, and
engage with written texts to participate in society, achieve one’s
goals, and develop one’s knowledge and potential (OECD, 2013,
p. 59).” More detailed, find other institutions, e.g., UNESCO.

Literacy and basic knowledge cannot be clearly separated from
each other. Even though the term “literacy” is a part of basic
knowledge, it is a precondition as well as an outcome of basic
knowledge. Literacy may refer to the ability to read and write,
but also to application-oriented basic knowledge that develops
during the whole lifetime, not only during school years (Nickel,
2007).

Formal literacy has increased over the last decades. For
instance, while in sub-Saharan Africa there are still 29.8 million
children who do not have access to education, this number
represents a one-quarter decrease from 2000. In contrast, in
Europe “only” 0.7 million of children had never attended school
in 2011 (UNESCO, 2013). However, despite improvements in
formal literacy, many people still have problems understanding
formal texts. On the one hand, this is a problem because in
today’s society, functioning literacy plays a significant role. It
appears in every aspect of daily life, e.g., opening bank accounts,
reading ingredients of food products, understanding medication
or technical instructions, signing contracts, etc. (Cree et al.,
2012). On the other hand, this leads to fewer educational and
employment opportunities and hinders living a successful life.

Possessing literacy has many benefits for individuals, families,
communities, and nations. The improvement in literacy levels
has beneficial effects on individual (e.g., self-esteem), political
(e.g., democratic values), cultural (e.g., cultural openness), social
(e.g., children’s health), and economic (e.g., individual income)
levels (UNESCO, 2006). On the other hand, functioning in a
society without literacy becomes more difficult: those who cannot
acquire basic literacy skills have fewer opportunities in every area
of life (Cree et al., 2012).

About (Functional) Illiteracy
So far, we have talked about literacy. However, many people
do not achieve literacy because of inadequate schooling or
even despite adequate schooling. On 1949, the United Nations
Educational, Scientific, and Cultural Organization (UNESCO)
set the generalized functionality of literacy. The acquisition of
reading and writing was regarded as basic rights: people should
be enabled to become functionally literate in their own culture
(Bhola, 1995). A need for a standard and a workable definition
materialized to differentiate between literates and non-literates

(illiterates) and also to distinguish various levels in between. The
result of the demand was realized at the General Conference of
the UNESCO in 1978:

“A person is literate who can with understanding both read and
write a short simple statement on his everyday life.

A person is illiterate who cannot with understanding both read and
write a short simple statement on his everyday life.

A person is functionally literate who can engage in all those
activities in which literacy is required for effective functioning of his
group and community and also for enabling him to continue to use
reading, writing, and calculation for his own and the community’s
development.

A person is functionally illiterate who cannot engage in all those
activities in which literacy is required for effective functioning of his
group and community and also for enabling him to continue to use
reading, writing, and calculation for his own and the community’s
development (UNESCO, 1978, p.183).”

The difference between literate and illiterate people is explicit
here: illiterates had never attended school and are unable to read
or write even single words while literates can (Reis and Castro-
Caldas, 1997).

In contrast with literacy and illiteracy, the difference between
functional illiteracy, literacy and illiteracy is not obvious enough.
Functionality, which is the essence of the difference between
these terms, was never operationally defined. Recently, the
number of functional illiterates in Europe was estimated to be
about 80 million, their proportion is lowest in Sweden with
8% and highest in Portugal with 40% (e.g., in Eme, 2011;
Grotlüschen and Riekmann, 2011a). However, the frequently
referred original International Adult Literacy Survey (IALS)
report does not imply functional illiteracy (OECD and Statistics
Canada, 2000). Different definitions and different diagnostic
assessment standards can lead to fundamentally different
epidemiological estimations, so any estimations of functional
illiteracy rates may be unreliable.

DIAGNOSTICS OF FUNCTIONAL
ILLITERACY: DIFFERENT APPROACHES

As there is no explicit assessment for functional illiteracy,
researchers had to find other techniques to assess the number
of functional illiterates or to identify functional illiterates for
experimental studies.

The UNESCO, the OECD and the IEA (International
Association for the Evaluation of Educational Achievement)
measure literacy and other key knowledge skills of children,
young adults, and adults a large-scale, international assessment
about strengths and weaknesses in different countries. Research
such as the IALS and the Adult Literacy and Life Skills Survey
(ALL) build on each other (Thorn, 2009; UNESCO, 2009).
These kinds of international tests generally measure literacy and
numeracy skills in various ways, including mapping the whole
literacy spectrum and grouping the performance and the abilities
into discrete levels. The international, supranational and national
political actors are first interested in large-scale assessments,
not in individual diagnostics. Against this background, it is
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understandable (but nevertheless at least unfortunate) that
the diagnostic materials lack test criteria (reliability, construct
validity, criterion validity), which are demanded in standard
individual diagnostic tests.

The IALS, the ALL, and the PIAAC (Survey of Adult Skills)
all contain prose and document literacy tasks that purport to
understand and use information from different text formats.
The quantitative literacy and numeracy tasks measure arithmetic
abilities in all three assessments, but problem solving tasks are only
included in the ALL and in the PIAAC study (Table 1). However,
these studies usually analyze literacy in a theoretical way and
give no practical diagnostic advice regarding the assessment of
functional illiteracy. It can be only a conclusion from the result of
the lowest achievement level.

A common way of diagnosing functional illiterates is based
on the years of schooling. However, the standard seems to vary
among cultures. In the USA, 12 years of schooling marks the limit
of functional literacy (Bhola, 1995), while in Latin America, only
7 years of effective schooling is sufficient to exceed the level of
functional illiteracy (Infante, 2000 In. Martinez and Fernandez,
2010). In the European Union, the compulsory education is
between 9 and 13 years, so children can leave school between
age 14 and 18 (European Commission, 2014/2015). Therefore,
we cannot consider compulsory education as the only diagnostic
attribute of functional illiteracy.

Another common diagnostic practice is using grade-
equivalent scores and reading-level match designs. This concept
is concrete, easy to understand, and it does not require a new
specific test because the researchers use general standardized
assessments. This method is mostly used when low literate
adults are assessed and compared with primary school
children (Greenberg et al., 1997; Thompkins and Binder,
2003; Greenberg, 2007; Rüsseler et al., 2011; Grosche, 2012; Eme
et al., 2014). Comparing children who have already acquired
basic reading, writing, and mathematical skills with low literate
(functional illiterate) adults could answer a few questions. The
developmental differences between children and adults can cause
problems in interpreting the results of such studies.

The German Federal Ministry of Education and Research
(Bundesministerium für Bildung und Forschung) organized a
national strategy to reduce the number of people who do not
acquire basic literacy skills. To explore the problem, Grotlüschen

and Riekmann constructed a representative household survey,
the Level One Study (leo.). They specified five alpha-levels a
priori in the lea. (Literalitätsentwicklung von Arbeitskräften;
Grotlüschen et al., 2011), however, the validity of these five alpha-
levels (even their eventual borders) has not yet been – to the
best of our knowledge – never systematically evaluated in a
diagnostic manner. Nevertheless, these five levels were applied to
the leo. The lea. was constructed to measure employees’ different
competence domains, including literacy and aimed to support
individual teaching and development instead of comparing a
person to a social norm (Grotlüschen et al., 2011). The leo. aimed
to assess people on the lower end of the literacy spectrum. The
authors identified functional illiterates as those who perform
in the first, second, or third level in the leo. According to
their results, 14.5% of the working-age population (about 7.5
million people) in Germany is functionally illiterate (Grotlüschen
and Riekmann, 2011a). It is important to note that 3.1 million
adults (41%) of the estimated functional illiterate population
were not native German speakers (Grotlüschen et al., 2014). This
is a point which we view as critical, because despite general
reading and writing skills, we are all functional illiterates in
most foreign languages. In our view (outlined below), language
production and comprehension do not need to be that of a native
speaker, but should at least be mastered without major problems
before a specific deficit in functional illiteracy can be diagnosed.
Otherwise, what seems to be a fundamental reading problem is
simply a problem of not mastering sufficiently a foreign language.
Finally, and unfortunately, the test lacks multivariate analyses
of construct validity and only descriptive statistics are available.
Consequently, results and conclusions have to be interpreted with
caution.

The authors suggest the individual differences resulting from
various social roles make it impossible to create a general
functional illiteracy test. They argue that different skills are
required, for example for a highly qualified IT expert or a motor
mechanic (Grotlüschen and Riekmann, 2011b).

For specific professions this is a valid argument, but it also
raises the question of whether a general construct of literacy
exists. To return to the example, in everyday life, IT experts
and motor mechanics have to operate machines (e.g., laundry
machine), have to read their bank statements, have to take
medicine (and read package inserts), have to compare prices

TABLE 1 | Summary of international assessments.

Date Number of countries Tasks Proficiency scales

IALS (Thorn, 2009) 1994–1998 23 1. Prose literacy
2. Document literacy
3. Quantitative literacy

Level 1–5

ALL (Statistics Canada and OECD, 2005) 2002–2006 12 1. Prose literacy
2. Document literacy
3. Numeracy
4. Problem solving

1. Level 1–5
2. Level 1–5
3. Level 1–5
4. Level 1–4

PIAAC (OECD, 2013) 2011–2012 24 1. Literacy (prose + document)
2. Numeracy
3. Problem solving in
technology rich environments

1. Below level 1–5
2. Below level 1–5
3. Below level 1–3
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in the supermarket, etc. Therefore, we assume that some basic
functional literacy skills should exist.

While the leo. is not considered a universal instrument for
functional illiteracy by its authors, the Tests of Adult Basic
Education (TABE) is a universal instrument to assess the mastery
of basic skills and skills-growth measurement. The test includes
practical, life-skills stimuli in an adult-relevant context (life-
skills, work, and education) and contains tasks from the very
low literacy level (e.g., recognizing letters, signs) to the advanced
level (CTB/McGraw-Hill, 2008). The comprehensibility of the
measured skills and the universality of the tasks suggest that it is
possible to create an assessment to measure functional illiteracy,
despite the fact that the main aim of the assessment is different.

It is important to note that functional illiterates (as low
literate adults) would show floor effects in standard adult
literacy (AL) and text comprehension tasks. This would
make appropriate identification and within-group distinctions
impossible. Therefore, it is worth considering the application of
standardized tests for children to measure functional illiteracy.
On the one hand, Egloff et al. (2011) argue for a competence-
based approach to identify functional illiterates instead of a
norm-oriented view. They suggest that it would be better to take
different social expectations into account and handle the category
of functional illiteracy as a less static phenomena. But on the other
hand, they accept to use reading and spelling tasks (with child
norms) with well-defined cut-off values to classify functional
illiterates (Egloff et al., 2011).

To sum up, many methods have been used to identify
functional illiterates, but none of these methods are yet
standardized and systematically diagnostically evaluated in
a representative sample of functional illiterates and adults.
Therefore, they cannot be considered adequate for measuring and
identifying functional illiterates on the basis of the current data.

WHO IS DEFINED AS FUNCTIONAL
ILLITERATE?

Functional illiteracy is assumed to originate from cognitive or
linguistic disorders and/or be associated with a sociocultural
disadvantage (Eme, 2011; Boltzmann and Rüsseler, 2013). The
diagnostic assessments and therefore the definition of the sample
in different studies is not consistent and sometimes not even
explicit.

For a rough categorization, we can divide sample definition of
functional illiteracy in scientific publications into three groups:

(1) Some studies call their sample “functional illiterates,” but
do not give any reason/explanation/diagnostic justification
(Van Linden and Cremers, 2008; Kosmidis et al., 2011).
From an educational-psychological perspective, it is not
acceptable to categorize a subgroup without any empirical
reason for doing so.

(2a) Some studies conduct experiments on adults taking part in
basic courses [AL or adult basic education (ABE) classes]
and call them functional illiterates (Thompkins and Binder,
2003). The similarity between functional illiterates and AL

or ABE students is appropriate but has its shortcomings. In
particular, it is not evident why people take these courses.
Did they have sufficient schooling and nevertheless did
not learn to read and write? Did they have insufficient
schooling for whatever reason without the chance to
become literate? Do they have profound reading/writing
problems or are they taking these courses for other reasons
(e.g., because the job center recommends doing them)?
In short, the problem is that we have no assessment of
how severe their functional illiteracy problem really is and
whether we are encountering functional illiteracy or real
illiteracy due to insufficient schooling.

(2b) It should be noted that there is also another group of
studies concerning those who conduct experiments on AL
or ABE students but do not call them functional illiterates
(Greenberg et al., 1997; MacArthur et al., 2010). Despite
that, theoretical backgrounds and reviews (e.g., Eme, 2011)
frequently use these articles, which point out one main
limitation of the field.

(3) Only a German and a French research group made explicit
how they determine functional illiteracy in their studies.
From the German side, Grosche (2012) used reading-level
match design is his dissertation and labeled those ABE
students as functional illiterates, who performed in two
standardized reading tests in the level of first–fourth
grade children (Grosche, 2012). While Rüsseler et al.
(2013) used German diagnostic reading and spelling
tests and involved only those adults to their intervention
study who performed worse than average fourth grade
level (Boltzmann and Rüsseler, 2013; Boltzmann et al.,
2013; Rüsseler et al., 2013)1. The French group measured
five components: phonological processing, orthographic
processing, sentence comprehension, reading speed,
and reading comprehension. Those ABE students who
performed below the third grade level were then classified
as functional illiterates (Eme et al., 2010). Three problems
stick:

(i) The deficits of adult groups are defined as (severe)
developmental delays. This cannot be taken for granted; for
many adult deficits, and even for dyslexia, different patterns
of deficits and developmental delays have been observed.

(ii) Even if one accepts that functional illiteracy is merely
developmental delay, there is an inconsistency as regards
the severity of the delay. While Rüsseler et al. (2013) suggest
lower performance than (average) fourth grade level, Eme
et al. (2010) suggest a more severe performance deficit even
below third grade level.

(iii) The components for defining functional illiteracy differ
between studies: while Rüsseler and colleagues use
reading and spelling tests (Boltzmann and Rüsseler, 2013;
Boltzmann et al., 2013; Rüsseler et al., 2013), Eme et al.
(2010) use a much broader range of test components. It

1The authors explicitly wrote this criteria only in Rüsseler et al. (2013, p. 242) but
as they speak about the evaluation of the same training program in Boltzmann and
Rüsseler (2013) and in Boltzmann et al. (2013), we suppose that they used the same
inclusion criteria.
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is still unknown which approach is more valid. In most
definitions, functional illiteracy is mainly about impaired
understanding of texts. We suggest that diagnostic tests
should operationalize this definition and focus on impaired
understanding of texts, until other test components prove
important for diagnostic assessment of functional illiteracy.

In sum, there is inconsistency in definition and assessment
of functional illiterates in the scientific literature. There are
only a few studies that include well-established methods in
the fundamental sampling question. As the literature lacks a
clear definition and clear assessment criteria, we use the term
“functional illiterate” to refer to all the participants from the three
groups of scientific papers.

Factors Contributing to Functional
Illiteracy – The Scientific Aspect2

Unfortunately, few studies2 investigated differential diagnostic
properties of functional illiteracy. Although there are related
deficits that may or may not be part of functional illiteracy
depending on the definition and the assessment tool. Here, we
focus on three of these related deficits: language-related deficits,
general cognitive deficits, and deficits related to numerical
abilities (Supplementary Tables S1–S3).

Language-Related Deficits
The few articles that assess the basic skills of their specific
sample separately have shown that functional illiterates have
phonological processing deficits. Their profile is more similar to
children with developmental dyslexia than to typical elementary
school children. Adults performed much worse in phonological
tasks than children matched for reading-level (Greenberg et al.,
1997; Thompkins and Binder, 2003; Grosche, 2012; Eme et al.,
2014).

Functional illiterates’ spelling skills are also weak (Greenberg
et al., 1997; Thompkins and Binder, 2003; Eme et al., 2014):
They rely more on orthographic processes (Greenberg et al.,
1997), although they may also have orthographic processing
difficulties (Greenberg et al., 1997; Thompkins and Binder, 2003;
Eme, 2006). A comparison with reading-level matched children
showed that their vocabulary size is also smaller (Greenberg
et al., 1997; Eme et al., 2014) and they are slower in naming
tasks (Grosche, 2012). Although functional illiterates seem to be
a heterogeneous group, on the whole they performed poorer in
phonology than in morphosyntax and semantics, with their low
performance in oral language tasks being reflected in their written
abilities (Eme et al., 2014).

This issue is further complicated by the fact that functional
illiterates may not be a homogeneous sample. Eme et al. (2010)
suggested that functional illiterates can be divided into five
subtypes according to their oral narrative abilities (Eme et al.,

2Relevant studies for this review were identified by (1) carrying out a keyword
search in EBSCOhost, PsycInfo, and Google Scholar. It was conducted for
keywords functional illiteracy, illiteracy, literacy, adult dyslexia, child dyslexia, and
several variations of these keywords and the basic abilities that we mention in
Supplementary Tables S1–S3. (2) And we were conducting a manual search for
references cited in relevant papers.

2010). However, when the same research group examined the
relationship between reading, spelling, and oral language abilities
in a later study, the cluster analysis showed four profiles (Eme
et al., 2014). So, the subtyping problem is not resolved yet.

Other papers (Eme, 2006; Grotlüschen and Riekmann, 2011a;
Rüsseler et al., 2011; Eme et al., 2014) mention that functional
illiterates have problems in text understanding but only one
study examined whether more fundamental factors cause this
difficulty. The paper that compared matched normal readers
with functional illiterates and children with reading and writing
disabilities found that the perceptual skills of functional illiterates
are weak but have no impact on reading abilities (Rüsseler et al.,
2011).

In sum, functional illiterates seem to have linguistic deficits
in several domains, including phonological, orthographic and
lexical processing, oral and reading comprehension, and verbal
fluency. However, these deficits may not be homogeneous. It
is important to note that correlated or co-morbid deficits are
not necessarily functionally causal. What is more, they do not
necessarily add unique variance to the diagnostic assessment.
Finally, we do not know whether the linguistic inabilities
described above are their main difficulties or whether these are
due to or influenced by other more general cognitive factors
(Supplementary Table S1).

Cognitive Deficits
Cognitive deficits of functional illiterates have also been reported.
Van Linden and Cremers (2008) showed that functional illiterates
performed significantly worse than literates not only in language
processing, but also in all cognitive tasks such as in copying
and recalling the Rey Complex Figure, visual organizational, and
visual memory, mental spatial orientation as well sustained or
split attention tasks (Van Linden and Cremers, 2008).

Functional illiterates seem to have working memory
difficulties: they performed worse than reading-level matched
children (Eme, 2006; Grosche, 2012) and than normal adult
readers (Grosche, 2012) in the verbal tasks. Comparing
functional illiterates with children matched for reading-level,
adults performed better on a backward, while they did not
differ in a forward digit span task (Thompkins and Binder,
2003). However, the studies only used digit or letter span tasks
(Thompkins and Binder, 2003; Eme, 2006; Grosche, 2012).

As regards perceptual skills, functional illiterates perform
similar to children with reading and writing disabilities and
differ from regular adult readers. This supports a developmental
delay view on functional illiteracy (Rüsseler et al., 2011). The
authors suggest that perceptual training could develop functional
illiterates, as it improved the reading and spelling performance
of children with reading and writing disabilities (Rüsseler et al.,
2011).

In sum, it is clear that functional illiterates deviate from adults;
their performance seems to be more similar to children. However,
basic control variables (e.g., intelligence) are often missing,
when the cognitive abilities of functional illiterates are assessed.
Moreover, again participant selection could drive the results
and the subsequent interpretations of deficits. Nevertheless, the
available data point to the view that functional illiterates seem
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to show various cognitive deficits. However, the question about
whether these deficits are (partially) causal for the functional
illiteracy or just co-morbid impairments remains unanswered so
far (Supplementary Table S2).

Deficits Related to Numerical Abilities and
Dyscalculia
Although numerical abilities are measured as one of the basic
skills and are considered as part of functional illiteracy (e.g., in
IALS as quantitative literacy, Thorn, 2009; in ALL and in PIAAC
as numeracy, Statistics Canada and OECD, 2005; OECD, 2013),
research on numerical deficits in functional illiteracy has largely
been neglected (Supplementary Table S3). Therefore, further
experimental studies are needed to answer the question whether
functional illiterates have numerical difficulties or not.

(Functional) Illiteracy Programs – The
Practical Aspect
In order to eradicate illiteracy, governments, NGOs (non-
governmental organization) and supranational agencies such as
UNESCO fund numerous programs worldwide (Abadzi, 2003),
but the programs are assessed with great skepticism in the
literature (Shi and Tsang, 2008). It is important to note that
the ABE programs are rarely targeted explicitly at functional
illiterates, as they generally aim to increase the participants’
literacy skills3.

In Western societies, adult literacy programs are often offered
to vulnerable or hard-to-reach learners. Some programs rely
extensively on the use of technology and distance learning
platforms (e.g., AlphaRoute in Canada), others are tailored to
each participant’s needs, both in workshops and individual help
(e.g., Fight Against Illiteracy in France). According to their
main interest, we can differentiate from general literacy courses
the work- (e.g., El Trabajo En Red Como Proyecto Educativo
in Spain) and family-oriented (e.g., Family Literacy Project in
Germany) programs (Aker et al., 2010). Former supports the
(re)integration to labor market (Bhola, 1995), while latter’s key-
strategy called the “Teach the parents – reach the children”
approach in which parents and their children are working
both separately and together. It aims at a long-term effect in
the education of next generation (Nickel, 2007). Furthermore,
supplementing literacy and numeracy classes with technology,
even mobile phones, is restricted by its reduced availability (Aker
et al., 2010).

Adult basic education classes are still struggling to overcome
high drop-out rates, failure to pass literacy tests, and a
fast deterioration of literacy skills. High drop-out rates are
associated with younger age, worse blending, slower naming,
and comprehension skills, as well as increased avoidance of
reading difficult materials. Furthermore, current/past enrollment
in ABE classes increased the probability of midpoint completion
(Greenberg et al., 2012). Therefore, the programs should pay
more attention to the participants that fall within these categories.
In Germany, Rüsseler et al. (2012) created and investigated the
effects of a special training program called Alpha Plus. While the

3http://www.unesco.org/uil/litbase/?menu=7

regular literacy courses offer reading and writing classes once a
week, the intensive Alpha Plus training does not only improve
reading and writing skills. But it builds also on the progress
of other basic, daily and work-related abilities (e.g., perceptual
and social skills). The program is clearly more effective than
the regular classes offered to functional illiterates by the adult
education schools in Germany. The efficiency of Alpha Plus was
confirmed by behavioral, ERP, and fMRI studies (Rüsseler et al.,
2012; Boltzmann and Rüsseler, 2013; Boltzmann et al., 2013;
Rüsseler et al., 2013). The success of the program is evident but
the authors stress the large variability between the participants.
The achievement would be larger if it could better handle
individual differences (e.g., with more groups with smaller sizes;
Rüsseler et al., 2013) and follow a more personalized adaptive
learning approach.

To sum up, solving the problem of illiteracy and functional
illiteracy is relevant to governments and various organizations
and their efficiency show up in statistics (UNESCO, 2015). But
the development of programs based on scientific research (e.g.,
Alpha Plus: Rüsseler et al., 2012) could improve the efficacy of
the programs and the persistence of the students.

DISSOCIATING FUNCTIONAL
ILLITERACY FROM ILLITERACY AND
DYSLEXIA

For establishing a solid picture about the construct of functional
illiteracy, it is necessary to distinguish it from related constructs
such as illiteracy and developmental dyslexia, and to define
non-overlapping characteristics. Without such dissociation,
functional illiteracy is just a new name for a deficit that is already
part of other constructs.

Functional Illiteracy and Illiteracy: What
Does Functionality Mean?
Illiteracy is a well-defined phenomenon and the diagnostic
criteria for this group are clear-cut. It has been investigated since
the 1970s and researchers have investigated many characteristics
of illiteracy (Huettig and Mishra, 2014). According to the original
notion, the difference between functional illiterates and illiterates
is that illiterates are unable to read, write, and understand short
sentences. In contrast functional illiterates are unable to use their
acquired literacy skills in daily life (UNESCO, 1978), e.g., to read
and understand a medicine label or a bank statement, fill out a
job application, compare the cost of two items and choose the
item that offers the best value (Cree et al., 2012).

When we outline these studies, we focus on the same
three related groups of deficits we distinguished for functional
illiterates (Supplementary Tables S1–S3).

Language-Related Deficits in Illiterates
As the illiterates have never attended school and did not
acquire basic language skills, they differ in most language-
related abilities. It is known that phonemic awareness is not
attained spontaneously, since associations of phonemes with
graphemes emerge with reading acquisition (Morais et al., 1979).
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Indeed, performances on phoneme addition, discrimination,
deletion, and pseudoword repetition tasks (e.g., Greenberg et al.,
1997; Thompkins and Binder, 2003) clearly demonstrated that
illiterates have phonological processing deficits (Morais et al.,
1979; Rosselli et al., 1990; Reis and Castro-Caldas, 1997; Castro-
Caldas et al., 1998).

Decreased performance was shown also in orthographic
(Petersson et al., 2000) and in lexical processing (Kosmidis et al.,
2006) when low literate and literate adults were compared.

In addition, researchers observed impairments in naming
ability (Rosselli et al., 1990; Ostrosky-Solis et al., 1999; Reis et al.,
2006), in oral comprehension (Rosselli et al., 1990; Ostrosky-Solis
et al., 1999) and in verbal fluency skills (Rosselli et al., 1990; Reis
and Castro-Caldas, 1997; Ostrosky-Solis et al., 1999; Kosmidis
et al., 2004) as well. Yet, it is important to mention that when
using ecologically more valid categories in the verbal fluency
task (e.g., supermarket), the difference can disappear (Reis et al.,
2003).

In sum, illiterates can be characterized by impairments in the
whole spectrum of language-related skills (Supplementary Table
S1), which are less variable than those of functional illiterates.

Cognitive Deficits in Illiterates
As lack of reading and writing acquisition affects language skills,
could it be assumed that basic cognitive functions also depend
on it? The need for assessing the cognitive abilities of illiterates
materialized many years ago.

Illiterates performed significantly worse than the three other
assessed educated groups (1–4; 5–9; 10–24 years of education)
in abilities as orientation, verbal fluency, attention, perception,
and motor functions (Ostrosky-Solis et al., 1999; Dansilio and
Charamelo, 2005; Landgraf et al., 2011). The latter was confirmed
in visuo-motor integration tasks as well: while literates used a
systematic visual scanning strategy, illiterates were less systematic
and slower in a computerized visual-motor task (Bramão et al.,
2007).

Oral cultures have better long-term memory abilities, as they
can preserve their traditional songs by rote learning (Huettig
and Mishra, 2014). Conversely, illiterates did not succeed in
standardized working memory tasks (Ardila et al., 1989; Reis
et al., 2003; Kosmidis et al., 2011; Silva et al., 2012). In addition,
Kosmidis et al. (2011) revealed that literacy per se and not formal
schooling affected working memory skills.

In sum, illiterates perform worse in various cognitive skills
than literates. The deficits seem more universal than in studies
with functional illiterates. Lack of education and basic skill
acquisition have been brought forward as the reason for the
weakness of cognitive skills in illiterates (Ardila et al., 1989;
Rosselli et al., 1990) (Supplementary Table S2).

Deficits Related to Numerical Abilities in Illiterates
Although illiterates never attended school and never acquired
number reading and writing, the majority of the tests that
examine mental calculation or basic arithmetical abilities were
administered to illiterates in written form. It is not surprising
that these studies solidly verified that illiterates have poor mental
calculation or basic arithmetical abilities (Ostrosky-Solis et al.,

1999; Reis et al., 2003; Landgraf et al., 2011; Silva et al., 2012).
Only one experiment gave calculations orally where the illiterates
achieved low score as well (Rosselli et al., 1990). However, it is also
possible that the deficits extend to basic number sense. Halberda
and Feigenson (2008) have shown that early processing of non-
symbolic information long before formal schooling influences
arithmetic performance at a later age (Halberda and Feigenson,
2008). Whether the so-called approximate number system
(ANS) – measured by non-symbolic magnitude comparison –
really contributes to symbolic and arithmetic performance when
other symbolic factors are controlled is a matter of intense
discussion (De Smedt et al., 2013; Lyons et al., 2015). The answer
to this question is not easy as performance in ANS tasks and their
correlations with arithmetic seem to depend on the particular
method involved (Dietrich et al., 2015). Nevertheless, it would be
helpful to assess more basic numerical abilities like the ANS or
spatial-numerical capabilities (Siegler and Opfer, 2003; Moeller
et al., 2009) or indices of multi-digit integration (Moeller et al.,
2011; Nuerk et al., 2015 for a review) to identify basic numerical
deficits in functional illiterates that might lead to deficits in later
more complex arithmetic tasks.

In sum, illiterates performed less accurately not only in
language-related tasks, but also in cognitive and mathematical
tasks. But it remains unclear whether the lack of reading
acquisition, the absence of formal education, or even basic
perceptual and cognitive deficits underlying more than one skill
drive their functional illiteracy (Supplementary Table S3).

Functional Illiteracy and Dyslexia:
Different Constructs for the Same
Sample?
Is it possible that functional illiterates are dyslexics with a new
name?

We have outlined above that various language deficits are part
of functional illiteracy. Some authors even claim that functional
illiterates can somehow count as untreated developmental
dyslexics (Greenberg et al., 1997; Grosche, 2012, but see
diagnostic problematic outlined above). Therefore, it is unclear
whether the terms “functional illiterate” and “dyslexic” reflect
different terminology used to refer to the same group of people
due to preference and history of the field, rather than due to actual
differences between the two groups. It is surprising that we have
not found any experimental research that has investigated this
thesis. Therefore, we will outline developmental dyslexia in more
detail, again with the same three subsections, language-related
deficits, general cognitive, and numerical deficits (Supplementary
Tables S1–S3).

Language-Related Deficits in Dyslexia
Developmental dyslexia is associated with abnormalities in a
variety of brain regions, and has a strong genetic basis (Lyon
et al., 2003; Fletcher, 2009; Habib and Giraud, 2013). However,
it is not clear whether the neurobiological changes are a cause or
consequence of reading difficulties.

Dyslexic children have problems in at least three domains:
decoding single words, reading fluency, and comprehension
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(Fletcher, 2009). Leading theories suggest that the main problem
in dyslexia is the phonological processing deficit. It can appear
even at a single word level, independently of intelligence and is
adequate for a dyslexia diagnosis (Ramus et al., 2003). Such a
deficit in phonological awareness was confirmed in children by
many studies (Joanisse et al., 2000; Casalis et al., 2004; White
et al., 2006; Everatt et al., 2008; Landerl et al., 2009; Varvara
et al., 2014; Zoubrinetzky et al., 2014). The most common tasks
were phonological fluency (Landerl et al., 2009; Varvara et al.,
2014) and manipulation with phonemes as phoneme deletion
(Joanisse et al., 2000; Landerl et al., 2009; Chung et al., 2010;
Zoubrinetzky et al., 2014) and spoonerism tasks (White et al.,
2006; Varvara et al., 2014).

The results suggest that the phonological symptoms associated
with dyslexia persist into adulthood (Hatcher et al., 2002; Ramus
et al., 2003; Beidas et al., 2013; Bogdanowicz et al., 2014; Law et al.,
2015). A study that compared adults with and without learning
difficulties demonstrated that even high-achieving dyslexic adults
are slower in phonological, semantic, and syntactic judgment
tasks (Rüsseler et al., 2007).

In spelling, the tendency remains similar: both dyslexic
children (White et al., 2006; Everatt et al., 2008; Chung et al.,
2010) and adults (Hatcher et al., 2002; Beidas et al., 2013; Law
et al., 2015) showed difficulties in their performance. In contrast,
dyslexic adults performed well in the semantic fluency task
(Hatcher et al., 2002) and vocabulary tasks (e.g., Cavalli et al.,
2016) but the success of children were mixed (Joanisse et al., 2000;
White et al., 2006; Everatt et al., 2008; Landerl et al., 2009; Varvara
et al., 2014).

Nevertheless, their reading and naming speed were also
significantly slower than in children and adults without learning
difficulties (De Luca et al., 2002; Hatcher et al., 2002; Ramus et al.,
2003; White et al., 2006; Everatt et al., 2008; Willburger et al.,
2008; Boets and De Smedt, 2010; De Smedt and Boets, 2011;
Beidas et al., 2013; Bogdanowicz et al., 2014; Suarez-Coalla et al.,
2014; Law et al., 2015).

Basic language-related skills are necessary for accurate text
comprehension (Martens and de Jong, 2006). Therefore, it is
not surprising that dyslexic children and adults systematically
perform below-average on reading comprehension tasks (Casalis
et al., 2004; Fletcher, 2009; Rimrodt et al., 2009; Wiseheart et al.,
2009; Rello et al., 2013). If texts are optimized according to
word-frequency and word-length, thus using more common and
shorter words, dyslexic adolescents and adults understand better
and read faster written materials (Rello et al., 2013).

Dyslexia is not only categorized by phonological deficit,
reading fluency, and text comprehension; it is also considered to
be a heterogeneous learning disorder (Zoubrinetzky et al., 2014).
Co-morbid language deficits and other cognitive difficulties
are common. A regression study that aimed to examine the
contribution of linguistic and cognitive factors to oral reading
fluency in dyslexic adolescents found that word decoding,
working memory, and vocabulary are the key predictors. The
factors together explain 56% of the variance in connected-
text oral reading fluency (Rose and Rougani, 2012). Despite
the regression analysis, one must keep in mind that these
are still correlations. Whether co-morbid cognitive difficulties

causally influence reading fluency or whether linguistic deficits
cause associated cognitive problems over the course of learning
and development is not entirely clear yet (Beidas et al., 2013)
(Supplementary Table S1).

In sum, we can conclude that dyslexic children have problems
in phonological tasks, reading fluency, reading comprehension
and associated linguistic and cognitive factors. Most such
deficits observed in dyslexic children are preserved in adulthood.
However, dyslexic adults may be able to compensate some of their
deficits (e.g., in reading comprehension) and function better in
language-related tasks than functional illiterates. Whether this
summary of the literature holds, must be examined, with direct
investigation of dyslexics and functional illiterates.

Cognitive Deficits in Dyslexia
In the last decades, auditory, visual processing, or attention
deficits were suggested as being potential sources of dyslexia.
Valdois et al. (2004) argue that phonological and attention
deficits in dyslexic patients can present independently from each
other (Valdois et al., 2004). Accordingly, dyslexics struggle with
attentional and perceptual difficulties (Ramus et al., 2003; Ziegler
et al., 2010; Leong et al., 2011; Beidas et al., 2013; Bogdanowicz
et al., 2014; Varvara et al., 2014; Zoubrinetzky et al., 2014).

As regards cognitive abilities, most articles are examining
working memory. It was shown that dyslexic children have
poor working memory (Beneventi et al., 2010; Varvara et al.,
2014), which remains weak during adulthood (Ramus et al.,
2003; Abd Ghani and Gathercole, 2013; Beidas et al., 2013;
Bogdanowicz et al., 2014). This deficit seems stable, considering
that weak performance appears both in verbal (e.g., digit span,
e.g., Everatt et al., 2008), in spatial (e.g., Corsi blocks, Landerl
et al., 2009), and in visual (e.g., n-back, Beneventi et al., 2010)
working memory tests. Exploring the four regions of executive
functions (inhibition, planning, sequencing, and organizing
abilities), researchers found that compensated dyslexic university
students did not differ from the non-dyslexic control group in
any of the functions (Brosnan et al., 2002). A more recent study
showed that in a set shifting task, dyslexic adults were slower than
age and IQ matched controls. In contrast, in an inhibition task the
reaction time did not differ, although the accuracy depended on
the task (Smith-Spark et al., 2016).

Experiments showed that dyslexic children have no problems
in tasks requiring fine manual skills (White et al., 2006; Everatt
et al., 2008) but they have difficulties in balancing tasks (White
et al., 2006; Brookes et al., 2010). Conversely, adults did not show
any problems in balance and motor coordination tasks (Ramus
et al., 2003).

In sum, diverse types of cognitive difficulties are inseparable
from the symptoms of dyslexia both in childhood and adulthood.
Over time, dyslexics can improve some of their skills but most of
their problems are remained. Nevertheless, their deficits seem less
universal than in functional illiteracy (Supplementary Table S2).

Deficits Related to Numerical Abilities and
Dyscalculia in Dyslexia
Research examining mathematical abilities has shown that
dyslexic children and adults generally solved basic arithmetical
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problems slower and less accurately than children and adults
without dyslexia (Hatcher et al., 2002; Simmons and Singleton,
2006; Boets and De Smedt, 2010; De Smedt and Boets, 2011).

A study examining children with reading disability and/or
math disability found that all three groups showed difficulties
in the examined neuropsychological measures. However, the
impairments of reading and math disability group were the
largest (Willcutt et al., 2013). Studies confirmed that reading and
mathematical learning disabilities have independent domain-
specific deficits: in the case of dyslexia in phonological processing
and numerosity in the case of dyscalculia. Nevertheless, there
are some common domain-general “bridge symptoms” as rapid
naming (Wilson et al., 2015), working memory, processing
speed, and verbal comprehension (Willcutt et al., 2013). In
contrast, another experiment described that the cognitive deficits
of children with dyslexia and dyscalculia were only additive
(Landerl et al., 2009) (Supplementary Table S3).

The Triple-Code Model (Dehaene and Cohen, 1995)
supposes three distinguished mental representations of numbers
within different brain areas. According to the model, we can
distinguish visual representation (established in the left and
right inferior ventral occipito-temporal areas), magnitude
representations (established in the left and right inferior
parietal areas), and verbal representation (established in
the left-hemispheric perisylvian language areas). Thus, the
numerical and linguistic representations work separately.
Therefore, those who have poor numerical or poor reading skills
might be differentiated clearly according to their anatomical
and functional brain processes (Dehaene and Cohen, 1995,
1998).

In sum, we can state that reading disabilities do not go
obviously hand in hand with mathematical weaknesses, therefore,
not just dyslexics and dyscalculics but also functional illiterates
and functional innumerates may represent separate groups
(Supplementary Tables S1–S3).

SUMMARY, NEW DEFINITION, AND
FURTHER CHALLENGES

From the outline of the review, it is clear that the field of
functional illiteracy has been under-represented in research
despite its worldwide effects on social and economic levels
(UNESCO, 2006) and although millions of dollars are invested
in remediation programs of (functional) literacy.

In this review, we clarified our knowledge about functional
illiterates, especially how different approaches try to diagnose
them, and in what areas they differ from illiterates and dyslexics.

We summarized the challenges of empirical research that
hinder the researchers of the field as the lack of an adequate
assessment and resources for programs and researches.

A comprehensive, exploratory examination is needed to
guarantee the success of the literacy programs. This examination
should assess in detail the basic foundations and the variables that
play a crucial role in functional illiteracy, emphasizing not only
the language, but the mathematical-related and cognitive skills
which are essential in everyday life.

The first step in that direction is to establish a new, up-to-date
definition that is adequate for experimental research:

Functional illiteracy is the incapability to understand complex
texts4 despite adequate schooling, age, language skills, elementary
reading skills, and IQ. These inabilities must also not be fully
explained by sensory, domain-general cognitive, neurological or
psychiatric deficits.

Here we suppose the main criteria and justification that a
working definition should contain:

Inclusion criteria:

- very poor performance in a functional illiteracy
assessment: despite the fact that there is no consensus
about an operationalized definition of functional illiteracy,
many self-claimed assessments tried to measure it, but
there is no standardized and validated tool for this aim5,

- age: older than 16 years old. We suppose that children
cannot be categorized as functional illiterates,

- schooling: minimum 6–8 finished years, in agreement with
the duration of compulsory education for single countries
(in Germany it means 9 years),

- proper (German) language use: fluent, native-like
oral language skills without major difficulties (natives,
bilinguals). We should take with great care people with
migration background because we cannot be sure whether
a person shows weakness because he/she is a functional
illiterate or because he/she has difficulties in second
language acquisition. Nevertheless, being a native speaker
is in our view not a necessary criterion if the second
language is sufficiently well mastered in oral language,

- IQ: level of 70 or above.

Exclusion criteria:

- neurological or mental disorder,
- uncorrected speech, hearing, or vision problem.

Exclusion criteria for pure functional illiteracy:6

- dyslexia,
- dyscalculia,
- hyperactivity.

4Beyond this scope of review but we define complex text as comprising at least of
two sentences with some conjunctions or subjunctions and propositional relations
between these sentences. Questions concerning such tests should be impossible
to answer on the basis of understanding one single sentence alone. For a more
precise definition we suppose computer linguistically quantifiable measures about
the readability and complexity of a text (e.g., after the methods of Vajjala and
Meurers, 2014).
5According to our opinion, functional illiterates in general have fundamental
problems in text comprehension. Therefore, we suggest using tasks based on text
comprehension, enhanced with an interview about their educational background.
We agree with Boltzmann and Rüsseler (2013) that children’s tasks are well suited
for assessing the functional illiterate sample, e.g., because of their complexity that
admit of the differentiation and their short length that is not frustrating. However,
these tasks have not yet been normed to low literate adults.
6We would like to stress that we do not want to exclude functional illiterates with
dyslexia, but we would like to raise awareness that further research should pay
more attention to the related linguistic and numerical impairments. It is likely that
functional illiterates meet the criteria for dyslexia and because of the dissociation
between dyslexia and functional illiteracy merits further investigations.
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Further characteristics that describe functional illiterates:

- impaired oral language comprehension,
- impaired writing skills,
- impaired arithmetic skills,
- difficulties in functioning in society: problems with active,

independent functioning in daily life.

Due to lack of empirical studies the underlying cause of
functional illiteracy is still unclear. Rüsseler et al. (2011) suggested
a combined model, where the unfavorable familiar background
and school experiences could be identified as risk factors and
together with biological and cognitive determinants could cause
functional illiteracy (Rüsseler et al., 2011).

As regards our five research questions in the beginning, they
can be answered as follows. We propose four different social and
cognitive aspects that can lead to functional illiteracy in itself or
together:

(1) Cognitive aspect: weak cognitive skills cause the inability to
acquire proper basic literacy skills;

(2) Educational aspect: primary and secondary school teachers
have no opportunity to take care the individual level of each
student, therefore the children with feeble abilities or low
motivation fall behind in long-term;

(3) Social aspect: the lack of an encouraging and motivating
model in a child’s family for acquiring new skills, having
new experiences, can lead to an unmotivated learning style
in school;

(4) Competency loss aspect: loss of competencies in adulthood
caused by a decrease of cognitive demands (Q4).

The focus on cognitive and social aspects does not
preclude that some of them (e.g., the cognitive aspects) are
neurobiologically routed.

The review shows that despite formal education, functional
illiterates do not possess basic skills (Q1). This general deficit
can be theoretically distinguished from the deficits associated
with illiteracy and dyslexia; illiterates lack formal education,
while functional illiterates have had some schooling and therefore
may have advantages from this education. Additionally, dyslexia
has genetic underpinnings while social factors seems to have
stronger impact on the development of functional illiteracy (Q5),
therefore their diagnostic and remediation processes may differ
as well.

From the summary we cannot conclude in which abilities
functional illiterates have the largest deficit, because we did not
find any research that aimed at measuring their mathematical
abilities (Q2). We suppose that functional illiterates have both
numerical and linguistic deficits. According to the Triple-Code
Model, the underlying representations work separately (Dehaene
and Cohen, 1995, 1998) but we do not know any research

that has tried to confirm this in a functional illiterate sample
(Q3).

Summarizing our presumptions about functional illiteracy
in details, we define as functional illiterates those adults who
attended the compulsory years in education but could not
acquire basic reading, writing, and calculation skills. Their
impairments negatively affect their effective functioning in
everyday life. In particular, functional illiterates have poor
language skills (writing, reading, oral communication) (e.g.,
difficulty understanding a medicine label) as well as poor
arithmetic abilities (e.g., inability to compare the price of two
products) that generally influence everyday life situations (e.g.,
get the information from a timetable). People belonging to
this group have average or below-average IQ levels and their
difficulties cannot result from any other kind of neurological
or psychiatric disorder, organic problem, non-verbal learning
problem, general learning difficulty or hyperactivity. Of course,
these criteria do not exclude co-morbidities with such other
impairments.

CONCLUSION

We would stress the need for methodologically more
substantiated research, comparing basic linguistic, numerical
and cognitive functions in normal readers, functional illiterates,
dyslexic adults, and reading-level matched dyslexic children.
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The current study investigated early elementary school teachers’ beliefs and practices
regarding the role of Executive Functions (EFs) in reading and arithmetic. A new
research questionnaire was developed and judged by professionals in the academia
and the field. Reponses were obtained from 144 teachers from Israel. Factor analysis
divided the questionnaire into three valid and reliable subscales, reflecting (1) beliefs
regarding the contribution of EFs to reading and arithmetic, (2) pedagogical practices,
and (3) a connection between the cognitive mechanisms of reading and arithmetic.
Findings indicate that teachers believe EFs affect students’ performance in reading and
arithmetic. These beliefs were also correlated with pedagogical practices. Additionally,
special education teachers’ scored higher on the different subscales compared to
general education teachers. These findings shed light on the way teachers perceive
the cognitive foundations of reading and arithmetic and indicate to which extent these
perceptions guide their teaching practices.

Keywords: pedagogical practices, executive functions, reading, arithmetic

INTRODUCTION

“Executive functions” (EF) are typically defined as “general-purpose control mechanisms that
modulate the operation of various cognitive sub-processes and thereby regulate the dynamics of
human cognition” (Miyake et al., 2000; Miyake and Friedman, 2012). They allow individuals to
be goal-directed and adaptively select their responses, rather than respond in an automatic fashion
(Garon et al., 2008) by relying on instinct or intuition (Diamond, 2013). Core EF components, such
as inhibition, shifting and working memory begin to develop during infancy (Garon et al., 2008),
predicting school readiness in the language and social-emotional domains (Bierman et al., 2008).
EF continue to develop into adulthood, forming the foundation for higher cognitive processes
(Garon et al., 2008) affecting mental and physical health, job success, intimate relationships and
social behavior (Diamond, 2013).

In recent years, there is also accumulated research regarding the contribution of domain-general
EF to the development of reading and arithmetic (e.g., Durand et al., 2005; Altemeier et al., 2008;
Cartwright, 2012; Compton et al., 2012; Ashkenazi et al., 2013; Georgiou et al., 2013; Miller et al.,
2013; Davidse et al., 2015). The domains of reading and arithmetic have been traditionally linked to
separable underlying cognitive mechanisms. Reading is considered to be dependent on linguistic
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processes (Lyon et al., 2003) while arithmetic depends on abstract
manipulation of quantities (Price et al., 2007). Yet, first of
all, semantic and arithmetical concepts are both communicated
through formally acquired symbol systems. Alphabetic writing
systems and Arabic numerals even emerged from the same
source – counting coins, which are tracked back to 8000BC (Wolf,
2008).

Furthermore, apart from the shared origin of symbol systems,
reading and arithmetic depend on shared cognitive mechanisms.
Most of these mechanisms, as mentioned, can be conceptualized
as domain-general EF (amongst other cognitive mechanisms,
such as general verbal ability, e.g., Krajewski and Schneider,
2009; Schroeder, 2011; Bar-Kochva, 2012; Vukovic and Lesaux,
2012). For example, EF in preschool accounted for substantial
variability in mathematical and reading achievement 2 years later
(Röthlisberger et al., 2013). In another study, neuropsychological
tests and teacher reports of EFs accounted for as far as 40% of
variance in English scores and 30% of variance in mathematics
scores in the 4th grade (Waber et al., 2006).

With all that being said, it is still unclear whether this
important link between EF and school achievements has any
expression in pedagogical practices. As much as this link is well
established in scientific literature, we have yet to understand how
it is reflected in teachers’ beliefs, as well as in their practices
(Pajares, 1992). For example, if a teacher witnesses some students
struggle with all schoolwork, is he/she exposed to the possibility
that these challenges may stem from an underlying difficulty in
executive functioning?

To discover whether recent scientific findings are bridged
into pedagogy, the current study will look into elementary
school teachers’ beliefs regarding the link between EF and
achievements in reading and arithmetic. We will focus on
teachers’ beliefs, due to the crucial influence they may exert on
pedagogical practices (Borg, 2001; Baccus, 2004; Cross, 2009),
and learning opportunities (Falcón-Huertas, 2006; Kaya, 2014).
We will also explore to what extent teachers’ beliefs correlate with
their reported pedagogical practice in arithmetic and reading
instruction, and examine patterns of beliefs and practices in
different populations of teachers (differing by level of experience
and type of students taught).

Past studies of teachers’ beliefs have typically focused on
teachers’ attitudes toward themselves (Tschannen-Moran and
Hoy, 2007; van Uden et al., 2014), their students (Lavigne,
2014) and the nature of teaching and learning (Windschitl
and Sahl, 2002; Kim et al., 2013). Other studies examined
teachers of specific academic domains, focusing, for example,
on attitudes toward literacy (Martin et al., 2007; Jiménez et al.,
2015; Ritchey et al., 2015), such as stressing phonics as opposed
to a whole-language approach when teaching reading (DeFord,
1979). Other studies explored beliefs regarding mathematics
instruction (Lerman, 1990; Stipek et al., 2001; Sweeting, 2011),
for example, stressing answer correctness as opposed to focusing
on understanding mathematical concepts (Stipek et al., 2001).
However, to our knowledge, there is no published study that
focuses on teachers’ beliefs about the connection between EF and
school achievements in reading and arithmetic. Thus, the current
study addresses an important gap in the literature, by exploring

teachers’ beliefs and practices regarding the role of domain-
general cognitive mechanisms such as EF on domain-specific
subject matters such as reading and arithmetic.

Before describing research questions and methods, scientific
literature regarding the contribution of EF to both reading and
arithmetic will be reviewed, along with literature about the
connection between the two domains. Lastly, the connection
between teachers’ beliefs and their pedagogical practices will be
reviewed.

Conceptualization of Executive
Functions in the Current Study
Different researchers included different cognitive mechanisms
under the umbrella of EF (e.g., compare Jurado and Rosselli, 2007
with Barkley, 1997). Furthermore, some studies refer to “EFs” as
one general construct (e.g., Waber et al., 2006; Best et al., 2011;
Röthlisberger et al., 2013), while others study the contribution
of the different EFs separately (e.g., Inhibition and working
memory, Borella et al., 2010; Planning, updating in working
memory and inhibition, Kroesbergen et al., 2009; Inhibition,
shifting and updating, Van der Ven et al., 2012). Both approaches
have merit, as EFs differ in terms of both cognition and biology
(e.g., Miyake et al., 2000; Gunning-Dixon and Raz, 2003; Jurado
and Rosselli, 2007), yet share some underlying commonalities
(Miyake et al., 2000). In addition, EF sub-processes work in
conjunction many times (Alvarez and Emory, 2006) and it
might be hard to separate their joint contribution to academic
achievements.

Since the incorporation of teaching methods addressing EF in
the school curriculum is relatively new and still not widespread
(Dias and Seabra, 2015), studies linking specific EF to the
acquisition of both reading and arithmetic will be reviewed,
but when addressing teachers’ beliefs in the current study, the
different EFs and EF-related mechanisms reviewed will be later
conceptualized as one joint construct.

THE CONTRIBUTION OF DIFFERENT
EXECUTIVE FUNCTIONS TO READING
AND ARITHMETIC

Some specific EF and EF-related mechanisms that have been
shown to predict reading and arithmetic are: Inhibition (e.g.,
Altemeier et al., 2008; Toll et al., 2011), attentional control (Welsh
et al., 2010), cognitive flexibility or shifting (e.g., Altemeier et al.,
2008; Yeniad et al., 2013), planning (e.g., Sesma et al., 2009),
working memory (e.g., McVay and Kane, 2012; Miller et al., 2013)
and fluent retrieval of information from long-term memory (e.g.,
Ashkenazi et al., 2013; Georgiou et al., 2013).

EF and Reading
Inhibitory control (i.e., the ability to restrain responses; Blair
and Razza, 2007), and attention control (the ability to control
the focus on particular information; Welsh et al., 2010) were
found to have a significant relationship with pre-reading skills
in kindergarten. In elementary school, inhibition (Altemeier
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et al., 2008) and shifting (i.e., changing the mental set that has
been learned to a new one; Yeniad et al., 2013) were linked to
general reading performance (Yeniad et al., 2013) and particular
decoding and word-reading measures (van der Sluis et al., 2007;
Altemeier et al., 2008).

Executive function also plays a role in reading comprehension:
attention shifting and inhibitory control was uniquely associated
with reading comprehension in the 4th grade, controlling for
working memory, processing speed and phonological awareness
(Kieffer et al., 2013). Along the same lines, poor comprehenders
in elementary and middle school were shown to lack inhibition
(De Beni and Palladino, 2000) and also planning (deciding which
tasks are necessary to complete a goal, and in what order; Sesma
et al., 2009) abilities, compared to good comprehenders.

EF and Math
In the field of arithmetic, attention control (Welsh et al., 2010)
and planning (Kroesbergen et al., 2009) predicted emergent
numeracy skills. More EFs found to predict arithmetical ability
are inhibition, underlying factual and procedural knowledge,
and shifting, underlying procedural and conceptual arithmetical
knowledge (Cragg and Gilmore, 2014). Inhibition predicted
early school math achievement (Kroesbergen et al., 2009;
Clark et al., 2010; Gilmore et al., 2013; Viterbori et al., 2015)
and discriminated children with mathematical difficulties
from typically achieving children in 1st and 2nd grade (Toll
et al., 2011). Students in 3rd–5th grades with weak inhibition
skills mixed conceptual knowledge with an incompatible
computational algorithm, suggesting they had the right
knowledge but failed to inhibit a previously well-learned
algorithm (Robinson and Dubé, 2013).

Shifting ability is also generally thought to predict
performance in mathematics (Yeniad et al., 2013). It predicted
early school math achievement (Clark et al., 2010) and was
correlated with arithmetic abilities in children aged 9–12 (van
der Sluis et al., 2007). However, these findings are debatable
since some studies did not find inhibition and shifting abilities to
predict math achievement in early elementary school (e.g., Van
der Ven et al., 2012).

CONTRIBUTION OF EF-RELATED
COGNITIVE MECHANISMS TO READING
AND ARITHMETIC

Along with cognitive mechanisms defined as EF per se, there
are additional cognitive mechanisms related to EF, which
are significantly related to the development of reading and
arithmetic.

Working memory (Baddeley, 1992) has been closely linked
to executive functioning. For example, McCabe et al. (2010),
have found a correlation of 0.97 between the constructs of WM
capacity and EF. WM has been found to contribute greatly to
academic performance in reading and arithmetic from preschool
to older children (e.g., Alloway et al., 2005; Berg, 2008; Krajewski
and Schneider, 2009; Geary, 2011). It has been shown to be a

crucial contributor to literacy and numeracy skills in preschool
and later on (Alloway and Alloway, 2010; Miller et al., 2013).

WM strongly predicted math achievement in 1st–3rd grade
(Toll et al., 2011; Viterbori et al., 2015). In particular, WM is
considered to underlie both factual and procedural arithmetical
knowledge (Cragg and Gilmore, 2014). One possible explanation
for these ties are that calculation seems to rely on WM processes,
since it involves storing temporary information while performing
a mental operation on it, especially when the problem is
presented verbally rather than visually (Berg, 2008). In addition,
WM was found to contribute to strategy implementation in
solving math problems (Geary et al., 2004; Lemaire, 2010).

In reading, Swanson et al. (2009) claimed that WM deficits
contribute to problems in learning to read, supported by Nevo
and Breznitz’s (2011) findings that measures of verbal WM
predict decoding and reading rate. Conversely, other studies of
early literacy development show that verbal short-term memory
but not WM per se, is related to word decoding proficiency,
especially in primary grades (Alloway et al., 2005). At later stages
of reading development, WM predicted reading comprehension
(Berninger et al., 2010; Geary, 2011; Bar-Kochva, 2012; McVay
and Kane, 2012).

Retrieval from long-term memory is another domain-general
cognitive mechanism strongly tied to executive functioning,
as fact retrieval employs bidirectional hippocampal-prefrontal
connections (Cho et al., 2012) and is affected by working
memory span (Rosen and Engle, 1997; Unsworth et al., 2013)
and attentional processes (Kane and Engle, 2000). Some even
conceptualize verbal fluency as an EF (Jurado and Rosselli, 2007).

It is known that retrieval underlies both reading and
arithmetic (Kulak, 1993; Koponen et al., 2007). In both domains,
the sequence of skill development involves a shift from time-
consuming procedural strategies – effortful phonemic analysis in
reading and counting in arithmetic – to automatic retrieval of
high frequency words/arithmetic facts, which enables the learner
to devote resources to “higher” tasks like reading comprehension
or solving mathematical word problems (Kulak, 1993). It has
been also claimed that flawed retrieval can cause a learning
difficulty related to reading and arithmetic (Ashkenazi et al.,
2013), as both domains rely on the fast retrieval of phonological
information from long-term memory (Georgiou et al., 2013).
Evidence also shows that retrieval is a main problem for children
with dyslexia (Hanly and Vandenberg, 2010) and children with
mathematical difficulties (Geary, 2004).

OVERALL RELATIONSHIPS BETWEEN
READING AND ARITHMETIC
DEVELOPMENT

All findings described above show clearly that shared domain-
general mechanisms greatly contribute to performance in
both reading and arithmetic. Considering shared underlying
mechanisms, it is not surprising that for many years there are
consistent findings demonstrating that that gains in reading
abilities positively affects arithmetic skills dates (e.g., Gilmary,
1967). Further, recent studies suggest that dyslexics experience in
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difficulties in calculations (Miles and Miles, 1992; Mammarella
et al., 2013). Early reading skills were found to be important
for success in math, as reading comprehension in the 3rd grade
predicting arithmetic skills in 3rd–8th grades (Grimm, 2008).
A more recent study found a positive correlation between growth
rates in reading and mathematics abilities throughout 4th–7th
grades (Shin et al., 2013). In compliance with Grimm (2008), this
correlation was also attributed by the authors to the influence of
growth in reading ability on growth in mathematics (Shin et al.,
2013).

There are some exceptions to this hypothesis regarding
a single-directed influence of reading on arithmetic. For
example, a Finnish longitudinal study of 1st and 2nd graders
found an association between reading comprehension
and mathematical abilities, while mathematical abilities,
surprisingly, predicted subsequent reading comprehension
rather than vice versa (Lerkkanen et al., 2005). Nevertheless, in
general, reading performance seems to positively affect math
performance but not vice versa (Jordan et al., 2002; Near,
2014).

To summarize, EF, separately or as a joint construct, have
been strongly linked to school achievements in both reading
and arithmetic (e.g., Altemeier et al., 2008; Cartwright, 2012;
Compton et al., 2012; Ashkenazi et al., 2013; Georgiou et al., 2013;
Miller et al., 2013; Davidse et al., 2015). In line with these findings,
a correlation emerges between student achievements in reading
and achievements in arithmetic (e.g., Grimm, 2008; Shin et al.,
2013; Near, 2014).

In light of these strong links, the current study wishes to
explore teachers’ beliefs and practices regarding EF and their role
in learning reading and arithmetic. The importance of teachers’
beliefs to their pedagogical practices will be reviewed in the
following paragraphs. Afterward, teacher variables which might
influence teachers’ beliefs are discussed.

TEACHING BELIEFS AND THEIR
CONNECTION TO PEDAGOGICAL
PRACTICES

A belief, in general, is a proposition held and accepted by
an individual as true (Borg, 2001). Beliefs evoke emotional
obligation in the individual and guide him/her in their thoughts
and behavioral practices (Borg, 2001). Thus, teaching, or
pedagogical, beliefs are an individual’s beliefs relevant to their
teaching abilities, the role of a teacher, the nature of learning etc.
(Borg, 2001).

Teachers hold a variety of beliefs about the nature of their
field of teaching, the way it should be taught and learned, their
teaching ability etc. (e.g., Luciano, 1997; Westwood et al., 1997;
Buehl et al., 2002; Baccus, 2004; Cross, 2009). These beliefs hold
great importance, since reforms in the curriculum depend on
the ability of policy makers to change teachers’ beliefs about the
way children learn (Lloyd, 2003). It has also been claimed that
“attention to teachers’ beliefs can inform educational practice
in ways that prevailing research agendas have not and cannot”
(Pajares, 1992).

Such claims point to the direct relation between teaching
beliefs and pedagogical practices, which are the ways teachers
choose to transfer knowledge to their students in the classroom.
This connection was found as early on as kindergarten, where
educational beliefs of teachers predicted children’s learning
opportunities above teacher’s education and experience (Paro
et al., 2009). In the field of reading instruction, a relationship
was found between 1st grade teachers’ theoretical orientation
toward reading, ranging from phonics instruction to “whole-
language” instruction (TORP questionnaire; DeFord, 1979) and
their instructional practices (Luciano, 1997). Another study
found an association between teachers’ beliefs and the amount
of instructional time spent on different aspects of reading
instruction (Baccus, 2004). In mathematics, similarly, beliefs of
4th–6th grade teachers correlated with their classroom practices
(Stipek et al., 2001) and another qualitative study found an
association between beliefs of 9th grade algebra teachers and
teaching practices (Cross, 2009).

Evidence showed that teaching practices are associated not
only with beliefs, but they were also linked to students’
conceptions. Students’ conceptions regarding the nature and
purpose of reading were affected by their teachers’ literacy beliefs
and practices (Falcón-Huertas, 2006). Another research found
that teachers’ beliefs about the importance of children’s literature
in reading instruction, affected positively their students’ reading
practices (Kaya, 2014). In the field of mathematics, a correlation
was found between math teachers’ beliefs and teaching practices
and students’ beliefs about mathematics (Carter and Norwood,
1997).

Naturally, teaching beliefs are not always aligned with teachers’
pedagogical practices. Liu (2011), for example, found that even
though most Taiwanese teachers held learner-centered beliefs,
most classroom activities, when using technology, were still
lecture-based rather than learner-based. Teaching practices are
sometimes affected by “classroom realities” (Ertmer et al., 2012).
Even though, it is important to note that personal beliefs are still
the most influential factor on pedagogical practices (Ertmer et al.,
2006), and it has been claimed that a change in practices can
be achieved only if teachers’ attitudes and beliefs are addressed
(Ertmer et al., 2012).

BELIEFS, PRACTICES AND TEACHER
VARIABLES

It seems likely that different professional variables may have an
effect on teachers’ beliefs and practices regarding the effect of EF
on learning. Special education teachers may give more weight to
the role of EF in the development of literacy and mathematics.
First of all, they usually have more in-service training about
handling students with ADHD (Martinussen et al., 2011;
McKnight, 2015), a difficulty in executive functioning (Barkley,
1997). Previous research has also indicated that special education
teachers report a greater executive functioning difficulty in
their students, compared to general education students (Wright,
2010). Meltzer et al. (2007) have even claimed that interventions
addressing EF would result in less special-education referrals.
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Hence, it is likely that the special education teacher, who is both
more trained and more regularly exposed to EF difficulties in the
classroom, would display more beliefs and teaching practices to
address the connection of EF to school achievements.

Teaching experience could also affect teachers’ outlook on
the connection between EF and school achievements. Previous
research has shown that teaching experience is linked to a greater
sense of teacher efficacy: More experienced teachers are more
confident in their professional ability (Wolters and Daugherty,
2007; Rubie-Davies et al., 2012). Other distinctions between
novice and experienced teachers were drawn in other fields,
such as pedagogical knowledge (Silberstein and Tamir, 1991),
problem solving (Swanson et al., 1990) and decision making
(Housner and Griffey, 1985). There is some indication of a
possible link between beliefs about EF and teaching experience.
Experienced teachers were found to possess higher knowledge of
characteristics of and treatments for ADHD than inexperienced
ones (Anderson et al., 2012). ADHD, as mentioned, is manifested
in difficulties in executive functioning (Barkley, 1997), and these
results may suggest that as teachers become more experienced,
they understand more about the manifestation of EF in the
classroom. Consequently, it seems possible they hold more beliefs
and practices concerning the effect EF have on all student
achievements.

THE CURRENT STUDY

The main aim of this study was to add to the scarce literature
on teachers’ beliefs about the importance of EF. It introduces
a novel focus on early elementary teachers’ beliefs and their
correlation with reported classroom practices, regarding EF in
reading and arithmetic classes, considering the heavily reported
effect of EF on school achievements in reading and arithmetic as
early on as kindergarten (e.g., Best et al., 2011; Miller et al., 2013).
The current study explored to what extent, in teachers’ beliefs,
achievements in reading were correlated with achievements in
arithmetic and vice versa (e.g., Grimm, 2008; Shin et al., 2013).
Different patterns of beliefs and practices in different populations
of teachers (differing by level of experience and type of students
taught) were being examined. The study was approved by Haifa
University’s IRB ethics committee.

To achieve these aims, we developed and validated a novel
research questionnaire, containing statements tapping teaching
beliefs about the contribution of EF to achievements in reading
and arithmetic, practices targeting this contribution and the
connection teachers perceive between students’ achievements in
reading and arithmetic. Data was cottlected from a large pool of
obtaining early elementary school teachers (of 1st–4th grades).

Findings from the questionnaire were subject to factor analysis
and differences between groups analysis.

Using our novel questionnaire, we wished to discover the
relationship between teaching beliefs and practices regarding
the contribution of EF to academic achievement, amongst
early elementary school teachers of reading and arithmetic. We
also wanted to characterize the relationship between teaching
experience and those beliefs and practices, as well as the

relationship between teaching experience and the perception of
a connection between achievements in reading and arithmetic.
Furthermore, we wanted to examine whether elementary school
teachers in general and special education differ in their beliefs and
practices regarding EF. Hence, such a questionnaire may facilitate
and focus teachers’ attention to their own understanding of EF,
their role in learning and development, and how they can support
its development.

We hypothesized that a positive correlation will be found
between teaching beliefs and practices regarding the contribution
of EF to academic achievement. We further hypothesized
that a positive correlation will be found between teaching
experience and those beliefs and practices, along with a stronger
perception of a connection between reading and arithmetic
achievements. Lastly, we hypothesized that special education
teachers, compared to general education teachers, will hold more
beliefs about the contribution of EF to academic achievements
in both reading and arithmetic class (e.g., McKnight, 2015),
apply more teaching practices targeting EF in their classes and
see a stronger connection between achievements in reading and
arithmetic.

MATERIALS AND METHODS

The Sample
The sample was comprised of 144 respondents. The
questionnaire was sent as an online survey or handed in a
hard-copy version. The sampling procedure was generally a
convenience sample, as respondents were recruited through
personal acquaintances and social networks (such as Facebook).
Another sampling practice was to recruit teachers attending
professional development courses and students in teacher-
training programs. Questionnaire responses were collected in
five different professional development programs, one of them
national and four of them regional courses, half of them held in
the northern Haifa district and half in the central Sharon district.
Hundred and sixteen participants, who responded to more than
80% of the questionnaire, were included in the statistical analysis
(see Table 1 for demographic characteristics of the sample).

Survey Instrument
A new pilot questionnaire was composed for the purpose of
the current study. In the development stage, the conceptual
framework was constructed based on EF components identified
in the literature. The preliminary questionnaire was divided
into two sections. The first section consisted of 15 items
inquiring about demographic characteristics of the respondent
(See Appendix 1). The second section consisted of a large pool of
69 items, reflecting 10 theoretical themes (See Appendix 2). Seven
themes regarded the connection between reading and arithmetic
abilities and the following EFs: automatic retrieval, working
memory, planning, shifting (cognitive flexibility), inhibition and
attentional control. An additional group of items addressed
the beliefs about the need to explicitly teach EF-enhancing
strategies at school. Two other themes targeted the connection
between academic abilities and reading: general verbal ability
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TABLE 1 | Individual characteristics of teachers in the study.

Characteristic Sample (n = 116)

Education system

General 61.21% (71)

Special 38.79% (45)

Teacher’s academic education

B.A. 70.69% (82)

M.A. 29.31% (34)

Certified teacher?

Yes 74.14% (86)

Student 25.86% (30)

Level of experience teaching reading

None/Less than 1 year 19.83% (23)

1–5 years 31.90% (37)

Over 5 years 48.28% (56)

Level of experience teaching arithmetic

None/Less than 1 year 26.72% (31)

1–5 years 31.90% (37)

Over 5 years 41.38% (48)

Homeroom/specialized teacher

Do not currently teach 17.24% (20)

Homeroom 58.62% (68)

specialized teacher 24.14% (28)

Grades taught by teacher

Do not currently teach 17.24% (20)

1st–2nd 35.34% (41)

3rd–4th 16.38% (19)

1st–4th 31.03% (36)

and phonological awareness. The last group of items tapped
the perceived connection between achievements in reading and
arithmetic – are they based on shared mechanisms? The different
theoretical themes contained questions about theoretical beliefs
and teaching practices. In the pilot phase, the questionnaire
was reviewed for relevance, simplicity, clarity and ambiguity by
six professionals in the relevant academic field and a group of
ten representatives of the relevant population (professional early
elementary school teachers), in order to obtain content validity
(Yaghmale, 2003).

Items reflecting 7 of the 10 original theoretical scales were
included in the analysis, considering the sample size. In order
to perform dimension reduction of the data, a completion of
missing values and item pruning were first administered. First
of all, items with a response rate lower than 80% were not
included in the analysis, as well as respondents who answered
less than 80% of the items. The remaining missing values were
completed by the median of responses to the same item. Due
to statistical redundancy, if two or more items were highly
correlated (R > 0.5), only one of them, chosen according to
theoretical considerations, was included in the analysis. Items
uncorrelated (R < 0.2) with other items which reflect the same
theoretical theme, were also not included.

Exploratory factor analyses using maximum likelihood (ML)
factoring, followed by direct oblimin rotation, were then
administered. The ML factor extraction method was chosen due
to normal distribution of the data (distribution of responses to

all items met the criteria of skewness <2, kurtosis <7). The
direct oblimin rotation, an oblique rotation, was chosen since
these rotations can produce a structure with correlated factors, as
opposed to orthogonal rotations (such as principal axis), which
do not permit correlations among factors (Fabrigar et al., 1999;
Costello and Osborne, 2005). It was defined that only items with
factor loading of over 0.4 on only one of the factors, were to be
included.

Description of Principal Factors
Twenty two items were grouped by the factoring procedure into
three factors. Factor score was calculated using the regression
method. All three factor scores were normally distributed
(skewness <2, kurtosis <7). Each item was given an identifying
code, in order to simplify statistical analysis and chart display (see
Table 2).

The factors extracted reflect three theoretical conceptual
subscales: (1) “Teaching practices (TP),” tapping practices
regarding the effect of EF on reading and arithmetic, (2)
“Reading-Arithmetic connection (RAC),” tapping the perceived
connection between reading and arithmetic abilities, and (3)
“Teaching beliefs (TB),” tapping beliefs regarding the effect of EF
on “reading and arithmetic.”

Subscale (1)
Teaching practices: contains seven items with factor loadings
of 0.426–0.634. (See Table 2). To determine subscale reliability,
internal consistency (Cronbach’s α) was tested and found to be
0.774.

Subscale (2)
Reading-arithmetic connection: contains six items with factor
loadings of 0.574–0.657. (see Table 2). The internal consistency
(Cronbach’s α) of this subscale was found to be 0.791.

Subscale (3)
Teaching beliefs: contains nine items with factor loadings
of 0.428–0.599 (see Table 2). The internal consistency
(Cronbach’s α) of this subscale was found to be 0.751.

Subscales TP and TB of the final questionnaire, tapping
teaching practices and beliefs regarding the effect of EF on
reading and arithmetic, include at least one item about every EF
reflected in the preliminary survey instrument (see Table 3).

Correlations between Extracted Factors
The factoring process used an oblique rotation, permitting the
extraction of a structure with correlated factors. Indeed, such a
structure was produced. Factors 1 (TP) and 3 (TB) were highly
correlated (r = 0.512, p < 0.01), in compliance with research
hypothesis (1). Factors 2 (RAC) and 3 (TB) were moderately
correlated (r = 0.319, p < 0.01) (see Table 4).

Correlations between subscales were also compared across
research groups (general and special education teachers).
Subscales 1 (TP) and 3 (TB) were correlated for both comparison
groups [general education. r(71) = 0.518, p < 0.01; special
education. r(45) = 0.471, p < 0.01]. Subscales 2 (RAC) and
3 (TB) were correlated for general education teachers only
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TABLE 2 | Factor loadings with direct oblimin rotation of final questionnaire items.

Item (1) Teaching
practices (TP)

(2) eading-arithmetic
correlation (RAC)

(3) Teaching beliefs
(TB)

I teach, in language arts class, strategies to remember in parallel multiple details
from the text

0.634

I teach in math class strategies for planning ahead in task performance 0.594

I teach in language arts class strategies to focus on task 0.543

When I teach a student with difficulties in reading, I will work with him on
methods to store in his memory multiple bits of information in parallel

0.519

I devote time in math class to memorizing solutions to common math problems 0.467

When I teach a student with difficulties in math, I will work with him on methods
to store in his memory multiple arithmetical operations in parallel

0.520

I devote time in language arts class to memorizing common orthographic
patterns, to encourage reading them as whole words instead of their
phonological decoding

0.426

Most of the children who read well are also good in math −0.648

If a student has difficulty in both reading and math, these difficulties usually
stem from the same source

−0.657

Students who do not read accurately have difficulties in understanding math −0.613

There are more students who have difficulties both in reading and math, than
students with difficulties in math only and not in reading

−0.649

There are more students who have difficulties both in reading and math, than
students with difficulties in reading only and not in math

−0.589

The basic mechanisms crucial for learning math are also crucial for learning to
read

−0.574

Children who can plan ahead their actions in performing a task, solve math
problems more easily

0.599

The ability to focus on task is important when solving math problems 0.585

Students who are able to plan ahead their actions in performing a task, cope
better with math word problems.

0.527

Students with difficulties in reading comprehension also tend to try solving
problems again and again in the same way, even if this way was proven wrong

0.518

One has to keep in memory information while reading, in order to achieve
reading comprehension

0.455

The ability to focus on task is important for reading comprehension 0.462

Students with difficulties in math also tend to try solving problems again and
again in the same way, even if this way was proven wrong

0.474

Inhibition is an important ability in the acquirement of reading 0.455

The student’s ability to quickly recall the spelling of words he has previously
been exposed to, affects reading rate

0.428

[r(71)= 0.356, p < 0.01]. All correlations were compared using a
Fischer’s Z test, and no significant differences were found between
these correlations.

STATISTICAL ANALYSIS AND RESULTS

Descriptive Analysis of Item Responses
Each respondent’s score on every subscale was determined as the
mean of the respondent’s ratings of the statements comprising the
subscale. Most respondents scored well above 3 on a likert scale
on subscales 1 (TP) and 3 (TB), as reflected in the percentage
of respondents who scored over 3.5. On the contrary, there was
no clear trend emerging from respondents’ scores on subscale 2
(RAC). Approximately half of the respondents scored between 2.5
and 3.5. In addition, the variance of scores is high compared to
the other subscales (see Table 5).

Analysis by Demographic Variables
Teachers were asked in the questionnaire to state the type of
students they teach (general or special education) and their years
of experience teaching reading and arithmetic. Both questions
regarding experience were highly correlated [r(116) = 0.74,

TABLE 3 | The theoretical themes reflected in subscales (TP) and (TB) of
the Final Questionnaire (number of items in parentheses).

Executive functions Reading Arithmetic

Shifting (cognitive flexibility) Beliefs (1) Beliefs (1)

Inhibition Beliefs (1)

Attentional control Beliefs (1), Practices (1) Beliefs (1)

Planning Beliefs (2), Practices (1)

Working memory Beliefs (1), Practices (2) Practices (1)

Automatic retrieval Beliefs (1), Practices (1) Practices (1)
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TABLE 4 | Correlations between extracted factors.

Measure (1) Teaching
practices (TP)

(2) Reading-arithmetic
correlation (RAC)

(3) Teaching
beliefs (TB)

Factor 1. TP –

Factor 2. RAC 0.154 –

Factor 3. TB 0.512∗∗ 0.319∗∗ –

∗∗p < 0.01; N = 116.

p < 0.01], suggesting statistical redundancy, thus their results
were transformed into an “overall years of experience” variable.

Testing research hypothesis (2), a negative correlation was
found between the average score on subscale 2 (RAC) and overall
teaching experience [r(116) = −0.192, p < 0.05]. No significant
correlations were found between the other subscales and overall
teaching experience.

Research hypothesis (3) was tested using general linear
modeling, with the average scores on the three emergent
questionnaire subscales as dependent variables and the
independent variable of “Education System,” based on
demographic information.

To determine the connection between the education system
(general/ special) the teacher belongs to and questionnaire
subscale scores, multivariate analysis of covariance (MANCOVA)
was conducted, with “overall years of experience” as a covariate.
The latter variable was considered a confound due to the
significant difference in average years of experience in the
general education (M = 9.69, SD = 7.68) and special education
(M = 4.87, SD= 7.72) groups; t(114)= 3.29, p < 0.01.

It was found that special education teachers scored
significantly higher on questionnaire subscales 1 (TP) and
3 (TB) compared to general education teachers. On subscale

2 (RAC), the difference was marginally significant. [Subscale
1. F(1,113) = 7.850, p < 0.01; Subscale 2. F(1,113) = 3.673,
p = 0.058; Subscale 3. F(1,113) = 5.042, p < 0.05; Wilk’s
3= 0.911, see Table 6 and Figure 1).

DISCUSSION

Findings from the current study add an important professional
tool for teachers in the area of EF and academic achievement.
First we present a new reliable and valid questionnaire that can
be used to investigate beliefs of teachers and graduate students
in schools of education, regarding the role of EF in reading and
arithmetic class. In addition to assessing teachers’ current stand
on this issue, the act of answering the questionnaire in itself can
raise teacher awareness to the importance of EF for academic
achievement. Furthermore, our results indicate that special and
general education teachers see differently the contribution of EF
to student competence in reading and arithmetic.

Mastery of EF processes such as goal setting, planning,
organizing, prioritizing, memorizing, initiating, shifting, and self-
monitoring are all essential for productive functioning in our
progressively complex, technological society. In addition, EF has
been a focus of the continuing theoretical debate concerning
the origins of cognition and how it develops throughout life.
Beginning in the elementary grades, students are asked to
complete lengthy reading, writing and arithmetic assignments,
all of which profoundly depend on these EF processes. Hence,
academic as well as life success are thus dependent on students’
ability to plan their time, organize and prioritize materials and
information, distinguish main idea from details, shift approaches
flexibly, monitor their own progress, and reflect on their work.
However, EF is not taught systematically in schools and is not

TABLE 5 | Descriptive measures of questionnaire subscale scores.

Subscale Min. Max. Mean SD % scores > 3.5 % scores < 2.5

(1) Teaching practices (TP) 1.43 4.86 3.68 0.66 62.93% 6.89%

(2) Reading-arithmetic connection (RAC) 1.67 4.83 2.88 0.81 19.83% 31.03%

(3) Teaching beliefs (TB) 2.56 5 3.97 0.53 82.76% 0%

TABLE 6 | Multivariate analysis of covariance by “education system.”

Independent
variables (IV)

General education Special education Dependent variables (DV) Mean Square F (df) Partial eta
squared

M SD M SD

Education System 3.58 0.68 3.84 0.61 Subscale 1: Teaching practices
(TP)

3.195 7.850 (1,113)∗∗ 0.065

2.74 0.81 3.10 0.76 Subscale 2: Reading-arithmetic
connection (RAC)

2.260 3.673 (1,113)∧ 0.031

3.88 0.56 4.11 0.45 Subscale 3: Teaching beliefs
(TB)

1.366 5.042 (1,113)∗ 0.043

Covariate (years Of
experience)

Subscale 1 2.822 6.934 (1,113)∗

Subscale 2 1.297 2.108 (1,113)

Subscale 3 0.009 0.032 (1,113)

∗p < 0.05, ∗∗p < 0.01, ∧p = 0.058, N = 116.
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FIGURE 1 | Mean Iikert scores of questionnaire subscales, for general education and special education teachers. Error bars represent standard errors.
∗p < 0.05, ∗∗p < 0.01.

a focus of the pedagogical curriculum (Meltzer et al., 2007). In
addition, not many programs directly target how EF strategies are
developed and implemented. There are a few published studies
of such programs, such as “Tools of the mind” (Diamond et al.,
2007) and PATHS (Promoting Alternative Thinking Strategies;
Riggs, 2004). These studies mostly date back to the last decade
and were conducted in North America (Dias and Seabra, 2015).

A strong indication of the neglect of EF in the educational
setting, can be found in the guidelines of the National Reading
and Math Panels of the United-States, which do not mention in
any explicit form the role of underlying EF in the acquirement
of reading (National Reading Panel, 2000) and math (National
Mathematics Advisory Panel, 2008). The NRP does not address
the role of EF in reading-comprehension, for example, or
the need to educate teachers about domain-general cognitive
variables affecting students’ literacy. Under these circumstances,
it is of interest to investigate what teachers believe and do, in
relation the contribution of EF to their students’ reading and
arithmetic achievements. This is a question worth answering,
since it is known that a change in practices can be achieved only if
teachers’ attitudes and beliefs are addressed (Ertmer et al., 2012).

To address this issue, a novel questionnaire of 22 items
was composed, divided into three subscales by an exploratory
factoring procedure: “TP,” “RAC” and “TB” The questionnaire
was found internally consistent, its content validity reviewed by
professional and construct validity evaluated by the factoring
process.

As hypothesized, a strong positive correlation (r = 0.512)
emerged between respondents’ scores on the “TP” and “TB”
questionnaire subscales, in agreement with the general notion
that teaching beliefs are correlated with pedagogical practices
(Baccus, 2004; Ertmer et al., 2006; Cross, 2009; Paro et al., 2009).

Scores on the “TB” and “RAC” subscales were also positively
correlated, but to a lesser extent, suggesting that beliefs about
the contribution of EF to reading and arithmetic are somewhat
related to beliefs about a connection between reading and
arithmetic abilities. The relative weakness of this correlation
implies that these subscales do measure different sets of
teaching beliefs. This conclusion is supported by a descriptive
analysis of respondents’ scores on the different subscales, which
suggests that most questionnaire respondents believe in a
connection between executive functioning and achievements
in reading and arithmetic (as measured by the TB subscale.
M = 3.97 on a scale of 5). It may also suggest, to a
lesser extent (due to higher variance in scores on the TP
subscale), that most of them try addressing this connection
in their classroom practices (M = 3.68). On the contrary,
teachers vary greatly in the way they see the connection
reading-arithmetic and the existence of shared underlying
mechanisms, as measured by the RAC subscale (M = 2.88).
Approximately half of them (49.14%) scored between 2.5 and
3.5 on this subscale, thus seem to be undecided on this issue,
and about a third (31.03%) scored below 2.5, signaling their
disagreement.

We can conclude from these findings, that most teachers
recognize the effect that student behaviors reflecting cognitive
flexibility, inhibition, attentional control, planning, working
memory, and automatic retrieval, have on achievements in
reading and arithmetic. Moreover, findings indicate that teachers’
beliefs about this effect are related to their reported teaching
practices.

Furthermore, the fact that half of the teachers did not approve
or deny the connection between the cognitive foundations of,
and achievements in, reading and arithmetic actually supports
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the influence they attribute to underlying domain-general
mechanisms. How so? Traditionally, cognitive mechanisms
underlying reading and arithmetic are viewed as mostly domain-
specific and separable (e.g., Lyon et al., 2003; Price et al.,
2007). These mechanisms do play a central role, along with
domain-general mechanisms as EF. Thus, agreement with
statements in the RAC subscale (for example: “If a student
has difficulty in both reading and math, these difficulties
usually stem from the same source”) would deny the important
part that phonological awareness does play in reading (Lyon
et al., 2003) or the ability to manipulate quantities plays in
arithmetic (Price et al., 2007). The “undecided” respondents
actually signal in their responses that they believe reading and
arithmetic rely on both domain-specific and domain-general
mechanisms.

Our findings indicate that beliefs of professionals in the
field are in agreement with the abundance of literature about
the contribution of EF to reading and arithmetic abilities.
However, teachers’ knowledge about EF remains intuitive.
Without explicit training, teachers will continue to not identify
EF as a contributor when a student experiences difficulties
in reading or arithmetic. With a scarcity of evidence-based
interventions addressing EF (Dias and Seabra, 2015), teachers will
not be able to implement interventions suitable for students with
EF difficulties. Furthermore, as research indicates, addressing
EF in the classroom can help all students, not only struggling
ones. As Meltzer et al. (2007) claimed, interventions addressing
EF would result in less special-education referrals. It is time to
include EF as an important factor in national reports, teacher
training and school curriculum.

On another note, a negative correlation (r = −0.192)
was found between score on the RAC subscale and overall
years of experience, contrary to our hypotheses. We can
conclude that the more years a person gained as a teacher,
he/she tends to hold a more traditional view, of reading
and arithmetic being supported mostly by domain-specific
mechanisms. Experienced teachers were found in the past,
to possess higher knowledge of characteristics of ADHD
than inexperienced ones (Anderson et al., 2012), yet it does
not necessarily mean they see EF as shared underlying
mechanisms of reading and arithmetic abilities. To assess also
whether our questionnaire differentiates between groups of
teachers. We compared between general and special education
teachers, controlling for years of experience, which served as
a confounding variable. In compliance with our hypotheses, it
was found that special education teachers scored significantly
higher than general education teachers on the TP (F = 7.85,
p < 0.01) and TB (F = 5.04, p < 0.05) questionnaire subscales.
Thus, special education teachers reported holding more beliefs
about the contribution of EF to achievements in reading and
arithmetic, and also reported applying more teaching practices
targeting EF in their reading and arithmetic classes. In addition,
a marginally significant difference was found in scores on
the RAC subscale (F = 3.67, p = 0.058), suggesting these
teachers might also see a stronger connection between the
cognitive foundations of, and achievements in, reading and
arithmetic.

Although EF is known to affect achievements in reading
and arithmetic in the general population (e.g., Altemeier et al.,
2008; Miller et al., 2013), there are some reasons why this
link may be less noticeable to the general education teacher.
On the one hand, one of the central characteristics of the
special education system is seeing students in a holistic way,
starting by building an Individualized Education Program
(IEP; Gartin and Murdick, 2005) for every student. This
attention to every student’s overall functioning and thinking
processes, makes the special education teacher more prone
to notice domain-general mechanisms affecting achievements
across different school subjects. On the other hand, another
possible explanation relies in the fact that special education
students do manifest more difficulties in EF (Wright,
2010). Teachers witnessing most of their students struggle
greatly with basic executive functioning, such as inhibiting
responses in class and shifting between simple tasks, may
give more weight to the effect of these mechanisms on school
achievement.

There are some limitations to this study which should be
taken into account. First of all, the questionnaire developed,
being the first of its kind, is still at its first steps in terms of
validity and generalizability. In the future, the questionnaire
should be administered to more groups of teachers, to
enhance its value to the field. Moreover, the comparison made
between general and special education teachers did produce
interesting findings, but should be addressed carefully, since
it was performed on the population used for questionnaire
developed.

Lastly, there is no certainty that teaching practices reported
are aligned with actual classroom practices. Naturally, they
may reflect desirable, optimal classroom situations while actual
pedagogical practices are affected by “classroom realities” (Ertmer
et al., 2012). In general, questionnaire respondents tend to
socially desirable responding, which is “the tendency of people
to present a favorable image of themselves on questionnaires”
(Van de Mortel, 2008). Yet, consequently, we can at least
infer from the reported practices that teachers feel that
addressing EF in reading and arithmetic classes would be “the
right thing to do.” Additionally, the questionnaire, inquiring
about such practices, has also an effect of raising teachers’
awareness, first to their beliefs about the contribution of EF,
and secondly, to the way these beliefs align with their teaching
practices.

In summary, the current study introduces a novel research
questionnaire, investigating school teachers’ beliefs and practices
concerning the contribution of EF to students’ achievements
in reading and arithmetic. Our findings indicate that early
elementary teachers hold beliefs about the contribution of EF
to students’ reading and arithmetic achievements. Additionally,
they report addressing this issue in their teaching practices.
That is even more so in the case of special education teachers,
compared to general education teachers. Further research, in
more populations and methodologies, is required to expand our
view on the way our school system sees the contribution of EF to
academic achievements. It still is to be discovered how current
research in this field can be communicated to teachers and
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manifested in the curriculum, and vice versa, how can teachers’
experience inform current research. By that, the bridge between
researchers and teachers, science and the classroom, will continue
to strengthen and thrive.
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One hundred children (44 boys) participated in a 3-year longitudinal study of the

development of basic quantitative competencies and the relation between these

competencies and later mathematics and reading achievement. The children’s preliteracy

knowledge, intelligence, executive functions, and parental educational background

were also assessed. The quantitative tasks assessed a broad range of symbolic

and nonsymbolic knowledge and were administered four times across 2 years of

preschool. Mathematics achievement was assessed at the end of each of 2 years of

preschool, and mathematics and word reading achievement were assessed at the end

of kindergarten. Our goals were to determine how domain-general abilities contribute to

growth in children’s quantitative knowledge and to determine how domain-general and

domain-specific abilities contribute to children’s preschool mathematics achievement

and kindergarten mathematics and reading achievement. We first identified four core

quantitative competencies (e.g., knowledge of the cardinal value of number words) that

predict later mathematics achievement. The domain-general abilities were then used to

predict growth in these competencies across 2 years of preschool, and the combination

of domain-general abilities, preliteracy skills, and core quantitative competencies were

used to predict mathematics achievement across preschool and mathematics and word

reading achievement at the end of kindergarten. Both intelligence and executive functions

predicted growth in the four quantitative competencies, especially across the first year

of preschool. A combination of domain-general and domain-specific competencies

predicted preschoolers’ mathematics achievement, with a trend for domain-specific skills

to be more strongly related to achievement at the beginning of preschool than at the end

of preschool. Preschool preliteracy skills, sensitivity to the relative quantities of collections

of objects, and cardinal knowledge predicted reading and mathematics achievement at

the end of kindergarten. Preliteracy skills were more strongly related to word reading,

whereas sensitivity to relative quantity was more strongly related to mathematics

achievement. The overall results indicate that a combination of domain-general and

domain-specific abilities contribute to development of children’s early mathematics and

reading achievement.

Keywords: mathematics achievement, reading achievement, quantitative abilities, preschool, domain-specific

abilities, domain-general abilities
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INTRODUCTION

Numeracy and literacy at school completion predict
employability and wages in adulthood (Bynner, 2004), and
basic quantitative and preliteracy skills at school entry presage
numeracy and literacy at school completion (Duncan et al.,
2007). Identifying the factors that contribute to poor school
entry mathematics and reading achievement has the potential
to inform early remediation approaches for at-risk children.
Research to date indicates that preschoolers’ phonological
awareness and letter knowledge predict later reading abilities
(e.g., Lonigan et al., 2000; for a review and meta-analysis,
see Wagner and Torgesen, 1987; Melby-Lervåg et al., 2012),
but the research base on early quantitative skills and later
mathematics achievement is not nearly as extensive (cf.
Hannula and Lehtinen, 2005; Jordan et al., 2007). In addition
to research on domain-specific predictors of later literacy and
numeracy, there is a growing literature on the similarities and
differences in the factors that predict growth in mathematics
and reading achievement, but these studies have focused on
elementary-school children (e.g., Koponen et al., 2007, 2013;
Geary, 2011; Fuchs et al., 2016). Our study extends previous
research by including a more extensive assessment of symbolic
and nonsymbolic quantitative knowledge than in most previous
studies, and by focusing on children who are younger than those
in most previous studies. With this approach, we identify the
beginning of preschool competencies that predict mathematics
achievement and achievement growth over 2 years of preschool,
and the similarities and differences in the competencies that
predict mathematics and reading achievement at the end of
kindergarten.

Similarities and Differences in Predictors
of Mathematics and Reading Achievement
It is now recognized that growth in mathematics and reading
competencies are related. In a large-scale longitudinal study,
Grimm (2008) showed that third graders’ reading comprehension
predicted growth in several mathematical areas through eighth
grade. It is not clear however whether the relation was
due to reading competence per se or whether performance
on the reading comprehension measure was a proxy for
individual differences in domain-general abilities, such as
working memory and intelligence, that predict achievement
growth across academic domains. In any case, other studies
have also found similarities as well as differences in the brain
and cognitive systems that support children’s reading and
mathematical development (Mann Koepke and Miller, 2013;
Willcutt et al., 2013; for a review, see Ashkenazi et al., 2013).

As an example of basic brain and cognitive processes that
might be common across academic domains, consider that
children’s ability to rapidly name stimuli (e.g., letters, numbers,
colors), measured by Rapid Automatized Naming (RAN) tasks,
has been found to predict mathematics and reading achievement.
In a kindergarten to eighth grade longitudinal study, Mazzocco
and Grimm (2013) found that children with mathematical
learning disabilities and reading disabilities both suffered from
deficits in RAN performance. Similarly, mathematics and

reading skills can be predicted by earlier RAN performance
(Koponen et al., 2007, 2013) and some aspects of counting
skill, such as counting by 2 s (Koponen et al., 2013). Koponen
et al. (2013) suggested their tasks predicted both reading and
mathematics performance because they reflected the ease of
forming and retrieving arbitrary visual-verbal associations in
long-term memory. Individual differences in ease of forming
and retrieving these associations may depend on the functional
integrity of the hippocampal-dependent memory system that is
a domain-general system for associative learning and potentially
a linchpin for aspects of children’s cognitive development across
academic domains (Qin et al., 2014).

More complex domain-general abilities that are often found
to predict achievement across domains include, as noted,
intelligence (or reasoning abilities), the central executive
component of working memory (or executive functions), and
in-class attentiveness (e.g., Hoge and Luce, 1979; Clark et al.,
2010; Geary, 2011; Fuchs et al., 2016). For example, preschoolers
with stronger executive functions showed greater gains in
mathematics and reading achievement over the first 3 years
of elementary school than their peers with weaker early skills
(Bull et al., 2008). Working-memory deficits have also been
found to be associated with both reading and mathematics
learning disabilities (Geary, 1993, 2004; De Weerdt et al.,
2013; Willcutt et al., 2013). The relative importance of these
domain-general competencies may vary with the novelty and
complexity of the achievement domain and with individual
children’s level of domain-specific expertise. For instance, in
analyses of only domain-general competencies, Geary (2011)
found that intelligence predicted school-entry mathematics and
reading achievement and grade-to-grade gains in mathematics
but not reading achievement. Fuchs et al. found that first graders’
intelligence (reasoning), central executive, and in-class attentive
behavior predicted arithmetic but not reading achievement
in third grade, controlling domain-specific competencies. One
possibility is that these domain-general competencies are
particularly important for comprehending and learning novel
material and become less important as individuals gain domain-
specific expertise (Geary, 2005; Tricot and Sweller, 2014; Sweller,
2015). In this view, domain-general competencies may decline
in importance as children become more efficient word readers,
for instance, but these competencies remain predictive of
mathematics because the curriculum and associated achievement
tests are continually adding more complex material; word
reading tests become more difficult but largely because the more
difficult words are low frequency and not because conceptually
novel material is added to the associated achievement tests.

As an example of domain-specific expertise, consider Geary’s
(2011) first-to-fifth grade longitudinal study of quantitative
and domain-general cognitive predictors of mathematics
achievement and word reading achievement. The only
quantitative predictor of school-entry word reading skill
was simple addition retrieval, which is dependent on associative
learning (Siegler and Shrager, 1984; Qin et al., 2014). The
remaining mathematical cognition predictors were unique to
mathematics. For instance, early fluency in combining the
cardinal value of collections of objects with the cardinal value
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of Arabic numerals predicted school-entry mathematics but
not reading achievement, and children’s early knowledge of the
mathematical number line predicted growth in mathematics
achievement through fifth grade but was unrelated to reading
achievement in any grade. In a similar study, Fuchs et al.
(2016) found that first graders’ phonological memory (e.g.,
memory for word sounds) and general language competencies
predicted reading but not arithmetic achievement 2 years
later, controlling working memory, intelligence, and in-class
attentive behavior. Children’s early skill at identifying letters
and simple high-frequency words predicted later word reading
and arithmetic achievement, but the magnitude of the effect
was 3.5 times stronger for reading than arithmetic. Knowledge
of addition facts in second grade predicted word reading and
arithmetic achievement in third grade but the effect was 3.5
times larger for arithmetic than reading. Addition retrieval is
based on the hippocampal-dependent memory system (Qin
et al., 2014) and thus will index ease of forming the visual-verbal
associations that are important across reading and mathematics,
but is also domain-specific content knowledge for arithmetic
but not reading. Similarly, letter and word identification will
index individual differences in the same memory system, but
is also domain-specific content knowledge for reading but not
arithmetic.

In other words, domain-general cognitive and learning
systems will influence the acquisition of domain-specific
knowledge and thus may be correlated with achievement
in unrelated domains. For the latter, the correlations will
then reflect the prior influence of domain-general systems
and not the importance of content-specific knowledge per se.
Isolating knowledge and competencies that are specific to one
domain (e.g., mathematics) or another (e.g., reading) will thus
require simultaneous estimation of the effects of domain-general
abilities on each domain and demonstration that content-specific
knowledge influences achievement in one domain but not the
other.

Longitudinal Predictors of Mathematics
and Reading Achievement
Mathematics Achievement
As previously mentioned, our study includes an extensive,
longitudinal assessment of symbolic and nonsymbolic
quantitative competencies. Early symbolic knowledge involves
learning counting words and Arabic numerals and the
quantities they represent (i.e., their cardinal values) and the
relations between them (e.g., 4 > 3; Fuson, 1988; Wynn, 1990;
Geary, 1994; Le Corre and Carey, 2007). Early nonsymbolic
competencies are largely supported by the evolutionarily ancient
approximate number system (ANS) that supports an intuitive
understanding of the relative magnitudes of collections of
items and the ability to manipulate (e.g., add) the associated
representations (for reviews, see Feigenson et al., 2004; Geary
et al., 2015).

At this time, there is lively debate over the relative importance
of early symbolic vs. nonsymbolic magnitude processing for
later mathematics achievement. There is evidence that acuity of

the ANS, allowing for fine discriminations among nonsymbolic
quantities, is correlated with retrodictive, concurrent, and
prospective mathematics achievement, controlling working
memory and intelligence (e.g., Halberda et al., 2008; Libertus
et al., 2011; Mazzocco et al., 2011). However, in a qualitative
review of existing studies, De Smedt et al. (2013) concluded
there was more consistent evidence for the role of symbolic than
nonsymbolic knowledge in predicting mathematics achievement.
Schneider et al.’s (2016) recent meta-analysis supports this
conclusion, but also provided evidence for a small (r ∼

0.2) but consistent relation between measures of ANS acuity
and mathematics achievement, in keeping with several earlier
meta-analyses (Chen and Li, 2014; Fazio et al., 2014). Several
studies suggest more nuanced relations among nonsymbolic
and symbolic quantitative competencies and mathematics
achievement; specifically, that ANS acuity contributes to the
ease of learning the cardinal value of number symbols, which
then becomes critical for children’s mathematical development
(vanMarle et al., 2014; Chu et al., 2015). In any case, the
unsettled state of the field necessitates the inclusion of both
symbolic and nonsymbolic quantitative tasks in the study of the
foundations of children’s mathematics achievement and growth
in this achievement.

As noted, there is also evidence that preschoolers’ executive
functions contribute to growth in mathematical competencies
(e.g., Blair and Razza, 2007; Bull et al., 2008; Clark et al.,
2010). Executive functions and the central executive component
of working memory are composed of subskills that may
be differentially related to mathematical competencies at
different ages. These include the ability to suppress prepotent
responses (inhibition), shift attention between tasks (shifting),
and explicitly monitor and update information (updating)
represented in the phonological loop or visuospatial sketchpad
(Miyake et al., 2000). Although updating may be critical for
older children (Bull and Lee, 2014), inhibitory control may
be especially important for young children’s mathematical
development (Espy et al., 2004; Blair and Razza, 2007; Fuhs
and McNeil, 2013). Several studies have found a relation
between inhibitory control and preschoolers’ and kindergartners’
mathematics achievement, even with control of other factors
(e.g., child age, verbal intelligence, maternal education, and other
components of executive functions; Espy et al., 2004; Blair and
Razza, 2007; Clark et al., 2010).

Fuhs and McNeil (2013) argued that inhibitory control may
also be related to children’s nonsymbolic magnitude processing.
In a study of preschoolers from low-income homes, they found
that inhibitory control influenced the strength of the association
between nonsymbolic magnitude processing and mathematics
ability; specifically, the relation between one component of
nonsymbolic quantity processing and mathematics achievement
was no longer significant after controlling children’s inhibitory
control. Keller and Libertus (2015) however found that the
relation between measures of ANS acuity and mathematics
achievement were significant above and beyond the influence
of inhibitory control. The issue of whether or not the relation
between ANS acuity and mathematics achievement is mediated
by inhibitory control remains to be determined, but the
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importance of executive functions generally, and inhibitory
control in particular, for younger children’s mathematics
development is clear.

Previous research has also shown that on average, children
from lower SES families have lower number knowledge and
mathematics achievement than children frommiddle to high SES
families (e.g., Klibanoff et al., 2006). One potential mediating
factor is parent education that in turn is related to use of
mathematical language in the home (e.g., Levine et al., 2010;
McNeil et al., 2011; Purpura and Reid, 2016). Levine et al.
found that children whose parents engaged in more number
talk (e.g., counting, referring to cardinal values) learned the
cardinal values of number words earlier than children of less
verbose parents, independent of SES (measured by parent
education and income). Generally, however, parents from higher
SES homes are more likely to engage in set size comparisons
and calculations with their children than parents from low
SES families, whereas parents from low SES families engage
in more rote counting, numeral recognition, and labeling of
numerosities. In other words, even when less educated parents
engage in number talk with their children, it is less sophisticated
than that of higher-SES parents. Better educated parents also
have higher expectations for their children and a better
understanding of skills within the child’s developmental range
(Purpura and Reid, 2016). The latter is consistent with Davis-
Kean’s (2005) finding that parents who were more educated
were better able to adjust their expectations to match their
child’s ability level. Whatever the mechanisms, these studies
indicate that parental education should be controlled when
attempting to isolate the contributions of early nonsymbolic
and symbolic quantitative competencies on later mathematics
achievement.

Reading Achievement
There is evidence that young children’s letter knowledge and
phonological awareness predict their later reading achievement
(e.g., Bond and Dykstra, 1967; Wagner and Torgesen, 1987;
Badian, 1994; Lonigan et al., 2000; Melby-Lervåg et al.,
2012). Bond and Dykstra, for example, found that young
children’s ability to recognize letters of the alphabet was
the single best predictor of their reading achievement in
first grade; phonemic awareness was the second best early
predictor. Melby-Lervåg et al. suggested that letter naming
ability contributes significantly to reading development and is
partly independent of the effects of phonological awareness and
phonological processing. The contribution of letter knowledge
is related to children’s ability to understand the mapping
between the letters in written words and the phonemes in
spoken language, but they must first know the names of
letters.

We thus decided to include a measure of letter knowledge
in our study as a potential contrast to quantitative knowledge
in predicting later achievement. It would have been preferable
to include a wider range of preliteracy measures, especially of
phonemic awareness, but based on our focus on mathematical
development and constraints on how often we could assess
children, we could include only a single measure.

Present Study
Previous studies have largely focused on elementary school
children, and to date, have not thoroughly explored
differences in how preschool children’s quantitative and
preliteracy competencies predict later mathematics and reading
achievement. In addition to a broad assessment of nonsymbolic
and symbolic quantitative competencies and letter knowledge,
we assessed the key domain-general abilities of intelligence and
executive functions, as well as parental educational background.
After identifying the core quantitative abilities that predict later
achievement, we document the relation between domain-general
abilities, parental background, and preliteracy skills and gains
in these quantitative competencies across 2 years of preschool.
We then focus on the relation between beginning of preschool
quantitative and preliteracy skills and mathematics achievement
across the preschool years and mathematics and reading
achievement at the end of kindergarten. In all, the study allowed
us to identify core predictors of early gains in mathematics
achievement and similarities and differences in the predictors of
later mathematics and reading achievement.

MATERIALS AND METHODS

Participants
One hundred and fifty-three children (71 boys) were recruited
from the Title I preschool program within the public school
system in Columbia, Missouri, in the Midwestern United States.
Title I preschool is a federally funded program that offers services
to 3- to 5- year olds who may be at risk for academic failure.
Children were recruited in two cohorts, entering in the fall of
2011 and 2012, and completed assessments during 2 years of
preschool and 1 year of Kindergarten. Of the original sample, 107
children had IQ scores >70 (6 had scores <70) and completed
all of the testing sessions during both years of preschool and
kindergarten. Of these 107 children, 7 of them failed to complete
multiple tasks within one or more testing sessions (due largely
to inattention) and thus they were also dropped from analyses.
The final sample included 100 (44 boys) children whose age at
the time of the first assessment was 3 years 10 months (ranging
from 3 years 2 months to 4 years 4 months) and 6 years 2 months
(ranging from 5 years 7 months to 6 years 10 months) at the time
of the final assessment.

Demographic information was obtained through parent
survey for a subset of the sample (n = 88). This survey
included questions on children’s and parents’ racial and ethnic
background, as well as parents’ education level, household
income, housing (rent/own, monthly rent/mortgage), and
whether they received food or housing assistance. The ethnic
composition was 83% non-Hispanic, 13% Hispanic/Latino; 4%
of parents did not respond to the ethnicity question. The
racial composition was 61% White, 20% Black, 13% mixed
race, and 6% Asian. The self-reported total household income
was: $0 to $25,000 (33%), $25,000 to $50,000 (24%), $50,000
to $75,000 (26%), $75,000 to $100,000 (14%), $100,000 to
$150,000 (1%), and $150,000 or above (1%). Seven percent
of respondents reported receiving housing assistance, and 37%
reported receiving food stamps.
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As a proxy for socioeconomic status, we used parental
education level. Mother’s education and father’s education were
highly correlated (r = 0.63, p < 0.001), and thus these variables
were collapsed into a parental education category consisting of
three levels (no information, high school diploma or less, or at
least a college degree) based on the highest attainment of the
two parents. Forty-three percent of the children had at least
one parent with a high school diploma, and 40% had at least
one parent with a college degree. Parental education level was
unknown for the remaining 17% of the children.

Materials
Quantitative Tasks
As described below, the children were administered 12
quantitative tasks multiple times during preschool, but with data
reduction analyses we reduced this to four key tasks: give-a-
number, discrete quantity discrimination, numeral recognition,
and nonverbal calculation. These four quantitative tasks are
described below in more detail, while the remaining tasks are
described briefly.

Give-a-number
The give-a-number task is frequently used to measure how well
children understand the cardinal values of number words (Wynn,
1990). In the task, children are asked to feed a puppet by placing
the requested number of “cookies” (1, 2, 3, 4, 5, or 6) on a
plate. All children started at set size 1. Set size increased by 1
following correct answers and decreased by 1 following incorrect
answers. The highest number of objects accurately given to the
experimenter on at least two out of three attempts was taken as
the highest set size for which the child understood cardinality (Le
Corre and Carey, 2007).

Numeral recognition
The children were shown cards with an Arabic numeral (ranging
from 1 to 15) and asked to name the numeral. The cards were
presented in a random order and the score was the number of
numerals correctly named.

Discrete quantity discrimination
The children completed a commonly used assessment of ANS
acuity, the discrete quantity discrimination task, using the
Panamath program (Halberda et al., 2008). For this task,
two separate arrays of blue and yellow dots were presented
simultaneously on a screen for 2533ms (to discourage counting),
and the children were asked to identify which set “hadmore dots”
(by pointing or by saying “blue” or “yellow”). All dot displays
consisted of 5–21 dots. Dot size varied to keep the total area
of the dots constant across the two arrays for half of the trials.
Children in the first cohort received 24 test trials, and based on
low performance for some children in this cohort, 6 relatively
easy trials were added for the second cohort and for both cohorts
in the second year. On each trial, the ratio of blue:yellow dots
was determined randomly on each trial. For the original 24 trials,
this ranged between 1.29 and 3.38, and the 6 added trials ranged
between 3.5 and 4.0. Scores on this task were determined by
accuracy (percent correct out of all trials), which has been shown

to be a more reliable measure of ANS acuity for young children
than theWeber fraction, which describes the degree of variability
in the underlying representations (Inglis and Gilmore, 2014). The
Spearman-Brown prediction formula applied to the correlation
between percentage correct for the first and second halves of the
items provided a reliability estimate of 0.87 for the first cohort
and 0.71 for the second cohort in their first year of preschool. For
the second year of preschool, the reliability estimates were 0.90
and 0.81 for the first and second cohorts, respectively.

Nonverbal calculation
Tomeasure children’s non-symbolic arithmetic abilities, children
were shown the addition or subtraction of one or more disks
from a hidden set of disks and asked to predict the exact
numerical result (Levine et al., 1992; Huttenlocher et al., 1994).
Children watched an experimenter place some disks on a mat.
The experimenter then covered the disks with a plate, and
then added or subtracted disks from under the plate. After the
transformation, children were asked to generate the (hidden)
result on their mat. After four familiarization trials in which
children simply matched a hidden set, children completed 12 test
trials, presented in random order: 3−1, 2+2, 4−2, 1+3, 4−1,
4+1, 3+2, 1+4, 5−2, 5−3, 2+4, and 6−4. The score was the
percentage of correct trials out of trials attempted.

Remaining quantitative tasks
The remaining quantitative tasks included enumeration, point-
to-x, magic box, ordinal choice, verbal counting, numeral
comparison, counting knowledge, and continuous quantity
discrimination. The enumeration task involved counting an array
of 20 stickers. For the point-to-x task, children saw two sets of
pictured objects displayed on a laptop and identified which side
of the screen contained x objects. The magic box task was a
variant of Starkey’s (1992) search-box task and assessed children’s
implicit understanding of addition and subtraction for set sizes
less than four. For the ordinal choice task, children watched as
the experimenter dropped objects in one cup and then dropped
objects in another cup. The children were then asked to identify,
without counting, which cup hadmore objects. Children counted
as high as they could (starting from 1) in the verbal counting
task. In the numeral comparison task, children were shown
pairs of cards (from correctly identified numerals in the numeral
recognition task) and asked to identify the larger numeral. The
counting knowledge task assessed children’s understanding of the
counting principles (Gelman and Gallistel, 1978); they watched
a puppet count in ways that were consistent with or violated
counting principles and then indicated if the puppet counted
correctly or incorrectly. The continuous quantity discrimination
task was similar to the discrete quantity discrimination task, but
children viewed a large rectangle that was composed of red and
blue portions and were asked to identify whether there was “more
red” or “more blue” in the picture.

Cognitive and Achievement Measures

Intelligence
The children completed three subtests of the Wechsler Preschool
and Primary Scale of Intelligence-III (WPPSI; Wechsler, 2002);
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Receptive Vocabulary, Block Design, and Information. Following
standard procedures, scores were scaled and prorated to generate
an estimate of full scale IQ. The mean performance of the
children here was average (M = 98, SD= 16).

Executive functions
Executive functions was assessed using the Conflict Executive
Function (EF) scale developed for 2- to 6-year-olds (Beck et al.,
2011; Carlson, 2012). The Conflict EF scale consists of a card-
sorting task. Children were presented with two boxes with target
cards affixed to the front. They were given a rule and asked to
place a card in the appropriate box. There were 7 levels with
10 trials each (the first four included two sublevels of five trials

TABLE 1 | Sequence of tasks and ages.

Sequence of tasks Age of children

YEAR 1 PRESCHOOL

Quant 1 (Fall)

– Enumeration

– Give-a-Number

– Point-to-X

– Magic Box

– Discrete Quantity Discrimination

– Ordinal Choice

Mean: 3 years 10 months

Range: 3 years 2 months

−4 years 4 months

Quant 2 (Fall)

– Verbal Counting

– Nonverbal Calculation

– Numeral Recognition

– Numeral Comparison

– Counting Knowledge

– Continuous Quantity Discrimination

Mean: 3 years 11 months

Range: 3 years 4 months–4

years 4 months

Cognitive battery (Spring)

– Executive Functions (Card Sorting)

– WPPSI-III (Receptive Vocabulary, Block

Design, Information)

– Preliteracy (Upper-Case Alphabet

Recognition)

Mean: 4 years 1 month

Range: 3 years 5 months–4

years 8 months

Mathematics Achievement (Spring; Test of

Early Mathematics Ability-3; TEMA-3)

Mean: 4 years 4 months

Range: 3 years 9 months–4

years 10 months

YEAR 2 PRESCHOOL

Cognitive battery (Spring)

– Executive Functions

Mean: 5 years 0 months

Range: 4 years 5 months–5

years 6 months

Quant 1 (Spring) Mean: 5 years 2 months

Range: 4 years 7 months–5

years 8 months

Quant 2 (Spring) Mean: 5 years 3 months

Range: 4 years 8 months–5

years 10 months

Mathematics Achievement (Spring; TEMA-3) Mean: 5 years 4 months

Range: 4 years 9 months–5

years 10 months

KINDERGARTEN

WIAT (Spring)—Numerical Operations; Word

Reading

Mean: 6 years 2 months

Range: 5 years 7 months–6

years 8 months

TEMA-3, Test of Early Mathematics Ability-3 (Ginsburg and Baroody, 2003); WIAT,

Wechsler Individual Achievement Test (Wechsler, 2001).

each). Each level consisted of normal sorting trials, followed by
conflict trials in which children sorted cards according to the
opposite rule. For example, children first placed “big kitties” in
the “big kitty” box and “little kitties” in the “little kitty” box; on
conflict trials, they were asked to place, for example, “big kitties”
in the “little kitty” box. For later trials, children sorted the cards
depending on shape or color of the card (the rule was reversed
for conflict trials). More advanced trials required children to sort
cards according to their shape or color, depending on whether
a black border was present or absent on the card. In order to
advance to the next sublevel, children had to complete four out
of five trials correctly, and in levels with 10 trials, children had to
complete four shape trials and four color trials correctly in order
to advance. The score was the total number of correct trials (max
score= 70).

Preliteracy skills
Early preliteracy skills were assessed using the Upper-Case
Alphabet Recognition subtest of the Phonological Awareness
Literacy Screening-PreK (PALS; Invernizzi et al., 2004). For this
task, children identified the upper-case alphabet letters on a card,
and the score was the total number of letters correctly identified.

Preschool mathematics achievement
To measure mathematics achievement, children completed
the Test of Early Mathematics Ability-3 (TEMA-3; Ginsburg
and Baroody, 2003). This standardized test consists of items
that require producing finger displays to represent different
quantities, counting, making numerical comparisons, and using
some informal arithmetic. Children started on the first item of

TABLE 2 | Descriptive statistics for tasks assessed.

Variable Mean SD Min Max

YEAR 1

Give-a-number 3.38 1.88 0 6

Numeral recognition 4.76 4.28 0 15

Nonverbal calculation 23.30 16.83 0 66.67

Discrete quantity discrimination 66.80 16.53 36.67 100

EF 32.67 13.87 11 69

IQ 98.06 15.60 73 135

Preliteracy (alphabet knowledge) 12.97 9.18 0 26

Mathematics achievement 92.69 14.44 68 129

YEAR 2

Give-a-number 5.57 1.05 2 6

Numeral recognition 9.76 3.98 0 15

Nonverbal calculation 44.96 21.46 0 91.67

Discrete quantity discrimination 86.04 16.36 43.33 100

EF 46.02 13.22 15 70

Mathematics achievement 95.48 13.63 70 134

KINDERGARTEN

Word reading 112.11 13.11 84 158

Numerical operations 106.63 11.83 75 146

N = 100 for all tasks.
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the test and continued until they failed five consecutive items.
Achievement was in the average range for the first (M = 93, SD
= 14) and second (M = 95, SD= 14) year of preschool. To make
scores comparable across years, the raw score was divided by the
maximum score for our sample for each year. We chose to use
the maximum score for our sample rather than the maximum
possible score because the TEMA-3 is designed for children ages
3–8, and our children were on the younger side of the target age
range. Thus, they were unlikely to achieve the maximum possible
score.

Kindergarten achievement tests
During the spring semester of kindergarten, children completed
the Numerical Operations and Word Reading subtests of the
Wechsler Individual Achievement Test (WIAT; Wechsler, 2001).
The achievement of the sample was in the average range for
Numerical Operations (M = 107, SD = 12) and Word Reading
(M = 112, SD = 13). To make the scores comparable across
tests, we used the raw score divided by the maximum score for
our sample on each subtest. We again chose to use the maximum
score of our sample rather than maximum possible score because
our children were on the younger side of the target age range of
the tests.

The Numerical Operations test included items that assessed
children’s knowledge of counting and arithmetic. Simpler
problems involved single digit addition and subtraction,
while more complex problems involved multi-digit addition
and subtraction. The Word Reading test assessed children’s
knowledge of letters, letter sounds, and ability to read common

words. Words became more difficult further into the test.
Following standard procedure, the Numerical Operations test
was discontinued when children answered six consecutive
questions incorrectly, and the Word Reading test was
discontinued after children failed seven consecutive items.

Procedure
As shown in Table 1, the children participated in six assessments
during each of the 2 years of preschool and two assessments
in kindergarten. For all assessments, children were tested
individually in a quiet location at their preschool or kindergarten.
The quantitative tasks were administered in two sessions in the
fall and spring semesters of the preschool year and a different
set of quantitative measures (not reported here) during the fall
of kindergarten. The domain-general and preliteracy measures
were administered at the beginning of the spring semester; the
IQ test was only administered in the first year of preschool. At
the end of each year of preschool, children completed the TEMA-
3 and the WIAT at the end of kindergarten. Each test session
lasted 20–40min. The experimental procedure was reviewed and
approved by the Institutional Review Board of the University of
Missouri. Written consent was obtained from all parents, and all
participants provided verbal assent for all assessments.

Analyses
Although the children completed the vast majority of tasks, 2% of
the data were missing. These missing values were imputed using
the multiple imputations procedure in SAS 9.4 (SAS Institute,
2012).

TABLE 3 | Correlations of tasks assessed.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

DOMAIN-GENERAL ABILITIES

1 Y1 EF –

2 Y2 EF 0.41*** –

3 IQ 0.41*** 0.40*** –

4 Preliteracy 0.22* 0.29** 0.30** –

QUANTITATIVE TASKS

5 Y1 GN 0.45*** 0.54*** 0.44*** 0.44*** –

6 Y1 NR 0.15 0.24* 0.28** 0.69*** 0.51*** –

7 Y1 NVC 0.25* 0.32** 0.33** 0.19 0.31** 0.20* –

8 Y1 DQD 0.36*** 0.35*** 0.32** 0.10 0.36*** 0.09 0.17 –

9 Y2 GN 0.38*** 0.23* 0.31** 0.37*** 0.37** 0.27** 0.24* 0.35*** –

10 Y2 NR 0.21* 0.28** 0.30** 0.59*** 0.41*** 0.55*** 0.16 0.20* 0.53*** –

11 Y2 NVC 0.22* 0.35*** 0.22* 0.26** 0.44*** 0.29** 0.36*** 0.38*** 0.44*** 0.33** –

12 Y2 DQD 0.20 0.28** 0.39*** 0.30** 0.40*** 0.24* 0.30** 0.38*** 0.62*** 0.33** 0.48*** –

PRESCHOOL MATHEMATICS ACHIEVEMENT

13 Y1 TEMA 0.38*** 0.48*** 0.51*** 0.54*** 0.69*** 0.60*** 0.28** 0.43*** 0.46*** 0.57*** 0.39*** 0.46*** –

14 Y2 TEMA 0.19 0.33** 0.34** 0.55*** 0.49*** 0.50*** 0.27** 0.26** 0.48*** 0.67*** 0.45*** 0.42*** 0.68*** –

KINDERGARTEN ACHIEVEMENT

15 WIAT WR 0.28** 0.43*** 0.34** 0.62*** 0.54*** 0.57*** 0.29** 0.25* 0.39*** 0.58*** 0.35*** 0.33** 0.64*** 0.69*** –

16 WIAT NO 0.26* 0.35*** 0.34** 0.46*** 0.50*** 0.43*** 0.34** 0.43*** 0.39*** 0.47*** 0.49*** 0.45*** 0.54*** 0.48*** 0.64*** –

EF, Executive Functions; GN, Give-a-Number; NR, Numeral Recognition; NVC, Nonverbal Calculation; DQD, Discrete Quantity Discrimination; TEMA, Test of Early Mathematics Ability;

WR, Word Reading; and NO, Numerical Operations. *p < 0.05, **p < 0.01, ***p < 0.001.
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Variable Reduction
To reduce the number of variables in the main analyses, and
thus reduce false positives, we used a Bayes factor analysis
using the “BayesFactor” program (Morey and Rouder, 2015)
in R to determine the best quantitative predictors of each
kindergarten achievement test. These analyses identified give-a-
number, discrete quantity discrimination, nonverbal calculation,
and numeral recognition as the best predictors of Numerical
Operations, and give-a-number and numeral recognition as
the best predictors of Word Reading. Thus, we only included
the give-a-number, discrete quantity discrimination, nonverbal
calculation, and numeral recognition tasks in our main analyses.

Main Analyses
In the first of three sets of analyses, we examined beginning (i.e.,
fall semester of Year 1) to end (i.e., spring semester of Year
2) of preschool change in the four quantitative tasks identified
above. Second, we examined the relation between beginning of
preschool performance on these four variables and mathematics
achievement across the 2 years of preschool, controlling for
parental education, and beginning of preschool IQ, EF, and
preliteracy skills. Finally, we redid these analyses substituting
WIAT scores for TEMA-3 scores, focusing on the differential
relations between early quantitative knowledge and mathematics
and reading achievement at the end of kindergarten. All analyses
were conducted using the PROC MIXED procedure in SAS 9.4
(SAS Institute, 2012). Intercept values were random effects, and
predictor variables were standardized (M = 0, SD= 1).

Following Geary (2011), the first set of analyses included
domain-general predictors (i.e., parental education, Y1 and Y2
EF, IQ, and preliteracy) and interactions with year. Interactions
with p > 0.10 were dropped, starting with the highest p-value,
and the model was re-estimated. The procedure continued until
all interactions were significant. The iterative procedure was then
continued for main effects. In the analyses predicting preschool
mathematics achievement, the first step involved specifying
a model using only the domain-general predictors and their
interaction with preschool year. The same iterative procedure
was followed until only significant interactions were remaining
in the model; all main effects for the domain-general predictors
were retained because they are standard covariates. Next, the four
quantitative predictors and their interactions with preschool year
were added to the final domain-general model. The same iterative
procedure was then implemented for the quantitative variables.
The same approach was used in the analyses of kindergarten
achievement.

RESULTS

Descriptive information (min, max, mean, and SD) for the
different tasks and measures are provided in Table 2, and

correlations are given in Table 3.

Quantitative Tasks
The final models are shown in Table 4, and the summary
results for the nested model comparisons in Table 5. As shown
in the first section of Table 4, children’s performance on the

TABLE 4 | Change in quantitative task performance during preschool.

Effect Estimate se df t p

GIVE-A-NUMBER (MAX VALUE = 6)

Intercept 5.57 0.12 96 44.81 0.001

Year

1 −2.19 0.17 97 −13.03 0.001

2 0.00 – – – –

IQ 0.07 0.14 97 0.53 0.599

EF 0.41 0.10 97 4.08 0.001

Preliteracy 0.27 0.13 97 2.08 0.040

IQ * Year

1 0.41 0.18 97 2.30 0.024

2 0.00 – – – –

Preliteracy * Year

1 0.31 0.18 97 1.77 0.081

2 0.00 – – – –

DISCRETE QUANTITY DISCRIMINATION (MAX VALUE = 100)

Intercept 86.04 1.49 96 57.82 0.001

Year

1 −19.24 1.76 97 −10.94 0.001

2 0.00 – – – –

IQ 4.39 1.36 97 3.23 0.002

EF 0.67 1.61 97 0.42 0.677

Preliteracy 3.37 1.56 97 2.16 0.033

EF * Year

1 3.49 1.81 97 1.93 0.056

2 0.00 – – – –

Preliteracy * Year

1 −3.89 1.81 97 −2.15 0.034

2 0.00 – – – –

NONVERBAL CALCULATION (MAX VALUE = 100)

Intercept 44.96 1.80 97 24.94 0.001

Year

1 −21.66 2.19 99 −9.91 0.001

2 0.00 – – – –

Age 4.22 1.44 99 2.94 0.004

IQ 5.19 1.44 99 3.61 0.001

NUMERAL RECOGNITION (MAX VALUE = 15)

Intercept 9.76 0.32 99 30.94 0.001

Year

1 −4.99 0.39 98 −12.71 0.001

2 0.00 – – – –

Preliteracy 2.65 0.25 98 10.72 0.001

Dependent variables are raw scores, and other continuous variables are standardized. EF,

Executive Functions. Age, age at beginning of first year of preschool.

give-a-number task improved significantly from the beginning to
the end of preschool, t(97) = 13.03, p < 0.001. More developed
executive functions in year 1 were associated with higher give-a-
number scores in both years, t(97) = 4.08, p < 0.001, whereas IQ
was only important for year 1, t(97) = 2.3, p = 0.024. Similarly,
preliteracy skills predicted give-a-number performance in both
years (p < 0.05), but there was a trend for these being more
important in the first than second year, t(97) = 1.77, p = 0.081.
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TABLE 5 | Fit statistics for nested models predicting quantitative development during preschool.

−2LL χ² 1χ² Parameters p BIC 1BIC

GIVE-A-NUMBER

1. Full 646.0 0.71 – 12 – 719.7 –

2. Drop Year with Age, IQ and EF interactions 649.7 0.43 −0.28 9 p > 0.10 705.0 −14.7

3. Drop Age and Parent Education main effects 654.0 0.76 0.33 7 p > 0.10 695.4 −9.6

DISCRETE QUANTITY DISCRIMINATION

1. Full 1630.7 9.27 12 – 1704.4 –

2. Drop Year with IQ, Y1 EF, and parent education interactions 1633.9 8.45 −0.82 9 p > 0.10 1684.6 −19.8

3. Drop main effect of Age 1634.2 8.42 −0.03 8 p > 0.10 1684.9 0.3

4. Drop main effect of parent education 1637.9 9.61 1.19 7 p > 0.10 1679.3 −5.6

NONVERBAL CALCULATION

1. Full 1706.7 7.26 – 12 – 1780.4 –

2. Drop Year with Y1 EF, Age, parent education, IQ, and Preliteracy interactions 1711.8 5.96 −1.30 7 p > 0.10 1757.9 −22.5

3. Drop main effect of IQ 1712.4 6.10 0.14 6 p > 0.10 1753.8 −4.1

4. Drop main effect of parent education 1714.2 6.54 0.44 5 p > 0.10 1746.4 −7.4

5. Drop main effect of Preliteracy 1717.0 7.26 0.72 4 p > 0.05 1744.6 −1.8

NUMERICAL RECOGNITION

1. Full 1008.7 3.68 12 – 1064.0 –

2. Drop Year with Y1 EF, Age, IQ, parent education, and Preliteracy interactions 1011.8 3.12 −0.56 7 p > 0.10 1057.8 −6.2

3. Drop main effect of Y1 EF 1012.2 3.19 0.07 6 p > 0.10 1053.6 −4.2

4. Drop main effect of IQ 1013.4 3.41 0.22 5 p > 0.10 1050.2 −3.4

5. Drop main effect of Age 1016.4 3.98 0.57 4 p > 0.05 1048.6 −1.6

6. Drop main effect of parent education 1021.9 5.13 1.15 3 p > 0.05 1044.9 −3.7

EF, Executive Functions; Age, age at beginning of first year of preschool.

Children also showed improvement on the discrete quantity
discrimination task, t(97) = 10.94, p < 0.001. In contrast to
give-a-number, the relation between IQ and discrete quantity
discrimination was significant across both years; that is, the main
effect was significant with no interaction, t(97) = 3.23, p = 0.002.
Year 1 EF was only important in the first year of preschool,
t(97) = 1.93, p = 0.056. Preliteracy skills were significant overall,
t(97) = 2.16, p = 0.034, and significantly less important for year
1 than year 2, t(97) = −2.15, p = 0.034. Nonverbal calculation
performance also improved across years, t(97) = 9.91, p < 0.001.
Both age at the start of preschool, t(99) = 2.94, p = 0.004, and IQ,
t(99) = 3.61, p < 0.001, were significantly related to nonverbal
calculation performance. Neither of these variables interacted
with year, indicating they were important in both years. Finally,
children’s numeral recognition also improved from the beginning
of preschool to the end of preschool, t(99) = 12.71, p < 0.001, and
the only predictor of this change in performance was preliteracy
skills, t(98) = 10.72, p < 0.001.

Preschool Mathematics Achievement
The final models are shown in Table 6 and the summary
results for the nested model comparisons in Table 7. As
shown in Table 6, there was a trend for children’s mathematics
achievement scores to increase from the beginning to the end
of preschool, t(95) = 1.89, p = 0.062. Give-a-number scores at
the beginning of preschool predicted mathematics achievement
at the end of preschool, t(95) = 2.81, p = 0.006, but more
strongly in the first than second year, t(95) = 2.01, p = 0.047.

A similar pattern was evident for numeral recognition. Accuracy
on the discrete quantity discrimination task at the beginning of
preschool did not predict mathematics achievement at the end
of preschool, t(95) = 1.34, p = 0.183, but there was a trend
for it to be more strongly related to mathematics achievement
at the end of the first than second year of preschool, t(95) =

1.70, p = 0.095. Preliteracy skill was the only non-quantitative
measure that predicted mathematics achievement, t(95) = 2.57,
p = 0.012, with no differences in the prediction of first and
second year scores.

Kindergarten Achievement
The tasks used to estimate intelligence can be split into nonverbal
IQ (block design) and verbal IQ (information and receptive
vocabulary). Preliminary analyses indicated that there was no
evidence of differential relations between nonverbal and verbal
IQ and mathematics and reading achievement. Thus, we used
full scale IQ in our final models. The final models are shown
in Table 8 and the summary results for the nested model
comparisons in Table 7. As shown in Table 8, children had
a lower average score on Numerical Operations than Word
Reading, t(96) = −5.92, p < 0.001. The critical findings
were that beginning of preschool preliteracy scores predicted
kindergarten Word Reading more strongly than Numerical
Operations scores, t(96) = 2.94, p = 0.007, whereas beginning
of preschool discrete quantity discrimination accuracy predicted
Numerical Operations more strongly thanWord Reading scores,
t(96) = −2.46, p = 0.023. In contrast, beginning of
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TABLE 6 | Predictors of mathematics achievement during preschool.

Effect Estimate se df t p

Intercept 39.96 1.91 90 20.96 0.001

Year

1 −2.57 1.36 95 −1.89 0.062

2 0.00 – – – –

Age 1.76 1.20 95 1.47 0.145

Parent Education

No info −0.90 3.41 95 −0.26 0.792

HS degree −0.19 2.49 95 −0.08 0.940

College degree 0.00 – – – –

IQ 0.49 1.60 95 0.31 0.761

EF 0.30 1.37 95 0.22 0.829

Preliteracy 3.85 1.50 95 2.57 0.012

Give-a-number 4.81 1.71 95 2.81 0.006

Discrete quantity discrimination 1.90 1.42 95 1.34 0.183

Numeral recognition 4.06 1.78 95 2.28 0.025

IQ * YEAR

1 2.65 1.56 95 1.70 0.092

2 0.00 – – – –

Give-a-number * Year

1 3.57 1.78 95 2.01 0.047

2 0.00 – – – –

Discrete quantity discrimination * Year

1 2.54 1.51 95 1.68 0.095

2 0.00 – – – –

Numeral recognition * Year

1 3.19 1.61 95 1.98 0.051

2 0.00 – – –

EF, Executive Functions; Age, age at beginning of first year of preschool.

preschool give-a-number performance predicted overall WIAT
performance, t(96) = 2.71, p = 0.008.

DISCUSSION

Domain-General Predictors of Quantitative
Task Performance
Children’s competence for each of the four key early quantitative
skills improved significantly across the preschool years and,
with the exception of numeral recognition, overall performance
across years or gains in performance was related to one
or both of the domain-general abilities of intelligence or
executive functions, in keeping with previous studies (e.g., Clark
et al., 2010; Geary, 2011; Fuchs et al., 2016). Intelligence was
significantly related to first year knowledge of the cardinal
value of number words (i.e., give-a-number), accuracy at
discriminating sets of discrete quantities, and competence with
nonverbal calculations, as well as second year performance for
the two latter tasks. The importance of executive functions,
controlling intelligence, emerged for give-a-number in both
years and discrete quantity discrimination in the first year.
It is not surprising that intelligence and executive functions

are related to children’s discrete quantity discrimination
performance, given the results of Fuhs and McNeil (2013),
who found that ANS acuity was significantly correlated with
inhibitory control. Overall, it appears that the combination of
intelligence and executive functions is significantly related to
initial, beginning of preschool quantitative competencies but
that only one or the other is important thereafter. Because
these two domain-general abilities are correlated, leading to
collinearity in the regression results, we cannot say with
certainty whether one is more important than the other after
the first year of preschool, but the pattern suggests an overall
reduction in the importance of domain-general abilities across
the 2 years (Geary, 2005; Tricot and Sweller, 2014; Sweller,
2015).

Children’s preliteracy skill was also significantly related to
several quantitative abilities, and especially their recognition
of Arabic numerals. The latter is very similar to our alphabet
recognition preliteracy measure and both, in theory, should
reflect individual differences in the ease of forming visual-
verbal associative relations, in keeping with Koponen et al.’s
(2013) proposal. Ease of forming these relations might also
contribute to children’s performance on the give-a-number
task; specifically, mapping number words to representations of
associated quantities (Rousselle and Noël, 2007). Associative
learning, however, would not explain the relation between
preliteracy scores and accuracy on the discrete quantity
discrimination task. This is because associative learning should
not be necessary for the latter task (Feigenson et al., 2004).
Moreover, unlike the numeral recognition and give-a-number
tasks, preliteracy only predicted accuracy on the discrete quantity
discrimination task in the second year of preschool. Whether this
finding reflects basic processes, such as visual attention (Anobile
et al., 2012), common to letter learning and nonsymbolic quantity
discriminations remains to be determined.

Predictors of Preschool Mathematics
Achievement
In keeping with studies of older children (e.g., Geary, 2011; Fuchs
et al., 2016), a combination of domain-general and domain-
specific competencies predicted preschoolers’ mathematics
achievement. In the final model, there were trends for intelligence
and discrete quantity discrimination performance to predict
beginning but not end of preschool mathematics achievement.
There is also evidence that intelligence may influence the
estimate of the relation between ANS acuity and mathematics
achievement across years; dropping the interaction of either
variable with year results in the other interaction becoming
significant (Table 6). Since there is collinearity between
intelligence and executive functions (e.g., inhibitory control),
this would be consistent with Fuhs and McNeil’s (2013) finding
that there was a weak association between ANS acuity and
mathematics achievement in a low-income sample, and that this
association was influenced by inhibitory control. These results
suggest that acuity of the ANS may contribute to aspects of early
mathematics achievement, consistent with some previous studies
(e.g., Libertus et al., 2011; Mazzocco et al., 2011). Our results
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TABLE 7 | Fit statistics for nested models predicting mathematics achievement during preschool and kindergarten.

Model -2LL χ² 1χ² Parameters p BIC 1BIC

PRESCHOOL MATHEMATICS ACHIEVEMENT

Domain general predictors

1. Full 1621.1 37.13 12 – 1694.8 –

2. Drop non-significant interaction (Preliteracy) 1621.1 37.12 −0.01 11 p > 0.10 1690.2 −4.6

3. Drop non-significant interaction (EF) 1622.4 36.43 −0.69 10 p > 0.10 1686.9 −3.3

4. Drop non-significant interaction (parent education) 1624.6 35.23 −1.20 9 p > 0.10 1679.8 −7.1

Add Quantitative predictors

1. Model 4 above and Quantitative predictors 1556.7 18.76 17 – 1648.8 −

2. Drop non-significant interaction (Age) 1557.8 18.29 −0.47 16 p > 0.10 1645.3 −3.5

3. Drop non-significant interaction (NVC) 1558.8 17.90 −0.39 15 p > 0.10 1641.7 −3.6

4. Drop main effect (NVC) 1561.1 18.83 0.93 14 p > 0.10 1639.4 −2.3

KINDERGARTEN ACHIEVEMENT

Domain general predictors

1. Full 1467.6 21.90 14 – 1550.5 –

2. Drop non-significant interaction (IQ) 1467.8 21.80 −0.10 13 p > 0.10 1546.1 −4.4

3. Drop non-significant interaction (Y1 EF) 1468.1 21.70 −0.10 12 p > 0.10 1541.8 −4.3

4. Drop non-significant interaction (Y2 EF) 1469.0 21.27 −0.43 11 p > 0.10 1538.1 −3.7

5. Drop non-significant interaction (parent education) 1471.6 20.15 −1.12 10 p > 0.10 1531.5 −6.6

Add Quantitative predictors

1. Model 5 above and Quantitative predictors 1445.0 14.85 18 – 1541.7 −

2. Drop non-significant interaction (NR) 1445.3 14.73 −0.12 17 p > 0.10 1537.4 −4.3

3. Drop non-significant interaction (NVC) 1445.6 14.62 −0.11 16 p > 0.10 1533.1 −4.3

4. Drop non-significant interaction (GN) 1446.5 14.29 −0.33 15 p > 0.10 1529.1 −4.0

5. Drop non-significant main effect (NVC) 1448.9 15.18 0.89 14 p > 0.10 1527.2 −1.9

6. Drop non-significant main effect (NR) 1451.6 16.23 1.05 13 p > 0.05 1525.3 −1.9

EF, Executive Functions; GN, Give-a-Number; DQD, Discrete Quantity Discrimination; NR, Numeral Recognition; NVC, Nonverbal Calculation. Age, age at beginning of first year of

preschool.

however are not definitive (see also vanMarle et al., 2014; Chu
et al., 2015) and in the broader literature, the contribution of the
ANS to mathematics achievement remains contentious (e.g., De
Smedt et al., 2013).

In line with Schneider et al.’s (2016) recent meta-analysis,
we found evidence that symbolic quantitative knowledge
is relatively more important that nonsymbolic knowledge
in predicting early mathematics achievement. In particular,
children’s understanding of the cardinal value of number words
(give-a-number) and their recognition of numerals predicted
mathematics achievement across both years of preschool, but
were more strongly related to first year than second year
mathematics achievement. This would suggest that recognizing
numerals and understanding the quantities represented by
number symbols serve as a foundation for early mathematics
ability. The across-year decline in the importance of cardinal
knowledge was related in part to ceiling effects; that is, most
children scored near the top of this scale by the end of preschool.
The mathematical competencies assessed by the TEMA-3 were
also more complex at the end than the beginning of preschool,
that is, the children correctly solved more items at the end of
preschool. The test thus begins to measure competencies that
move beyond numeral recognition and cardinality, but this does
not undermine their importance at the start of preschool.

Finally, control of preliteracy scores, parental education,
intelligence, and executive functions in these analyses suggests
that the results for cardinal knowledge and numeral recognition
represent the contributions of domain-specific knowledge rather
than ease of associative learning or other domain-general
abilities, or informal parental teaching. The latter could of
course contribute to individual differences in children’s cardinal
knowledge and numeral recognition, as suggested by previous
studies (Levine et al., 2010; McNeil et al., 2011; Purpura
and Reid, 2016). Our point is that the control of parental
education, preliteracy, and domain-general abilities suggests that
it is this domain-specific knowledge that is critical to later
mathematics achievement, regardless of how children acquired
this knowledge.

Predictors of Kindergarten Achievement
Children in our sample had higher word reading than
mathematics achievement at the end of kindergarten, but their
mathematics achievement was still in the average range. Unlike
previous studies that have found a link between domain-general
abilities such as intelligence and executive functions in predicting
later mathematics and reading achievement (e.g., Geary, 2011;
Fuchs et al., 2016), we did not find such a relation for our sample.
Although preschool intelligence was not predictive of reading
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TABLE 8 | Predictors of kindergarten achievement.

Effect Estimate se df t p

Intercept 57.71 1.43 90 40.35 0.001

Test

NO −6.23 1.05 96 −5.92 0.001

WR 0.00 – – – –

Age 1.34 1.04 96 1.29 0.201

Parent Education

No Information −1.57 2.55 96 −0.62 0.539

H.S. Degree 0.31 1.85 96 0.17 0.867

College Degree 0.00 – – – –

IQ 0.94 1.05 96 0.90 0.370

Y1 EF −0.69 1.02 96 −0.68 0.499

Y2 EF 0.93 1.00 96 0.93 0.355

Preliteracy 3.63 1.05 96 3.46 0.001

Give-a-Number 2.95 1.09 96 2.71 0.008

Discrete Quantity Discrimination 3.47 1.05 96 3.31 0.001

Age * Test

WR −1.88 1.07 96 −1.75 0.083

NO 0.00 – – – –

Preliteracy * Test

WR 2.94 1.07 96 2.74 0.007

NO 0.00 – – – –

Discrete Quantity Discrimination * Test

WR −2.46 1.07 96 −2.31 0.023

NO 0.00 – – – –

EF, Executive Functions; Age, age at beginning of first year of preschool; NO, Numerical

Operations subtest of WIAT; WR, Word Reading subtest of WIAT; Numerical Operations

and Word Reading were both scored as raw score/maximum score from our sample to

generate an accuracy score. The maximum score for Numerical Operations was 14, and

the maximum score for Word Reading was 93.

and mathematics achievement in kindergarten, controlling many
other variables, it still contributed to beginning of preschool
mathematics achievement and to more specific aspects of
quantitative development. For example, intelligence predicted
overall performance in the give-a-number, discrete quantity
discrimination, and nonverbal calculation tasks across both years
of preschool, but was more strongly related to give-a-number
performance at the beginning of preschool. Similarly, there was
a trend for executive functions to be more strongly related to
discrete quantity discrimination performance at the beginning
of preschool. The overall pattern supports the view that domain-
general competencies may be more important for initial learning,
but then decline in importance as children begin to rely on more
domain-specific skills (e.g., Geary, 2005),

Consistent with the results for the individual quantitative
tasks, children’s early preliteracy skills contributed to their
overall achievement, both word reading and mathematics. These
findings are consistent with studies of older children and the
associative learning hypothesis (Koponen et al., 2007, 2013; Fuchs
et al., 2016). Critically, however, early preliteracy skills had an
effect on later word reading achievement above and beyond
the relation to later mathematics achievement. This important
interaction is consistent with a domain-specific contribution of

early letter knowledge on word reading skills 2.5 years later
(Blatchford et al., 1987), controlling multiple other factors.

A similar pattern emerged for the discrete quantity
discrimination task, which predicted overall achievement but
was relatively less important for word reading than mathematics
achievement. As noted, the effects on overall achievement are
not likely to be related to associative learning, but could be
related to attentional factors above and beyond those captured
by our executive functions scale (e.g., Anobile et al., 2013). In any
case, the added contribution to the prediction of mathematics
achievement is consistent with a relation between ANS acuity
and mathematics achievement (Libertus et al., 2011), but given
the weaker relation during the preschool years it is possible that
symbolic mathematics skills are influencing the acuity of the
ANS rather than vice versa (Halberda et al., 2012).

The finding that children’s early knowledge of the cardinal
value of number words predicted later achievement was not too
surprising, given previous results (vanMarle et al., 2014; Chu
et al., 2015), but we were surprised that it was not more strongly
related to mathematics than word reading achievement. It is
possible that the give-a-number task has a strong domain-general
component to it, such as ease of concept formation. On the
other hand, performance on the task does involve a clear natural
language component, understanding the meaning of number
words (Le Corre and Carey, 2007), and this may be the source
of the result. The resolution of these alternative explanations for
our finding will have to await follow up studies.

Limitations and Future Directions
There are several limitations that call for caution in interpreting
our results. First, although the longitudinal component allows for
reasonably strong inferences, the data are still correlational and
any definitive conclusions will require experimental follow up
studies. Second, our inclusion of multiple quantitative tasks and 3
years of mathematics achievement data relative to one preliteracy
task and 1 year of word reading achievement means that the
study was better designed (by intention) to identify predictors
of mathematics than reading achievement. We attempted to
control the most commonly identified domain-general abilities
and parental background but this does not mean that we
identified all of them. Moreover, we argued that domain-general
associative learning mechanisms may contribute to learning in
both mathematics and reading, following studies with older
children (e.g., Koponen et al., 2013; Fuchs et al., 2016), but
we did not measure these mechanisms directly. Despite these
limitations, our overall results are consistent with previous
studies of both academic domains, and point to a combination of
domain-general and domain-specific contributors to preschool
children’s emerging competencies withmathematics and reading.
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Many studies have suggested that the concept of “number” is relatively independent
from linguistic skills, although an increasing number of studies suggest that language
abilities may play a pivotal role in the development of arithmetic skills. The
condition of bilingualism can offer a unique perspective into the role of linguistic
competence in numerical development. The present study was aimed at evaluating
the relationship between language skills and early numeracy through a multilevel
investigation in monolingual and bilingual minority children attending preschool. The
sample included 156 preschool children. Of these, 77 were bilingual minority children
(mean age = 58.27 ± 5.90), and 79 were monolinguals (mean age = 58.45 ± 6.03).
The study focused on three levels of analysis: group differences in language and number
skills, concurrent linguistic predictors of early numeracy and, finally, profile analysis
of linguistic skills in children with impaired vs. adequate numeracy skills. The results
showed that, apart from the expected differences in linguistic measures, bilinguals
differed from monolinguals in numerical skills with a verbal component, such as semantic
knowledge of digits, but they did not differ in a pure non-verbal component such as
quantity comparison. The multigroup structural equation model indicated that letter
knowledge was a significant predictor of the verbal component of numeracy for both
groups. Phonological awareness was a significant predictor of numeracy skills only in
the monolingual group. Profile analysis showed that children with a selective weakness
in the non-verbal component of numeracy had fully adequate verbal skills. Results from
the present study suggest that only some specific components of language competence
predict numerical processing, although linguistic proficiency may not be a prerequisite
for developing adequate early numeracy skills.

Keywords: early numeracy, language skills, bilingualism, letter-knowledge, phonemic awareness, Approximate
Number System

INTRODUCTION

The development of calculation skills is a strong predictor of academic achievement and a key
goal of education, but few studies have addressed the determinants of the intuitive development
of these skills in preschool years (Purpura et al., 2011), that is, how basic calculation and number
skills spontaneously develop in children prior to formal instruction. In the present study, we took
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into account three main topics in the literature. First, researchers
have suggested that children’s mathematical development is
primarily determined by an innate approximate number sense
(ANS; Dehaene, 1992), which is typically assessed through
tasks in which participants are required to discriminate object
numerosity (Piazza et al., 2010). In contrast, an increasing
number of studies also suggest that language abilities may play a
pivotal role in the development of arithmetic skills (e.g., LeFevre
et al., 2010; Purpura and Ganley, 2014). Third, the study of
calculation skills in the bilingual population (e.g., Mondt et al.,
2011; Prior et al., 2015; Rinsveld et al., 2015) has recently received
increasing interest with the assumption that bilingualism, and
specifically the case of language minority children, may offer a
unique opportunity to disentangle the role of language skills in
the development of calculation skills.

This assumption is based on the consideration that in many
cases bilinguals are less proficient than monolinguals in verbal
measures of linguistic proficiency in their L2, and, if numerical
processing tested in L2 is highly dependent on linguistic abilities,
it follows that bilinguals should underperform compared to
monolinguals. Conversely, if numerical skills are primarily based
on ANS-related skills, a scarce linguistic proficiency should
not necessarily be accompanied by inadequate performance in
numerical tasks. An investigation into the linguistic basis of
mathematics in language minority children permits a thorough
analysis of the relationship between language and mathematics
and represents an opportunity to better evaluate individual
differences in mathematical development (Vukovic and Lesaux,
2013). However, to our knowledge, few studies so far (Kleemans
et al., 2011) have conducted a comparison of bilingual and
monolingual children in the preschool years in order to
comprehend the relationship between linguistic and numerical
knowledge.

Relationships between Linguistic Skills
and Number Knowledge in Monolinguals
According to Von Aster and Shalev’s (2007) four-step model, the
development of number acquisition starts from a core-system
representation of cardinal magnitude referred to as “Number
Sense” (Dehaene, 1997), which provides the basic meaning
of numbers. This is a necessary precondition for children to
learn to associate a perceived number of objects with verbal
labels (Step 2) and Arabic symbols (Step 3). The development
of the mental number line (Step 4) is considered to be the
fourth and final step, which allows for arithmetic thinking.
According to this model, mechanisms of magnitude comparison,
language skills and working memory are all prerequisites for
an adequate development of calculation skills, although it is
suggested that only deficits in the ANS may characterize pure
forms of dyscalculia (Von Aster and Shalev, 2007; Piazza et al.,
2010; Libertus et al., 2011).

Many studies have suggested that the concept of “number”
is relatively independent from linguistic skills (Gelman and
Butterworth, 2005; Frank et al., 2008). Nonetheless, it is
acknowledged that language plays a role at least in some aspects of
numerical cognition; in particular, it seems that verbal processing

is a necessary condition for a precise cognitive representation
of large numbers (e.g., Dehaene et al., 1999; Spaepen et al.,
2011). An increasing amount of evidence is emerging supporting
a major role for linguistic skills in arithmetic development
(Colomé et al., 2010; Cirino, 2011; Mazzocco et al., 2011; Purpura
et al., 2011; Göbel et al., 2014; Purpura and Ganley, 2014).
This also seems to be sustained by developmental changes
in brain networks underlying numerical processing, with the
left angular gyrus supporting the manipulation of numbers
in verbal form (Dehaene et al., 2003). Furthermore, studies
on clinical populations have documented a high comorbidity
of reading and math difficulties (Swanson and Jerman, 2006;
Landerl and Moll, 2010; Tobia et al., 2016b), and this has fostered
research investigating the role of non-mathematical predictors in
mathematical development (Purpura and Ganley, 2014).

Many studies have investigated the role of phonological
processing, which is involved in tasks such as number
reading (grapheme–phoneme correspondence). If phonological
processing is impaired, it may reduce the capacity of working
memory (Butterworth, 2005), leading to difficulties in storing
and remembering arithmetic facts (e.g., Swanson and Sachse-
Lee, 2001; Simmons and Singleton, 2008; Koponen et al.,
2013; Vanbinst et al., 2015). There is, however, contrasting
evidence regarding the predictive role of phonological skills on
mathematical development. For example, in Passolunghi et al.
(2007), phonological ability was not found to be a significant
predictor in mathematical learning ability in the first year
of primary school. In a more recent longitudinal study by
Passolunghi et al. (2015), children underwent testing for their
phonological skills at the beginning and at the end of the last
year of preschool. The results indicated that the children’s levels
of phonological awareness that were evaluated at the beginning of
the year predicted their numerical abilities that emerged from the
assessment at the end of the year. The authors suggested that the
influence of phonological skills may be mediated by the age of the
children, indicating that it is not constant across development.

One of the other non-mathematical factors that may play
a role in mathematical development is lexical amplitude
(vocabulary), which is necessary to understand specific language
terms (Adams, 2003; Purpura et al., 2011) used in specific
instructions, and is highly involved in problem solving (Fuchs
et al., 2005). Instruction comprehension and problem solving
also involve morphosyntactic comprehension, which has
received minor attention in the analysis of the relationship
between language and mathematics (Centeno-Cortés and
Jiménez Jiménez, 2004). An additional variable that the literature
includes among the key predictors of reading development is
letter knowledge; because numbers may be considered “special”
letters, it might be hypothesized that letter knowledge might as
well be a predictor of calculation skills, at least as an indirect
index of exposure to print (Caravolas et al., 2005) or as an index
of symbolic representation. Finally, there is a broad consensus
that both verbal and spatial components of working memory are
some of the main predictors of calculation ability. In particular,
counting knowledge appears to be more strongly correlated with
visuo-spatial working memory than with language precursors
(Cirino, 2011). Although some evidence has suggested that
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the individual components of working memory are related
differentially to mathematics (Wilson and Swanson, 2001;
Simmons et al., 2012), other results note that the whole working
memory system (rather than a specific working memory process)
is linked to mathematical knowledge development (Bull et al.,
2008; Simmons et al., 2008; Zhang et al., 2014).

Some longitudinal studies are available that consider the
predictive role of numerical and non-numerical skills on early
calculation abilities in pre-schoolers or in children upon entry
into school. As far as numerical skills are concerned, quantity
comparison, subitizing, size, and number seriation, counting, and
number knowledge have been found to have a predictive role
in calculation ability (Göbel et al., 2014; Purpura and Ganley,
2014; Tobia et al., 2016a). Additionally, several linguistic skills
are predictive of later calculation skills; this is the case for
vocabulary (Purpura and Ganley, 2014), phonological abilities,
and verbal IQ (Passolunghi and Lanfranchi, 2012). Finally, some
general cognitive factors, such as speed of processing and working
memory (Passolunghi and Lanfranchi, 2012; Östergren and Träff,
2013), have a role in predicting early numeracy skills. LeFevre
et al. (2010) and Sowinski et al. (2015) tested a set of cognitive
precursors of early numerical skills, referred to as the Pathways
to Mathematics Model, which, in its latest version (Sowinski
et al., 2015), includes three main components – quantitative,
linguistic, and working memory – as predictors of numerical
(backward counting, arithmetic fluency, calculation, and number
system knowledge) and reading variables. It emerged that
the quantitative pathway (subitizing, counting, and magnitude
comparison) accounted for substantial portions of variance in
numerical skills and that the linguistic pathway (vocabulary and
phonological awareness) was related to all numerical dependent
variables and was also the sole significant predictor of reading.

To summarize, contrasting results have emerged as to the
differential role of linguistic competence in calculation ability,
and one of the main methodological shortcomings in this line of
research is related to the fact that both domains (language and
number processing) develop concurrently and with reciprocal
interactions in typically developing monolingual children.

Language and Number Skills in
Bilinguals
Some studies have directly addressed the relationship between
language and arithmetic skills in adult bilinguals, and, in
particular, have analyzed the role of language proficiency and
language of training in numerical processing. Among these,
Spelke and Tsivkin (2001) highlighted the fact that bilinguals
retrieved information about exact numbers more effectively in
the instructional language (language of training), whereas they
were able to retrieve approximate numbers equally in both
of their languages. In secondary school students enrolled in
a bilingual program, Saalbach et al. (2013) found a cognitive
cost related to language switching from the instructional to
the non-instructional language in arithmetic tasks. Similarly,
Rinsveld et al. (2015) found that adolescents and young adults
were always better at solving complex mathematical tasks in
their instructional language; on the other hand, their skills in

solving complex calculations in the other language improved
with their language proficiency. Another important aspect is
the influence of language-specific number word structures in
bilinguals’ arithmetic performances (Prior et al., 2015; Rinsveld
et al., 2015). These findings suggest that arithmetic processing
is sensitive to the linguistic representations of number, and
that numerical processing is preferentially processed in the
instructional language. This was also shown in an fMRI study
(Mondt et al., 2011) on children who learnt mathematics in an
instructional language but spoke a different language at home.
The authors found that children who performed the task in the
instructional language showed a more efficient and specialized
pattern of neural activation compared to those performing the
same task in their home language. The latter relied more on
working memory and visual attentional resources.

Other evidence for the intrinsic relationship between language
and mathematics comes from a few studies of bilingual language
minority children who were in the course of acquiring their
second language (L2) within the scholastic environment. These
children can be defined as bilinguals because they speak and
are exposed to two or more languages in everyday life (De
Lamo White and Jin, 2011). Although bilingualism per se does
not constitute a risk factor for either linguistic or mathematical
skill development, bilingual language minority children often
score lower on phonological awareness, vocabulary size, and
morphosyntactic competence in their second language during
the preschool years (Genesee and Geva, 2006). This offers a new
window into the study of the relationship between linguistic
competence and number development because, if linguistic
competence is a determinant of mathematical skill development,
bilingual children may be expected to show lower numerical skills
than their monolingual peers.

In summary, if the two domains (linguistic and mathematical)
were relatively separate, it would be possible to assume
that bilingual children in preschool, although they may have
poorer linguistic competences in L2, should not necessarily
fall behind monolingual peers in the domain of calculation
and mathematical prerequisites. Our research has focused
on this aspect, investigating what happens in very young
children who have not yet been exposed to formal academic
instruction and who learn Italian as their L2. To date, the
research that has been conducted with language minority
students has focused mainly on their literacy development.
An analysis of early numeracy skills in this population
and of the relationship with linguistic competence not only
provides important theoretical contributions to the connection
between language and mathematics but also has implications
for assessment procedures and targeted interventions in this
understudied population.

MATERIALS AND METHODS

Ethics Statement
The research ethics committee of the University of Bologna
approved the LOGOS project, of which the present study is part.
Parents of children involved in the study gave informed consent.
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Aims of the Study
To unravel the relationship between language skills and early
numeracy in monolingual and bilingual pre-schoolers, the
present study focused on three main topics:

(1) Differences between bilingual and monolingual children
in linguistic skills and early numeracy abilities. According
to the literature review, we expected to find a significant
difference in the language domain (Genesee and Geva,
2006). If it emerges that bilingual children underperform
in the linguistic domain, and if the linguistic domain
is a crucial determinant of numerical skills (Sowinski
et al., 2015), these children should also underperform
in numeracy skills. On the other hand, if bilinguals
show similar numerical skills to monolinguals, this should
support the independence of the numeracy domain in
relation to the language one.

(2) Linguistic predictors of early numeracy. The second
aim of this study was to identify the pattern of
concurrent predictors of early numeracy in monolinguals
and bilinguals. In particular, numeracy skills with a
language component were considered separately from
those involving non-verbal numeracy skills, in order
to investigate an eventual discrepancy in the pattern
of predictors. Among the potential predictors, we
considered variables reported by the literature to be
significantly linked to numerical abilities in children. We
expected at least some linguistic variables to predict the
verbal component of numeracy skills in monolinguals.
Furthermore, we want to explore whether this pattern is
replicated in the bilingual sample. Finally, we expected
the non-verbal components of early numeracy to be
relatively independent from the linguistic predictors both
in monolinguals and bilinguals.

(3) To further investigate the link between linguistic skills
and early numeracy, we ran a profile analysis grouping
participants based on their profile in numeracy skills, thus
identifying children with (1) no difficulties, (2) difficulties
only in numerical tasks with a linguistic component,
(3) difficulties only in non-verbal number tasks, and
(4) difficulties in both components of early numeracy.
Verbal skills of these groups were then compared. Profile
analysis is an approach that allows for a qualitative
understanding of the strengths and weaknesses of the
examined population, beyond and above the information
derived from group mean scores (Bonifacci and Tobia,
2016). In this study profile analysis was directly aimed
at verifying whether a weakness in different components
of numerical skills was associated with a deficit in
language skills. Considering past studies that found a
link between language and some early mathematical
skills (e.g., Passolunghi et al., 2015), we expected to
find poorer language skills in both monolinguals and
bilinguals with difficulties in numerical tasks that have
a linguistic component. On the contrary, children with
globally adequate skills in early numeracy, or with a
selective difficulty in non-verbal numerical tasks, should

show unimpaired language abilities, in light of the relative
independence of language and non-symbolic numerical
skills.

These three methodologies together, applied to a sample of
pre-schoolers, offer new and original insight into the relationship
between language and number skills before the beginning of
formal instruction.

Participants
A total of 156 children attending 12 public all-day preschool
programs in northern Italy took part in this study, which was
part of a wider study, the LOGOS Project, aimed at monitoring
and reinforcing early indicators of language development and
learning difficulties. Of the children, 49.4% were L2 learners of
Italian (n= 77, 51.9% females; mean age= 58.27± 5.90 months,
range = 50–77 months), whereas the remaining children
were native Italian speakers (n = 79, 53.2% females; mean
age = 58.45 ± 6.03 months, range = 48–75 months). Children
in the two groups were balanced for gender (χ2(1) = 0.879,
p = 0.503) and age (t(154) = 0.192, p = 0.848). The two
groups were recruited from within the same schools and therefore
matched for educational exposure, considering, among other
aspects, that all the teachers were enrolled in the LOGOS
Project, which provides teacher training and pooling of didactic
strategies. The schools were in urban and suburban areas that
served children from both low-income and middle-income
families. This study was carried out in accordance with the
recommendations of American Psychological Association (2010),
and the research ethics committee of the University of Bologna
approved the LOGOS project. Parents of children involved in the
study gave informed consent.

Children with Italian as their L2 all spoke minority languages
at home. All of these children could be considered early bilinguals
because, as specified below, they were all exposed to the Italian
language before the age of 3 (Kovelman et al., 2008), as established
by consulting their entry into the school system and by collecting
information from teachers. The selection criteria were:

(a) exposure to an L1 different from Italian (L2) within the
family context;

(b) being born in Italy or arriving in Italy within their first year
of life;

(c) having at least 1.5 years of continued exposure to Italian
within a school setting;

(d) not being referred to neuropsychiatric units for any range
of developmental disorder or sensory or neurological
impairment.

The parents of L2 children were mostly from Arabic
speaking (20.8%) and Russian-Slavic speaking (22%) countries,
but also came from South America (10.4%), Bangladesh (6.5%),
Philippines (7.8%), and Romania (10.4%); The remaining
participants, 22.1%, originated from other areas (e.g., African
French).

For the monolingual group, inclusion criteria were being born
in Italy from Italian speaking parents and not being exposed to
any other foreign language at home. None of the children had
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been referred for any range of developmental disorder or sensory
or neurological impairment.

The children were attending the second or third year of the
Italian preschool program that involves children from 3 to 6
years old. Italian preschool programs do not provide formal
instruction in literacy or mathematical skills. However, during
the last preschool year, children participate in pre-reading and
pre-writing activities, to familiarize them with letters and letter-
sound correspondence, and in pre-mathematical games including
number songs, classification and seriation of objects, counting
and use of worksheets to familiarize with shapes and quantities.
These activities tend to occur in the second semester of the last
year of preschool, and the children included in the present study
were assessed at an earlier age.

Materials
Learning Difficulties Indexes (IDA; Bonifacci et al.,
2015)
This assessment battery was developed to evaluate a wide range
of linguistic skills in pre-schoolers. It includes six tasks that
measure vocabulary, phonological awareness, morpho-syntactic
comprehension, phonological memory, story sequencing, and
letter knowledge. The internal consistency and reliability values
reported refer to the normative sample (N = 1416; Bonifacci
et al., 2015). The battery is composed of the following subscales:

(1) Vocabulary
Children were asked to name 36 images selected for decreasing
frequency in spoken language (Barca et al., 2002). The accuracy
score, ranging from 0 to 36, was considered. The scale’s
Cronbach’s alpha was 0.85. This subtest also allows for an
evaluation of speech sound skills, testing 52 main sounds of the
Italian language (single phonemes or consonant groups).

(2) Phonological Awareness
The battery included four different subtests aimed at assessing
phonological awareness: syllable blending (e.g., To-po→ Topo;
Mouse; six items); syllable segmentation (e.g., Carota→ Ca-ro-
ta; Carrot; six items); first syllable recognition (e.g., cane-casa;
dog-house; four items); and rhymes (e.g., Porta–Torta; Door-
Cake; (four items). For the first two tasks, stimuli were presented
orally and children were required to provide a verbal answer by
blending or segmenting sounds. For the second pairs of tasks,
children were presented with a target picture and were required
to choose, from among four pictures, which one started or ended
with the same sound. Each item received a score of 1 for correct
responses and a score of 0 for incorrect answers, for a maximum
total score of 20. The scale’s Cronbach’s alpha was 0.84.

(3) Morpho-Syntactic comprehension
Children saw three pictures representing three different scenarios
and were asked to individuate or manipulate elements of the
scenes by comprehending different types of sentences (e.g., active,
passive) pronounced by the examiner. For example, the child
had to correctly place a picture of a book after hearing the
sentence “The book is under the pillow”. Eighteen sentences were
presented, and for each of them a score of 2 (correct answer on
the first attempt), 1 (correct answer on the second attempt), or

0 (incorrect answer) was assigned. The total score (0–36), was
considered. The scale’s Cronbach’s alpha was 0.70.

(4) Story sequencing
This task is composed of five pictures depicting a brief tale of a
little dinosaur, named Dino, preparing a cake. Each participant
was presented with four pictures presented in the wrong order
(fixed and predetermined). Image number 1 was given as a
prompt, and then the child was asked to arrange pictures in the
correct order and to tell the story aloud (this narrative task was
not considered in the present study). A score of 1 was given for
each picture in the correct order (maximum score: 4). The scale’s
Cronbach’s alpha was 0.82.

(5) Phonological memory
Children were presented with a non-word repetition task of eight
non-words, two 2-syllable, two 3-syllable, two 4-syllable, and two
5-syllable items. Incorrect repetitions were scored 0. Then, a score
of 2 was given for perfectly repeated non-words, and a score of
1 was assigned when an articulatory error that had already been
detected in the vocabulary task was made. For example, if a child
had a difficulty with the phoneme “r” and pronounced the word
“rana” (frog) as “lana” in the vocabulary task, a repetition of the
non-word “fimedura” as “fimedula” would be scored 1. The total
score ranged from 0 to 16, and the scale’s Cronbach’s alpha was
0.72.

(6) Letter Knowledge
Children were presented with a picture of a train with one letter
(from a to z) in each coach. The experimenter had to choose four
letters within the child’s name or first letters of the surname, thus
considered to be familiar letters, and four letters chosen randomly
but not part of the child’s name, considered to be unfamiliar
letters. Then, the experimenter indicated these letters randomly
on the train picture, and the child was required to say the sound
or the name of the letter. A score of 1 was given for each correct
response for a maximum score of 8. The scale’s Cronbach’s alpha
was 0.70.

Number Sense: Prerequisites (SNUP; Tobia et al., in
preparation)
This battery assesses early numeracy skills in pre-schoolers. To
be appealing to such young children, each task is presented in a
narrative way, and there is a main character, the dragon SNUP,
who guides children through the tasks. It is composed of six
subtests:

(1) Quantity comparison
Children were shown two illustrated baskets and were asked to
quickly choose the one with a greater number of fruits in it. The
number of fruits varied from 3 to 20, and differences between sets
was from 1 to 6 units. A total of 24 items were presented. A score
of 1 (correct answer) or 0 (wrong answer) was given for each of
them, for a maximum total score of 24. The scale’s Cronbach’s
alpha was 0.69.

(2) Counting (from 1 to 20)
Children were asked to count 20 buttons dispersed on a board
measuring approximately 20 cm× 30 cm. Both knowledge of the
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verbal sequence of numbers and the acquisition of the biunivocal
correspondence principle of counting, namely the ability to link
each number word to an individual object, were evaluated. Scores
range from 0 to 40, and one point was given for each number
word named correctly on the scale of 1–20 and when the child
linked one number word to one button. The scale’s Cronbach’s
alpha was 0.93.

(3) Number line
Children were asked to indicate the point corresponding to 2,
3, 6, 7, and 9 elements (apples placed in a basket) on a 25-cm
long line ranging from 0 (empty basket) to 10. The percentage of
absolute error (PE; Siegler and Booth, 2004) was calculated. The
scale’s Cronbach’s alpha was 0.58.

(4) Size seriation, including three tasks
(a) First, children were asked to put four sets of four pictures of
the same object (e.g., a house), drawn in different dimensions,
in ascending order (seriation with perceptual cues, maximum
score: 16); (b) second, a fifth picture for each set was presented,
and the child had to put it in the correct place in the ordered
composition (insertion, maximum score: 4); (c) finally, children
were presented with four series of four pictures of different items
(e.g., a bee, a mouse, a cat, and a giraffe), all depicted as the
same size, and had to put them in ascending order using their
knowledge of the items’ real size (seriation without perceptual
cues, maximum score: 16). For each item placed in the correct
position, a score of 1 was assigned. The total score ranged from 0
to 36. The Cronbach’s alpha of the size seriation subtest was 0.89.

(5) Semantic knowledge of digits
(a) Recognition, (b) reading, and (c) number-quantity association
were assessed for digits 1 to 9. The task was organized as a game
similar to bingo with numbers. A card containing the digits 1 to 9
randomly distributed on a grid amongst blank squares was used,
together with a small bag containing nine number cards, each
representing a digit. In the digit recognition subtask, children
pointed to the number on the bingo card that had been picked
out of the bag and read aloud by the examiner. For the digit
reading subtask, children picked a number from the bag and read
it aloud. Finally, in the number-quantity association test, children
were provided with a card representing sets of elements (baskets
of fruit containing from 1 to 9 bananas). The examiner picked
and named a digit and children had to choose the set with the
corresponding number of elements. For each digit correctly (a)
recognized, (b) read, or (c) associated with the corresponding
quantity, a score of 1 was given (total score: 0–27). The subtest’s
Cronbach’s alpha was 0.93.

(6) Visual-spatial memory
Children were asked to remember the position of one to four
items (drawings of the dragon SNUP) on 3 × 3 and 4 × 4
grids that were presented for 2 and 4 s, respectively, and then
covered. Six 3 × 3 grids containing one, two, or three dragons
were presented, and four 4 × 4 grids with three or four dragons
on them were shown, for a total of 10 grids. A score of 1 was
assigned for each item remembered in the correct position. The
maximum total score was 26; Cronbach’s alpha was 0.80.

The Cronbach’s alpha values refer to the normative sample
(N = 804; Tobia et al., in preparation).

For the administration of both batteries, special attention
was given to ascertaining that children correctly understood the
instructions: verbal instructions were minimized and examples
for each task were provided, in order to make the tasks clear to
children. Before starting with the experimental test, participants
tried the tasks and feedback was given for both correct and
incorrect answers. In this phase, if a child showed difficulties
understanding the task, the instructions and an example were
repeated.

Data Analysis
All the raw scores were converted into scaled scores (Mean= 10,
SD = 3), according to the batteries’ norms. Differences between
L2 and native Italian speakers in the linguistic and mathematical
prerequisites of learning were analyzed with two multivariate
analyses of variance (MANOVA), one including the subscales
from the IDA battery, and one including the ones from the SNUP
battery.

As a second analysis, a multigroup structural equation
model (SEM; e.g., Kline, 2010) including a confirmatory factor
analysis (CFA) and a path analysis was applied using MPlus
(Muthén and Muthén, 1998–2010). The CFA identified two
latent variables within the SNUP battery. The first one included
the early numeracy tasks that had a linguistic component (i.e.,
Counting and Semantic knowledge of digits), whereas the second
factor included early numeracy variables without a linguistic
component (i.e., Quantity comparison, Number line, and Size
seriation). Visual−spatial memory was not considered because it
is a prerequisite of mathematical skills, but it is not an effective
component of number sense as it is a general cognitive precursor.
A path analysis was used to examine the relationship between
these dependent variables and the linguistic tasks included in
the IDA battery that were considered as potential predictors.
The model was tested on monolinguals and bilinguals with the
multigroup technique. The complete model analyzed is presented
in Figure 1.

Multiple indices were used to evaluate model fit, including
Chi-square, Root Mean Square Error of Approximation
(RMSEA), Comparative Fit Index (CFI), Tuker-Lewis Index
(TLI), and Standardized Root Mean Squared Residual (SRMR).
A non-significant Chi-square, an RMSEA result no greater than
0.06, CFI and TLI results of 0.95 or better, and an SRMR result
of less than 0.08 suggested good model fit for the ML estimator
used for this analysis (Hu and Bentler, 1999).

Finally, profile analysis in early numeracy was performed.
Children were classified as follows:

(1) no difficulties in early numeracy: scaled scores on all the
SNUP tasks > 6;

(2) difficulties only in the early numeracy tasks with a
linguistic component: a scaled score ≤ 6 in Counting
and/or in Semantic knowledge of digits;

(3) difficulties only in the non-verbal early numeracy tasks:
a scaled score ≤ 6 in one or more tasks among Quantity
comparison, Number line, and Size seriation;
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FIGURE 1 | Model tested with structural equation modeling.

(4) difficulties in both the components of early numeracy:
scaled scores ≤ 6 in at least one task between Counting
and Semantic knowledge of digits, and in at least one
task among Quantity comparison, Number line, and Size
seriation.

The cut-off of a scaled score of 6 was chosen because it
corresponds to a z score of about −1,3 SD, which is usually
adopted as a criterion for identifying at risk performances. Then,
a chi-square test for independence was performed to analyze
the links between the categories of difficulties in early numeracy
and the monolingual or bilingual condition. Finally, a MANOVA
investigating the effect of the different types of profiles of early
numeracy on the performance to the IDA tasks was performed.
Tukey post hoc tests were run to analyze differences between the
four profiles. All of the analyses, with the exception of the SEM,
were conducted using SPSS 21 (SPSS Chicago, IL USA).

RESULTS

Differences in the Prerequisites of
Learning
The MANOVA revealed a significant multivariate effect
for Group (Pillai’s Trace = 0.313, F(6,144) = 10.920,

p < 0.001, η2
= 0.313) on the set of subtests included in

the IDA battery. Scaled scores obtained by the children
and the results of the univariate analyses are presented in
Table 1.

In Table 1, descriptive results of the children’s performance
on the SNUP battery are also reported. A significant multivariate
effect of Group was also found for early numeracy skills (Pillai’s
Trace = 0.127, F(6,144) = 3.479, p = 0.003, η2

= 0.127).
However, as shown in Table 1, the results of only half of
the early numeracy tasks significantly differed between the two
groups.

Language Predictors of Early Numeracy
All the fit indices suggested that the multigroup SEM fit the
data well: χ2(50) = 50.993, p > 0.05; RMSEA = 0.016 (90%
confidence interval = 0.000–0.076); CFI = 0.995; TLI = 0.992;
SRMR= 0.061.

Figures 2 and 3 describe the model fitted to the data obtained
from the monolingual and bilingual groups, respectively. The
CFA’s results were similar in the two groups, showing that
the two latent variables corresponding to linguistic and non-
verbal components of early numeracy were consistent across
groups. On the contrary, the path analyses revealed a different
pattern of predictors. As far as monolingual children were
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TABLE 1 | Descriptive statistics and results of the univariate analysis for monolinguals and bilinguals on the “Learning Difficulties Indexes” (IDA) and
“Number Sense: Prerequisites” (SNUP) batteries.

Monolinguals
mean (SD)

Bilinguals
mean (SD)

F(1,150) P η2

IDA Vocabulary 10.55 (2.43) 7.51 (2.33) 61.72 <0.01 0.293

Phonological Awareness 9.95 (2.89) 8.55 (2.68) 9.53 0.002 0.060

Morpho-syntactic comprehension 10.39 (2.72) 8.11 (2.32) 30.95 <0.01 0.172

Story sequencing 9.70 (2.24) 9.08 (2.41) 2.65 NS 0.018

Phonological memory 8.78 (2.73) 7.69 (2.59) 6.24 <0.05 0.040

Letter knowledge 9.30 (2.35) 8.17 (2.20) 9.31 <0.01 0.059

SNUP Quantity comparison 10.36 (2.99) 9.74 (2.89) 1.670 NS 0.011

Counting 9.35 (3.12) 8.82 (3.12) 1.062 NS 0.007

Number line 13.41 (3.16) 12.27 (3.08) 4.991 <0.05 0.032

Size seriation 10.72 (3.20) 9.14 (3.08) 9.525 <0.01 0.060

Semantic knowledge of digits 10.43 (2.77) 9.41 (2.79) 5.120 <0.05 0.033

Visual−spatial memory 9.77 (2.80) 10.52 (2.68) 2.837 NS 0.019

concerned, the linguistic component of numeracy was predicted
by letter knowledge and, marginally, by vocabulary. The non-
verbal component was predicted by the phonological awareness
task.

In bilinguals, as in monolinguals, letter knowledge predicted
the linguistic component of early numeracy. On the contrary,
none of the linguistic variables considered predicted the non-
verbal component.

Profiles of Early Numeracy Difficulties
The number of monolingual and bilingual children in each of the
four early numeracy profiles, derived by the classification of early
numeracy difficulties, is reported in Table 2.

The chi square test showed that there was independence
between profiles of early numeracy abilities and being
monolingual or bilingual (χ2(3)= 5.646, p= 0.130). Considering
this result, a MANOVA was run on the entire sample.

FIGURE 2 | Model tested with structural equation modeling on monolinguals. Bold arrows and coefficients represent significant relationships at p < 0.01;
ap = 0.068. The arrows above the latent variables represent the residual variance for the dependent variables.
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FIGURE 3 | Model tested with structural equation modeling on bilinguals. Bold arrows and coefficients represent significant relationships at p < 0.01. The
arrows above the latent variables represent the residual variance for the dependent variables.

A MANOVA was performed to analyze the main effect of
Profile on early numeracy on the language tasks included in the
IDA battery. The results showed a significant multivariate effect
of the children’s Profile (Pillai’s Trace= 0.327, F(18,432)= 2.934,
p < 0.001, η2

= 0.109). Descriptive statistics, results of the
univariate analysis and post hoc tests are presented in Table 3.

Globally, it emerged that the group with impaired
performance in both verbal and non-verbal components of
numeracy was similar to the one with only verbal numeracy
difficulties, whereas children with typically developing numeracy
skills and with a weakness involving only the non-verbal
component of numeracy did not differ from each other in the
language skills analyzed, and outperformed the other two groups.

DISCUSSION

The present study was aimed at providing a thorough
examination of the relationship between language skills and early
numeracy through a multilevel investigation of these skills in
monolingual and bilingual children attending preschool. To our
knowledge, this is the first study that has analyzed language-
numeracy relationship in young pre-schoolers, with three levels
of investigation being considered: group comparisons, predictors,
and individual differences. A group of bilingual language
minority children was included in order to offer a unique
perspective into the role of linguistic competence in numerical
development, and the profile analysis included in the study fosters

the qualitative understanding of the strengths and weaknesses
of the examined population, beyond and above the information
derived from group mean scores.

The first aim of the present study was to investigate differences
between bilingual and monolingual children in linguistic skills
and early numeracy abilities. It was intended that this kind of
analysis would help to ascertain the profile of the two populations
in a wide set of tasks, in order to define patterns of strengths
and weaknesses across multiple measures. As expected, there was
a difference between groups in their linguistic profiles on all
the linguistic tasks and this difference allowed us to look for a
dissociation between linguistic and numerical skills. There was,

TABLE 2 | Number of monolingual and bilingual children included in the
four categories describing early numeracy difficulties.

Monolinguals Bilinguals

Profiles based on
performance on the
SNUP tasks

(1) No difficulties 48 (60.8%) 33 (42.9%)

(2) Difficulties only in
tasks with a linguistic
component

14 (17.7%) 16 (20.8%)

(3) Difficulties only in
non-verbal tasks

9 (11.4%) 16 (20.8%)

(4) Difficulties in both
the components of
early numeracy

8 (10.1%) 12 (15.5%)
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TABLE 3 | Profile analysis.

Vocabulary Phonological
awareness

Morpho-syntactic
comprehension

Story
sequencing

Phonological
memory

Letter
knowledge

Profiles based on
the performance at
the SNUP tasks

(1) No difficulties 9.87 (2.74) 10.24 (2.90) 10.29 (2.67) 9.99 (2.14) 9.01 (2.52) 9.38 (2.34)

(2) Difficulties only in
tasks with a linguistic
component

8.47 (2.94) 7.93 (2.50) 8.27 (2.68) 8.43 (2.19) 6.80 (2.80) 7.83 (1.93)

(3) Difficulties only in
non verbal tasks

8.48 (2.60) 9.40 (2.35) 8.56 (2.22) 8.76 (2.54) 8.52 (2.62) 8.80 (2.25)

(4) Difficulties in both
the components of
early numeracy

7.45 (2.28) 7.30 (2.13) 7.70 (2.49) 9.35 (2.50) 7.10 (2.29) 7.60 (2.23)

MANOVA F (3,150) 5.487 9.642 8.572 4.171 6.879 5.454

P ≤0.001 ≤0.001 ≤0.001 ≤0.01 ≤0.001 ≤0.001

η2 0.101 0.164 0.149 0.078 0.123 0.100

Post hoc 4 < 1 2, 4 < 1
4 < 3

2, 3, 4 < 1 2 < 1 2, 4 < 1 2, 4 < 1

Descriptive statistics (mean and SD) and F, p, and η2 values of the univariate analysis and post hoc tests of group differences.

however, an exception in the story sequencing task, for which the
two groups did not differ. This task was the only one in the IDA
battery with a non-verbal request and it was included because it
was followed by a narrative task, which was not considered in
the present study. When examining the significant differences,
the smallest effect was found for phonological memory, a task
involving non-word repetition. Despite involving non-familiar
material for both monolinguals and bilinguals, the significant
differences found for this task may depend on the fact that the
stimuli were legal non-words; thus, their morphological structure
adhered to Italian rules of word composition. It has been shown
that, at least to a certain degree, bilinguals are sensitive to the
morphological and distributional properties of the target L2
language (Bellocchi et al., 2016), and this is influenced by age of
exposure. This may explain why in the non-word repetition task
bilinguals lagged only marginally behind their monolingual peers.

The assessment of bilingual performance in L2 should be
accompanied by an evaluation of L1 linguistic skills because
highlighting weaknesses in L2 does not necessarily mean that
the same pattern stands for L1 linguistic competencies. This
is in line with International guidelines (American Speech-
Language-Hearing Association [ASHA], 1985, 2004) on clinical
assessment in multilingual contexts, and the lack of assessment
of linguistic skills in L1 limits data interpretation as regards
linguistic and working memory competence in the bilingual
sample. However, considering the difficulties in assessing L1
competencies, particularly for language minority children, many
studies have been aimed at studying linguistic and numerical
competencies in L2, in order to gain information as to a
typical bilingual developmental trajectory in L2 acquisition.
Furthermore, in the case of numerical processing, it has been
shown that bilingual children tend to be more proficient
in solving numerical tasks when tested in their instructional
language (Mondt et al., 2011), compared to those who were tested
in their home language. In that case, the sole analysis of the
L2 might be considered useful because it provides information

about the instructional language; therefore, the identification of
patterns of strengths and weaknesses in L2 may help to pinpoint
potential risks and protective factors in the learning paths of
bilingual children.

The pattern of difficulties in numerical skills was mixed.
Bilinguals underperformed monolinguals in some numerical
skills with a verbal component, such as semantic knowledge of
digits, but they did not differ in pure non-verbal components
such as quantity comparison. This pattern supports an
independence of magnitude comparison from linguistic
processing (Dehaene et al., 1999). Furthermore, they were
similar to their monolingual peers in visuo-spatial memory. This
task had very simple and mainly non-verbal instructions, and
required a non-verbal answer. The similar performance observed
in visuo-spatial memory that resulted in scores around the mean
for both groups suggests that this important general cognitive
non-verbal prerequisite was equally developed. Bilinguals’ gap
in linguistic knowledge compared to monolinguals may explain
their failing in the semantic knowledge of digits that involved
the lexical retrieval of number names and grapheme-phoneme
correspondences of Arabic digits. Despite this trend, bilinguals
did not fail in counting ability, maybe because of the high
frequency of the use of early counting sequences (i.e., 1–10) in
everyday life or the high automaticity of sequencing number
names. For an alternative explanation, the model of early
counting competence with three basic components by Ferrara
and Turner (1993) could be considered. They theorized (1) a
verbal component involving knowledge of the conventional
number-word sequence, (2) an action component involving
knowledge of tagging behaviors in object-counting procedures,
and (3) a contextual component involving knowledge of the
basic goals and uses of counting. We can hypothesize that only
the first component may be poorer in bilinguals compared to
monolingual peers, and therefore the similar competence in the
two remaining abilities would lead to a similar performance in the
counting task. Finally, bilinguals underperformed monolinguals
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in some non-verbal components of number processing, such as
number line and size seriation. This counterintuitive result might
be explained by the characteristics of the verbal instructions
given for these tasks, which were slightly more complex than
the ones given for the other tasks, even though morpho-
syntactic comprehension was not a significant predictor of
these skills. An alternative hypothesis may be related to cultural
characteristics of the stimuli such as the direction of the number
line, as documented by studies with the SNARC effect in Arab
populations (Dehaene et al., 1993). Further investigation is
needed to increase knowledge on how these competencies
develop in bilingual groups and, as discussed below, the lack of
socio economic status (SES) measures limits the possibility to
sustain definitive conclusions on the bilingual sample altogether.

The second aim was to analyze the pattern of linguistic
predictors of number skills, in particular by investigating the two
separate domains of verbal and non-verbal components of early
numeracy. The analysis showed partially different patterns of
predictors for the two groups considered. First, in both bilinguals
and monolinguals, letter knowledge was a significant predictor
of the verbal component of numeracy. The letter knowledge
task required a grapheme-phoneme association as was, in some
way, required by the semantic knowledge of the digits task
included in the verbal component of numeracy. In other words,
both tasks involved symbol processing. Furthermore, past studies
showed medium to high correlations between tasks, such as
naming speed, involving letters and digits (e.g., Bowey et al.,
2005). These results suggest that symbol processing of letters
and digits share a common underlying cognitive component
independent from specific knowledge in one of the two domains.
In monolinguals, there was also a marginally significant effect
of vocabulary on the verbal component of numeracy, which
is in line with past studies (e.g., Purpura and Ganley, 2014).
Additionally, phonological awareness was, for the monolingual
group, a significant predictor of the nonverbal component of
numeracy skills. This result could be explained by the component
of working memory involved in this task. In fact, working
memory may serve as a link between phonological awareness
and non-verbal early numeracy. In particular, the tasks of syllable
blending and segmentation, beyond phonological processing,
required an active component of working memory, namely the
ability to manipulate phonological material before giving the
target word. Working memory, as supported by past studies
(Simmons et al., 2008; Zhang et al., 2014), is highly involved
in early numeracy and was similarly involved in tasks included
in the present study such as the mental number line where
children were required to actively manipulate position in space
depending on the target stimuli. Another mnemonic task, non-
word repetition, had a passive memory component (rehearsal and
repetition) that did not significantly predict numeracy skills.

The results from the bilingual group demonstrated, on the
other hand, a substantial independence between linguistic
skills and non-verbal numerical skills, because none of
the linguistic measures were significant predictors of pure
non-verbal numerical tasks. As far as pre-schoolers are
concerned, only one study to date has analyzed cognitive
(general intelligence, working memory) and linguistic precursors

(phonological awareness, grammatical ability) to early numeracy
in monolinguals and bilinguals (Kleemans et al., 2011). In
line with results from the present study, the authors found
that bilinguals had lower scores than first language learners
in both linguistic and early numeracy tasks. Furthermore,
correlation analysis showed that both phonological awareness
and grammatical ability were needed for early numeracy
development. Finally, no differences were detected in the pattern
of correlations between language precursors and early numeracy
for monolinguals versus bilinguals. The authors concluded that,
in addition to cognitive factors, both phonological awareness
and grammatical ability play equally important roles in the early
numeracy of monolinguals and bilinguals. In Kleemans’ study
children had a mean age of 6 years, all attended the last year of
kindergarten, and thus were moderately exposed to literacy and
number activities. Moreover, vocabulary, phonological memory
and letter knowledge tasks were not included, although these
linguistic measures are known to potentially influence number
processing (Cirino, 2011; Purpura et al., 2011). In the present
study, the reported pattern of relationships was observed in a
very young sample of pre-schoolers (mean age 4.8 years) who
had not yet been exposed to formal schooling, or to systematic
activities on literacy and numerical skills. In fact, in the Italian
school system activities on precursors of reading and math
skills are mainly introduced by the second semester of the last
year of preschool and these activities are mainly developed
by class teachers. The National Indications (Istruzione, 2012)
for the curriculum of preschool give general guidelines on the
importance of promoting lexical and narrative skills, logical
reasoning and spatio-temporal orientation. Thus, in the first
two years of preschool, children are mainly exposed to playful
didactic activities that have the broad aim of promoting the
development of learning skills, but that do not include systematic
and formal activities. Thus, the pattern of results described in the
present study mainly refers to the spontaneous developmental
trajectory of reading and math related skills. It is thus intriguing
that letter knowledge plays a significant role from this early age.
This observation reinforces previous studies (e.g., Caravolas
et al., 2012) that proposed that the spontaneous ability of the
child to acquire letter knowledge can be considered as a marker
of his/her sensitivity to print exposure and of his/her ability
to access some phonologic representations of speech. Thus,
individual differences in letter knowledge in preschool years
may be good predictors of literacy outcomes, and, based on
the present study, also of numerical skills involving a verbal
component.

Finally, the last aim of the study was to compare performance
in verbal tasks for children with different profiles of early
numeracy skills. Consequently, participants were further
classified as having (1) no difficulties, (2) difficulties only in
numerical tasks with a linguistic component, (3) difficulties
only in non-verbal number tasks, and (4) difficulties in both
components of early numeracy. First, an analysis of the frequency
of monolinguals and bilinguals across the four categories showed
a similar distribution, suggesting that numerical weaknesses
were equally distributed in the two subsamples. This is in
line with Kleemans et al. (2011), who suggested that a gap in

Frontiers in Psychology | www.frontiersin.org July 2016 | Volume 7 | Article 1020 | 68

http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive


fpsyg-07-01020 July 5, 2016 Time: 15:11 # 12

Bonifacci et al. Language and Number Skills in Bilinguals

numerical skills in bilingual children, also found in the present
study in some numerical skill group comparisons, might be
better accounted for as an educational delay rather than as
a clinical impairment. In fact, analysis of differences in early
numerical skills showed a small to medium (Cohen, 1988) gap
between bilinguals and monolinguals, and their mean scores fell
within the typical range (see scaled scores). This result, together
with the additional information offered by the profile analysis,
delineates a group of children with mild difficulties in precursors
of mathematical abilities. This outcome suggests the potential
role that an early targeted intervention could play, together with
good practices in the classroom, in reducing this gap (e.g., Fuchs
et al., 2005; Klibanoff et al., 2006). These measures would be
more effective if the specific profile of difficulties showed by
each child were considered. Profile analysis also showed that
children with a selective weakness in the non-verbal component
of numeracy had mostly adequate verbal skills. This represents
a complementary perspective on the relative independence of
linguistic and numeracy domains, at least for those skills related
to magnitude comparison and for what is referred to as the ANS.
An interesting result is the profile of language skills that emerged
for children with a poor verbal component of numeracy: they
showed good vocabulary skills and particularly lower scores in
phonological tasks (phonological memory and awareness) and
in letter knowledge. This result is in line with past studies that
showed the importance of these variables in influencing some
key components of mathematical abilities (e.g., Simmons and
Singleton, 2008), and adds information regarding the influential
and early role of letter knowledge.

This study had some limitations, specifically the paucity
of information regarding participants’ SES and the level of
L1 proficiency in the bilingual group, which may limit the
generalizability of the results and makes it difficult to draw
any firm conclusions regarding the bilingual sample as a
whole. These variables need to be better accounted for in
future cross-group comparisons. However, the main aim of
the present study was to evaluate predictors and patterns of
strengths and weaknesses in linguistic and numerical skills,
rather than absolute levels of performance and group differences
between bilinguals and monolinguals. Furthermore, studies
investigating the effects of SES on early mathematics found
that preschoolers from low socio-economic backgrounds have
difficulties in most early mathematical skills, such as counting,
comparing magnitudes and performing simple calculations (e.g.,
Jordan et al., 2006). The pattern of results we found, with only
some components of early mathematical abilities being affected,
suggests a main role for language-related underexposure, rather
than SES, in explaining our results. We suggest that the
selection criteria adopted, together with the minor predictive
role of SES in Italy (OCSE-Programme for International Student
Assessment [PISA], 2006), contribute to substantially minimize
the role of SES in explaining the pattern of results discussed
here.

Finally, it is worth underlining the importance of children’s
capability to understand instructions when the relationship
between their linguistic and numerical skills is being analyzed.
Previous studies (Vukovic and Lesaux, 2013) found that in 6-

to 9-year old monolingual and bilingual children, significant
correlations emerged between language and skills in data analysis
and geometry, whereas there were no correlations with arithmetic
or algebra skills. The authors suggested that linguistic abilities
are helpful in understanding meaning, but they are not essential
to perform well in tasks requiring the use and elaboration
of Arabic symbols and quantities. In this study, we tried to
minimize verbal instructions of tasks; furthermore, we used
examples and we checked carefully that all children understood
what they were requested to do in each task. However, it is
plausible that L2 instructions represented a stronger challenge
for bilingual than monolingual participants. Nevertheless, in
the present study no significant relationships between morpho-
syntactic comprehension and early numerical skills were found,
suggesting that the ability to perform in numerical tasks was not
primarily related to the ability to comprehend L2 sentences.

CONCLUSION

To conclude, this is the first study that investigates cognitive
and linguistic underpinnings of early numeracy in preschool
bilingual and monolingual children at different levels of analysis;
the results suggest that only some specific components of
language competence may predict specific numerical processing.
However, having a good level of linguistic proficiency may
not be a necessary condition in order to develop adequate
abstract representation of numbers, as supported by the absence
of a relationship between language and numeracy in bilingual
children with overall adequate number competencies and weak
linguistic skills (as shown when discussing the first aim).
Linguistic weaknesses may lead to poorer performance with
numeracy but not to impaired numerical abilities. In fact, the
scaled scores for all the number and number-related tasks
administered were in the average range for the children’s age, and
there were no differences in the proportion of monolinguals and
bilinguals showing significant weaknesses in numeracy skills.

The lack of L1 measures of proficiency requires further
evaluation in future studies, in order to better disentangle
the role of language skills in specific numerical processing.
However, in the present study children were tested in their
instructional language and, although they are still in preschool
years, it is reasonable to hypothesize that they have acquired
basic number abilities in the school setting, albeit in the
absence of a formal instruction. Therefore, the results from
the present study allow us to assume that there is a relative
independence of linguistic and numerical processing in bilingual
language minority children with a gap in linguistic development,
compared to their monolingual peers. In order to investigate
the relationship between linguistic and numerical skills in depth
we included a sample of bilingual children because of their
particular differential language exposition. Further investigations
might focus on clinical populations of children with language
impairments, who are known to have specific weaknesses in the
phonological and lexical domains.

In summary, these findings offer new insight both for clinical
and educational settings, suggesting the importance of defining
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proper assessment of strengths and weaknesses, and targeting
intervention to specific domains in minority bilingual children.
Furthermore, from a theoretical perspective, the present study
suggests that at the very beginning of literacy and numerical
development the two domains are relatively independent.
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Previous research has shown that females consistently outperform males in exact
arithmetic, perhaps due to the former’s advantage in language processing. Much less
is known about gender difference in approximate arithmetic. Given that approximate
arithmetic is closely associated with visuospatial processing, which shows a male
advantage we hypothesized that males would perform better than females in
approximate arithmetic. In two experiments (496 children in Experiment 1 and 554
college students in Experiment 2), we found that males showed better performance
in approximate arithmetic, which was accounted for by gender differences in spatial
ability.

Keywords: gender difference, approximate arithmetic, spatial ability

INTRODUCTION

Gender differences in mathematical performance have been an important area of research because
researchers and policy makers alike have been concerned about the under representation of women
in mathematics-intensive fields or Science, Technology, Engineer, and Mathematics (STEM; Hyde
and Linn, 2006; Halpern et al., 2007; Guiso et al., 2008; Hyde et al., 2008; Ceci et al., 2009; Nosek
et al., 2009; Else-Quest et al., 2010; Shen, 2013). Many studies have been conducted to investigate
the cognitive, socio-cultural, and biological origins of these differences (Halpern et al., 2007; Kovas
et al., 2007; Guiso et al., 2008).

Although male advantage in mathematics has been widely reported, it is by no means the
only story in town (Spelke, 2005). For example, Hyde and Linn (2006), Hyde et al. (2008) have
emphasized the gender similarity hypothesis. Moreover, there is evidence that at an early age
females show better performance in arithmetic than do males (Linn and Hyde, 1989; Wei et al.,
2012). One possible explanation of such an advantage is that arithmetic tends to rely on language
processing (Dehaene et al., 1999; Lemer et al., 2003), which shows a female advantage (Wei
et al., 2012). As Wei et al. (2012) found, after controlling for verbal ability, gender differences in
mathematical performance disappeared.

Some arithmetic tasks, however, may not involve much language processing. Distinct from
exact arithmetic, approximate arithmetic (e.g., “Of 3 and 8, which number is closer to the answer
to the problem 4+5?”) is believed to involve less verbal processing but more number sense and
visuospatial processing (Dehaene et al., 1999). Studies have found that approximate arithmetic
could be performed without symbols and language (Pica et al., 2004). Young children without
formal education can perform large-number symbolic approximate arithmetic (Gilmore et al.,
2007). Neuroimaging studies further supported the distinction between exact and approximate
arithmetic. It has been found that exact arithmetic relies on the language system, whereas
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approximate arithmetic relies on the numerical magnitude
processing system or the internal “number line” (Dehaene et al.,
1999). Specifically, approximate arithmetic recruits the parietal
lobe, which is involved in visuo-spatial processing.

In the current study, we recruited two age groups of students
to examine gender differences in approximate arithmetic. Given
that males show better performance in spatial ability (Voyer
et al., 1995) and that spatial ability is linked to approximate
arithmetic as mentioned above, we hypothesized that males
would outperform females in approximate arithmetic, and that
spatial ability would be the cognitive mechanism for the gender
difference in approximate arithmetic.

EXPERIMENT 1

Materials and Methods
Participants
Children in 6th—8th grades students were recruited for the
study. Children came from two Chinese cities, Liuzhou (Guangxi
Province) and Beijing. There were 496 children (234 males
and 262 females), 11.0–15.9 years old. All participants were
native Chinese speakers and had normal or corrected-to-normal
eyesight. This study was approved by the Institute of Cognitive
Neuroscience and Learning at Beijing Normal University and the
principals of the schools.

Procedure
Participants took computerized mathematical and other
cognitive tests in a computer room in groups of about 30–40
students per class. They were monitored by 2–3 experimenters
and, in the case of 6th–8th grade students, by the class’s teacher
as well. Instructions and a practice session were given before
each formal test. The tasks were administered in the same
order for all students. Participants responded by pressing “P”
or “Q” on the keyboard for three of the five tasks (see below),
using the mouse for the spatial working memory task, and
entering a numerical value for the approximate arithmetic task.
Participants’ responses were automatically recorded and sent
over the internet to a server located in our laboratory at the
university.

Tasks
All the tasks were programmed using Web-based applications
available at: www.dweipsy.com/lattice (Wei et al., 2012).

Symbolic approximate arithmetic
This task was based on Levine’s (1982) Test of Estimation Ability
(TEA). The open–ended paradigm (Levine, 1982; Rubenstein,
1985; Dowker, 1992; Dowker et al., 1996) was adopted in the
current study to test the ability of approximate arithmetic. An
equation was presented in the middle of the screen. On the
top the screen, there was a time bar, indicating 15 s. To ensure
that the participants could not calculate the exact answer in
15 s, we used multiple digits for all equations (see Table 1).
Participants were asked to come up with the best approximate
answer for the equation in 15 s. Participants entered the answer
into an input box at the bottom of the screen. The formal test
included 40 trials, including addition, subtraction, multiplication,
and division. The four operations were presented randomly for
each participant. Both integral and decimal arithmetic was used
in this task.

Three-dimensional mental rotation
This task was based on Shepard’s mental rotation task (Shepard
and Metzler, 1971). For each trial, one three-dimensional image
was presented on the upper part of the screen, and two others
on the lower part. Participants were asked to choose one from
the bottom to match with the top; the matching image could
be identified only by mental rotation. Participants were asked to
press the “Q” key if he/she chose the image on the left, or the
“P” key he/she chose the image on the right. The formal test
included 180 trials and was limited to 3 min. The rotation angles
of the images were 15◦, 30◦, . . ., 345◦, with a step of 15◦. Each
trial would remain on the screen until participants responded by
pressing “P” or “Q”.

Raven’s progressive matrices
The Raven’s Progressive Matrices test (Raven, 1998) was used
to assess general intelligence. In this test, participants needed to
identify the missing segment of a figure according to the figure’s
inherent regularity. They should press “Q” if the missing segment
was on the left or “P” if it appeared on the right. The formal test
included 80 trials and was limited to 4 min.

TABLE 1 | The test of symbolic approximate arithmetic.

XXXXXXXXItem
Operation

Addition Subtraction Multiplication Division

1 1752 + 9339 8473 − 1247 581 × 64 6.664 ÷ 0.98

2 8928 + 5397 10395 − 13657 735 × 44 4144 ÷ 37

3 4578 + 3566 27534 − 11846 23 × 76 23596 ÷ 68

4 8546 + 5773 7814 − 1937 397 × 35 11515 ÷ 47

5 3696 + 1276 57631 − 14768 34 × 87 16068 ÷ 78

6 23.27 + 594.9 93.12 − 148.73 93 × 0.24 5.472 ÷ 57

7 749.6 + 4737.9 574.21 − 18.796 7.2 × 98.6 2352 ÷ 24

8 6.759 + 0.2867 5.614 − 10.4935 0.893 × 3.7 403.76 ÷ 0.98

9 926.4 + 75.72 208.3 − 129.26 2.17 × 0.83 66.3 ÷ 6.5

10 38.69 + 629.8 15.94 − 10.798 0.68 × 7.9 343.2 ÷ 22

Frontiers in Psychology | www.frontiersin.org March 2016 | Volume 7 | Article 306 | 73

www.dweipsy.com/lattice
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive


fpsyg-07-00306 March 4, 2016 Time: 18:17 # 3

Wei et al. Psychological and Cognitive Sciences

Spatial working memory
This task was similar to Corsi block task (Corsi, unpublished
doctoral dissertation). Non-overlapping dots were sequentially
presented in an implicit lattice of 3 × 3 on the computer screen.
Each dot was presented for 1 s, and dots were presented with an
interval of 1 s. After the last dot was presented and disappeared,
a cue would be presented on the screen to ask the participants
to click the positions where the dots had appeared in the same
sequence as their appearance. The number of dots ranged from 3
to 7. There was no feedback to participants. The average distance
between the position where the dot appeared and the position
where participants clicked was calculated and treated as an index
of spatial working memory.

Word semantic processing
The format of this task was similar to the one used by Siegel
and Ryan (1988) and So and Siegel (1997). Materials in the task
were adapted from the language examinations used in China in
recent years. In the task, a sentence was presented in the center of
the computer screen with a word missing. Participants needed to
select one of two candidate words presented beneath the sentence
by pressing a left or a right key. The stimulus remained on the
screen until the participants responded. The formal test included
120 trials and was limited to 5 min.

For each of the time-limited tasks (i.e., mental rotation,
Raven’s Progressive Matrices, and word semantic processing), we
calculated scores using Guilford formula (Guilford proposed a
correction formula “S = R – W/(n – 1)” (S: the adjusted number
of items that the participants can actually perform without the
aid of chance. R: the number of correct responses, W: the number
of incorrect responses. n: the number of alternative responses to
each item; Guilford, 1936). For the spatial working memory task,
as mentioned earlier, the average distance between the position
where the dot appeared and the position where participants
clicked was calculated. We then subtracted the average distance
from 200 to create a score for spatial working memory. For the
approximate arithmetic task, we used the formula “100 – |(PR –
EA)/(PR + EA)| × 100” to calculate accuracy in approximate
arithmetic. PR refers to participant’s response and EA the exact
answer. Using this formula, accuracy scores in approximate
arithmetic would have the theoretical range from 0 to 100.

Data Analysis
Because our sample came from 20 classes, it was necessary to first
investigate whether the nested data needed to be analyzed with
multilevel models. We used the unconditional means model to
compute the intraclass correlation coefficients (ICC) (Peugh and
Enders, 2005). The ICC was 0.12 for approximate arithmetic,
suggesting significant variability at the between-classroom level.
Therefore, we conducted multilevel models by using the MIXED
procedure in SPSS for all data analyses. The following equations
were used:

Level 1 : Scoreij = β0j + β1j

(
Ageij

)
+ β2j

(
Genderij

)
+

β3j
(
Covariatesij

)
+ γij

Where Scoreij was the score of approximate arithmetic for
participant i in class j, and β0j was the mean score for class j. β1j,
β2j, and β3j were the slopes of age, gender and covariates (i.e.,
scores of various tests) predicting the score within class j. γij was
the random component of the score for participant i in class j.

Level 2: β0j = γ00 + γ01 Regionij + µ0j

β1j = γ10

β2j = γ20

β3j = γ30

Where β0j was the mean score for class j, γ00 was the grand mean
score across all classes, γ01 was the slope of level-2 variable region
predicting the mean score for class j, and µ0j was the random
component of the mean score for class j. β1j, β2j, and β3j, were the
slopes of age, gender and covariates predicting the mean score for
class j.

Combined:
Scoreij = γ00 + γ01(Region)+ γ10(Age)

+ γ20(Gender)+ γ30(Covariates)+ µ0j + γij

Results and discussion
Of the 19840 answers (496 children × 40 trials), 210 (1.1%)
were correct exact answers. Table 2 shows the mean scores and
standard deviations of all tasks. Table 3 shows the inter-task
correlations. All correlations were significant.

According to multilevel model analysis, boys outperformed
girls in approximate arithmetic and mental rotation, whereas
girls outperformed boys in word semantic processing and Raven’s
Progressive Matrices. There was no gender difference in spatial
working memory (Table 2).

The analysis showed no differences between older and
younger children for all tasks [b = –1.13, t(330) = –
0.54, p = 0.586 for symbolic approximate arithmetic;
b = 0.57, t(168) = 0.60, p = 0.551 for mental rotation;
b = –0.94, t(222) = –1.21, p = 0.227 for word semantic
processing; b = 1.17, t(249) = 0.47, p = 0.638 for spatial
working memory; b = 0.95, t(216) = 1.51, p = 0.133 for Raven’s
Progressive Matrices]. In the multilevel model (when classroom
effect was considered), no region differences were found for
all tasks [b = –5.49, t(18) = –1.61, p = 0.125 for symbolic
approximate arithmetic; b = 0.96, t(16) = 0.81, p = 0.429 for
mental rotation; b = –1.42, t(21) = –1.41, p = 0.172 for word
semantic processing; b = –4.73, t(20) = –1.38, p = 0.181 for
spatial working memory; b = 1.10, t(15) = 1.25, p = 0.229
for Raven’s Progressive Matrices]. None of the interactions
involving gender and approximate arithmetic were significant
[b = 0.12, t(477) = 0.03, p = 0.979 for gender × region;
b = 5.26, t(479) = 1.06, p = 0.288 for gender × age; b = –5.37,
t(476)= –0.079, p= 0.431 for gender× region× age].

Multilevel model analysis showed that after controlling for
mental rotation, gender difference in approximate arithmetic
disappeared (Table 4 and Figure 1). After controlling for
any one of the other measures, however, gender difference
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TABLE 3 | Correlations among all tasks (Experiment 1).

Tasks 1 2 3 4

1 Approximate arithmetic −

2 Mental rotation 0.16∗∗ −

3 Word semantic processing 0.21∗∗∗ 0.12∗∗ −

4 Spatial working memory 0.31∗∗∗ 0.20∗∗∗ 0.16∗∗∗ −

5 Raven’s Progressive Matrices 0.14∗∗ 0.20∗∗∗ 0.12∗∗ 0.13∗∗

∗∗p < 0.01; ∗∗∗p < 0.001.

TABLE 4 | Results from multilevel modeling showing gender differences in
approximate arithmetic (Experiment 1).

Covariate Approximate arithmetic

b SE × b t

None –3.59 1.61 t(479.57) = –2.22∗

Mental rotation –2.73 1.64 t(481.02) = –1.66

Word semantic processing –5.02 1.64 t(477.95) = –3.06∗∗

Spatial working memory –3.21 1.57 t(479.47) = –2.05∗

Raven’s Progressive Matrices –4.02 1.61 t(478.10) = –2.50∗

∗p < 0.05; ∗∗p < 0.01; Gender was coded as 0 for boys and 1 for girls. SE:
standard error.

in approximate arithmetic still remained (Table 4). Even after
controlling for all the other measures simultaneously, gender
difference in approximate arithmetic remained (Figure 1), b = –
4.74, t(476.27)= –2.97, p= 0.003.

We further examined whether mental rotation could explain
the gender differences in other tasks. The results showed
that these gender differences could not be explained by
mental rotation: including gender difference in word semantic
processing, b= 3.76, t(485.73)= 5.82, p < 0.0001; and in Raven’s
Progressive Matrices: b= 1.57, t(482.95)= 3.05, p= 0.002.

To further examine whether gender differences were
consistent across the four arithmetic operations (i.e., addition,
subtraction, multiplication, and division), we re-conducted
the multilevel model analysis, with arithmetic operation as a
within-subject variable and gender, age, and region as between-
subject variables. Results showed that gender, age, and region had
significant main effects, b = –2.80, t(1883) = –2.62, p = 0.009
for gender, b = 2.70, t(1883) = 2.41, p = 0.016 for age, and
b = 6.65, t(1883) = 6.03, p < 0.001 for region. No significant
interaction effects were found among the variables, b = 0.11,
t(1883) = 0.10, p = 0.920. That is, boys outperformed girls for
each operation (Figure 2). Controlling for scores on the mental
rotation task, gender difference in approximate arithmetic was
no longer significant, b= –1.71, t(1871)= –1.59, p= 0.113.

The current investigation focused on children from primary
and secondary schools in two regions of China. As expected, boys
performed better than girls on approximate arithmetic. When we
controlled for the three-dimensional mental rotation task, gender
difference in approximate arithmetic disappeared. However, after
controlling for the other cognitive tasks, gender difference in
approximate arithmetic remained.

To our knowledge, little research has been conducted to
explore the development of gender difference in arithmetic. Thus,
the second experiment was conducted to investigate whether
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FIGURE 1 | Average scores in approximate arithmetic of children in Experiment 1 (top) and adults in Experiment 2 (bottom). The bars on the left show
the means without controlling for covariate; the bars in the middle show the adjusted means after controlling for performance on the mental rotation task only; and
the bars on the right show the adjusted means after controlling for performance on all other tasks except mental rotation task. Error bars indicate standard errors.

the gender differences in approximate arithmetic would exist
in adults, and whether the same cognitive mechanisms would
explain such gender differences.

EXPERIMENT 2

Materials and Methods
Participants
The adult sample of 554 college students (250 males and 304
females, 18.0–21.9 years old) was recruited from Harbin Normal
University and Southwest University. It included 292 students
majoring in sciences such as chemistry, computer science,
biology, mathematics, and physics, and the others majoring
in arts and humanities such as Chinese literature, education,
history, and political science. All participants were native Chinese
speakers and had normal or corrected-to-normal eyesight. They

gave written consent form after procedure was fully explained.
They received 30 RMB (about US$ 4.8) as a compensation for
their time.

Procedure and Tasks
The procedure and tasks were the same as in Experiment 1.

Data Analysis
Similar multilevel models as in Experiment 1 were used in the
current data analysis. The main equation was as follows:

Scoreij = γ00 + γ01(Major) + γ10(Gender)

+ γ20(Covariates) + µ0j + γij

Results and Discussion
Ten participants (seven males and three females) were deleted
as outliers because their approximate arithmetic scores were 3
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FIGURE 2 | Mean scores of approximate arithmetic (addition, subtraction, multiplication, and division) of children in Experiment 1 (left) and adults in
Experiment 2 (right). Error bars indicate standard errors.

SD above or below the group mean. Of the remaining 21760
responses (544 participants × 40 trials), 1481 responses (6.8%)
were exact answers. Table 5 shows the mean scores and standard
deviations of all tasks. Table 6 shows the inter-task correlations.
All correlations were significant.

Males outperformed females in approximate arithmetic
and mental rotation, whereas females outperformed males in
word semantic processing. There was no gender difference
in spatial working memory and Raven’s Progressive Matrices.
Science students were superior to arts students in approximate
arithmetic, b = 2.43, t(551) = 2.55, p = 0.011. No difference
across majors was found for other tasks: Raven’s Progressive
Matrices, b = 0.52, t(6.48) = 0.59, p = 0.577; spatial working
memory, b = 2.40, t(4.51) = 1.21, p = 0.286; word semantic
processing, b= –0.86, t(6.36)= –0.63, p= 0.550. The interaction
between gender and major was not significant [b = –0.70,
t(550)= –0.37, p= 0.715].

Results showed that after controlling for mental rotation,
gender difference in approximate arithmetic disappeared (Table 7
and Figure 1). But after controlling for other tasks, gender
difference in approximate arithmetic remained (Table 7 and
Figure 1). We further examined whether mental rotation could
explain gender differences in performance on other tasks.
The results showed that gender differences in word semantic

processing could not be explained by mental rotation, b = –3.32,
t(549.87)= –5.62, p < 0.001.

To examine whether other cognitive tasks except for mental
rotation could explain gender difference in approximate
arithmetic, we controlled for spatial working memory,
word semantic processing, and Raven’ Progressive Matrices
simultaneously. Gender difference remained, b = 2.81,
t(548)= 2.98, p= 0.003.

To further examine whether gender differences were
consistent across the four arithmetic operations (i.e., addition,
subtraction, multiplication, and division), we conducted
repeated measure ANOVA with gender and students’ major as
between-subject variables. Results showed that gender [b = 3.01,
t(2006) = 2.19, p = 0.029] and major [b = 4.02, t(2006) = 2.86,
p = 0.004] had significant main effects but no significant
interaction [b = 0.72, t(2006) = 1.15, p = 0.250]. Males
outperformed females, and science students outperformed arts
and humanities students on each operation. Results showed that
after controlling for scores on the mental rotation task, gender
differences in approximate arithmetic disappeared [b = 1.08,
t(2008)= 1.51, p= 0.132].

In Experiment 2, we found similar results as those found
with children in Experiment 1. Males performed better than
females in approximate arithmetic. Controlling for the mental

TABLE 5 | Means, standard deviations, and gender differences for all tasks (Experiment 2).

Tasks Arts Science Gender difference

Males Females Males Females F

Approximate arithmetic 79.9 (12.8) 77.5 (10.2) 81.9 (12.0) 80.2 (9.7) − 2.11∗

Mental rotation 27.4 (8.0) 24.5 (8.4) 28.9 (9.6) 26.3 (7.9) − 3.71∗∗∗

Word semantic processing 36.2 (8.6) 40.6 (6.4) 36.0 (6.5) 38.3 (6.3) 4.95∗∗∗

Spatial working memory 149.5 (27.5) 153.8 (18.7) 154.1 (22.6) 154.5 (20.2) 1.16

Raven’s Progressive Matrices 23.1 (7.4) 23.3 (7.0) 22.8 (6.6) 23.8 (5.7) 0.94

∗p < 0.05; ∗∗∗p < 0.001.

Frontiers in Psychology | www.frontiersin.org March 2016 | Volume 7 | Article 306 | 77

http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive


fpsyg-07-00306 March 4, 2016 Time: 18:17 # 7

Wei et al. Psychological and Cognitive Sciences

TABLE 6 | Correlations among all tasks (Experiment 2).

Tasks 1 2 3 4

1 Approximate arithmetic −

2 Mental rotation 0.17∗∗∗ −

3 Word semantic processing 0.10∗ 0.12∗∗ −

4 Spatial working memory 0.18∗∗∗ 0.22∗∗∗ 0.13∗∗ −

5 Raven’s Progressive Matrices 0.22∗∗∗ 0.25∗∗∗ 0.24∗∗∗ 0.26∗∗∗

∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.

TABLE 7 | Results from multilevel modeling showing gender differences in
approximate arithmetic (Experiment 2).

Covariate Approximate arithmetic

b SE × b t

None –2.01 0.95 t(551) = –2.11∗

Mental rotation –1.50 0.96 t(550) = –1.57

Word semantic processing –2.78 0.97 t(550) = –2.87∗∗

Spatial working memory –2.22 0.94 t(550) = –2.37∗

Raven’s Progressive Matrices –2.26 0.93 t(550) = –2.43∗

∗p < 0.05; ∗∗p < 0.01; Gender was coded as 0 for boys and 1 for girls.

rotation task, gender difference disappeared; but controlling for
the other cognitive tasks, males still had an advantage over
females.

DISCUSSION

The goal of the current study was to examine gender differences
in approximate arithmetic. Our results showed that males
performed better in approximate arithmetic than did females,
and this gender difference disappeared after controlling for
spatial ability.

Cognitive Mechanism of Approximate
Arithmetic
Approximate arithmetic has a high correlation with spatial
ability. Behavioral studies showed that participants represented
numerical magnitude on the mental number line in the symbolic
and non-symbolic approximate arithmetic tasks (McCrink and
Wynn, 2004; Knops et al., 2009) and that the mental number
line has a spatial property (Dehaene et al., 1993). Neuroimaging
studies have shown that approximate arithmetic and spatial
processing share a similar brain basis, typically involving the
parietal cortex (Dehaene et al., 1999; Stanescu-Cosson et al., 2000;
Lemer et al., 2003). Compared to the non-mathematician control
group, mathematicians excelled in approximate arithmetic
(Dowker, 1992; Dowker et al., 1996) and their parietal cortex (a
brain region involved in spatial processing, (Corbetta et al., 1998;
Kosslyn et al., 1998; Gitelman et al., 1999; Zacks et al., 1999)
showed greater gray matter density (Aydin et al., 2007).

Approximate arithmetic relies on spatial ability, but not
on language ability. In a study of language and approximate
arithmetic (Spelke and Tsivkin, 2001), bilingual students were
trained to perform exact and approximate arithmetic problems

in two languages. Results showed that, for exact arithmetic,
the language used for training mattered, but for approximate
arithmetic, the language used for training did not matter. A recent
study also found that children with language impairment
had lower accuracy in exact arithmetic, but they had similar
performance in approximate arithmetic as compared to the
normal children (Nys et al., 2013). From a developmental
perspective, approximate arithmetic precedes exact arithmetic
because the latter relies on number symbols as language
processing. For example, preschool children can perform
approximate arithmetic but not exact arithmetic with the same
numbers (Gilmore et al., 2007). Similarly, Amazonian indigenes
can perform approximate arithmetic, but not exact arithmetic,
due to their lack of a formal language-based number system (Pica
et al., 2004).

Gender Difference in Spatial Ability
Many studies have shown that males outperform females on
spatial ability tasks, especially the mental rotation tasks (Voyer
et al., 1995). Gender difference in spatial ability emerges as early
as about 3–5 months of age (Moore and Johnson, 2008; Quinn
and Liben, 2008) and is evident to the age of 95 years (De
Frias et al., 2006; Tran and Formann, 2008). Moreover, based
on data from more than 200,000 subjects from 53 nations, Lippa
et al. (2010) showed that males performed better than females on
visuospatial tasks.

Neuroimaging studies have showed that males have a larger
parietal lobule (Frederikse et al., 1999), which could explain
males’ superiority in spatial ability (Koscik et al., 2009). The
right parietal cortex is involved in visuospatial processing
during arithmetic tasks (see Arsalidou and Taylor, 2011, for
a meta-analysis). For example, when the right parietal cortex
was suppressed, participants could not perform spatial tasks
(Bjoertomt et al., 2002; Rosenthal et al., 2009). Interestingly, when
males perform the spatial tasks, their bilateral hemispheres are
involved, whereas females tend to rely on their right hemisphere
(Gur et al., 2000; Clements et al., 2006). Taken together, it is
plausible that males’ larger parietal cortex (especially in the right
hemisphere, Caviness et al., 1996; Baibakov and Fedorov, 2010)
accounts for their better performance on spatial tasks (Moore and
Johnson, 2008; Quinn and Liben, 2008).

In sum, our study showed consistent gender differences
in approximate arithmetic favoring males across age groups
and identified gender differences in spatial ability as a
potential cognitive mechanism. These results have important
implications for later development of mathematical cognition.
Future research should pay more attention to the understudied
approximate arithmetic, which may be important for advanced
mathematics.
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We used functional magnetic resonance imaging (fMRI) to examine the neural predictors
of math development, and asked whether these predictors vary as a function of
parental socioeconomic status (SES) in children ranging in age from 8 to 13 years.
We independently localized brain regions subserving verbal versus spatial processing in
order to characterize relations between activation in these regions during an arithmetic
task and long-term change in math skill (up to 3 years). Neural predictors of math
gains encompassed brain regions subserving both verbal and spatial processing, but
the relation between relative reliance on these regions and math skill growth varied
depending on parental SES. Activity in an area of the left inferior frontal gyrus (IFG)
identified by the verbal localizer was related to greater growth in math skill at the higher
end of the SES continuum, but lesser improvements at the lower end. Activity in an area
of the right superior parietal cortex identified by the spatial localizer was related to greater
growth in math skill at the lower end of the SES continuum, but lesser improvements at
the higher end. Results highlight early neural mechanisms as possible neuromarkers of
long-term arithmetic learning and suggest that neural predictors of math gains vary with
parental SES.

Keywords: socioeconomic status, arithmetic, subtraction, fMRI, longitudinal, children

INTRODUCTION

Children from disadvantaged backgrounds as a group fall behind their peers in math achievement
and math skill growth starting from the early grades (Pungello et al., 1996; Cheadle, 2008;
National Center for Education Statistics, 2011). However, some of the children from disadvantaged
backgrounds exhibit developmental trajectories that are similar to their peers from more
advantaged backgrounds. Whether these children recruit the same neural systems as their peers
or recruit alternative systems is not known. In the present study, we used functional magnetic
resonance imaging (fMRI) to examine the neural predictors of long-term change in children’s
math skill, and asked whether these predictors vary as a function of parental socioeconomic status
(SES). Identifying early predictors of math skill growth in children from varying backgrounds
might aid our understanding of the reasons behind individual differences in math skill growth.
Increased understanding of the mechanisms behind these individual differences in turn might have
implications for decreasing the achievement gap.
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Mathematics is built upon earlier developing, existing verbal
and spatial skills (Dehaene et al., 1999). In solving arithmetical
problems, adults and children rely upon a wide network of brain
regions, including regions that underlie verbal representations
and processing, such as left lateral temporal cortex and inferior
frontal cortex, and upon brain regions that underlie spatial
representations and processing, such as right intra-parietal sulcus
(IPS), precuneus, and posterior superior parietal cortex (Lee,
2000; Dehaene et al., 2003; Schmithorst and Brown, 2004; Andres
et al., 2011; Prado et al., 2011; Menon, 2013). In the context of
arithmetic processing, activation in verbal networks have been
linked to retrieval of arithmetic facts and executive control (Prado
et al., 2011), whereas activation in spatial networks have been
linked to modality independent representations and procedural
manipulation of numerical magnitude (De Smedt et al., 2011).

Although studies have found these regions to be engaged
in most participants, activity within this network may vary as
a function of task and children’s concurrent math skill (Zago
et al., 2001; Grabner et al., 2007; Rosenberg-Lee et al., 2009;
Cho et al., 2011; De Smedt et al., 2011). For example, De Smedt
et al. (2011) showed that 10- to 12-year-old children with lower
math skill activated the right intraparietal sulcus to a greater
extent than children with higher skill for small addition and
subtraction problems. The results were interpreted to suggest
that low skill children might use procedural strategies (and rely
on spatial neural representations), whereas higher skill children
might retrieve arithmetical information from memory (and rely
on verbal neural representations).

How the neural differences relate to growth in arithmetic skills
is unclear. Some studies have shown that structural and intrinsic
functional connectivity predicts math gains (Evans et al., 2015;
Jolles et al., 2015). For example, a recent study reported that
short-term arithmetic skill gains (8 weeks) after an intervention
could be predicted by (1) gray matter volume in the hippocampus
and (2) functional connectivity between hippocampus and
dorsolateral and ventrolateral prefrontal cortices (as well as basal
ganglia), highlighting the role of the hippocampus and memory
in the development of arithmetic skills (Supekar et al., 2013). In a
longitudinal study, improvement in arithmetic retrieval fluency
over a 1-year period was related to hippocampus-neocortical
connectivity (Qin et al., 2014). Here, for the first time, we examine
the task-based functional neural predictors of long-term change
in math skill, i.e., up to 3 years. Importantly, our main focus is on
if the neural predictors of math skill growth vary along the SES
gradient.

SES-related differences in mathematics are larger on verbal
aspects of mathematics, such as verbally presented number
combinations, than on spatial aspects, such as non-verbal
calculations with disks (Jordan and Levine, 2009). SES-related
differences in children’s verbal skills are well described and appear
to be more robust than differences in spatial skills in other
domains as well (Hart and Risley, 1995; Noble et al., 2007).
In a recent neuroimaging study, we showed that the neural
underpinnings of arithmetic processing vary as a function of SES
and children’s concurrent math skill level (Demir et al., 2015).
Reliance on brain regions that support verbal representations
(i.e., middle temporal gyrus, MTG) was related to concurrent

math skill to a greater extent for higher than lower SES children.
On the contrary, reliance on brain regions that support spatial
representations (i.e., IPS) were related to concurrent math skill to
a greater extent for lower than higher SES children. Importantly,
these differences were observed in a sample where a normative
range of parental SES was represented. These results suggest
that depending on their parental SES, children might develop
adaptations and recruit alternative neural networks to perform
at par with their peers.

This previous study left open the question of whether the
neural networks that predict growth prospectively vary as
function of SES and whether these are the same networks that are
concurrently predictive of skill? In the present study, we asked
how children’s early reliance on verbal and spatial neural systems
during elementary arithmetic predicts math skill change, and
importantly whether the neural systems that predict change vary
as a function of SES. To address these questions, we measured
brain activity of 8- to 13-year-old children during a single-digit
subtraction task, as well as during verbal and spatial localizer
tasks. We administered a standardized behavioral measure of
math skill before scanning and up to 3 years later (Woodcock
et al., 2001). We measured parental SES with parental education
and occupation information. We specifically tested if in line
with our previous findings, reliance on verbal neural systems
would predict math skill growth for higher SES children, whereas
reliance on spatial neural systems would predict math skill
growth for lower SES children.

We used functional localizer tasks to identify the reliance
on brain systems underlying verbal and spatial mechanisms
during subtraction. We used a word rhyming task as our
verbal localizer and a non-symbolic, dot comparison task as
our spatial localizer. Previous literature showed that this word
rhyming task taps into verbal representations and successfully
localizes verbal neural systems in left temporo-parietal and
inferior frontal cortices (Booth, 2010; Prado et al., 2011, 2014).
Previous literature showed that this dot comparison task taps
into spatio-numerical representations and successfully localizes
regions in right intraparietal sulcus, superior parietal lobule and
precuneus (Prado et al., 2011, 2014). Importantly, performance
on tasks similar to our verbal and spatial localizer tasks relate
to mathematical skill, suggesting an overlap between the neural
basis of our localizers and mathematical performance (Siegel and
Linder, 1984; Hecht et al., 2001; Halberda et al., 2008; Simmons
et al., 2008; Krajewski and Schneider, 2009; Piazza et al., 2010).

MATERIALS AND METHODS

Participants
Forty-one children were recruited from schools in the greater
Chicago area to participate in the study1. All children (1)
were native English speakers, (2) were free of past or present
neurological or psychiatric disorders, (3) had no history of

1Fifteen of the children included in the current study overlapped with the previous
Demir et al. (2015) study examining concurrent relations between math skill and
parental SES and neural basis of arithmetic performance.
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reading, oral language, or attention deficits, and (4) scored
higher than 80 standard score on full scale IQ as measured by
Wechsler Abbreviated Scale of Intelligence (WASI; Weschler,
1999). Data from eight participants were excluded because of
excessive movement in the scanner (see criteria below, n = 6),
low behavioral accuracy in the scanner (i.e., lower than 40%
in the arithmetic and localizer tasks) and/or response bias in
the scanner (i.e., false alarm to misses ratio greater than 2 and
false alarm rate greater than 50%, n = 2). The remaining 33
participants (20 females) were included in the analyses. At the
beginning of the study (T1) children were from 8 to 13 years
of age (mean age = 10.9, SD = 1.5, range = 8–13.8). At the
second visit (T2), children were from 11 to 16 years of age (mean
age = 13.4, SD = 1.5, range = 10.6–16.1). Written consent
was obtained from the children and their parents/guardians.
All experimental procedures were approved by the Institutional
Review Board at Northwestern University.

Standardized Measures
Children were administered standardized measures to assess their
intellectual and mathematical abilities on entering the study (T1)
and after a follow-up period of 2.5 years (SD= 0.16, range= 2.2–
2.8) (T2). We measured IQ by the Verbal (Vocabulary,
Similarities) and Performance (Block Design, Matrix Reasoning)
subtests of the WASI (Weschler, 1999). Mathematical skill was
assessed by the Math Fluency subtest of the Woodcock-Johnson
III Tests of Achievement (WJ-III, Woodcock et al., 2001). The
Math Fluency subtest requires children to solve as many simple
addition, subtraction, and multiplication problems as possible
within a 3-min period. The difference in raw score between T1
and T2 was 21 points (SD= 14.2). Table 1 summarizes children’s
performance on standardized tests at T1 and T2.

Socioeconomic Status
Parental SES information was collected on entering the study
(T1). A widely-used measure of SES, the Hollingshead Index,
based on primary caregiver education and occupation was
used as our measure of child SES (Hollingshead, 1975; Adams
and Weakliem, 2011). The education level of the primary
caregivers was measured categorically with values ranging
between 1 (less than 7th grade) to 7 (graduate degree). The

TABLE 1 | Means and SDs for behavioral measures.

T1 T2

Mean SD Mean SD

IQ (Standardized) 118.1 13.8 120.7 14.1

Math fluency (Standardized) 97.1 15.0 94.1 13.9

Math fluency (Raw) 65.8 24.7 85.7 25.2

Subtraction accuracy 83.3% 17.3% – –

Subtraction RT 1172 295 – –

Verbal localizer accuracy 85.5% 11.0% – –

Verbal localizer RT 1280 214 – –

Spatial localizer accuracy 87.6% 11.9% – –

Spatial localizer RT 1051 204 – –

average Hollingshead education score for our sample was 6
(SD = 0.8), with a range from 4.5 to 7 years, corresponding
to a college or associates degree. The occupation level of
the primary caregivers was measured categorically with values
ranging between 1 (farm laborer, menial service worker, student,
housewife) and 9 (higher executive, large business owner, major
professional). The average Hollingshead occupation score was
6 (SD = 2.3), with a range from 1 to 9, corresponding
to technician, semi-professional or small business owner.
Following Hollingshead, SES was calculated using the formula
(Occupation × 7) + (Education × 4), (M = 50.9, SD = 14.3).
For 24 children both mother and father were primary caregivers,
whereas for nine children mother was the primary caregiver.
For children with dual caregivers, average education and highest
occupation level was used. For the remaining, the education
and occupation information of the primary caregiver was used.
Average primary caregiver education and occupation were highly
correlated with each other, r = 0.74, p < 0.04.

Arithmetic Task
Children were administered a single-digit subtraction task in the
scanner on entering the study (T1). In each trial of the subtraction
task, children were asked to evaluate whether the answer to a
single-digit subtraction problem was true or false (Figure 1A).
Twenty-four number pairs were used, covering the full range of
single-digit subtraction problems (with the exceptions below).
Each pair was repeated twice with a true answer (e.g., 5 – 3 = 2)
and once with a false answer. Thus, children were presented with
72 problems in the main experiment and 24 problems in the
practice session. False answers were created by subtracting 1 from
the correct answer (e.g., 5 – 3 = 1) or by adding 1 or 2 to the
correct answer (e.g., 5 – 3= 4). Problems with 0 or 1 as the second
operand (e.g., 5 – 0), tie problems where the first and second
operand are identical (e.g., 5 – 5), problems where the correct
answer correspond to the second term (e.g., 6 – 3) and problems
where the first operand is smaller than the second (e.g., 3 – 5)
were not used.

Localizer Tasks
Children were administered two localizer tasks in the scanner
on entering the study (T1). We used a word rhyming task
to localize verbal neural systems. In each trial of the verbal
localizer, two words were sequentially presented. Children were
asked to evaluate whether the two words rhymed or not
(Figure 1B). All words were monosyllabic English words with
varying orthographic and phonological similarity (e.g., dime –
lime, pint – mint, grade – laid, press – list). Similarity was
manipulated so that responses could not be based on spelling
alone. Fouty-eight word pairs were used in the main experiment
(24 similar, 24 not similar) and 48 word pairs were used in the
practice session. We used a non-symbolic, dot comparison task
to localize brain regions that subserve spatial representations. In
each trial of the spatial localizer, two dot arrays were sequentially
presented (Figure 1C). Children were asked to decide which of
the two dot arrays were composed of a larger number of dots.
Arrays of 12, 24, and 36 dots were used with varying single dot
sizes and cumulative surface area. Seventy-two pairs of dot arrays
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FIGURE 1 | Experimental tasks. (A) In the arithmetic problems, participants were asked to evaluate subtraction problems. Localizer tasks were used to identify the
Regions of Interest. (B) In the verbal localizer task, participants decided if two words rhymed or not. (C) In the spatial localizer task, participants decided which dot
array included a larger number of dots.

were used in the main experiment and 36 pairs were used in the
practice session. Table 1 summarizes children’s performance on
subtraction and localizer tasks.

Experimental Procedure
At T1, after informed consent was obtained and standardized
tests were administered, children participated in a practice
session. During the practice session, children learned to minimize
their head movement (with feedback from an infrared tracking
device), and practiced all three tasks in a mock fMRI scanner.
The actual fMRI scanning session took place within one week of
the practice session. In the fMRI scanner, subtraction and spatial
localizer tasks were divided into two runs of about 4 min each.
The verbal localizer task was administered in a single run lasting
about 7 min. The order of tasks was counterbalanced across
participants. Behavioral responses were recorded using an MR-
compatible keypad placed below the right hand. Visual stimuli
were generated using E-prime software (Psychology Software
Tools Inc., 2012), and projected onto a translucent screen.
Children viewed the screen through a mirror attached to the head
coil.

Stimulus timing was identical in all tasks. A trial started
with the presentation of a first stimulus (subtraction, dot array
or word depending on the task) for 800 ms, followed by
a blank screen for 200 ms. A second stimulus (subtraction,
dot array or word depending on the task) was presented for
800 ms, followed by a red fixation square presented for 200 ms.
Participants were asked to make a response during an interval
ranging from 2,800 ms to 3,600 ms. Twenty-four null trials
were included in the subtraction and spatial localizer tasks.
Twelve null trials were used for the verbal localizer task. In the
null trials, a blue square was presented for the same duration
as the experimental conditions and children were asked to
press a button when the square turned red. Each run ended
with 22 s of passive visual fixation. Fixation periods (between
trials and at the end of the run) constituted the baseline.
The timing and order of trial presentation within each run
was optimized for estimation efficiency using Optseq22 (Dale,
1999).

2http://surfer.nmr.mgh.harvard.edu/optseq/

fMRI Data Acquisition
Images were collected using a Siemens 3T TIM Trio MRI scanner
(Siemens Healthcare, Erlangen, Germany) at Northwestern
University’s Center for Translational Imaging (CTI). The
fMRI blood oxygenation level-dependent (BOLD) signal was
measured with a susceptibility weighted single-shot echo planar
imaging (EPI) sequence. The following parameters were used:
TE = 20 ms, flip angle = 80◦, matrix size = 128 × 120, field
of view = 220 mm × 206.25 mm, slice thickness = 3 mm
(0.48 mm gap), number of slices = 32, TR = 2,000 ms. Before
functional image acquisition, a high resolution T1-weighted 3D
structural image was acquired for each subject (TR = 1,570 ms,
TE = 3.36 ms, matrix size = 256 × 256, field of view = 240 mm,
slice thickness= 1 mm, number of slices= 160).

Behavioral Data Analyses
The math change score was calculated by subtracting children’s
raw score on the Math Fluency subtest at T1 from their score at
T2 and dividing this change score by the age difference between
T2 and T13. This measure reflected the rate of change in math
score between T1 and T2. In order to examine if any of the
behavioral measures collected at T1 predicted math change score,
math change score was correlated with IQ, Math Fluency score
(raw and standardized score), subtraction accuracy and RT, and
age at T1. Correlations with parental SES were also calculated.

fMRI Data Analyses
Data analyses were performed using SPM8 (Statistical Parametric
Mapping4). The first six images of each run were discarded,
functional images were corrected for slice acquisition delays,
realigned to the first image of the first run to correct for head
movements, and spatially smoothed with a Gaussian filter equal
to about twice the voxel size (4 mm × 4 mm × 8 mm full
width at half maximum). ArtRepair software was used to suppress
residual fluctuations due to large head motion and to identify

3We used raw scores rather than standardized scores because we were interested in
the rate of growth in absolute arithmetic knowledge, rather than relative to peers.
Standardized and raw change scores were significantly correlated with each other,
r = 0.72, p < 0.001. Results remain unchanged using standardized scores.
4www.fil.ion.ucl.ac.uk/spm
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volumes with significant artifact and outliers relative to the global
mean signal (4% from the global mean). Volumes showing rapid
scan-to-scan movements of greater than 1.5 mm were excluded
via interpolation of the two nearest non-repaired volumes.
Interpolated volumes were partially deweighted when first-level
models were calculated on the repaired images (Mazaika et al.,
2009). All participants had less than 5% of the total number
of volumes replaced in a single run. Average translation and
rotation movements were small (x-plane: M = 0.06 mm; y-plane:
M = 0.08 mm, z-plane: M = 0.27 mm, pitch: M = 0.27◦, roll:
M = 0.12◦, yaw: M = 0.09◦). Functional volumes were co-
registered with the segmented anatomical image and normalized
to the standard T1 Montreal Neurological Institute (MNI)
template volume (normalized voxel size, 2 mm× 2 mm× 4 mm).

First Level Analyses
Event-related statistical analyses were performed according to
the General Linear Model. Activation was modeled as epochs
with onsets time-locked to the presentation of the first stimulus
(operands) and ending at the offset of the second stimulus
(answer). For the arithmetic tasks, all responses were included
in the model. However, only responses in problems with a true
answer were considered of interest in the analyses to avoid
inhibitory processes associated with rejecting invalid trials. All
epochs were convolved with a canonical hemodynamic response
function. The time series data were high-pass filtered (1/128 Hz),
and serial correlations were corrected using an autoregressive
AR(1) model. Effect sizes were estimated using linear statistical
contrasts and subsequently entered into second level analyses.

Second Level Analyses
In order to evaluate the relations between SES, rate of math
score change and neural bases of arithmetic, second level voxel-
wise regression models were created. In each analysis, SES,
math change score, as well as the interaction between SES
and math change score constituted the regressors of interest.
Additionally, we included as regressor of no interest full scale
IQ at T1. Our specific question was about interactive relations
of math change score and parental SES to the neural basis of
arithmetic. We identified brain regions that showed an increase
or a decrease in activity during the evaluation of subtraction
problems with respect to the interaction term across subjects. All
analyses were repeated with measures of performance (accuracy)
on the arithmetic task and T1 math score as regressors of no
interest and the results reported below remained unchanged,
as described below. We specifically focused on the interaction
between math change score and SES because of the nature of our
specific question and also in order to reduce our Type 1 error.
Analyses examining main effects of math change score and SES
on the neural basis of arithmetic are provided in Supplementary
Materials.

ROI Definition
The relations of SES and rate of math change score to the
neural basis of subtraction were examined within verbal and
spatial ROIs. Verbal ROIs were identified using the verbal
localizer contrast (contrast of [words versus null trials] across

all subjects). Spatial ROIs were identified using the spatial
localizer contrast (contrast of [dots versus null trials]). The
resulting statistical maps were thresholded for significance using
a voxelwise threshold of p < 0.01 (uncorrected) and a clusterwise
threshold of p < 0.05 (FWE corrected for multiple comparisons).
To ensure the specificity of the localizer activation (i.e., no overlap
between localizers), each contrast was exclusively masked by the
voxels in which the other localizer contrast was positive (exclusive
mask thresholded at p < 0.05 uncorrected).

The verbal localizer contrast was associated with enhanced
activity in the left inferior/middle temporal, inferior/middle
frontal, fusiform, and precentral gyri (Figure 2A and Table 2).
These clusters constitute the verbal localizer mask. The spatial
localizer contrast was associated with enhanced activity in
multiple clusters spanning right inferior/superior parietal lobule,
precuneus, cuneus, posterior cingulate, lingual gyrus, postcentral
gyrus, insula, putamen and left anterior cingulate (Figure 2B and
Table 2). These clusters constituted the spatial localizer mask. The
localizers enabled us to independently identify brain regions that
subserve verbal versus spatial processes.

ROI Analyses
Statistical significance within each of these localizer masks
was defined using Monte Carlo simulations (using AFNI’s
AlphaSim program5). In order to reach corrected level threshold
(alpha = 0.05) within the verbal ROIs, the clusters needed
to contain 75 voxels with a height threshold of 0.05. Within
the spatial ROIs, clusters needed to contain 85 voxels with a
height threshold of 0.05. Statistical maps were used to estimate
smoothness. Throughout the paper, we consider a cluster
significant if p < 0.05 and a trend if p < 0.1.

Whole Brain Analyses
To investigate non-predicted effects in regions outside verbal
or spatial ROIs, we also report results of whole-brain analyses
conducted outside the ROIs reported above. The statistical maps
were thresholded for significance using a voxelwise threshold of
p < 0.01 (uncorrected) and a clusterwise threshold of p < 0.05
(FWE corrected for multiple comparisons).

RESULTS

Behavioral Performance and Relations to
Math Change Score
Table 3 summarizes correlations between behavioral measures
at T1 (e.g., IQ, math score), math change score and SES. None
of the behavioral measures significantly predicted change in
math scores. We included IQ as a covariate in our analyses, but
results remained unchanged using other covariates as described
below. SES did not significantly relate to any of the measures
at T1 or to change in math score. In a series of regression
analyses, we examined whether math score change was related
to the interaction of SES with any of the behavioral measures.
We included SES, behavioral measures and their interaction as

5http://afni.nimh.nih.gov/
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FIGURE 2 | Brain networks identified by the localizer tasks. (A) The verbal localizer task was associated with enhanced activity in a network that included left
inferior/middle temporal, inferior/middle frontal, fusiform and precentral gyri. (B) The spatial localizer task was associated with enhanced activity in a network that
included right inferior/superior parietal lobule, precuneus, cuneus, posterior cingulate, lingual gyrus, postcentral gyrus, insula, putamen and left anterior cingulate.
Activations are overlaid on a 3D rendering and on coronal, sagittal, and axial slices of the MNI-normalized anatomical brain.

independent variables and math change score as the dependent
variable. None of the interaction terms predicted math score
change.

Overall Activation in Verbal and Spatial
ROIs during the Subtraction Task
We first examined overall activation in the verbal and spatial
ROIs during the subtraction task, using the contrast of
[subtraction trials– baseline] submitted to a one-sample t-test
across all participants. In verbal ROIs, subtraction problems
showed significant activation in left IFG (peak coordinate:
x = −52, y = 8, z = 38, BA = 9, z = 4.21, k = 324 voxels)
and in left MTG (peak coordinate: x = −44, y = −60, z = −6,
BA = 21, z = 3.71, k = 178 voxels). In spatial ROIs, subtraction

problems showed activation in right culmen/lingual gyrus (peak
coordinate: x = 10, y = −62, z = −14, BA = 19, z = 5.52,
k = 109 voxels), and although not significant, subtraction
problems also showed activation in precuneus (peak coordinate:
x = 26, y=−46, z =−46, BA= 7, z = 3.12, k= 51 voxels).

Relation between Change in Math Score
and Neural Activity during the
Subtraction Task is Moderated by
Parental SES
We then examined whether SES moderates the relation of rate of
math score change to the neural basis of subtraction problems.
We identified the brain regions within our verbal or spatial ROIs
where activity during the evaluation subtraction problems was

TABLE 2 | Peak activated voxels in the localizer tasks.

Anatomical location ∼BA MNI coordinates Z-score Size

X Y Z

L. inferior/middle temporal gyrus/fusiform gyrus 19/37/39 −44 −60 −6 5.51 292

L. inferior/middle frontal gyrus/precentral gyrus 6/45/46 −50 −6 38 4.62 916

Spatial localizer

R. cuneus/posterior cingulate/lingual gyrus 17/18/30 14 −78 6 4.75 520

R. superior parietal lobule/precuneus/postcentral gyrus 5/7/31 28 −48 62 4.50 806

R. inferior parietal lobule/insula/putamen 13/40 42 −24 26 5.32 997

L. anterior cingulate 32 −12 26 30 4.25 350

L, left; R, right; ∼BA, approximate Brodmann area for the peak coordinate; MNI, Montreal Neurological Institute; Size, number of 2 mm × 2 mm × 4 mm voxels.
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TABLE 3 | Correlations between SES, behavioral measures at T1, and
change in math fluency.

T1 Change in math fluency SES

SES 0.01 –

Change in math fluency – 0.01

Age −0.18 –0.23

WASI IQ (Standardized) 0.22 0.13

WJ math fluency (Standardized) −0.06 0.10

WJ math fluency (Raw) −0.24 0.24

Subtraction accuracy −0.06 0.09

Subtraction RT −0.09 0.23

Verbal localizer accuracy 0.12 0.24

Verbal localizer RT −0.09 0.11

Spatial localizer accuracy 0.09 –0.10

Spatial localizer RT 0.08 –0.06

None of these correlations were significant.

associated with the interaction between SES and math change
score (when the effects of IQ were controlled).

Verbal ROIs
We found a significant interaction (SES × change) in a cluster
in left IFG (peak coordinate: x = −48, y = 8, z = 34, BA = 9,
z = 3.18, k = 79 voxels; Figure 3A)6. For visualization purposes
only, we divided the children into two groups based on median
SES (lower than or at the median constituting lower SES, and
higher than the median constituting higher SES). We then
extracted the adjusted eigen variate from the significant cluster
and plotted it against math change score for the two SES groups.
This plot showed that for higher SES, change is positively
associated with activity during subtraction in left IFG, but the
relation is negative for lower SES (Figure 3B).

Finally, the interaction identified with continuous variables
was confirmed with follow-up analyses comparing relations
between change score and activation for higher versus lower
SES children. For these analyses, we divided the children into
two groups based on median SES (lower than or at the median
constituting lower SES, and higher than the median constituting
higher SES). We conducted a full factorial design including SES as
a binary variable (higher, lower), change as continuous variable,
as well as an interaction term between the binary SES variable
and change. IQ was included as a continuous covariate. The
interaction term enabled us to directly compare the association
between change and brain activity in higher versus lower SES.
We first identified areas in verbal ROIs where brain activity was
associated with change to a greater extent for higher than lower
SES children. This direct comparison revealed that a cluster in
left IFG was significantly and more strongly related to change in
higher SES children than lower SES children (peak coordinate:
x = −50, y = 8, z = 34, BA = 9, z = 3.56, k = 187 voxels). This
cluster overlaps with the cluster identified by the analyses using
the continuous variables. The reverse contrast did not reveal any

6The pattern of results for the interaction term in the verbal ROI remained
unchanged when controlling for accuracy on task (z = 3.23, k = 82) and math
score at T1 (z = 3.32, k= 71).

significant activation – there were no significant clusters in verbal
ROIs where activation was related to change more strongly for
lower than higher SES children.

Spatial ROIs
We found a marginally significant interaction in a cluster in right
PSPL/Pr, (peak coordinate: x = 20, y = −66, z = 54, BA = 7,
z = 2.52, p = 0.06, k = 83 voxels; Figure 4A)7. For visualization
purposes only, we divided the children into two groups based on
median SES. We then extracted the adjusted eigenvariate from
the significant cluster and plotted it against math change score for
the two SES groups. This plot showed that for lower SES children,
change is positively associated with activity during subtraction in
right PSPL/Pr, but the relation between change and activation in
this area is negative for higher SES children (Figure 4B).

In order to confirm the interaction identified with continuous
variables, we then divided the children into two groups based
on median SES (lower than or at the median constituting lower
SES, and higher than the median constituting higher SES). We
conducted a full factorial design including SES as a binary variable
(higher, lower), change as continuous variable, as well as an
interaction term between the binary SES variable and change.
IQ was included as a continuous covariate. The interaction term
enabled us to directly compare the association between change
and brain activity in higher versus lower SES. We identified areas
in spatial ROIs where brain activity was associated with change
to a greater extent for lower than higher SES children in spatial
ROIs. This direct comparison revealed that a cluster in right
PSPL/Pr was significantly and more strongly related to change in
lower SES children than higher SES children (peak coordinate:
x = 20, y = −66, z = 54, BA = 7, z = 2.96, k = 95 voxels).
This cluster overlaps with the cluster identified by the analyses
using the continuous variables. The reverse contrast also revealed
a significant activation in the spatial ROIs– a cluster in inferior
parietal, specifically extending from postcentral gyrus to insula
where activation was related to change more strongly for higher
SES than lower SES children (peak coordinate in the insula:
x = 30, y=−30, z = 18, BA= 13, z = 2.70, k= 250 voxels).

Whole Brain Analyses
Outside the ROIs, the interaction term (SES × change) was
significantly and positively related to activation in two clusters.
Activity in these clusters was related to greater growth in
math skill at the higher end of the SES continuum, but lesser
improvements at the lower end. The two clusters included one
spanning right supramarginal, superior temporal and extending
into inferior parietal gyri (peak coordinate, x = 42, y = −44,
z = 22, BA = 13/22/40, z = 3.81, k = 438 voxels) and another
in right inferior frontal, middle frontal, and extending into
precentral gyri (peak coordinate, x= 46, y= 10, z= 30, BA= 6/9,
z = 3.58, k = 278 voxels). The latter peak was within 5 mm of
the peak noted above identified within the verbal ROIs in the
left hemisphere. There were no areas that were negatively and
significantly related to the interaction term outside the ROIs.

7The pattern on results for the interaction term in the spatial ROI remained
unchanged when controlling for accuracy on task (z = 3.23, k = 66) and math
score at T1 (z = 2.61, k= 92).
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FIGURE 3 | Interaction between SES and math score change in the verbal ROI for subtraction problems. (A) Activity in left inferior frontal gyrus (IFG)
showed a SES and change interaction. Activation is overlaid on a 3D rendering and on coronal, sagittal, and axial slices of MNI-normalized anatomical brain.
(B) Average brain activity (adjusted eigenvariates) was extracted from the significant cluster in left IFG and plotted against change scores for visualization purposes
only. Relation was visualized for children above the median SES and below the median SES.

FIGURE 4 | Interaction between SES and math score change in the spatial ROI for subtraction problems. (A) Activity in right superior parietal
sulcus/precuneus (PSPL/Pr) showed a SES and change interaction. Activation is overlaid on a 3D rendering and on coronal, sagittal, and axial slices of
MNI-normalized anatomical brain. (B) Average brain activity (adjusted eigenvariates) was extracted from the significant cluster (3 mm around the peak) in right
PSPL/Pr, and plotted against change scores for visualization purposes only. Relation was visualized for children above the median SES and below the median SES.

DISCUSSION

Children differ widely in their math skill growth, and parental
SES is one of the strongest predictors of these individual
differences. To our knowledge, nothing is known about how
early neural predictors of later math skill growth vary for
children at different SES levels. In the current study, we
independently identified brain regions that subserve verbal
and spatial neural systems using localizer tasks. We asked
how early reliance on these regions relate to growth in math
skill over a 3-year period and whether the neural predictors
vary as a function of parental SES. Results showed that early
neural predictors of math skill gains encompassed brain regions
underlying verbal processing, such as left inferior frontal and
middle temporal gyri, as well as visuo-spatial processing, such
as right culmen/lingual gyrus and precuneus. In addition,

neural predictors of math gains varied depending on parental
SES.

Activity in an area of the left inferior frontal gyrus (IFG)
identified by the verbal localizer was related to greater growth
in math skill at the higher end of the SES continuum, but lesser
improvements at the lower end. We showed that early reliance
on verbal neural systems, specifically left IFG, predicted rate
of change in math skill to a greater extent for children at the
higher end of the SES continuum than the lower end. Left IFG
is consistently activated in arithmetic tasks, and considered to be
involved the manipulation of verbal representations of arithmetic
rules and facts hosted in left middle temporal cortex (Kucian
et al., 2008; Rosenberg-Lee et al., 2009). Left IFG is also implicated
in executive control, which is strongly associated with both SES
and arithmetic skill (Bull and Scerif, 2001; Badre and Wagner,
2007; Hackman and Farah, 2009).

Frontiers in Psychology | www.frontiersin.org June 2016 | Volume 7 | Article 892 | 88

http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive


fpsyg-07-00892 June 15, 2016 Time: 12:37 # 9

Demir-Lira et al. Neural Correlates of Math Gains

During development higher SES children might have learned
to better manipulate verbal representations in general and
verbal representations of numerical quantities more specifically
(for example between Arabic numbers and their meanings)
as compared to lower SES children. Differential relations of
SES and math skill growth in left IFG might reflect more
robust manipulation of such verbal representations by higher
SES with higher skill growth children compared to children
from lower SES backgrounds. This might aid higher SES
children when learning arithmetic problems, e.g., in forming
associations between problems and answers or acquiring
arithmetic rules and procedures, more than lower SES children.
Whole brain analyses revealed right-lateralized activation in right
supramarginal/superior temporal and inferior/middle frontal
areas to be more strongly associated with math skill change at the
higher end of the SES continuum as compared to the lower end.
A bilateral fronto-temporal network including these regions has
been argued to underlie verbal processing of arithmetic problems,
specifically of verbal retrieval or verbalization (Zarnhofer
et al., 2012). Thus, whole-brain analyses add support to the
interpretation that reliance on verbal representations might
predict growth in math skill in higher SES to a greater extent than
lower SES children.

In a previous paper, we showed that, at higher levels of
SES, higher math skill was associated with concurrent reliance
on left MTG, but not IFG (Demir et al., 2015). Left temporo-
parietal cortices are thought to support verbal representations,
such as representations of the associations between arithmetic
problems and their solutions (Booth et al., 2002; Fiebach et al.,
2002; Blumenfeld et al., 2006; Prado et al., 2011). Combined
with the current findings, these results suggest that concurrent
math skill might be related to the representational systems
themselves hosted in middle temporal regions, whereas acquiring
new math knowledge might be associated with ‘higher-level’
regions manipulating these representations, such inferior frontal
regions.

Early parental input might explain why reliance on verbal
neural systems predicts growth in math skill to a greater extent
for higher than lower SES children. Children differ widely
from each other along the SES continuum in their exposure
to verbal input in general and verbal input about mathematics
specifically, but SES differences in exposure to spatial stimulation
are less consistent (Saxe et al., 1987; Hart and Risley, 1995;
Blevins-Knabe and Musun-Miller, 1996; Hoff, 2003; Ehrlich,
2007; Levine et al., 2010; Gunderson and Levine, 2011; Levine
et al., 2012). The quantity of parental number talk during
naturalistic parent–child interactions during preschool years is
higher in higher SES families (Gunderson and Levine, 2011).
Parental verbal input strongly relates to preschool numerosity
outcomes, more strongly than numerosity-related activities
(Gunderson and Levine, 2011; Anders et al., 2012). Previous
neuroimaging studies suggest that the neural basis of verbal
processing, specifically left IFG, is more specialized in higher SES
children, confirming our findings regarding left IFG predicting
greater change for higher SES children than lower SES children
(Pakulak et al., 2005; Raizada et al., 2008; Hackman and Farah,
2009).

Activity in an area of the right superior parietal cortex
identified by the spatial localizer was related to greater growth
in math skill at the lower end of the SES continuum, but lesser
improvements at the higher end. Early reliance on spatial neural
systems, specifically right superior parietal cortex/precuneus
(PSPL/Pr), predicted rate of change in math skill to a greater
extent for lower than higher SES children. The right PSPL/Pr
is considered to be involved in spatial and attentional processes
and, in the context of arithmetic, in the spatial manipulation
of numerical magnitudes, hosted in right intraparietal sulcus
(Dehaene et al., 2003; Ischebeck et al., 2006; Metcalfe et al.,
2013; Prado et al., 2014; Berteletti et al., 2015). We argue that
differential relations of SES and math skill growth in right
PSPL/Pr might reflect more robust manipulation of spatial
representations of numbers by children with lower SES with
higher skill growth. In the absence of the rich verbal input that
higher SES children receive, lower SES children might rely on
spatial strategies in learning arithmetic to a greater extent than
higher SES children. It should be noted that the interaction effect
we observed might also be due to higher SES children showing a
negative relation to change in right PSPL/Pr – children who use
spatial strategies despite being exposed to rich input might exhibit
shallower growth over time.

Indeed, SES-related differences in mathematical cognition
tend to be larger on verbal aspects of math as compared to
spatial aspects (Jordan and Levine, 2009). Interventions aiming
to improve mathematical cognition in low SES children are also
reported to improve performance on verbal aspects of math,
e.g., comparison of number words, but not non-symbolic, spatial
aspects, e.g., comparison of magnitudes, suggesting greater room
for growth in verbal systems (Wilson et al., 2009). Extending our
findings to the domain of reading, Gullick et al. (in press) recently
similarly reported that the relation of reading skill to white matter
depends on SES. For lower SES children, higher reading skill
was correlated with white matter in right hemisphere visuo-
spatial tracts, suggesting that lower SES children may rely more
on visuo-spatial orthographic processing strategies for reading
success. Thus, lower SES children might find rely on visuo-spatial
neural systems to a greater extent than higher SES children across
different academic tasks.

Prior literature suggested that SES-related differences in
mathematics are larger on verbal aspects of mathematics than on
spatial aspects (Jordan and Levine, 2009). In general, SES-related
differences in children’s verbal skills are well described and appear
to be more robust than differences in spatial skills (Hart and
Risley, 1995; Noble et al., 2007). Our findings add to the existing
literature suggesting that the nature of SES differences might be
better described as interacting with children’s skill and highlight
differential relationships between SES and verbal versus spatial
neural systems, rather than an overall effect of SES on verbal
systems. In sum, depending on parental SES, children might
develop adaptations and recruit alternative neural networks to
varying degrees to perform at par with their peers.

In a previous study (Demir et al., 2015), we showed the
activation in right IPS to relate to concurrent math skill for
children at the lower end of the SES continuum. The IPS has been
argued to house spatial representations important for arithmetic
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processing (Dehaene et al., 2003). These results combined with
current findings support our argument regarding the distinction
between neural systems that support representations themselves
for concurrent performance versus manipulation of these
representations for learning. Indeed, longitudinal behavioral
studies with children showed that working memory is a strong
predictor of mathematical skill growth over and above the
contributions of domain-specific quantitative, calculation or
reading skill, short-term memory and phonological processing
skill (Bull et al., 2008; Swanson et al., 2008; Welsh et al., 2010;
Metcalfe et al., 2013). Similarly, a recent neuroimaging study
found that activation in parietal lobule during a visuo-spatial
working memory task predicts math skill growth over a 2-year
period (Dumontheil and Klingberg, 2011).

Our results showed that growth in math skill was significantly
predicted by neural, but not behavioral measures included
in the study, e.g., IQ, early math skill and age. Although
null results are hard to interpret, these results are in line
recent neuroimaging studies in math and reading development
that showed predictive power of neural differences over
and above behavioral differences (Hoeft et al., 2007, 2011;
McNorgan et al., 2011; Supekar et al., 2013). Neuroimaging
measures might serve as sensitive measures of individual
differences in underlying neural mechanisms not fully captured
by current behavioral standardized tests. This highlights the
possibility of using early neural markers to predict future math
performance.

The current study raises various questions to be addressed by
future research. First, the current study specifically focused on
subtraction problems. Prior studies have shown that subtraction
problems activate both verbal and visuo-spatial neural systems,
and thus subtraction problems might be more appropriate to
examine the differential reliance of SES on verbal versus spatial
neural systems (Siegler, 1988; De Smedt et al., 2011). However,
future studies should examine SES relations to the neural basis
of other operations, specifically those that primarily rely on
verbal representations, such as multiplication (Lee and Kang,
2002; Prado et al., 2013). Second, our study did not include
children at lowest end of the SES continuum. This enabled
us to examine SES-related differences within the normative
range of SES, in the absence of other confounding factors,
such as nutritional differences, differences in sleep patterns
or stress. In our study children’s behavioral performance on
single-digit arithmetic problems did not vary according to
SES, which also allowed us to examine SES-related differences
without confounding neural effects with differences due to
accuracy or motivation. Future studies should examine SES-
related differences in neural predictors of growth in more
complex mathematical tasks where SES discrepancies are
particularly wide, such as math word problems and on a wider
SES continuum (Abedi and Lord, 1998; Jordan and Levine,
2009). Third, SES is a broad measure encompassing multiple
characteristics including parental education, occupation, income,
perceived social status, and is associated with parental cognitive
stimulation, access to education, high-quality neighborhoods,
and reduced stress among others (Brooks-Gunn and Duncan,
1997; Bradley and Corwyn, 2002; Hackman and Farah, 2009;

Duncan and Magnuson, 2012). We used widely used indicators
of SES that strongly relate to academic outcomes and we
controlled for effects of IQ to gain more specificity about
SES effects. Future studies should provide further specificity
regarding the relations of different components of SES and
neural basis of arithmetic development. Finally, it is important
highlight that neural predictors of math growth encompassed
brain regions that underlie both verbal and spatial processing.
It was the relative degree to which activity in an area was
related to math gains that varied along the SES continuum.
Future longitudinal studies should focus on when do the
differences along the SES gradient emerge and develop over
time.

In summary, we, for the first time, highlight how neural
systems that may be early neural predictors of long-term
mathematical learning vary as a function of SES. Reducing
the achievement gap necessitates a nuanced understanding of
children’s differences early on. Although many intervening steps
still need to be taken, targeted interventions that build upon
early neural indicators might effectively address the challenges of
children from differing backgrounds.
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Mathematical disability (MD) is a neurodevelopmental disorder affecting math abilities.
Here, we propose a new explanatory account of MD, the procedural deficit hypothesis
(PDH), which may further our understanding of the disorder. According to the PDH of
MD, abnormalities of brain structures subserving the procedural memory system can
lead to difficulties with math skills learned in this system, as well as problems with other
functions that depend on these brain structures. This brain-based account is motivated
in part by the high comorbidity between MD and language disorders such as dyslexia
that may be explained by the PDH, and in part by the likelihood that learning automatized
math skills should depend on procedural memory. Here, we first lay out the PDH of
MD, and present specific predictions. We then examine the existing literature for each
prediction, while pointing out weaknesses and gaps to be addressed by future research.
Although we do not claim that the PDH is likely to fully explain MD, we do suggest that
the hypothesis could have substantial explanatory power, and that it provides a useful
theoretical framework that may advance our understanding of the disorder.

Keywords: procedural deficit hypothesis, math disability, dyscalculia, math, dyslexia, specific language
impairment, procedural memory, intraparietal sulcus

INTRODUCTION

Children show marked individual differences in their mathematical abilities (Geary, 1994).
Mathematical disability (MD), which includes developmental dyscalculia, is a neurodevelopmental
disorder in which math abilities are lower than expected given the individual’s age, where the
difficulties are not better accounted for by intellectual disability, other developmental disorders,
or neurological or motor disorders (American Psychiatric Association, 2013). MD affects 7–10%
of school-age children worldwide (Gross-Tsur et al., 1996; Shalev et al., 2000), and can persist
as functional innumeracy into adolescence and adulthood (Geary et al., 2013). Whereas the
development of math skills in typically developing (TD) children is characterized by improvements
in math performance and more efficient problem-solving strategies (Butterworth, 2005), children
with MD continue to rely on immature strategies, and make more calculation errors than their TD
peers (Geary et al., 1992).

Mathematical disability is highly comorbid with dyslexia (Lewis et al., 1994; Wilson et al., 2015),
and may be comorbid with specific language impairment (SLI) as well (Fazio, 1999; Donlan, 2003;
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Archibald et al., 2013). It has been suggested that the
neurobiological basis for this overlap between MD and dyslexia
could be either (1) Additive (from independent neural insults)
or (2) Domain general (due to the dysfunction of mechanisms
that underlie both domains, in particular of either verbal or non-
verbal mechanisms) (Ashkenazi et al., 2013a). Here, we propose
a domain-general framework whereby aberrations of procedural
memory circuitry may provide explanatory value for these cross-
domain impairments.

Previous research suggests that certain neurodevelopmental
disorders, in particular those affecting reading and language,
may be at least partly explained by the procedural deficit
hypothesis (PDH; Ullman, 2004; Ullman and Pierpont, 2005;
Nicolson and Fawcett, 2007; Lum et al., 2013, 2014; Ullman
et al., accepted). Under this view, dyslexia and SLI may be
partly or even largely accounted for by abnormalities of brain
structures underlying procedural memory, a system that is
critical for learning automatized skills (see the section “The
Procedural Deficit Hypothesis of Mathematical Disability” for
more on the system). These abnormalities are posited to
help explain the observed reading and language difficulties,
as well as accompanying impairments of other functions that
depend on these brain structures (Ullman, 2004; Ullman
and Pierpont, 2005). For example, according to the PDH
of SLI, the frontal/basal-ganglia abnormalities in the disorder
can explain the observed deficits of procedural memory (e.g.,
of sequence learning), grammar (which appears to rely on
procedural memory; Ullman, 2004, 2016), and other functions
(e.g., working memory) that depend on these brain structures
(Ullman and Pierpont, 2005; Lum et al., 2014; Ullman et al.,
accepted).

Here, we propose that this brain-based framework may also
apply to MD. The extension of the PDH to MD is primarily
motivated by the following factors. First, since MD is comorbid
with dyslexia and possibly SLI, these disorders may share causal
mechanisms. Second, it seems likely that procedural memory
underlies certain aspects of math, particularly automatized math
skills, which should thus show deficits following aberrations
to this system. Third and more generally, an explanatory
account involving learning processes seems reasonable, since
math (like reading and language) has to be largely if not
entirely learned; moreover, learning difficulties might be expected
in a developmental ‘learning disorder’ (American Psychiatric
Association, 2013). Finally, like developmental disorders of
reading and language, MD is neurodevelopmental in origin, and
thus a brain-based account could have substantial explanatory
power (Ullman and Pierpont, 2005).

We therefore posit that, like dyslexia and SLI, MD can be
at least partly explained by abnormalities of brain structures
underlying the procedural memory system – though we
emphasize that we do not suggest that all aspects of MD are
explained by this hypothesis. Importantly, the PDH of MD makes
quite specific predictions, and thus the hypothesis can be directly
tested. In this paper, we first provide an overview of the PDH of
MD and lay out its main predictions. Next, for each prediction,
we briefly examine existing evidence and empirical gaps. Since
this is a new hypothesis, little evidence exists thus far. Thus, the

goal of this paper is primarily to guide future research to examine
the validity and utility of this novel perspective.

THE PROCEDURAL DEFICIT
HYPOTHESIS OF MATHEMATICAL
DISABILITY

The PDH posits that MD is at least partly explained by
abnormalities of brain structures underlying procedural memory.
According to the PDH, these abnormalities, which may be
caused by a variety of etiologies, should result in problems
with various functions that depend on the affected structures,
including procedural memory itself (Ullman and Pierpont, 2005;
Ullman et al., accepted).

Procedural memory is relatively well understood, from both
animal and human studies (for more details on the system
and its functions, including the development of automaticity,
see Ullman, 2004, 2016; Doyon et al., 2009; Ashby et al.,
2010). (Note the term “procedural” is generally used differently
in the math literature, where “procedure” is often used
interchangeably with “strategy”; also see the section “Difficulties
with Aspects of Math that Depend on Procedural Memory”).
The procedural memory brain system underlies the implicit
learning and processing of a wide range of perceptual-motor
and cognitive skills across domains, including motor skills,
navigation, sequences, rules, and categories. (Here, procedural
memory refers to a particular brain system, rather than implicit
memory more generally, which is how some researchers use
the term). This system may be specialized for learning to
predict, such as the next item in a sequence or the output
of a rule. Learning in procedural memory requires practice,
and thus typically takes time. However, what is eventually
learned seems to be processed rapidly and automatically. The
process of automatization is still not well understood. However,
typically an initial stage of rapid improvement in performance
is followed by a gradual decrease in the learning rate and
a trend toward an asymptote, together with the emergence
of automaticity (Korman et al., 2003; Hauptmann et al.,
2005).

Procedural memory depends on a network of interconnected
frontal, parietal, basal ganglia, cerebellar, and other brain
structures (Ullman, 2004, 2016; Doyon et al., 2009; Ashby et al.,
2010). Each structure contributes somewhat different functions.
For example, the basal ganglia (especially the caudate nucleus)
seem to play a critical role in learning and consolidating new
skills, particular during early stages, whereas neocortical regions,
including frontal areas [especially (pre)motor and related cortex,
including BA 6 and BA 44], may be more important for
processing skills after they have been automatized. Parietal cortex
(especially the intraparietal sulcus and adjacent supramarginal
gyrus) also plays a role (Ullman, 2004), perhaps in part as
a repository of stored skills (Heilman et al., 1997). Indeed,
parietal cortex, including the intraparietal sulcus, seems to play
a role in automatization, for both math (Grabner et al., 2009,
2013) and motor skills (Sakai et al., 1998; Hikosaka et al.,
2002).
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The PDH of MD makes a number of predictions. Here we
lay out the five main ones. First, MD should be associated
with abnormalities of brain structures underlying procedural
memory. Because this is a neuroanatomical hypothesis, it makes
no claims as to what etiologies or types of neuropathology should
lead to these abnormalities. Indeed, at least in SLI, numerous
genetic and environmental factors appear to lead to the basal
ganglia abnormalities that may underlie the disorder (Ullman
and Pierpont, 2005; Ullman et al., accepted). In principle,
any of the brain structures subserving procedural memory
could be affected in MD. Thus, the PDH focuses on brain
networks, or circuitry, rather than on a specific structure (Ullman
and Pierpont, 2005). Given that the various brain structures
have different functions, the types of procedural memory
dysfunctions in MD should depend on which structure(s)
are affected (Ullman and Pierpont, 2005). For example, basal
ganglia abnormalities should lead to different types of procedural
memory dysfunction than parietal abnormalities. However, MD
explained by the PDH is only likely if the abnormalities
affect those portions of the structures that actually underlie
procedural memory. For example, not all parts of parietal cortex
or the basal ganglia play roles in procedural memory, and
thus abnormalities of these structures will not necessarily lead
to procedural memory deficits (Ullman and Pierpont, 2005).
Although it remains to be seen which portions are critical for
procedural memory, some patterns are already emerging (e.g.,
within the basal ganglia, the caudate nucleus seems crucial; see
above).

Second, abnormalities of neural substrates that subserve
procedural memory could of course lead to dysfunctions of
procedural memory itself, such as in the automatization of
skills that rely on this system (Ullman and Pierpont, 2005).
Such abnormalities may therefore cause impairments of math
skills that depend on procedural memory, including their
automatization. Since the different brain structures of procedural
memory have different functional roles, the nature of the math
impairments should depend on which brain structures are
affected.

Third, these abnormalities may also be expected to lead
to broader impairments of procedural memory, beyond math
skills. Even if procedural memory circuits turn out to be
subspecialized for different types of procedures, such as for
math or grammar (for which there is no clear evidence at
this point; Ullman et al., 2014), neurobiological abnormalities
seem unlikely to be restricted to this subcircuitry alone, leading
to a probability of at least somewhat broader problems with
procedural memory (Ullman and Pierpont, 2005). Of course
if no such subspecialization for math or certain math skills
exists, abnormalities of procedural memory circuitry should also
result in broader procedural memory impairments. Thus, MD
individuals whose math difficulties are at least partly explained
by the PDH may show impairments of other skills that seem
to depend on this system, such as perceptual-motor skills,
navigation, sequences, rules, categories, grammar, and reading.

Fourth, the posited neurobiological abnormalities may affect
non-procedural functions as well, since the abnormalities
may also extend beyond portions of the circuitry that

subserve procedural memory (Ullman and Pierpont, 2005).
For example, the frontal/basal ganglia structures affected in
SLI also subserve non-procedural functions such as working
memory and temporal processing, which may explain the
deficits of these functions in the disorder (Ullman and
Pierpont, 2005). Thus, individuals with MD may also have
difficulties with apparently non-procedural functions such as
working memory, attention, inhibitory control, and temporal
processing, all of which depend on brain structures underlying
procedural memory (Ullman, 2004; Ullman and Pierpont,
2005).

Fifth, the posited impairments of procedural and non-
procedural functions such as of grammar, reading, motor
skills, and attention could result in comorbidities between
MD and disorders of these domains, such as SLI, dyslexia,
developmental coordination disorder (DCD), and ADHD,
at least where these disorders are due to abnormalities of
brain structures that underlie procedural memory (Ullman,
2004; Ullman and Pierpont, 2005). The presence of particular
comorbidities may be explained in part by the particular
procedural and non-procedural (sub)circuits that are
affected.

To avoid confusion about the nature of the PDH, we
emphasize that while mathematical difficulties are predicted
to result from procedural memory deficits, they can also
be caused by other factors. These could arise either from
abnormalities of brain structures that underlie other functions
in addition to procedural memory, or from abnormalities
of other (completely non-procedural) brain structures (since
etiologies that affect procedural memory brain structures could
also affect other structures; Ullman and Pierpont, 2005). In
either case, non-procedural impairments could lead to math
difficulties in various ways. For example, it has been suggested
that MD may be explained by impairments of working memory,
attention, or inhibitory control (see next paragraph), all of
which may result from the neural abnormalities posited by the
PDH. Additionally, since verbal abilities may be important for
aspects of math (Dehaene and Cohen, 1995; Prado et al., 2011;
Evans et al., 2014), any language deficits from abnormalities
to non-procedural (or procedural) circuitry could also lead
to mathematical difficulties. In sum, the posited existence of
individuals whose math difficulties are explained by procedural
impairments in no way precludes math deficits explained by
non-procedural functions, even in the same, let alone other,
individuals.

We summarize the five main predictions of the PDH of
MD in Table 1, where they are compared with analogous
predictions from other accounts of MD (Szucs et al., 2013),
in particular the magnitude representation (core numerosity)
deficit hypothesis (Piazza et al., 2007, 2010; Rousselle and Noël,
2007; Butterworth, 2010), the spatial working memory deficit
hypothesis (Geary, 2004; Rotzer et al., 2009), the attention deficit
hypothesis (Ashkenazi et al., 2009; Ashkenazi and Henik, 2010;
Hannula et al., 2010; Henik et al., 2011), and the inhibitory
control deficit hypothesis (Espy et al., 2004). As can be seen
in the Table, although some of the predictions of the PDH
are also made by other accounts, the full set of predictions
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TABLE 1 | Predictions of the procedural deficit hypothesis (PDH) compared to other accounts of mathematical disability (MD).

Procedural deficit
hypothesis

Magnitude representation
deficit hypothesis

Spatial working memory
deficit hypothesis

Attention deficit
hypothesis

Inhibitory control
deficit hypothesis

Prediction 1:
Abnormalities of brain
structures underlying
procedural memory

Yes Yes (intraparietal sulcus) Yes? (not clearly specified) Yes? (not clearly
specified)

Yes? (not clearly
specified)

Prediction 2: Difficulties
with aspects of math
that depend on
procedural memory

Yes None of these four hypotheses specifically predict difficulties with those aspects of math posited to
depend on procedural memory.

Prediction 3: Difficulties
with procedural
memory in other
domains

Yes None of these four hypotheses predict difficulties with procedural memory in other domains.

Prediction 4: Difficulties
with non-procedural
functions that rely on
brain structures
subserving procedural
memory

Yes Yes (magnitude
representation)

Yes (spatial working memory) Yes (attention) Yes (inhibitory control)

Prediction 5:
Comorbidity with other
developmental
disorders that may be
explained by the PDH

Yes No No Possibly ADHD Possibly ADHD

allows them to be distinguished. Moreover, we underscore that
whereas most other accounts explain MD largely in terms of
processing deficits related to particular functions, the PDH
posits the dysfunction of a brain system, which is moreover
involved in learning. Thus, while each competing account can
explain a particular non-mathematical deficit (e.g., the working
memory deficit hypothesis can account for working memory
problems, and resulting math difficulties), as we have seen
above the PDH can explain a wide range of deficits, since it is
a brain-based rather than functional account. Note that even
the magnitude representation deficit hypothesis, which is also
neuroanatomically grounded (see Table 1), differs in spirit from
the PDH, in that it focuses on a single brain structure and
a single function, rather than the system-wide approach taken
by the PDH, which moreover specifically makes the broader
claim that any other functions that depend on these brain
structures should also be impaired. Finally, given that math
must be learned, and MD is a developmental disorder, moreover
one that is characterized as a ‘learning disorder’ (American
Psychiatric Association, 2013), a learning account may prove to
have important explanatory power.

EVIDENCE, GAPS, AND FUTURE
RESEARCH

Here, we present evidence to date for each of the five main
predictions of the PDH of MD, and identify gaps and future areas
of research.

Abnormalities of Brain Structures
Underlying Procedural Memory
Math disability explained by the PDH should be accompanied
by abnormalities in one or more brain structures that underlie
procedural memory. A number of these brain structures have
already been implicated in MD, even though these abnormalities
have thus far not been interpreted from the perspective of
the PDH.

Perhaps the most consistently implicated procedural
memory brain structure in MD to date is parietal cortex,
in particular the intraparietal sulcus, with both structural
(Molko et al., 2003; Rotzer et al., 2008; Rykhlevskaia et al.,
2009) and functional (Ashkenazi et al., 2012; Rosenberg-
Lee et al., 2015) abnormalities localized to this region.
Aberrant activity in children with MD has also been found
in inferior parietal cortex, in particular the supramarginal gyrus
(Ashkenazi et al., 2012). Given the role of the intraparietal
sulcus and inferior parietal cortex in procedural memory
(see the section “The Procedural Deficit Hypothesis of
Mathematical Disability”), dysfunction of these regions in
MD could lead to procedural memory difficulties, consistent
with the PDH.

Other portions of the procedural memory network have
also been implicated in MD. Inferior and other frontal
abnormalities, including of BA 6 and 44, have been found in
children with developmental dyscalculia (Rotzer et al., 2008;
Ashkenazi et al., 2012; Rosenberg-Lee et al., 2015). Additionally,
abnormal activity during calculation has been observed in
the basal ganglia, specifically in the caudate nucleus, both in
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children with developmental dyscalculia and those with Turner
Syndrome, which is also associated with math impairments
(Molko et al., 2003). Interestingly, basal ganglia lesions have
also been associated with acquired acalculia (Delazer et al., 2004;
Roşca, 2009). We are not aware of any abnormalities of cerebellar
structures associated with MD.

Difficulties with Aspects of Math That
Depend on Procedural Memory
The PDH of MD posits that MD is explained at least in
part by the dysfunction of aspects of math that depend on
procedural memory. Although research linking MD to this
memory system is still sparse, some evidence suggests that certain
aspects of math, including some that seem automatized and are
characteristically impaired in MD, depend on this system. As
discussed above, procedural memory underlies a wide range of
functions, including sequences, rules, and categories, and thus
various aspects of math could depend on it.

Several aspects of math learning can be linked to procedural
memory, most notably arithmetic (e.g., addition or subtraction).
The achievement of arithmetic fluency involves children initially
using effortful “procedural” strategies (e.g., counting strategies
for addition), but eventually automatizing these processes
(Siegler, 1996). Although this is often characterized as a shift from
effortful strategies to the retrieval of math facts (e.g., “2 + 3 = 5”),
it has alternatively been suggested, consistent with learning
in procedural memory, that “procedural” strategies simply
become automatized, accounting for observed increases in speed
(Baroody, 1983, 1984; Fayol and Thevenot, 2012; Barrouillet
and Thevenot, 2013; Prado et al., 2014; Thevenot et al., 2016;
Uittenhove et al., 2016). It has been additionally suggested that
this proceduralization of arithmetic computations is analogous
to the proceduralization of computations in grammar (Baroody,
1983), which in fact have been closely linked to the procedural
memory system (Ullman, 2004, 2015, 2016). At the brain
level, the circuitry involved in procedural memory (Ullman,
2004, 2016) overlaps considerably with the network subserving
arithmetic processing [which includes the intraparietal sulcus,
inferior parietal cortex, ventrolateral prefrontal cortex (especially
BA 44 for automatized processing; Maruyama et al., 2012;
Jeon and Friederici, 2015), and the basal ganglia, as well
as the medial temporal lobe and other structures; Menon,
2014], underscoring a possible dependence of arithmetic on the
procedural memory system (see the section “Future Directions
and Conclusion” for discussion of the medial temporal lobes
and declarative memory). Finally, consistent with the predictions
of the PDH, children with MD have particular problems with
arithmetic, especially with its automatization (Geary, 2004).
Although these problems have often been characterized as
retrieval deficits (Price and Ansari, 2013), they may also
be consistent with difficulties automatizing computations in
procedural memory.

Other aspects of math skills that are impaired in children with
MD might also involve procedural memory. For example, the
count sequence, which eventually becomes highly automatized, is
difficult to master for children with MD (Geary, 2004). Similarly,

magnitude representation seems to be at least partly implicit and
learned, depends on the intraparietal sulcus, and is problematic
in MD (Price and Ansari, 2013). Future research seems warranted
to examine these and other math skills whose dysfunction in MD
may be explained by the PDH – in particular math skills that show
behavioral and/or neural signatures of procedural memory, such
as being implicit, automatized, or reliant on procedural memory
brain structures (Ullman, 2016).

As mentioned above, given the varied functional roles of
the brain structures that constitute the procedural memory
system, abnormalities of the different structures may result in
somewhat different specific deficits, though all could lead to
impaired automatization. For example, abnormalities of the
caudate nucleus could result in problems with early stages
of learning math skills, thus potentially precluding their later
automatization, whereas neocortical abnormalities, such as of BA
44, may lead to problems processing automatized routines. We
believe that future research should be able to identify which brain
abnormalities lead to what types of impairments in automatized
math skills in MD.

Difficulties with Procedural Memory
in Other Domains
As discussed above, the posited procedural memory dysfunction
in MD likely extends beyond the domain of math. In principle,
procedural memory impairments could be found in any domain,
with the exact manifestation depending on which portions
of procedural memory structures are impacted, and which
aspects of procedural memory they support. Thus, like the
PDH of SLI (Ullman and Pierpont, 2005), the PDH of MD
predicts that procedural memory deficits may be found across
a range of tasks. These could include, for example, motor skill
learning (e.g., in the rotary pursuit task), sequence learning
(e.g., in serial reaction time tasks), probabilistic learning (e.g.,
in weather prediction tasks), or artificial grammar learning;
see Ullman and Pierpont (2005) and Ullman (2016). The
exact pattern of procedural memory deficits could reveal the
nature of the posited procedural memory impairments in MD.
For example, recent evidence suggests that the procedural
memory deficits in SLI may particularly affect the acquisition
of sequences, perhaps especially their consolidation, consistent
with the associated grammatical impairments (Hedenius et al.,
2011; Hsu and Bishop, 2014; Lum et al., 2014). We are not
aware of any published studies examining procedural learning
or consolidation in MD, leaving an important gap for future
studies to address. Interestingly, however, MD has been linked to
motor skill deficits (Rosenberg, 1989), consistent with procedural
memory impairments.

Difficulties with Non-procedural
Functions That Rely on Brain Structures
Subserving Procedural Memory
Since the brain structures underlying procedural memory also
subserve other, non-procedural, functions, abnormalities of
these structures may additionally result in deficits of these
functions – with the nature and extent of the deficits depending
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on which portions of which structures are affected, and what
functions they subserve (see the section “The Procedural
Deficit Hypothesis of Mathematical Disability”). In the in-depth
examination of the PDH of SLI presented by Ullman and
Pierpont (2005), a number of such functions were examined.
Consistent with extending the PDH to MD, some of these, as
well as others, have also been found to be impaired in this
disorder, including working memory (Ashkenazi et al., 2013b),
attention (Ashkenazi and Henik, 2010; Henik et al., 2011),
inhibitory control (Espy et al., 2004), and temporal processing
(Vicario et al., 2012). Future research should examine the extent
to which non-procedural functions that depend on procedural
memory brain structures implicated in MD are affected in the
disorder.

Comorbidity with Other Developmental
Disorders That May be Explained by the
PDH
The PDH predicts that the posited MD deficits of procedural
and non-procedural functions such as of reading, grammar,
motor skills, and attention may result in comorbidities between
MD and disorders affecting these functions, where these
disorders are explained by abnormalities of brain structures
underlying procedural memory. Here, we lay out these and
related predictions (going beyond the basic claims that partially
motivated the PDH of MD), briefly review the literature, and
point out gaps in the research.

As discussed above, MD is highly comorbid with dyslexia
(Wilson et al., 2015). Nearly two-thirds of children with math
difficulties also have reading difficulties (Lewis et al., 1994).
Conversely, about one-third of children with reading problems
also have math problems (Lewis et al., 1994). Even children
with dyslexia with math scores in the normal range show subtle
deficits in arithmetic performance (Simmons and Singleton,
2008), and utilize immature strategies for arithmetic problems
(Boets and De Smedt, 2010). The PDH predicts common
brain abnormalities between MD and dyslexia, and possibly
shared etiologies as well. Indeed, like MD, dyslexia is associated
with abnormalities of inferior parietal regions (including the
intraparietal sulcus), inferior frontal regions (including BA 44
and BA 6), and the basal ganglia (in particular the caudate
nucleus) (Eckert et al., 2003, 2005; Richlan, 2012). Further,
candidate susceptibility genes for dyslexia (e.g., ROBO1) also
appear to contribute to math difficulties (Mascheretti et al.,
2014).

Evidence also suggests comorbidity of MD and SLI.
Individuals with MD may show indications of SLI (Archibald
et al., 2013), while conversely, and better studied, individuals
with SLI show various math impairments (Fazio, 1994, 1996,
1999; Arvedson, 2002; Donlan, 2003; Cowan et al., 2005; Donlan
et al., 2007). As expected by the PDH, SLI, like MD, is associated
with abnormalities of procedural memory brain structures, in
particular the basal ganglia (especially the caudate nucleus) and
inferior frontal structures (including BA 44 and BA 6), as well as
(though more weakly) inferior parietal abnormalities (Ullman
and Pierpont, 2005; Ullman et al., accepted). However, to date

less research has examined MD comorbidity with SLI than with
dyslexia, leaving an important gap for future research.

The PDH also predicts that individuals with dyslexia or SLI
should tend to show particular difficulties in aspects of math
that depend on procedural memory. Indeed, problems with
arithmetic have been found in both dyslexia (Simmons and
Singleton, 2008; Boets and De Smedt, 2010) and SLI (Fazio, 1996;
Donlan et al., 2007). Additionally, difficulties with the count
sequence have been found both in dyslexia (Ackerman et al.,
1990; Gobel and Snowling, 2010) and SLI (Fazio, 1994, 1996).

The nature and extent of the comorbidities between MD
and either dyslexia or SLI should depend on which procedural
memory structures underlie each disorder. For example, if MD
is caused primarily by procedural memory dysfunction from
parietal abnormalities (see above), whereas SLI is characterized
mainly by frontal/basal-ganglia insults (Ullman and Pierpont,
2005; Ullman et al., accepted), the likelihood of their comorbidity
will be lower than between disorders with abnormalities in
the same procedural memory structures. Interestingly, dyslexia,
like MD, is strongly associated with parietal abnormalities (in
particular of the left inferior parietal lobe; Richlan, 2012),
perhaps helping explain the high comorbidity between these two
disorders.

Other disorders may also be expected to be comorbid
with MD. In brief, any neurodevelopmental disorder involving
abnormalities of brain structures underlying procedural memory
could be comorbid with MD, with the likelihood of comorbidity
depending to what extent the same (portions of) structures
are affected in both disorders. Indeed, at least DCD and
ADHD are promising candidates, since both are associated
with abnormalities of procedural memory structures (Krain and
Castellanos, 2006; Kashiwagi and Tamai, 2013; Peters et al.,
2013; Sidlauskaite et al., 2015), and both have been linked to
math difficulties (Kaufmann and Nuerk, 2008; Gomez et al.,
2015).

FUTURE DIRECTIONS AND
CONCLUSION

In sum, the PDH provides a set of clear testable predictions for
MD. Importantly, our theoretical and empirical understanding
of the PDH in language disorders promises to facilitate the
investigation of the PDH in MD, even beyond the predictions
laid out above. For example, previous work in language
disorders suggests that consolidation problems of procedural
memory (Hedenius et al., 2011) may also be important in MD.
Moreover, the hippocampus-based declarative memory system,
which appears to remain relatively spared in SLI and dyslexia
(Ullman and Pullman, 2015), may also be important in MD:
not only because in language disorders it plays compensatory
roles for procedural memory-based impairments (Ullman and
Pullman, 2015), but also because it seems to underlie aspects
of learning math facts (Cho et al., 2012; Qin et al., 2014).
Indeed, such a role for declarative memory is expected, given its
importance in learning idiosyncratic information such as facts
(Ullman, 2016). More generally, the roles of both declarative and
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procedural memory in math warrant further investigation, both
in MD and TD children, since math, like language, must be
largely if not entirely learned, and these are arguably the most
important learning and memory systems in the brain (Ullman,
2004, 2016). That is, just as the PDH may be extended from
language disorders to MD, the declarative/procedural (DP)
model of language (Ullman, 2004, 2016) may be extended to
an analogous DP model of math. Finally, research on language
disorders suggests that understanding the roles of procedural
and declarative memory may lead to important diagnostic and
therapeutic advances in MD (Ullman and Pierpont, 2005; Ullman
and Pullman, 2015).

Although we emphasize that we are not claiming that all MD
is explained by the PDH, we suggest that the hypothesis may

offer a substantial amount of explanatory power, and that it
provides a useful theoretical framework that may advance our
understanding of the disorder.
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High comorbidity rates have been reported between mathematical learning disabilities

(MD) and reading and spelling disabilities (RSD). Research has identified skills related

to math, such as number sense (NS) and visuospatial working memory (visuospatial

WM), as well as to literacy, such as phonological awareness (PA), rapid automatized

naming (RAN) and verbal short-term memory (Verbal STM). In order to explain the high

comorbidity rates between MD and RSD, 7–11-year-old children were assessed on a

range of cognitive abilities related to literacy (PA, RAN, Verbal STM) and mathematical

ability (visuospatial WM, NS). The group of children consisted of typically developing (TD)

children (n = 32), children with MD (n = 26), children with RSD (n = 29), and combined

MD and RSD (n = 43). It was hypothesized that, in line with the multiple deficit view on

learning disorders, at least one unique predictor for both MD and RSD and a possible

shared cognitive risk factor would be found to account for the comorbidity between

the symptom dimensions literacy and math. Secondly, our hypotheses were that (a) a

probabilistic multi-factorial risk factor model would provide a better fit to the data than a

deterministic single risk factor model and (b) that a shared risk factor model would provide

a better fit than the specific multi-factorial model. All our hypotheses were confirmed. NS

and visuospatial WM were identified as unique cognitive predictors for MD, whereas PA

and RAN were both associated with RSD. Also, a shared risk factor model with PA as a

cognitive predictor for both RSD andMD fitted the data best, indicating that MD and RSD

might co-occur due to a shared underlying deficit in phonological processing. Possible

explanations are discussed in the context of sample selection and composition. This

study shows that different cognitive factors play a role in mathematics and literacy, and

that a phonological processing deficit might play a role in the occurrence of MD and RSD.

Keywords: reading and spelling disability, mathematical learning disability, comorbidity, multiple deficit model,

phonological processing

INTRODUCTION

During these last years, there has been a shift from interpreting developmental learning disabilities
as being caused by one single underlying deficit to being the result of multiple (interacting)
etiological influences (e.g., Pennington, 2006; McGrath et al., 2011; Van Bergen et al., 2014). The
single-deficit model, which assumes that learning disabilities arise from one core underlying deficit,
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is considered to be too deterministic (Pennington, 2006). In
contrast, multiple-deficit models assume that several cognitive
weaknesses contribute to the development of a specific learning
disability, where some cognitive deficits are seen as unique
cognitive risk factors and others are shared between disabilities.
These shared risk factors may account for a greater than expected
co-occurrence between disabilities, i.e., comorbidity. Multiple-
deficit models can therefore be a powerful method to study
comorbidity between neurodevelopmental disabilities (see e.g.,
McGrath et al., 2011; Willcutt et al., 2013).

Despite the increasing attention on multiple-deficit models,
relatively few studies have examined possible shared cognitive
risk factors between mathematical disability (MD) and reading
and spelling disability (RSD). Children with MD experience
persistent difficulties with numerosity, especially understanding
conceptual properties of numbers and acquiring number fact
knowledge (Cirino et al., 2007; Geary, 2013). RSD is defined as
a persistent difficulty in acquiring basic reading and/or spelling
subskills such as word identification and phonological decoding
(Vellutino et al., 2004; Rose, 2009). Comorbidity prevalence rates
between MD and RSD are substantial, ranging from 11 to 70%
(Lewis et al., 1994; Gross-Tsur et al., 1996; Von Aster et al.,
2007; Landerl and Moll, 2010; Moll et al., 2014a) rendering the
question of whether there are shared risk factors between the two.
The present study includes specific as well as shared cognitive
predictors for MD and RSD into a multi-factorial risk model in
order to test the extent to which we can account for comorbidity
between the two symptom dimensions of math and literacy.

For MD, research has indicated that impairments might
exist in WM, leading to difficulty with executing calculation
procedures and learning arithmetic facts (e.g., Schuchardt et al.,
2008; Geary et al., 2009; Raghubar et al., 2010). In addition,
a central deficit in the processing of number magnitude
information might be related to MD (i.e., number sense, NS;
Wilson and Dehaene, 2007; Landerl et al., 2009; Moeller et al.,
2012; Kroesbergen and Van Dijk, 2015). However, whether
these number processing deficiencies are specific to symbolic
magnitudes (i.e., numbers; Rousselle and Noël, 2007) or also
involve non-symbolic magnitudes (e.g., dots; Landerl et al., 2009;
Moll et al., 2015) is still debated. Furthermore, some studies
have found rapid automatized naming (RAN) to be impaired in
children with MD (De Weerdt et al., 2013; Willcutt et al., 2013;
Donker et al., 2016), but others have not (e.g., Landerl et al.,
2009). RAN is considered to be the ability to access and retrieve
phonological representations rapidly from long-term memory
(Willburger et al., 2008). Recently, Donker et al. (2016) reported
that only non-alphanumeric RAN (i.e., RAN colors and pictures)
was impaired in children with MD, but not alphanumeric RAN
(i.e., RAN of letters and digits). They hypothesize that children
with MD might be impaired in a process called conceptual
processing (i.e., recalling semantic information from memory),
required for non-alphanumeric RAN, but less for alphanumeric
RAN, which mainly taps print-to-sound translation processes
(access-deficit).

A large body of evidence has indicated specific risk factors
related to RSD. Phonological awareness (PA), the ability to
recognize and manipulate individual speech sounds (phonemes)

and combinations of speech sounds, has been found to be
significantly related to the development of RSD (Vellutino et al.,
2004). In addition, poorer RAN (Willburger et al., 2008) and
reduced verbal short term memory (Verbal STM) capacity
(Swanson et al., 2009) have been identified as possible risk factors
associated with RSD. Note, however, that the contributions of
PA, RAN and Verbal STM can differ between orthographies and
ages (e.g., De Jong and Van der Leij, 1999, 2003; Georgiou et al.,
2008; Smythe et al., 2008; Landerl et al., 2013; Moll et al., 2014b).
Furthermore, the risk factors can contribute differently to reading
and spelling (e.g., Moll and Landerl, 2009; Georgiou et al., 2012;
Moll et al., 2014c). These findings do not always fully endorse the
(universal) presence of these risk factors to the same extent (e.g.,
Pennington et al., 2012).

Despite the fact that MD and RSD co-occur at a greater-than-
chance level, a limited number of studies have systematically
examined the overlap between RSD and MD (e.g., Landerl et al.,
2004, 2009; Willcutt et al., 2013; Moll et al., 2014c; Cirino
et al., 2015; Donker et al., 2016; Peterson et al., 2016). These
studies identified risk factors specific to MD (i.e., visuospatial
WM, NS) and RSD (i.e., PA), as well as potentially shared
risk factors (i.e., WM, processing speed, verbal comprehension,
phonological processing; Geary et al., 2000; Willburger et al.,
2008; Landerl et al., 2009; Willcutt et al., 2013; Donker et al.,
2016). However, many of these studies were focused on a specific
sample of children (e.g., twins), or a small set of risk factors (e.g.,
WM). Here, we contribute to this matter by including multiple
specific risk factors for both MD (visuospatial WM, NS) and
RSD (alphanumeric and non-alphanumeric RAN, PA, Verbal
STM) and by further developing the line of inquiry initiated by
Geary (1993), Landerl et al. (2009), and Wilson et al. (2015)
on the potential role of phonological processing as a shared
risk factor for MD and RSD. In order to maximize variation in
the symptom dimensions (math, i.e., fact retrieval and complex
math skills, and literacy, i.e., spelling and reading) we tested our
multi-factorial (comorbidity) model in a broad sample, including
typically developing (TD) children as well as children with MD
and/or RSD.

The goal of this study was to assess whether the multiple
risk model can account for the comorbidity between MD and
RSD by studying the contribution of different cognitive skills
to math and literacy outcomes. It was hypothesized that in line
with the multiple-deficit view we would find at least one unique
predictor for both MD and RSD and a possible phonological
processing measure that can partly account for the comorbidity
between the two symptom dimensions (i.e., RAN or PA). In
relation to model testing, we hypothesized that (a) a multi-
factorial risk factor model would provide a better fit to the data
than a single risk factor model and (b) a shared risk factor
model would provide a better fit than a multi-factorial risk factor
model. On the basis of findings that there might be differences
between alphanumeric and non-alphanumeric RAN in terms of
the strength of associations with literacy (van den Bos et al.,
2002) and differences in breadth of the RAN-deficit (Donker
et al., 2016), RAN was divided into an alphanumeric and non-
alphanumeric component, which were added to the model as
two distinct predictors. Structural equation modeling (SEM) was
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applied, as this has been proposed to be an appropriate method
for testing multiple-deficit models (e.g., Pennington et al., 2012;
Peterson et al., 2016).

MATERIALS AND METHODS

Participants
Participants included 130 7-to-10-year-old Dutch primary school
children (37.2% boys), with a mean age of 8;10 years (SD
= 12 months). All children attended primary schools in the
Netherlands (Grade 1 through 5), with the majority (95.5%)
in Grades 2, 3, and 4. Recruitment took place through
advertisements on special educational needs websites, or contacts
with specialized clinical centers and schools. Informed consent
was obtained from all participants and their parents before
testing. The mean IQ score for the total sample was 102.00
(SD = 10.44). Children were included in the sample based
on a screening by a clinical expert, following criteria in line
with current diagnostic criteria in the Netherlands for MD
and RSD. Based on their test scores, dossier information about
diagnoses, and received help, children were divided into four
groups: a typically developing (TD), reading and/or spelling
difficulty (RSD), mathematical difficulty (MD), and a comorbid
(RSD+MD) group. Children were considered to have MD if they
obtained basic arithmetic scores of 1SD below themean of the TD
children group as well as scored at or below the 25th percentile on
a math problem solving test (D/E scores; cf. Janssen et al., 2010).
Moreover, MD children should show average scores (standard
score ≥ 8 or percentile ≥ 25) on reading and spelling measures.
Children were classified as having RSD if they scored 1SD below
the population mean on word or pseudoword reading and/or
achieved a score at or below the 10th percentile on a spelling
test administered at school (E score) (cf. Kuijpers et al., 2003;
Kleijnen et al., 2008), but showed average arithmetic performance
(standard score≥ 8 or percentile≥ 25). Children with comorbid
difficulties had to meet both the MD and RSD requirements. TD
children had to show average reading, spelling, arithmetic, and
mathematics performance (standard score ≥ 8 or percentile ≥

25). All children had to have an IQ between 80 and 125, and
no reported history of sensory impairment, serious emotional or
behavioral problems, or developmental disabilities (e.g., ADHD,
autism spectrum disorder).

Descriptive statistics for all behavioral and cognitive measures
in every group are displayed in Table 1. In total, 26 children were
included in the MD group, 29 children in the RSD group, 43
children met criteria for both RSD and MD and 32 children were
included in the TD control group.

Instruments
Reading
Timed (pseudo)word reading measures were used, taking both
word reading accuracy and fluency into account. The EénMinuut
Test (EMT; Brus and Voeten, 1999) consists of a columned list of
116 unrelated (existing) words, increasing in length from one to
four syllables. Participants were instructed to fastly read aloud as
many words as they could, without making errors. The number
of words read correctly in 1min was computed. The Klepel

(Van den Bos et al., 1994) consists of 116 pseudowords, which
are similar to the structure of Dutch words (as in EMT) and
of increasing complexity. Instruction was identical to the EMT,
although the time limit was 2min. Again, the test score was the
amount of pseudowords read correctly in 2min. Reliabilities were
0.91 for the EMT and 0.92 for the Klepel (Evers et al., 2009–2012).

Spelling
Spelling was assessed using a shortened version of a spelling
to dictation task (PI dictee; Geelhoed and Reitsma, 1999),
including 42 words (6 sets of 7 words; P. F. de Jong, personal
communication, September 2012). The task included regularly
spelled words, words containing spelling rules, and irregular
words. The test was stopped after children spelled five or more
words incorrectly within one set. The internal consistency of the
full version varied between 0.90 and 0.93 (Evers et al., 2009–
2012).

Math Ability
A speeded arithmetic test, Tempo Toets Rekenen (TTR; De
Vos, 1992) was used to measure children’s timed arithmetic
ability. For each subtest, children were instructed to solve as
many problems as they could in 1min. The first subtest required
addition, followed by subtraction, multiplication, and division.
Every subtest included 40 problems of increasing complexity.
Cronbach’s alpha was 0.86 for the addition and subtraction scale
and 0.83 for multiplication and division scale.

The national norm-referenced CITO mathematics test was
used to measure mathematical problem solving (Janssen et al.,
2010). The test has different items for different age groups. Test
scores are converted into normed “ability scores,” provided by
the publisher, that typically increase throughout primary school,
allowing a comparison of results throughout the academic career
(Janssen et al., 2005). The CITO mathematics test has been
shown to be highly reliable; coefficients of different versions range
between 0.91 and 0.97 (Janssen et al., 2010).

Intelligence
To assess children’s cognitive ability, a short form of the Dutch
version of the Wechsler Intelligence Scale for Children NL
(WISC-III-NL; Kort et al., 2005) was used, consisting of the
verbal subtests Similarities and Vocabulary and the performance
subtests Picture Completion and Block Design. The reliability
and validity quotients of this short form are all reported to be
above 0.83 (Kaufman et al., 1996).

Phonological Awareness
The Dutch Fonemische Analyse Test (FAT; Van den Bos et al.,
2009) is a timed computerized test consisting of two subtests:
Phoneme Deletion (PD) and Phoneme Manipulation (PM). PD
demanded children to repeat a word and delete the initial,
middle or last sound (e.g., boek “book” without /b/ is oek). PM
required children to switch the first sounds of two given words
(e.g., Moeder Gans “Mother Goose” becomes Goeder Mans).
Raw accuracy score and online computed reaction times were
transformed into the number of correct responses per second.
Internal consistency of the total test is reported to be 0.93 (Evers
et al., 2009–2012).
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TABLE 1 | Descriptive measures for the total sample (N = 130) and TD, RSD, MD, and RSD+MD groups.

TD RSD MD RSD+MD

(n = 32) (n = 29) (n = 26) (n = 43)

Measures M SD M SD M SD M SD

Age 103.34a 8.79 104.31a 12.45 106.69a 11.89 113.84b 10.42

Full scale IQ 108.62a 9.53 105.15ab 10.02 99.79b 9.34 96.50c 8.71

Timed reading test 55.16a 10.57 32.58b 13.00 57.17a 14.04 37.79b 12.84

Timed non-word reading 47.13a 13.73 21.42b 10.67 46.45a 14.99 27.72b 11.95

Spelling to dictation 74.44a 21.68 55.88b 22.86 75.82a 20.90 56.16b 18.51

MATH ABILITY

Addition 18.72a 4.39 16.92ab 5.94 14.45b 4.40 14.79ab 4.26

Subtraction 16.25a 3.91 13.92ac 5.48 10.21b 4.44 10.88bc 4.46

Multiplication 14.76a 5.13 13.86ab 7.21 9.83b 6.07 10.50ab 5.24

Division 8.79a 4.64 7.95a 6.25 4.07b 3.39 4.24b 3.51

Mathematical problem solving 64.57a 19.29 61.73a 24.53 45.38b 25.49 53.41ab 21.87

RAPID NAMING

Colors 48.19a 9.31 58.23bc 15.01 52.00ab 10.88 55.33ac 12.78

Pictures 51.69a 8.11 61.92bc 15.24 52.48ab 10.86 56.40ac 11.34

Letters 30.00a 6.18 37.65bc 11.23 30.79ab 7.79 35.00ac 10.76

Digits 30.09a 6.68 33.96a 7.65 28.69a 5.40 31.70a 6.17

PHONEME AWARENESS

Phoneme manipulation 0.08a 0.048 0.031b 0.034 0.048ab 0.043 0.030b 0.025

Phoneme deletion 0.32a 0.131 0.201b 0.153 0.256b 0.123 0.190b 0.094

VERBAL SHORT TERM MEMORY

Digit Recall 24.61a 4.26 23.88a 3.49 24.45a 2.56 22.97a 4.48

Word Recall 24.13a 2.74 23.96a 3.56 24.41a 3.36 23.62a 3.03

VISUAL-SPATIAL WORKING MEMORY AND NUMBER SENSE

Dot Matrix 21.45a 5.46 21.12a 5.69 18.59a 3.54 20.95a 4.84

Spatial Span 16.45a 4.55 14.62a 6.49 13.59a 4.58 13.51a 5.59

Odd One Out 16.94a 3.43 15.77a 5.58 14.00 4.36 15.13a 4.71

Number line estimation (R2) 0.95a 0.034 0.882a 0.178 0.820b 0.171 0.878ab 0.127

TD, typically developing; RSD, reading/spelling disabilities; MD, mathematical disabilities; RSD+MD, comorbid group; Group means with the same superscripts do not differ (p < 0.05).

Rapid Automatized Naming
The Continu Benoemen and Woorden Lezen test (CB and
WL; Van den Bos and Lutje Spelberg, 2007) includes rapid
naming of letters (s, p, a, d, o), digits (2, 4, 8, 5, 9), pictures
(bicycle, tree, chair, duck, scissors) and colors (black, green,

yellow, red, green). Children were instructed to name the
visually presented information as quickly as possible without
making mistakes. Raw scores (time in seconds) were used.
Split-half reliability varied between subtests from 0.82 to 0.90
(Evers et al., 2009–2012).

Memory
Subtests of the Automated Working Memory Assessment
(AWMA; Alloway, 2007) were used to assess the different
memory components. Verbal STM was measured using the digit
recall and word recall subtests. For visuospatial WM, dot matrix,
spatial span, and odd one out subtests were used. All tasks
correspond to the Baddeley WM model (1986). Per subtest,
testing was terminated after three incorrect responses. Raw scores
(i.e., number of correct items) were used in the analyses. A
description of the tasks as well as subtest reliabilities can be found
in Alloway et al. (2009).

Number Sense
NS was assessed with the number line estimation task reported in
Kolkman et al. (2013). This task demanded children to indicate
where the researcher should place a lever on a number line
from 0 to 100 to position a presented digit. The proportion of

explained variance (R2) was computed by fitting the answers of
each child on a linear curve (see also Kolkman et al., 2013).
The task was administered on a laptop computer using E-prime
1.2 software (Psychological Software Tools, http://pstnet.com).
Internal consistency of the test was 0.79 (Kolkman et al., 2013).

Procedure
All children were tested individually by a trained and supervised
graduate student in a quiet room at school or at home. The
neuropsychological and behavioral test battery comprised 2.5 to
3 h, depending on whether intelligence measures were available,
with ample breaks between tasks. Parents and schools could
indicate whether they wanted a test report children received a
reward (i.e., a sticker) after every test they completed. For this
study, data from largely the same set of participants was used as
is in Donker et al. (2016). The IQ range was limited to 80–125,
excluding three participants with an IQ > 125. Hence, whereas
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the total sample of Donker et al.’s study included 133 students,
our study included 130 participants. This resulted in slightly
weaker correlations between the math and literacy outcome
variables and the RANmeasures, although the p-values remained
similar.

Data Analysis
Correlational analyses revealed that for some of the variables
performance increased as a linear function of age. These variables
(EMT, PI-dictation, TTR, CITO math, NS, RAN letters and
RAN numbers) were transformed into age-residualized scores
by regressing the variable on age and age squared and saving
the unstandardized residuals (see also McGrath et al., 2011). The
PM task results were log-transformed in order to approximate a
normal distribution. Outliers (z-scores > 3.29 or < −3.29) were
removed from the data.

Confirmatory Factor Analyses (CFAs) and SEM were
performed in Mplus version 6.12 (Muthén and Muthén, 2007).
Maximum likelihood estimation with robust standard errors (i.e.,
MLR) was used to deal with non-normality in some of the
variables and avoid listwise deletion. Missing data was minimal
for both the behavioral and the cognitive measures (0–10%)
and handled using full information maximum likelihood (FIML)
estimation.

In order to test our hypotheses, a four-step approachwas taken
to build toward a comorbidity model. First, CFAs were run on the
continuously distributed symptom (i.e., math and literacy) and
cognitive dimensions (NS, visuospatial WM, PA, RAN, Verbal
STM) separately. In these measurement models, the latent factors
represented the continuously distributed symptoms of MD and
RSD. Second, a single risk factor model was tested, in which one
deterministic risk factor for both disabilities was regressed on
literacy and math. Based on evidence from previous empirical
studies on the etiology of MD and RSD and correlational analyses
(Table 2), NS and PA were selected as the specific cognitive risk
factors for these analyses. Third, a multi-factorial specific risk
factor model was tested in which NS, visuospatial WM, PA, RAN,
and Verbal STM were all included as specific risk factors for the
individual difficulties. Fourth, a comorbidity model was tested
in which a shared risk factor was added to the multi-factorial
model. Satorra-Bentler chi-square difference tests were used to
compare model fit of all three SEMmodels. The following criteria
for model evaluation were used: chi-square value (χ2) with
associated p-value, RMSEA including pclose, CFI, and SRMR
(Kline, 2011; Little, 2013). For good model fit, chi-square should
have a non-significant p-value (i.e., >0.05), RMSEA should
be <0.05 (<0.08 is acceptable), with pclose >0.05, CFI being
>0.95 (>0.90 is acceptable), and SRMR being <0.05 (<0.08 is
acceptable; Kline, 2011; Little, 2013).

RESULTS

Preliminary correlational analyses were conducted on the raw
scores, while correcting for age in months, in order to assess
whether the cognitive variables were associated with literacy
and math outcomes (Table 2). The math ability tasks correlated
significantly with the NS, visual-spatial WM, and PA measures,
and to a lesser extent with the RAN measures. Correlations

between literacy and the cognitive measures for PA and RAN
were significant (see Table 2 for detailed information).

Measurement Models
Symptom Dimensions
The measurement model for the symptom dimensions of
MD and RSD (with literacy and math ability as continuously
distributed outcomes) was first fitted to the data. An error
correlation between word reading and pseudoword reading as
well as between the multiplication and division scores were
allowed after consulting the Modification Indices. The residual
variance of the spelling measure was set to zero since it was
not significant. After these adjustments, the proposed model
showed a good fit, χ2 (18, n = 130) = 18.85, p = 0.40,
RMSEA = 0.02, 90% Confidence Interval (CI) = [0.00 – 0.08],
pclose >0.05, CFI = 1.00, SRMR = 0.03. A depiction of the
measurement model for the MD and RSD symptoms is included
in the Appendix, Figure A1.

Cognitive Dimensions
Themeasurementmodel for the continually distributed cognitive
dimensions (NS, visuospatial WM, PA, alphanumeric and non-
alphanumeric RAN, and Verbal STM) fitted the data well, χ2 (40,
n = 130) = 49.87, p = 0.14, RMSEA = 0.04, 90% CI = [0.00
− 0.08], pclose > 0.05, CFI = 0.98, SRMR = 0.05. The residual
variance of the single indicator for the NS latent variable was
fixed to zero. A figure depicting the measurement model for the
cognitive dimensions is included in the Appendix, Figure A2.

Structural Equation Models
The measurement models for the cognitive and symptom
dimensions were combined and structural relations were
included in the model equations in order to create a SEM. Three
(nested) models were fitted to the data: a single risk factor model,
a multi-factorial risk factor model and a comorbidity (shared risk
factor) model, in order to test the hypothesis that the latter model
most adequately explains the MD/RSD symptoms in this sample.
Depictions of the first two models are included in the Appendix:
Figures A3, A4.

Single Risk Factor Model
A deterministic, single risk factor model was fitted to the data
with NS as a risk factor for MD and PA as a risk factor for RSD.
This model indicated a just sufficient fit to the data, with χ2

(152, n = 130) = 259.97, p < 0.01, RMSEA = 0.07, 90% CI
= [0.06 − 0.09], pclose <0.05, CFI = 0.90, SRMR = 0.13. NS
was a significant predictor for MD (β = 0.45) and PA for RSD
(β = 0.61). In total, NS explained 21% of the variance in the
children’s math ability and PA explained 38% of the variance in
children’s literacy (reading and spelling) ability.

Multi-Factorial Risk Model
A probabilistic, multi-factorial risk factor model was fitted in
order to compare it to the single risk factor model. This model
included the following specific risk factors: for math ability, we
included NS and visuospatial WM as risk factors for MD. For
literacy, we included PA, alphanumeric and non-alphanumeric
RAN, and Verbal STM as potential risk factors for RSD. The
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TABLE 2 | Correlations between symptom and cognitive dimensions corrected for age.

FAT Number sense Verbal STM Visuospatial WM RAN

Variable PD PM r2 DR WR SS DM OOO Colors Digits Pictures Letters

EMT 0.49** 0.44** 0.14 0.09 0.06 0.18 0.01 0.22* −0.28** −0.50** −0.44** −0.65**

Klepel 0.50** 0.47** 0.05 0.11 0.05 0.14 0.01 0.19 −0.34* 0.50** −0.42** −0.58**

PI-dictee 0.59** 0.62** 0.15 0.14 0.11 0.26* 0.16 0.26* −0.27** −0.30** −0.30** −0.46**

TTR + 0.25* 0.36** 0.36** 0.03 0.11 0.30** 0.38** 0.27** −0.13 −0.28** −0.26** −0.25*

TTR - 0.31** 0.37** 0.41** −0.02 0.10 0.38** 0.37** 0.28** −0.22* −0.17 −0.16 −0.10

TTR x 0.18 0.31** 0.32** −0.14 −0.08 0.22* 0.23* 0.15 −0.23* −0.19 −0.25* −0.22*

TTR: 0.28** 0.41** 0.27** −0.01 0.15** 0.34** 0.34** 0.34** −0.31** −0.16 −0.20* −0.12

Cito 0.28** 0.40** 0.30** 0.17 0.19 0.38** 0.31** 0.36** −0.28** −0.00 −0.12 −0.21*

EMT, word reading; Klepel, nonword reading; PI dictee, spelling task; TTR, speeded arithmetic task; Cito, mathematics task; FAT, phonological awareness task; STM, short-termmemory;

WM, working memory; RAN, rapid automatized naming; PD, phoneme deletion; PM, phoneme manipulation; DR, digit recall; WR, word recall; SS, spatial span; DM, dot matrix; OOO,

odd one out. *p < 0.05, **p < 0.01; N = 94.

model fit was considered sufficient, χ2 (148, n = 130) = 245.87,
p < 0.01, RMSEA = 0.07, 90% CI = [0.05 – 0.09], pclose <

0.05, CFI = 0.91, SRMR = 0.10. Of the proposed risk factors for
math ability, both NS (β = 0.35) and visuospatial WM (β =

0.40) were significant predictors. For literacy, PA predicted the
reading and spelling outcomes significantly (β = 0.70), as well
as alphanumeric and non-alphanumeric RAN (β = −0.29 and
β = 0.30). Verbal STM was not significantly related to literacy
(β = −0.03). A Satorra-Bentler scaled Chi-square difference test
indicated that the probabilistic, multi-factorial risk model fitted
the data better than the deterministic, single risk factor model,
χ2
(4)

= 14.101, p < 0.01. The specific risk factors together

explained 36% of the variance in children’s math ability and 44%
in their literacy scores.

Comorbidity Model
In order to test the proposed shared etiology between MD
and RSD, we included PA, alphanumeric RAN, and non-
alphanumeric RAN successively as potential shared risk factors
in the multi-factorial risk factor model. The model with PA as
a shared risk factor fitted the data best, χ2 (147, n = 130)
= 237.52, p < 0.01, RMSEA = 0.07, 90% CI = [0.05 – 0.09],
pclose< 0.05, CFI= 0.92, SRMR= 0.09. The comorbidity model
is depicted in Figure 1. A Satorra-Bentler Chi-square difference
test indicated that the less restricted model (shared risk factor
model) provided a better fit to the data than the multi-factorial
risk factor model, χ2

(1)
= 8.06, p < 0.01. PA was identified as a

shared risk factor (β = 0.34 for math and β = 0.74 for literacy).
In total, the cognitive predictors explained 41% of the variance in
the children’s math ability and 48% of the variance in children’s
literacy (reading and spelling) ability. The symptom dimensions
of MD and RSD were still significantly related, but the relation
weakened after adding PA to the model (from β = 0.30 to
β = 0.23).

DISCUSSION

In order to explain the high comorbidity rates between
mathematical learning disability (MD) and reading and spelling

difficulties (RSD), 7-to-10-year-old Dutch primary school
children were assessed on a wide range of cognitive skills related
to math and literacy. Following the line of research using multi-
factorial risk models, both specific and shared risk factors for MD
and RSD were anticipated. Specifically, we expected (a) to find
at least one unique predictor for both MD and RSD separately,
and a possible shared phonological processing-related risk factor
(partly) accounting for the comorbidity between the two.We also
hypothesized that (b) a multi-factorial risk factor model would
provide a better fit to the data than a single risk factor model
and (c) a shared risk factor model would provide a better fit
than amulti-factorial risk factormodel. All three hypotheses were
confirmed.

The results of our study clearly support the multiple-deficit
framework proposed by Pennington (2006) in that MD and
RSD can be considered two separate but correlated disabilities
(Willcutt et al., 2013). In line with previous research, visual-
spatial working memory (visuospatial WM) and number sense
(NS) were found to be uniquely associated with math ability,
constituting specific risk factors for MD (e.g., Schuchardt et al.,
2008; Landerl et al., 2009). Similarly, phonological awareness
(PA) was a unique predictor of literacy, constituting a specific
risk factor for RSD, as has been shown in the literature (e.g.,
Vellutino et al., 2004; Hulme and Snowling, 2014).Verbal STM
did not predict literacy, which can be aligned with findings that
the influence of Verbal STM decreases over time as the influence
of PA increases (De Jong and Van der Leij, 1999, 2003). In line
with the literature, rapid automatized naming (RAN) was also a
significant risk factor related to literacy (Van den Bos et al., 2003;
Melby-Lervåg et al., 2012; Norton and Wolf, 2012; Protopapas
et al., 2013). An important result of the current study is that
we found a significant association between NS and MD. More
specifically, we used a numberline estimation task measuring the
ability to map numbers to “space” (Kolkman et al., 2014). The
task however also may require some other forms of strategy use,
e.g., proportion judgment (Slusser et al., 2013). Still, our study
confirmed that the ability to place numbers on a line seems an
important predictor of MD. Another important finding was that
we identified PA as a shared cognitive risk factor for MD and
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FIGURE 1 | Comorbidity model including unique and shared risk factors for both MD and RSD. *p < 0.05; **p < 0.01.

RSD; the comorbidity model better fitted the data and explained
more variance in both literacy and math performance than the
multi-factorial risk factor model without any shared risk factors.
These results suggest that MD and RSD co-occur due to a shared
underlying deficit (Willcutt et al., 2013). Previous research has
suggested the possibility of a phonological processing deficit as a
shared risk factor underlying MD and RSD symptoms, but little
evidence has been found thus far (Landerl et al., 2009; Wilson
et al., 2015).

That PA was identified as a shared risk factor, indicates that
phonological skills not only play a role in reading and spelling,
but also in mathematics. This supports the findings by Lopes-
Silva et al. (2016) that phoneme awareness relates to both word
reading and spelling as well as number reading and writing
in typically developing children. It also relates to findings by
Simmons and Singleton (2007) that the phonological processing
deficits of children with dyslexia impair aspects of mathematics
that involve the manipulation of verbal codes (e.g., counting
speed, number fact recall) and is consistent with the finding that
children with dyslexia and mathematical problems often have
slow and inaccurate number fact retrieval (Geary et al., 2000).
These difficulties with basic arithmetic skills may impact more
advanced mathematics directly and indirectly.

Alternatively, the finding of PA as a shared risk factor
could indicate that individuals with comorbid MD and RSD
might represent a verbal subtype of MD (Geary, 2004; Moll
et al., 2015). Researchers have suggested that MD children

with difficulties in arithmetic fact retrieval were found to
have weaknesses in symbolic number processing (Wilson and
Dehaene, 2007; Geary, 2010). This is taken to reflect an access
deficit (Skagerlund et al., 2016), relating to problems with
accessing the verbal codes of numerical information, requiring
phonological processing (Hecht et al., 2001). This could explain
the association between PA and math ability. Vice versa, the
PA deficit in RSD children could impair aspects of mathematics
that involve the manipulation of verbal codes (e.g., counting
speed, number fact recall; Simmons and Singleton, 2007). PA
could thus be a factor related to verbal codes and subsequent
slow and inaccurate number retrieval. It is deemed important
that future research further investigates the association between
phonological processing and (comorbid) RSD and MD.

An alternative explanation for our finding is that the PA tasks
in our study required executive functioning (EF), particularly
the phoneme manipulation task were children have to blend and
segment words. This “spoonerism” task according to Landerl and
Wimmer (2000) includes not only phonological awareness, but
also complex memory and monitoring skills. Hence, EF could
play a role in the association between PA and MD/RSD rather
than phonological awareness itself. However, it must be stressed
that the other PA task (phoneme switching) to a much lesser
extent appeals to EF and that the PA tasks used in our study
are also applied in clinical practice. Nonetheless, it is a serious
limitation of the current study that no measures were included
on executive functioning (e.g., attentional control, inhibition).
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Previous research has suggested associations between attention
problems and processing speed and comorbid RSD/MD (Willcutt
et al., 2013; Moll et al., 2014c; Peterson et al., 2016). However,
results from these studies are not unequivocal: associations
between executive functions and MD/RSD symptoms were not
robust. Future research might therefore try to adopt the multiple-
deficit view to individual cases, in order to gain more insight
into the clinical utility of thesemodels for explaining comorbidity
between RSD and MD (Pennington et al., 2012).

In general, this study has shown that a multiple-deficit
framework is suitable for testing shared etiological influences
in neurodevelopmental disabilities, but also illustrated the
complexity of including multiple unique and shared risk factors
into one multiple risk factor model. Although the present study
included a wide range of cognitive risk factors, these factors only
accounted for 41% of the variance in the MD symptoms and 48%
of the RSD symptoms. For example, domain-general factors such
as verbal comprehension and processing speed were previously
found to be responsible for overlap between behavioral outcomes

of math and literacy (e.g., Willcutt et al., 2013; Peterson et al.,
2016). Future research could focus on including more domain-
general candidate shared risk factors, such as attentional control
(Geary, 2013) and executive functioning (i.e., updating; Van
der Ven et al., 2012). Also, more specific risk factors that
are supposedly uniquely associated with MD and RSD can be
included, such as (non-)symbolic comparison skills for MD (Toll
et al., 2015) and visual attention span for RSD (VAS; Valdois et al.,
2012; Van den Boer et al., 2015). Theoretically and clinically, it
is important to account for both MD and RSD as well as the
comorbidity between the two. Our study is a stepping stone for
future studies in this field.
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APPENDIX

FIGURE A1 | Measurement model for the symptom dimensions literacy and math. Standardized path coefficients are depicted.

FIGURE A2 | Measurement model for the cognitive dimensions NS, visuospatial WM, PA, RAN, and verbal STM. Standardized path coefficients are

depicted.
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FIGURE A3 | Single risk factor model. Standardized path coefficients are depicted.

FIGURE A4 | Multi-factorial risk factor model. Standardized path coefficients are depicted.
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